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ABSTRACT

Rapidly falling costs and advances in sequencing and informatics have made genome
sequencing projects far more accessible to researchers in all of the life sciences, including
invasion biology. A complete genome is now the most efficient way to identify and characterize
genes controlling traits that contribute to invasiveness. At the genomic level, moreover,
tremendous power is available to investigate fundamental questions in invasion science (e.g.
the relative roles of pre-adaptations vs. post-colonization adaptive evolution in invasion
success), and genomic analysis provides new options for development of control technologies.
Yet relatively few invasive species genomes have been sequenced, and even fewer of these
genomes have been put to use to study invasiveness. In this perspective, we describe an
ongoing effort to sequence the genome of the zebra mussel and how this resource might aid in
the development of future biocontrol strategies. We invite dreissenid biologists and others to
join us in annotating and analyzing this genome, so that its full potential in understanding and

controlling this highly destructive animal can be realized.



Introduction

A sequenced genome will soon become a routine part of any research program in biology. Costs
drop almost monthly, and data collection and analysis technology development is moving so
fast that projects often take advantage of new inventions while underway. One spectacular
example (early 2018) is the Mexican axolotyl, an unprecedented long-read sequencing effort
that required the creation of a new algorithm just to assemble its 32 gigabase genome, which is
10 times the length of Homo sapiens (Nowoshilow et al. 2018). Most of the life sciences can
now benefit from the power of genomics and the new questions it can help to ask and answer.
Invasion biology is no different. In this report, we briefly review contributions of genomics to

the discipline to date, and describe our ongoing effort to sequence the zebra mussel genome.

Native to a small region of southern Russia and the Ukraine (Stepien et al. 2014), zebra
mussels (Dreissena polymorpha Pallas 1771) have spread throughout European (Karatayev et
al. 1997; Karatayev et al. 2003) and North American (Benson 2014) fresh waters to become one
of the world’s most prevalent and damaging aquatic invasive species (Karatayev et al. 2007).
Fouling of water intake pipes costs the power generation industry over $3 billion USD from
1993-1999 in the Laurentian Great Lakes region alone (O’Neill 2008), where dreissenids are a
large and complex economic burden to hydropower, recreation and tourism industries and
lakefront property owners (Bossenbroek et al. 2009; Limburg et al. 2010). Ecological damage,
the extent of which is just beginning to be understood, arises from the tendency for dense
infestations to smother and outcompete native benthic species, and remove huge volumes of
planktonic organisms from lakes and rivers. Among the noteworthy impacts are widespread

population declines and local extinctions of native freshwater mussels and other invertebrates,



damage to fish populations in some cases (Karatayev et al. 1997; Lucy et al. 2014; McNickle et
al. 2006; Raikow 2004; Strayer et al. 2004; Ward and Ricciardi 2014), and dramatic restructuring
of aquatic food webs (Bootsma and Liao 2014; Higgins and Vander Zanden 2010; Mayer et al.
2014). The congener D. rostriformis “bugensis” (or D. bugensis: the quagga mussel), while still
nowhere near as widespread as the zebra mussel in North American lakes, has ecologically
replaced zebra mussels in much of the Laurentian Great Lakes proper and in parts of Europe,
and may lead to even greater ecological damage in those systems (Karatayev et al. 2011,

Matthews et al. 2014; Nalepa and Schloesser 2014).

The ongoing European and North American invasions spurred an explosion in research
effort on Dreissena—particularly focused on physiology, autecology, and ecosystem impacts
(see (Schloesser and Schmuckal 2012) for a bibliography from 1989 - 2011). Aside from
molecular systematic and population genetic studies (Brown and Stepien 2010; Gelembiuk et al.
2006; Mallez and McCartney 2018; May et al. 2006; Stepien et al. 2014), comparatively little
genetic work has been accomplished, with transcriptomes from a few tissues (Soroka et al.
2018; Xu and Faisal 2010) the only genomic resources. With the sequence of the zebra mussel
genome, we will provide a powerful new resource. We hope to bring together dreissenid
mussel researchers and others who can analyze it in appropriate detail, and apply it to better
understand and cope with this fascinating but highly destructive animal. Therefore, the first

goal of this paper is to advertise the project and invite collaboration.

Our other goal is to consider more broadly the potential contributions of genomics to
invasion biology. Three years ago, Rius et al. (2015) reviewed applications of Next-Generation

Sequencing technologies to the study of biological invasions, and it is our intent to update their



valuable review. In just 3 years, a sequenced reference genome has become an accessible goal
or a resource that is an already available for the study of high-priority invasive species. In this
paper, we describe some applications of genome projects to broader questions in invasion

biology and towards the development of control technologies; some specific to dreissenids.

Genomics in invasion biology

To illustrate the availability of genomic resources to invasion biologists, we searched for
assembled genomes from the 100 “world’s worst” alien invasive species according to IUCN

(Lowe et al. 2000) on Genbank’s Genome resource (https://www.ncbhi.nlm.nih.gov/genome/).

Twenty-eight of these species have assembled genomes available of varying degrees of quality
(Table 1)—a sizable resource for invasion biologists. Of course, there are many reasons for
sequencing a genome, and several of these 28 projects were launched because of economic
value or use as model species [e.g. Oncorhynchus mykiss (rainbow trout), Sus scrofa (pig), Capra
hircus (goat), Mus musculus (mouse)]. Moreover, for only 8 of these species did we find that
invasiveness was a topic of discussion in publications announcing the genome sequence. This is
similar to what Rius et al. (2015) noted—1.e. that invasion biology per se has driven interest in

genome projects projects in only a minority of cases.

