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Abstract

Comparative immunology, studying both vertebrates and invertebrates, provided the earliest
descriptions of phagocytosis as a general immune mechanism. However, the large scale of animal
diversity challenges all-inclusive investigations and the field of immunology has developed by
mostly emphasizing study of a few vertebrate species. In addressing the lack of comprehensive
understanding of animal immunity, especially that of invertebrates, comparative immunology
helps toward management of invertebrates that are food sources, agricultural pests, pathogens, or
transmit diseases, and helps interpret the evolution of animal immunity. Initial studies showed that
the Mollusca (second largest animal phylum), and invertebrates in general, possess innate defenses
but lack the lymphocytic immune system that characterizes vertebrate immunology. Recognizing
the reality of both common and taxon-specific immune features, and applying up-to-date cell and
molecular research capabilities, in-depth studies of a select number of bivalve and gastropod
species continue to reveal novel aspects of molluscan immunity. The genomics era heralded a new
stage of comparative immunology; large-scale efforts yielded an initial set of full molluscan
genome sequences that is available for analyses of full complements of immune genes and
regulatory sequences. Next-generation sequencing (NGS), due to lower cost and effort required,
allows individual researchers to generate large sequence datasets for growing numbers of
molluscs. RNAseq provides expression profiles that enable discovery of immune genes and
genome sequences, reveal distribution and diversity of immune factors across molluscan
phylogeny. Although computational de novo sequence assembly will benefit from continued
development and automated annotation may require some experimental validation, NGS is a
powerful tool for comparative immunology, especially increasing coverage of the extensive
molluscan diversity. To date, immunogenomics revealed new levels of complexity of molluscan
defense by indicating sequence heterogeneity in individual snails and bivalves, and members of
expanded immune gene families are expressed differentially to generate pathogen-specific defense
responses.
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1. Introduction

Historical observations of the association between exposure to disease and subsequent
protection from future (human) illness eventually led to development of the smallpox
vaccine by Jenner in the late 1700s (Owen et al., 2012), and of the Germ Theory, linking
pathogens and disease (Walker et al., 2006). Studies of how immunity against pathogens is
achieved culminated in our current understanding of immunology, mostly as it reflects the
immune function of vertebrate animals. Some of the early studies of immunity, however,
also benefitted from use of invertebrate organisms. Most famously, Metchnikoff discovered
phagocytes and their role in immunity in starfish larvae (Metchnikoff, 1905). By using one
(invertebrate) organism to make predictions of immune function in other (vertebrate)
animals Metchnikoff gave rise to a new field of biology: comparative immunology. The
power of comparative immunology begotten by investigating invertebrates is evident from
landmark characterization of e.g. lectins (Prokop et al., 1968), antimicrobial peptides
(Boman and Hultmark, 1987), Toll-like receptors (Lemaitre et al., 1996; Medzhitov et al.,
1997), and RNA interference (Fire et al., 1998) that have expanded our understanding of
immunity and revealed shared features among animals across phylogeny and evolution.

The study of immune function of molluscs (including snails, bivalves, cephalopods, others,
see Fig. 1) is motivated importantly by notions that many molluscs are economically
valuable food sources, especially in aquaculture (Carnegie et al., 2016), or may transmit
infectious diseases of medical and veterinary relevance (Adema et al., 2012). Moreover, the
highly diverse phylum Mollusca is second in size among animals only to Arthropoda and
represents the generally understudied lophotrochozoan protostomes, one of three lineages of
metazoan animals, along with ecdysozoan protostomes and deuterostomes (e.g. Erwin et al.,
2011). As such, study of molluscs will continue to broaden understanding of the evolution of
immune function across the range of metazoan phylogeny, especially because recent insights
suggest that molluscs are capable of sophisticated and specific immune responses (Adema
and Loker, 2015; Coustau et al., 2015; Guo et al., 2015).