Genomic studies of evolution of invasiveness

So then what does a complete genome provide for invasion biology research? For one, of great

ongoing interest is whether and how invasions are facilitated by adaptive evolution (Cristescu



2015; Lee 2002; Sax et al. 2007). Genomic analysis provides unequalled power for identifying

“invasiveness” genes and for characterizing their mode of evolution.

One good example is the Southeast Asian fruit fly Drosophila suzukii, which is rapidly
expanding in Europe and North America since arriving about 2008 on these continents (Asplen
et al. 2015). Unlike other (genetically more well-characterized) Drosophila, D. suzukii shows the
unusual behaviors of egg laying and larval feeding on ripening rather than fermenting fruit, and
as a consequence has become a damaging pest of soft fruits (e.g. blueberries, blackberries,
strawberries). As part of research to develop integrated pest management, nuclear genomes,
mitogenomes, and transriptomes were recently sequenced and analyzed (Ometto et al. 2013).
To examine adaptive molecular changes associated with the ecological shift to ripening fruit,
Ramasamy et al. (2016) analyzed the repertoire of 131 genes involved in olfaction throughout
the genus—those encoding odorant receptors and other receptor proteins expressed in
antennae, and the odorant binding proteins. They found several instances of gene loss,
duplication and positive selection within these gene families along the D. suzukii lineage—
candidate adaptations that facilitated the switch in larval feeding and egg laying behaviors and
promoted the success of this host plant shift. This study could not have been accomplished

without genomic resources.

The Asian longhorned beetle (Anoplophora glabripenniss) causes damage to > 100 tree
species worldwide, and belongs to the beetle family containing the most species capable of
feeding on woody plants. Its genome sequence (McKenna et al. 2016) included a large
repertoire of enzymes that can digest wood, including several acquired through horizontal gene

transfer from bacteria and fungi. The medfly (Ceratitis capitata) is able to locate and feed on a



diversity of host plants, and its genome (Papanicolaou et al. 2016) shows “expansion” (by gene
duplication) of chemosensory and visual genes, and others that encode detoxification of plant
secondary compounds and synthetic pesticides. Similarly, expansions of gene families encoding
immunity, diapause, and insecticide resistance are among the evolutionary changes within the
Tiger mosquito (Aedes ablopictus) genome that may have promoted its range expansion

throughout the world since the 1960’s (Chen et al. 2015).

In each of these cases, the extent of genomic changes involved (gene family expansions,
changes in gene order and the like) suggests they arose prior to invasion. The issue of whether
adaptations that favor invasiveness are pre-adaptive or whether they evolve rapidly, during and
after establishment is of great academic and applied interest (Lee 2002; Ricciardi et al. 2017).
Consider invasive plants, in which genomes of weeds have been shown to be smaller than
genomes of non-weedy plants (Kuester et al. 2014). Shorter generation times, smaller seeds,
and higher growth rates are associated with weediness and smaller genome size, but it is not
clear whether small genomes promoted the evolution of weedy traits, or whether genome size
reduction was selected for, post-invasion (Kuester et al. 2014). In each of the cases described
above, comparative genomic analysis will allow future researchers to mine these genomes to

learn much more about the rate and mode of the evolution of key invasiveness traits.

Genomics to study the invasiveness of dreissenids

It is clear that changes in transportation networks (e.g. canal building, opening of shipping

channels, ballast water discharge) were the events that initiated primary invasions of European



and North American waters (Karatayev et al. 2007; Pagnucco et al. 2015). Several biological
characters, however, are responsible for the rate of spread of zebra and quagga mussels across
both continents, while other traits have limited the range of suitable habitats. Genomics offers
a path to understanding these traits at the genetic level and in the future, this understanding

may provide the tools needed to develop control strategies.

The fibers that zebra and quagga mussels use to anchor themselves to hard surfaces are
known as byssal threads. These are key innovations (unique in freshwaters) that allow
dreissenids to attach to virtually any hard surface underwater (rocks, plants, woody debris,
other mussels) and to boat hulls, plants entangled on boats and trailers, docks, boat lifts and
other recreational equipment—allowing rapid rates of spread between water bodies (Collas et

al. 2018; De Ventura et al. 2016; Johnson et al. 2001).

Byssal threads are complex extracellular fibers secreted by the bivalve foot, and their
underwater adhesion properties and role in biofouling have motivated detailed study, with the
marine blue mussels Mytilus being most well-characterized (Brazee, Carrington 2006; Lee et al.
2011; Peyer et al. 2009). Byssal threads in Dreissena polymorpha differ from those of Mytilus in
fundamental ways, reflecting their deep convergent evolution in two different subclasses
(Heterodonta and Pteriomorpha). First, the regions of the byssus—(a) the thread proximal and
(b) distal to the foot, and (c) the plaques (structures that cement the thread to surfaces)—differ
from each other in protein composition in Mytilus but not in zebra mussels, where each region
shows a similar modified protein composition (Waite et al. 2005). Second, the rare amino acid
3,4-diphenylhydroxydoamine (DOPA) is an important modifier of proteins in the plaques and

cuticle of Mytilus fibers, where it confers mechanical and adhesive properties; in zebra mussels



DOPA is present but in much lower quantities (Rzepecki, Waite 1993). Third, and unexpectedly,
zebra mussel fibers (given their environment of less hydrodynamic stress), are stiffer and

stronger than those of marine species (Brazee, Carrington 2006).