This review briefly discusses the view of molluscan immune capabilities as it developed
from investigations before the availability of immunogenomics. We then present the more
specific characterization of molluscan immunity that was afforded by studies benefitting
from PCR and Sanger sequencing. Following is a discussion of molluscan immune
capabilities discovered from genome mining and transcriptome analyses, especially by
relatively easily-applied large- scale next-generation sequencing techniques. Lastly, we
consider current limitations of utilizing NGS data and discuss the future of molluscan
comparative immunology now that large sequence datasets are increasingly available.

2. Molluscan Immunity

Historically, molluscan immunology has been studied in a small number of species
represented within the diversity of the phylum Mollusca. Practical considerations that
included ease of collection, animal size, reliable animal husbandry, selective rearing of
genetic lineages, as well as relevance for disease transmission or economical (aquaculture)
importance have focused consistent study toward a few species of the Gastropoda, and
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increasingly so in recent times to some representatives of the classes Bivalvia and
Cephalopoda, to the exclusion of other molluscan classes (Fig. 1). Experimental approaches
for initial immunological studies included the monitoring of responses of bivalve and
gastropod molluscs following exposure to inorganic material (e.g. Indian ink; Tripp and
Kent, 1967), to pathogens, introduced either by bacterial injection or through infection with
parasites, notably digenean flatworms like Schistosoma mansoni that causes significant
infectious disease when transmitted to humans (Tebeje et al., 2016). Snails were observed to
rapidly clear bacteria from circulation and survive the exposure, with indications of elevated
immunity, a more rapid clearance, after an initial encounter (Bayne, 1980; van der Knaap et
al., 1983a, 1981). Some individual snails among populations of otherwise parasite-
susceptible Biomphalaria glabrata proved naturally resistant to digenetic trematodes, with
more rapid responses toward a secondary exposure (Lie and Heyneman, 1979).
Susceptibility to parasite infection was determined by the genetic background of snail and
parasites (Richards et al., 1992). Professional phagocytic cells termed hemocytes, dwelling
in the tissues or circulating with the blood fluid of gastropods and bivalves, phagocytose or
encapsulate pathogens, eliminating these with cell-mediated cytotoxicity involving
lysosomal enzymes and production of reactive oxygen species (Adema et al., 1991; Granath
and Yoshino, 1983; La Peyre et al., 1995; McKerrow et al., 1985; Mohandas et al., 1985; van
der Knaap and Loker, 1990). Depending on the species, molluscs may have either a single
type or several functionally different categories of hemocytes, and these cells may originate
from connective tissue or specialized organs, termed the amoebocyte producing organ
(APO) in gastropods (Jeong et al., 1983), or from the white body organ in cephalopods
(Claes, 1996; Cowden, 1972). Recognition of nonself and subsequent immune activation is
mediated through lectins, initially referred to as agglutinins or cytophilic receptors for
foreignness, present as humoral factors or on the surface of hemocytes (Cheng et al., 1984;
Michelson and Dubois, 1977; Mullainadhan and Renwrantz, 1986; Renwrantz and Cheng,
1977; Rogener et al., 1985; van der Knaap et al., 1983b). Lectins are hon-enzymatic, non-
antibody proteins that function as pattern recognition receptors (PRRs) by binding to
repetitive carbohydrate surface determinants that characterize groups of pathogens (pathogen
associated molecular patterns, PAMPs) such as lipopolysaccharide (LPS) and
peptidoglycans of bacteria (Vasta and Ahmed, 2009) and activate immune responses.
Contrary to expectations regarding animal immunity drawn from a vertebrate perspective of
immune function, and by the observation of some level of immunological memory in
gastropods (Lie and Heyneman, 1979), no indications were found in molluscs, or
invertebrates in general, of lymphocytic defenses, i.e. no T-cells, B- cells or the rearranging
genes that drive generation of antigen-specific receptors (Warr, 1981). As a consequence,
invertebrates were deemed to possess a rather unsophisticated innate-type immunity, with a
reliance only on invariable, germline-encoded genes for general broad immune recognition
of categories of pathogenic organisms. However, Klein (1989) championed the importance
of investigating the immunity of invertebrates from new perspectives that are not myopically
biased by norms of vertebrate immunology. While invertebrates may not possess all
canonical features of the vertebrate immune system, as a result of a long independent
evolutionary development they may bear homologs of immune mechanisms, as well as
unique immune features that are specific to their lineage. Through analyses of such immune
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features, comparative immunology can provide important insights into the evolution of
immunity (Marchalonis and Schluter, 1990).