Quagga mussels are now numerically dominant in the Lower Great Lakes and have
invaded a number of reservoirs in the Colorado River system in the southwest US (Benson
2014). While they dominate nearby lake bottom in eastern Lake Erie and western Lake Ontario,
zebra mussels outnumber them on boats that have remained in the water for extended periods
in harbors (Karatayev et al. 2013). This suggest that poorer attachment abilities may help
explain why quaggas have invaded so many fewer inland water bodies in North America than
have zebra mussels. Notably, quaggas build lower attachment-strength fibers than zebra

mussels, and anchor them more slowly in flow (Peyer et al. 2009).

Expression of genes associated with byssogenesis has been studied in zebra mussels (Xu,
Faisal 2010) but a majority of mRNAs that are either up or down-regulated during the synthesis
of the byssus could not be identified. Comparative analysis of zebra and quagga mussels would
provide testable hypothesis about genetic differences between the two species in the control of
fiber synthesis and attachment. In both zebra and quagga mussels, we are using RNA
sequencing (RNA-Seq) of transcripts from the foot (the byssus-secreting structure) following
experimental induction of byssogenesis (Xu, Faisal 2010) to launch these comparative studies. A
complete D. polymorpha genome and further annotation of genes expressed in the foot would
benefit from ongoing Mytilus transcriptomic and proteomic analyses, which have discovered
byssal thread foot proteins that were not found earlier in the fibers themselves (DeMartini et

al. 2017; Qin et al. 2016). Recent work on proteins in the fibers of quagga mussels (Rees et al.



2016) and our transcriptomes will facilitate comparisons to zebra mussels.

Dreissena thermal biology has received some scrutiny by physiologists, and broad
thermal tolerance and ability to adjust it to local conditions have clearly played a role in
invasion success. Zebra mussels have higher lethal temperature limits, and they spawn at
higher water temperatures in North America than in Europe (McMahon 1996, Nichols 1996).
Populations in the Mississippi River provide a good illustration of their breadth of temperature
tolerance. In the Lower Mississippi River zebra mussels are found south to Louisiana, where,
without cooler water refuges within the river, they persist near their lethal limit of 29-30°C for
3 months during the summer, and for 3 months in the winter the river is at 5-10°C (Allen et al.
1999). In contrast, zebra mussels in the Upper Mississippi River encounter water temperatures
> 25°C for just 1 month of the year, and < 2°C for about 3 months (data from USGS gauge from
St. Paul, MN). Seasonal scheduling of growth and reproductive effort appears to be responsible
for at least some of the adaptation/acclimation to conditions in the lower river, as populations
in Louisiana shift their shell and tissue growth to the early spring and stop growing in summer
(Allen et al. 1999) while more northerly populations grow tissue and spawn in summer months

(e. g. Borcherding 1991; Claxton, Mackie 1998).

A properly annotated genome sequence could accelerate research on thermal
adaptation in dreissenids. There is a vast literature on heat-inducible (e.g. “heat shock”) genes
and proteins; in fact, marine bivalves and other intertidal invertebrates have been favored
subjects (reviewed in Feder, Hofmann 1999). More recently, RNA-sequencing of transcriptomes
in heat stressed animals has been accomplished in several invertebrate animals, including

mollusks (Porcelli et al. 2015). The freshwater mussel Villosa lienosa was the subject of a small-
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scale study (5 heat-stressed animals, 5 unexposed), using RNA-Seq. The authors identified a
diversity of expressed genes associated with heat stress, including each of the major
components of a classic “heat shock” response pathway, and the endoplasmic reticulum
protein unfolded protein response (UPRER), including molecular chaperones, antioxidants,
immune factors, cytoskeletal elements and mediators of apoptosis (programmed cell death;
Wang et al. 2012) Extensive transcriptome sequencing of stress genes in the Pacific oyster
genome project (Zhang et al. 2012) revealed most of the same genes and a few others in
temperature stress trials. It is possible that survival in high temperatures in natural
environments could be related to genes not involved in thermal tolerance per se— immune-
surveillance genes, for example. Studies of selective summer mortality in Pacific oyster
compared gene expression profiles between genotypes that survived and died, and showed

that a set of immune response genes was positively associated with summer survival (Fleury

and Huvet 2012). To improve the genomic resources available for studying thermal tolerance in

zebra mussels, we have generated transcriptomes from gill tissue in animals exposed to periods

of low (24°C), medium (27°C) and high (30°C) chronic temperature stress.

Water chemistry plays a large role in limiting spread of zebra mussels and calcium

concentration is the most important single water chemistry parameter (e. g. Mellina,

Rasmussen 1994; Whittier et al. 2008). There is evidence that biomass of zebra mussels within

water bodies is limited by ambient Ca?* concentrations, and evidence for threshold
concentrations below which populations cannot persist. In North America, few inland lake
populations are found at concentrations below 20 mg/L Ca?* (Cohen, Weinstein 2001). At

several sites along the St. Lawrence River, Mellina and Rasmussen (1994) found no zebra
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mussel populations below 15 mg/L Ca?*, while Jones and Ricciardi (2005) showed a decline in
biomass of zebra and quagga mussels across a concentration range from 25 to 12 mg/L, with
quagga mussel populations absent below 12 and zebra mussels absent below 7.5 mg/L. These
thresholds are much higher than those for native sphaerid and unionid bivalves, which regularly

occur at concentrations below 5 mg/L (McMahon 1996; McMahon 2002; Strayer 1993).

The mechanism(s) underlying poor tolerance of low Ca%*in dreissenids have received
relatively little study. Rearing success and percent of normal larvae were found to decline with
Ca?* concentration in laboratory studies of larval development (Sprung 1987). Vinogradov et al.
(1993) showed that zebra mussel adults were unable to regulate Ca?* concentrations in their
circulatory fluid (hemolymph) at ambient concentrations < 12-14 mg/L (i.e. the animals lose
Ca?* to the surrounding water), and lower pH values further reduce their ability to regulate.
Moreover, survival, reproductive output, somatic growth and shell growth have each been
found to decline with calcium levels in experimental trials (Baldwin et al. 2012; Hincks, Mackie

1997).

In dreissenids and other bivalves, the shell is constructed of calcium carbonate of
different crystal forms (typically calcite in adult and aragonite in larval shells) that are deposited
in an organic matrix, either through an extracellular mechanism or one mediated by cells within
the mantle tissue (Mount et al. 2004; Weiner, Traub 1984). Correlations between
environmental Ca?*, shell strength and calcification in some species, considered along with the
evidence for selection on shell strength for predator defense in freshwater molluscs (Lewis,
Magnuson 1999; Russell-Hunter et al. 1981 and references within), suggest that shell

calcification may be the process responsible for low calcium sensitivity in dreissenids.
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Genome sequences from bivalves have revealed a surprisingly large number of genes
involved in shell formation. Searches of the complete Pacific oyster genome for similarity to
known shell formation genes in other molluscs identified > 1,800 candidate genes, showed that
some major genes are lacking, and revealed diversification of others, including a large variety of
variants related to nacrein (Zhang et al. 2012), a component of the iridescent material inside
the shell. Nacrein is also used to build pearls, and the pearl oyster (Pinctada fucata martensii)
genome shows duplications in the nacrein gene family; one of the shell matrix-protein gene
families whose diversity has been generated by tandem duplication to form gene clusters at 14
different loci (Takeuchi et al. 2016). Components of the shell-formation genome and proteome
in P. f. martensii (Du et al. 2017) includes proteins related to collagen and others that are
similar to the chondroitin sulfotransferase enzymes found in vertebrate bone.

For D. polymorpha, our specific interest would be in identifying genes related to
calcification of the shell or “biomineralization” — the process whereby the protein-based shell
matrix nucleates crystals of calcium carbonate, and orients their formation into the highly
organized layers that compose the shell. Expressed Sequence Tags (ESTs) of messenger RNA’s of
the shell-building mantle tissue in the tropical pearl oyster Pinctada margaritifera (Joubert et al.
2010) were analyzed and a group of putative biomineralization-related genes were identified:
55 genes due to similarity to genes in other Pinctada species, 14 due to similarity to genes in
more distantly related bivalves, and 13 due to similarity to genes in gastropods (a different class
in Phylum Mollusca). For dreissenids, the most closely related bivalves for which sequence
information is available at the genomic and/or transcriptomic levels are Mytilus (Murgarella et

al. 2016), Modiolus and Bathymodiolus (Sun et al. 2017), all members of Family Mytylidae. We
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are currently using RNA-Seq of mantle libraries to identify biomineralization-related genes. Half
of these libraries were prepared from mussels collected from calcium-rich (35 mg/L) and half
from mussels collected from calcium-poor (13-14 mg/L) water bodies as a way to infer genes
that may be up or down-regulated in response to calcium limitation. As sequenced genomes
and other genomic resources from molluscs become increasingly available, comparative
approaches in evolutionary developmental biology of shell formation and mineralization
(Jackson, Degnan 2016) could be employed to investigate mechanisms of sensitivity of

dreissenids to low calcium.

The zebra mussel genome sequencing project

Bivalves are a diverse Class of Mollusca with over 10,000 described species in marine and
freshwater environments (Appeltans et al. 2012; Bogan 2008). As of this writing (April 2018),
complete genomes have been sequenced and analyzed adequately in only 7 species—all of
them marine and most of commercial harvest value (Table 2). Yet 21 invasive bivalve species
cause damage to aquatic and marine ecosystems worldwide (Sousa et al. 2009), and only one—
the golden mussel, Limnoperna fortunei— has so far been the subject of a genome sequencing

project (Uliano-Silva et al. 2017).

Zebra mussel genome sequencing strategy

Genomes of eukaryotic organisms typically contain millions of DNA segments that do not code

for genes and consist of repeated sequence motifs. In fact, over half the genome of humans
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and other mammals is comprised of repetitive DNA (de Koning et al. 2011) that arises from
transposable elements and other unknown sources. Bivalve genomes are also highly repetitive,
which makes assembly of raw data into contiguous sequences (contigs) challenging. The
genomes of the two marine mussel species whose genomes have been sequenced — the deep
sea Bathymodiolus platifrons and the intertidal Modiolus philippinarum — are highly repetitive,
with 47.9% and 62%, respectively, being composed of repeats and transposable elements (Sun
et al. 2017). Repeats are also common in oyster [36% of Pacific oyster Crassostrea gigas and
50% of pearl oyster Pinctada fucata (Li et al. 2017; Zhang et al. 2012)] and scallop genomes

[39% of Yesso scallop and 32% of Chinese scallop (Li et al. 2017; Wang et al. 2017)].