Continued study of molluscan immunology revealed several defense mechanisms, both
analogous to aspects of vertebrate immunology and de novo from investigation of mollusc-
pathogen encounters and the immune factors involved in these interactions. In the absence of
specific reagents, comparative studies were often performed with heterologous techniques
and reagents, borrowed from vertebrate immunology. The mechanism for production by
molluscan hemocytes of toxic reactive oxygen species toward pathogens (Adema et al.,
1994) was proposed to be homologous to that responsible for the cytotoxic respiratory burst
of vertebrate phagocytes as both were sensitive to catechol-like phenol inhibitors of the
vertebrate NADPH-oxidase enzyme complex that generates superoxide (Adema et al., 1993;
Noél et al., 1993). Chemical inhibitors and immune-reagents raised against the components
of vertebrate signaling pathways were applied to explore and characterize the role of MAPK
and other signaling pathways in the regulation of molluscan immunity (Humpbhries et al.,
2001; Walker et al., 2010; Zahoor et al., 2008; Zelck et al., 2007). A role for vertebrate-type
cytokines in immune regulation was proposed, based on altered cell morphology and activity
of hemocytes following exposure to (human) cytokines, cross-reactivity of molluscan
hemocytes with immune- reagents specific for vertebrate cytokines such as II-1, 11-6 and
TNF, and reduced parasite success after treatment of snails with recombinant human
cytokine (Connors et al., 1998, 1995a, 1995b; Granath et al., 1994; Hughes et al., 1992,
1991, 1990; Ottaviani et al., 2000, 1997, 1995a, 1995h, 1993; Ouwe-Missi-Oukem-Boyer et
al., 1994; Stefano et al., 1991). Although the presence of functional cytokine-like factors in
molluscs was not unanticipated and heterologous immune reagents may correctly reveal
sequence homologs in molluscs (Williams and Gagnon, 1982), the actual identity of such
factors remained to be confirmed due to the potential for false positive immune reactivity via
the presence of aspecific antibody- binding proteins in some molluscs (Hahn et al., 1996)
and the lack of evolutionary sequence conservation among animal cytokines (Beschin et al.,
1999).

Study of mollusc-specific immune features, independent of concepts of vertebrate
immunology, provided considerable understanding of how lectins function as non-self
receptors. Immune activation resulted from a complex interaction between soluble and cell-
bound lectin receptors, enabled by conformational changes after interaction with target
epitopes (Cheng and Manzi, 1996; Dam, 1992; Renwrantz and Richards, 1992; Richards and
Renwrantz, 1991). Along with lectins, hemocytes of Mytilus edulis also released cytotoxic
factors with lytic activity toward target cells (Leippe and Renwrantz, 1988). The snail
Biomphalaria alexandrina expresses multimeric hemolymph lectin molecules that are
composed of different members of a family of glycan-binding lectins, potentially expanding
the range of antigen recognition (Mansour, 1995). Levels of agglutinating activity (lectins)
differed in individual Pacific oysters, Crassostrea gigas that were either susceptible or
resistant to Perkinsus marinus parasites (Romestand et al., 2002). The gastropod
Biomphalaria glabrata responded to Echinostoma paraensei (flatworm) infection with
expression of increased levels of diverse hemolymph lectins distributed across several
molecular weight ranges (Monroy et al., 1992), referred to as G1M, G2M, and 65 kd lectins
(Adema et al., 1997a). These foundational research efforts provided a deeper understanding
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of molluscan immune capabilities. Due to technical limitations, however, the factors or
mechanisms involved could not yet be defined beyond general descriptors like “cross-
reactivity with heterologous immune reagents”, “sensitivity to inhibitors”, “specific
carbohydrate binding activity” or “specific molecular weight”. Regardless, molluscan
immunology was well-positioned to benefit from the more detailed analysis of immune
factors and mechanisms afforded by newly available molecular techniques and to develop
the potential of comparative immunology for detailed tracking of the evolutionary

development of immune function across animal clades.