To deal with its likely repetitive nature, we adopted the following approach to sequence
the D. polymorpha genome. We generated preliminary short read data for a single zebra mussel
by sequencing to a depth of approximately 100x on the lllumina HiSeq instrument. An assembly
was performed in CLC Workbench (Qiagen Bioinformatics, Redwood City CA) which yielded
~500,000 contigs with an N50 (a measure of assembly contiguity roughly interpretable as a
weighted median contig length) of 2.2 kilobases (kb). This is similar to the published assembly
of the Mediterranean blue mussel (Mytilus galloprovincialis) genome, which was based only on
short read data, with ~1.7 million contigs and an N50 of 2.6 kb (Murgarella et al. 2016). To
generate a high-quality zebra mussel reference genome, we are obtaining 100x coverage with
the Pacific Biosciences (PacBio) Sequel Single Molecule Real Time (SMRT) sequencing platform,
which is capable of producing sequencing reads that are tens of kb in length. Such long reads
resolve much of the ambiguity in repetitive regions as the reads are long enough to span many

repeats and anchor them to unique sequences. A sequencing depth of 100x PacBio combined
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with lllumina short read data has been shown to be effective for high-quality assembly of
eukaryotic genomes, including the completion of a single 25 Mb contig that spans all of

Drosophila melanogaster chromosome arm 3L (Berlin et al. 2015).

The technologies for obtaining long-range genomic scaffolding information are rapidly
evolving. Additional technologies such as nanopore sequencing (Jain et al. 2018), Hi-C (Burton
et al. 2013), optical mapping, and synthetic long read approaches employed by 10x Genomics
(Zheng et al. 2016) have been successfully used to improve genome assemblies and for long-
range mapping of polymorphisms to parental chromosomes [i.e. haplotype phasing (Moll et al.
2017; Seo et al. 2016)]. We are also planning to incorporate Hi-C to further improve long-range

scaffolding of the zebra mussel genome.

With the ability to generate increasingly long sequencing reads, a major challenge is
isolating high-quality DNA of sufficient length, in quantities large enough to take full advantage
of these technologies. We isolated >100 ug of genomic DNA from an individual zebra mussel
from Duluth/Superior Harbor in Lake Superior using a Qiagen Genomic Tip 100/G kit. Pulsed-
Field Gel Electrophoresis indicated a broad size distribution from 20-120 kb (not shown). To
create a PacBio library, the genomic DNA was needle sheared to an average size of
approximately 40 kb, SMRTbell adapters were ligated, and the final library was size selected for
molecules >20 kb on the PippinHT (Sage Science). An Agilent TapeStation Genomic DNA assay

indicated that the average size of the final sequencing library was >20 kb.

To date, we have generated 168.97 gigabases (Gb) of sequencing data on the PacBio
Sequel. This represents an estimated coverage of 77-105x, based on estimates of genome size

ranging from 1.6-2.2 G. The N50 for subreads (PacBio terminology for sequence read partitions
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that can be used, in our case, for assembly) is 16,524 bp, validating the high quality of our input
DNA and PacBio sequencing library. In order to build gene models and to functionally annotate
the zebra mussel genome, we have also acquired expression data from 3 different adult tissues
(mantle, foot, and gill) using RNA-Seq, and are continuing to collect RNA-Seq data from
embryos and larvae spanning a range of developmental stages. In addition to its utility in gene
modeling efforts, studying a large proportion of the expressed transcriptome will also provide
information about tissue and stage-specific gene expression patterns that may help inform bio-

control efforts.

Applications of genomics: Development of biocontrols

In a few cases, invasive species genome projects have been motivated by the goal to discover
new biocontrol strategies. For example, vector-directed biocontrol drove the sequencing of the
genomes of the invasive mosquito species that carry malaria (Anopheles gambiae: Holt et al.
2002) and those that carry yellow fever, dengue and Zika viruses (Aedes aegypti: Nene et al.
2007). Sequencing of the genome of the crown-of-thorns sea star (Acanthaster planci spp.
group) identified the genes for an array of molecules released when animals aggregate to
spawn—including a large number of unique ependymin-family proteins active in the central
nervous system of many animals and their putative receptors (Hall et al. 2017). This
communication system may be a target for biocontrol using synthetic peptides that mimic
aggregation cues. With the exception of attempts to identify parasites and other natural
enemies (Molloy 1998), no biological control efforts have been attempted against zebra or

quagga mussels. Below we describe technologies under development for genetic modification
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that could, given our new genomic resources, potentially be applied to dreissenids for control.

Genetic modification biotechnologies

Molecular biologists have invented several techniques with which they can deliver foreign DNA,
or make precise edits in the native DNA of organisms. The CRISPR/Cas9 gene editing system has
received the greatest recent attention for applications in biological conservation, including
control of invasive species—due to low cost, rapid experimental turn-around time, and
potential for spreading genetically edited alleles throughout wild populations—even when they
lower fitness—through a mechanism known as a “gene drive” (Burt 2003; Gantz, Bier 2015;
Gantz et al. 2015). The CRISPR/Cas9 system works by using a Cas9 endonuclease that can be
directed, by a gene-specific guide RNA included in the engineered construct, to cleave a 20-
basepair-long DNA sequence in virtually any genome (Fig. 1). Flanking the guide RNA is the
payload sequence that contains the desired gene edit. Cas9 cleavage of the non-engineered
homologous chromosome initiates a DNA repair process that, in the properly engineered
construct, will convert the non-engineered into the engineered copy, making the edited gene
homozygyous. This allows for super-Mendelian inheritance that has been demonstrated in
laboratory studies (Gantz, Bier 2015; Gantz et al. 2015; Hammond et al. 2015), and that can, in
theory, rapidly drive the edited gene to high frequencies in natural populations (Champer et al.
2016; Esvelt et al. 2014). Laboratory demonstrations of how this might be used in control, to
date, all come from mosquito vectors of disease—including edits that confer host resistance to
carrying malarial parasites (Gantz et al. 2015), and others that code for female sterility

mutations to lower host fitness (Hammond et al. 2015)—but the possible applications are
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virtually limitless.