“factorology”, immunogenomics phase 1

The first phase of molluscan immunogenomics began in the early 1990s, benefitting from
several technological developments that facilitated routine access to molecular biology
(PCR, cloning and automated dye-terminator Sanger sequencing) and to the internet
(computational bioinformatics and rapidly growing public sequence databases) in a manner
that made it possible to identify molluscan immune factors through characterization of
coding sequences. A strategy that consisted of partial peptide sequencing (Edman
degradation) of purified proteins to enable design of PCR primers and amplify cDNA for
sequencing led to targeted characterization of the first snail lectins. The elucidation of the
encoding sequences promoted these lectins from factors that were broadly defined by
molecular weight and carbohydrate specificity to specific, named entities, with function and
relationship to other defense factors defined by sequence. The parasite-reactive plasma
lectins of B. glabrata described by Monroy et al. (1992) were found to include a diverse set
of related fibrinogen-related proteins (FREPS), comprising N-terminal immunoglobulin
superfamily domains juxtapositioned with a fibrinogen-like domain at the C-terminus
(Adema et al., 1997b). The mucus of the slug /nicilaria burgsdorfii yielded Incilarin A-C,
three different C-type lectins that shared considerable sequence identity (44-55% identity of
encoded amino acids; Yuasa et al., 1998). Screening of a cDNA library revealed sialic-acid
binding activity derived from several lectins from Limax flavus (Gastropoda), also highly
similar yet with different sequence identities, and each consisting of a single fibrinogen-like
domain (Kurachi et al., 1998). Expression of related lectin sequences from multigene
families may broaden the range of carbohydrate epitopes that can be bound, also considering
that lectins may assemble as multimeric molecules under native conditions (e.g. Adema et
al., 1997a; Mansour, 1995). Some of the newly characterized sequences were studied in
greater detail. The full-length genome sequences were determined for several of these FREP
genes (Léonard et al., 1999; Zhang et al., 2001). Moreover, it was observed that somatic
mutation of FREP genes causes B. glabrata snails to generate individually unique repertoires
of parasite-reactive FREP lectins (Zhang et al., 2004). Note that FREPs are discussed in
detail by Portet et al. elsewhere in this issue. By revealing intronic sequence differences,
Goodall et al. (2006) identified allelic variants of B. glabrata superoxide dismutase (SOD1)
that differentially affected the production of reactive oxygen species in a manner that
associated with parasite resistance/susceptibility phenotypes of individual snails.

The above targeted characterization of specific immune factors provided detailed sequence
information that began to facilitate comparative immunology, i.e. considering the nature of
molluscan defense factors relative to other organisms, and distribution of related factors
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across phylogeny. The experimental work was laborious, however, and progress came at
considerable effort and investment. Many more candidate immune factors were identified at
a higher rate of discovery by transcriptomic studies that employed random gene discovery
via high throughput sequencing of libraries of expressed sequence tags (ESTS). Short cDNA
inserts, usually representing partial gene transcripts, generated by a number of strategies,
including differential display reverse transcription PCR (DD-RTPCR), suppression
subtraction hybridization (SSH), open reading frame EST (ORESTES), were cloned and
sequenced to capture gene expression profiles from snails like Lymnaea stagnalis (Hoek et
al., 1996) and prominently B. glabrata, untreated or exposed to pathogens. Aided by
computational bioinformatics, EST projects recorded many transcribed sequences that
helped reveal aspects of the immune system of gastropods (see Fig. 1). Based on sequence
similarity with previously described defense factors, mostly from other animal taxa, /n silico
analyses identified gastropod genes for all components of an internal defense system ranging
from non-self recognition (lectins); activation and regulation of immune responses; humoral
defense factors (antibacterial proteins and peptides); cellular cytotoxicity (lysosomal
enzymes, production and metabolism of reactive oxygen species), including antiviral
responses as afforded by genes encoding the machinery for RNA interference. It is of note
that up to 60% of EST data from molluscs cannot be annotated because they have no
matches in (current) sequence databases. Designated as novel, unknown, a proportion of
these sequences are likely unique to molluscan biology and await functional
characterization. For an incomplete, yet representative listing of associated projects see:
Bouchut et al., 2006; Hanelt et al., 2008; Ittiprasert et al., 2013; Knight et al., 1999; Lockyer
et al., 2007a, 2007b; Miller et al., 2001; Mitta et al., 2005; Nowak et al., 2004; Raghavan et
al., 2003; Schneider and Zelck, 2001.