Nonetheless, there is considerable recent discussion and controversy about the release
of CRISPR/Cas9 into the environment, with two issues of concern. The first is biosafety and the
regulatory oversight of the technology. Several members of the scientific community, including
some who developed the technology, have made pleas to strictly control technology
development until the ecological and ethical risks of gene drives can be adequately addressed
(Akbari et al. 2015; Bohannon 2015; Caplan et al. 2015; Oye et al. 2014). As a consequence,
protocols for ecological risk evaluation by the international system that regulates testing and
release of genetically modified live organisms are now being developed more formally (Hayes
et al. 2018). With the risks come enormous potential benefits, so the creation of a framework

for ecological risk assessment of CRISPR/Cas9 and similar technologies is essential.

The second issue, ironically, is whether CRISPR/Cas9 gene drives will ever impact natural
populations enough to create risk (or benefit). Using both mathematical population genetic
theory (Deredec et al. 2008; Drury et al. 2017; Noble et al. 2017a; Noble et al. 2017b; Unckless
et al. 2017) and direct characterization of mutations (Champer et al. 2017; Drury et al. 2017),
several recent studies have examined the evolution of resistance to gene drives. The extent to
which resistance will affect prospects for CRISPR/Cas9-based control is not entirely clear. One
study predicts that CRISPR/Cas9 gene drives are too efficient for resistance mutations to slow
their propagation throughout the range of invasive species—and that unintended transmission
(e.g. to native-range populations) remains likely (Noble et al. 2017a). Several other studies,
however, suggest that resistance will hamper the spread of a gene drive unless, beforehand,

constructs are carefully designed (Noble et al. 2017b; Unckless et al. 2017), and focal
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populations are screened for Cas9 target sequence polymorphisms (Drury et al. 2017). It may
be that resistance evolves so readily that environmental risk has been overestimated, but

research on the fate of CRISPR/Cas9 gene drive in natural populations is just beginning.

A still more-recent but promising approach to biocontrol uses components derived from
the CRISPR/Cas9 system described above—in this case, to create synthetic barriers to
reproduction of invasive species in the wild. It uses a modified protein (dCas9) that, rather than
being used to edit genes and initiate a gene drive, allows for control of gene expression (Qi et
al. 2013). Maselko et al. (2017) developed a system in which dCas9, paired with a guide RNA
molecule, precisely locates a target gene in the genome (as in the CRISPR/Cas9 system above),
binds to its promoter sequence and drives the target gene to overexpress its gene product.
Target genes, for which overexpression is known to be lethal, can then be chosen to control

invasive populations (Fig. 1).

When an engineered strain mates with a wild type, the heterozygous offspring die from
overexpression of the gene, off the wild type promoter. The result is synthetic incompatibility,
or immediate “post-zygotic” reproductive isolation between engineered and wild type, with the
proof of concept demonstrated in yeast (Maselko et al. 2017). Mating between individuals of
the engineered strain produce offspring that can survive because the promoter has been
mutated to prevent the dCas9/guide RNA construct from binding to it. The use of the system in
invasive species could involve releases of engineered individuals, that by mating with wild type,
would suppress population mean fitness as in sterile insect biocontrol designs (Maselko et al.
2017). Since dCas9 does not cleave the homologous chromosome, this system does not cause

gene conversion leading to a gene drive, thus avoiding any increased environmental risk of that
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outcome. But since there is a fitness deficit for the engineered strain (incompatibility) and no
gene drive to counter it, the down side would be a need to periodically release engineered
individuals. Determining how often and how large these releases would need to be requires
population genetic modeling, which remains to be done. This technology is not immune to
some forms of resistance (e. g., survival of individuals due to mutation(s) in the promoter
sequence that prevents the dCas9/guide RNA construct from binding to it) and this also needs

consideration.

Target genes for genetic modification

The first step forward in research on genetic modification requires selection of target genes and
biological processes that, when modified, will produce the desired fitness effect (lethality,
reduced viability, infertility). Availability of genome sequences is essential for selecting target
genes and designing constructs. For example, Drury et al. (2017) generated genomic sequences
from 4 global populations of the flour beetle Tribolium castaneum to examine population
variation in Cas9 sites in target genes. Edits in these genes are expected to produce a range of
fitness costs from their effects on eye pigmentation, female and male fertility, and insecticide
sensitivity. Maselko et al. (2017) used the yeast genome to search for target genes that when
modified would produce lethal overexpression, then searched population genomic data from

rice and fruit flies to look for variants in dCas9 target sites within promoter regions.

Among possible targets in Dreissena are genes controlling byssal thread synthesis,

thermal tolerance, and shell formation and mineralization—all processes with data available to
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advise homology searching and with clear biological significance. Genes controlling embryonic
development are also prime targets. The Pacific oyster genome project (Zhang et al. 2012)
produced data on gene expression across 38 embryonic and larval stages—for example it
showed that about 800 genes start their transcription between the last embryonic and 1% larval
stage. The project provided functional studies of specific genes expressed across stages,
information on genetic regulation of organogenesis, and on male and female-specific genes
expressed in gonad. A large number of developmental genes were also identified from the Pearl

oyster and Yesso scallop genomes (Wang et al. 2017; Zhang et al. 2012).

Developmental genes or domains can be conserved at the sequence level, sometimes
across broad phylogenetic distances (e.g. Hox gene homeodomains), which will aid in their
identification. A recurring theme is “co-option” for new functions of genes in animal evolution,
and this is seen in mollusks. For example, a nanos gene copy controls germline differentiation in
Drosophila, and the Tis11 gene is not involved in embryogenesis in vertebrate animals from
which it was isolated, yet both genes have been recruited to control spiral cleavage divisions in
mollusk embryos (Chan, Lambert 2011; Rabinowitz et al. 2008). Studies of spatial pattern of
expression also implicated vasa and nanos gene family members in germ cell development in
oysters, snails and other animals (Dill, Seaver 2008; Rabinowitz et al. 2008); knockdown of vasa
expression by RNA interference was later confirmed to lower oyster fertility by inhibiting gonad
development (Fabioux et al. 2009). The arthropod segmentation gene engrailed controls
embryonic shell (protoconch) formation throughout molluscs, as does dpp-BMP2/4, a gene that
specifies the dorso-ventral axis in arthropods and vertebrates (Jackson, Degman 2016;

Nederbragt et al. 2002; Wanninger, Haszprunar 2001).

22



The zebra mussel genome: a community resource

It is impossible for us to envision; let alone to take advantage of the range of applications of this
genome to research and management. We recognize, moreover, that to properly analyze it we
will need assistance from experts from a number of unrelated disciplines—biomineralization,
comparative and evolutionary genomics, developmental biology, materials science, physiology
and physiological ecology—to name some that come to mind. With this review, we encourage
interested individuals to collaborate on a cross-disciplinary effort to annotate and analyze the
genome, and to formulate research on applications. Worldwide the dreissenid mussel research

community is large and diverse, and we need its help in this important effort.
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FIGURE LEGEND

Figure 1. Strategies of zebra mussel genetic modification. The strategies on the left involve
genomic editing to interupt the biological function of target genes; with or without gene
drives to spread the modification throughout populations. The strategy on the right involve
insertion of a gene activator to drive over-expression of genes that create post-zygotic

barriers to reproduction. This would lower fitness via “gamete wastage” in engineered
populations.
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Table 1. Sequenced genomes available from 100 of the world’s worst alien invasive species. The five columns
with bold italic headings provide descriptions of the length and quality of the sequenced genomes. Assembly level: contig
is a term for an assembled contiguous stretch of DNA sequence; scaffold refers to when a set of contigs is ordered and
placed in the correct orientation; chromosome level is when biological chromosomes are assembled is relative completion
(some gaps may remain). The number of contigs provides a metric for the assembly quality; in general the smaller the
number the larger the contig length. Contig Nso is roughly a measure of the shortest contig length in the data
encompassing 50% of the genome in basepairs (bp). Genome length is the total length of the assembled genome in
gigabase pairs (Gb).

Common name Taxon or group  Strain/isolate Impacts Assembly level Number of Number of Contig NS0  Genome length Year submitted
scaffolds  contigs  (bp) (Gb)
Rabbit Mammal Degrades biodiversity, Chromosome 3,318 84,024 64,648 2.737 2005
particularly in introduced
areas that lack predators
Frog chytrid Fungus JAM81 Cause of many amphibian  Scaffold 127 510 318,114 0.024 2011
fungus declines and extinctions
Comb jelly Aquatic Invasive carnivore that Scaffold 5,100 24,927 11,914 0.156 2011
invertebrate consumes zooplankton
Argentine ant  Terrestrial Often displaces native ants Scaffold 3,030 18,227 35,858 0.220 2011
invertebrate
Red imported  Terrestrial Highly damaging nuisance  Scaffold 69,511 90,219 14,677 0.396 2011
fire ant invertebrate species and pest of crop
plants, livestock
Mouse Mammal C57BL/6J Economic pests, carriers of Chromosome 262 750 32,273,079 2.794 2012

human disease, several
negative impacts on invaded
ecosystems
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Macaque

Crayfish plague

Common carp

Phytophthora
root rot

Little fire ant

Starling

Asian tiger
mosquito

Avian malaria

Sweet potato
whitefly

Goat

Mammal

Protist

Fish

Fungus

Terrestrial
invertebrate

Bird

Terrestrial
invertebrate

Protist

Terrestrial
invertebrate

Mammal

APO3

MP94-48

WASHAW1

715

Foshan

SGS1

MEAM1

Lower native bird diversity by Chromosome
eating eggs and chicks, and
competing for food

Water mold lethal to
European crayfish

Scaffold

Uproots aquatic vegetation, Chromosome
causing declines in, plants,

other fishes and water

quality

Highly damaging with broad Scaffold
host range

Stinging ants that Scaffold
displace native species

and harm crop plants

Outcompetes native birds for Scaffold
nesting sites and damages
fruits and other crops

Widespread vector of yellow, Scaffold
dengue and Chikungunya
fever viruses

Parasites of birds, causing ~ Chromosome
wide-ranging levels of

mortality

Pest of vegetable crops and Scaffold
ornamentals with vast host
range

Voracious grazers with great Chromosome
impacts on vegetation and

7,625

835

9,378

5,777

77,788

2,361

154,782

514

19,751

29,907

87,764

4,659

53,088

5,831

103,610

22,666

355,061

724

31,571

30,399

86,040

36,439

75,080

24,715

37,912

151,865

18,430

583,861

84,501

26,244,591

2.947

0.076

1.714

0.054

0.324

1.037

1.923

0.023

0.615

2.923

2013

2014

2014

2015

2015

2015

2015

2016

2016

2016
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Asian
longhorned
beetle

Mediterrenean
blue mussel

Rainbow trout

Domestic cat

Pig

Red deer

Bullfrog

Golden apple
snail

Western
mosquito fish

Terrestrial
invertebrate

Aquatic
invertebrate

Fish

Mammal

Mammal

Mammal

Amphibian

Aquatic
invertebrate

Fish

ALB-LARVAE

Swanson

Cinnamon

201423004

hippelaphus

Bruno

SZHN2017

NEO1/NJP1002.9 Causes decline and

cascading effects,
particularly on islands

Wood feeding pest of trees  Scaffold

in forests and urban settings

Marine mussel that displaces Scaffold
native species

Preys upon and outcompetes Chromosome
native fishes, and hybridizes
with native trout

Voracious predators on Chromosome
native birds, reptiles and
mammals responsible for

several extinction events

Feral pigs are pests of crops Chromosome
and property, dig up native

vegetation, prey on several

native species

Strong impacts on native Chromosome
forest flora and fauna in

invaded range

Preys upon and outcompetes Scaffold
native amphibians

Voracious feeder on crops ~ Chromosome

and native vegetation

Scaffold
extinction of other small

9,867

1,002,334

139,800

4,525

14,157

11,479

1,544,635

24

2,943

26,749

1,136,100

559,855

4,909

14,818

406,637

2,124,505

746

73,682

80,490

2,627

13,827

41,915,695

6,372,407

7,944

5,415

1,072,857

17,511

0.707

1.500

2.179

2.522

2.755

3.439

6.250

0.440

0.599

2017

2017

2017

2017

2017

2017

2017

2018

2018
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native fishes through

competition
Leafy spurge Land plant Aggressive weed Scaffold 1,633,094 2,242,201 605 1.125 2018
Cane toad Amphibian Toxic skin glands poison Contig N/A 31,391 167,498 2.552 2018

predators upon ingestion,
endangering native species
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Table 2. Sequenced genomes from bivalve molluscs

Species

Bathymodiolus
platifrons
Chlamys farreri

Crassostrea gigas

Crassostrea
virginica

Mizuhopecten
(Patinopectin)
yessoensis

Modiolus
philippinarum

Pinctada
martensii

Family

Mytilidae

Pectinidae

Ostreidae

Ostreidae

Pectinidae

Mytilidae

Pteriidae

Common name

Hydrothermal
vent mussel
Zhikong
(Chinese)
scallop

Pacific oyster

Eastern oyster

Yesso scalllop

Phillipine horse
mussel

Akoya pearl
oyster

Commercial
interest

None

Wild harvest and
culture

Hatchery
culture—leads
aquatic animals
in global harvest

Wild harvest and
hatchery culture

Culture from wild
seed

None

Cultured pearls

Assembly
level

Scaffold

Scaffold

Scaffold

Chromosome

Scaffold

Scaffold

Chromosome

Number
of
scaffolds
65,662

96,024

7,659

11

82,659

74,573

5,039

Number
of
contigs
272,497

148,999

30,460

669

120,022

301,873

85,944

Contig
N50 (bp)

12,602

21,500

31,239

1,971,208

65,014

18,389

21,518

Genome
length
(Mb)
1,658.2

779.9

557.7

684.7

987.6

2,629.6

991.0

Reference

Sun et al.
2017
Lietal.
2017

Zhang et al.
2012

Gomez-
Chiarri et al.
2015

Wang et al.
2017

Sun et al.
2017

Unpublished
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" Genetic modification strategies for zebra mussels ||

With an intact Cas9 enzyme | | With a dCas9-activator enzyme

. Single Guide
RNA dCas9

S /€

Guide sequence

Cas9 protein cuts doubled stranded DNA Precisely matches target DNA in the zebra mussel genome dCas9 protein does not cut DNA. No gene
conversion or gene drive
[ Cas9 or dCas9 + Guide RNA delivered into fertilized eggs ]
Within a cell Within a cell

Gene edit or inserted fragment modifies/suppresses gene action

Promotes gene overexpression, causing lethality

.........................................[ Examp|e5 ofapplications for control ]..........................................
Modified shell fo_[mation or mineralization genes

Engineered barriers to reproduction

Engineered female with
thin shells and poor
survival

Wild-type male,
not modified

Release of gametes in the water and reproduction
With gene-drive | Without gene-drive

- -y
-~ C\

\O\
af”rfpéﬁ"@ (25 @)"",W

All offspring have thin shells and poor

Half of the offspring have thin shells and poor
survival—modification spreads rapidly survival—modification spreads slowly

\ o \ Wild-type male,
not modified

“Q e

Hybrids carrying one engineered and one wild type gene die
from gene over-expression

Adapted from Ledford (2016) and Maselko et al. (2017)

38