Since, EST-based gene discovery has been applied widely to a range of additional species of
gastropods, bivalves and cephalopods. This has provided a wealth of information regarding
(partial) expressed gene sequences of molluscs (Fig. 1). To date, EST-library screening of
this type continues to provide candidate immune factors for further characterization (e.g. Bai
et al., 2009; Borisova and Gorbushin, 2014; Ding et al., 2011; Fleury et al., 2009; Goodson
et al., 2005; Liao et al., 2013; Liu et al., 2011; Roberts and Goetz, 2003; Seo et al., 2016;
Wang et al., 2009, 2007). For example, in 1999, Escoubas et al. recovered from the oyster C.
gigasan EST sequence similar to mammalian IkappaB kinase (IKK) proteins that have
central roles in cell (immune) signaling through activation of nuclear factor-kappaB (NF-
kappaB). The recombinantly-expressed complete sequence effected expression of a NF-
kappaB-controlled reporter gene. This provided a first indication of functional NFKb
signaling in molluscs. The characterization of bivalve lectins and other defense factors has
been driven mostly by initial identification of EST sequences (Kang et al., 2006; Korneev et
al., 2002; Song et al., 2006). It is of particular interest that RNA interference is available for
functional transcriptomics in gastropod and bivalve molluscs (Jiang et al., 2006; Owens and
Malham, 2015; You et al., 2012). RNAi knockdown of gene transcripts, and thereby of
protein expression, effected by either long double-stranded RNA or short interfering RNA
has shown phenotypic changes in B. glabratato demonstrate involvement of immune
activities of FREP3 (Hanington et al., 2012, 2010), the cytokine MIF (Baeza-Garcia et al.,
2010), and antibacterial LBP/BPI (Baron et al., 2013).
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The analysis of EST datasets can reveal groups of genes that are functionally linked such
that their expression provides evidence for active cellular, humoral and metabolic processes
in an organism. However, EST-based expression profiles recorded from insert libraries best
inform by presence of particular sequences. This technique provides modest information
regarding relative expression levels of (constitutive) immune genes, that are perhaps
increased in response to a pathogen or regarding the potential for pathogen-specific immune
responses in molluscs. The lack of detection of a particular immune transcript sequence may
be due to differential expression or incomplete sampling. Due to the great effort required for
sequencing many individual EST clones, even in automated fashion, and the random nature
of insert selection for sequencing, it is unlikely that EST projects yield full representation of
the total diversity of expressed sequences.

Microarray approaches provide an alternative way to study transcriptomics that affords a
more accurate comparison of expression levels of particular (immune) genes by
differentially-treated molluscs. Several microarray platforms have been designed and applied
to study immunity in gastropods and bivalves of medical or aquaculture relevance (De Zoysa
etal., 2012, 2011; Dheilly et al., 2011; Fleury and Huvet, 2012; Jenny et al., 2007; Leite et
al., 2013; Romero et al., 2015; Venier et al., 2011; Wang et al., 2016, 2010; Zhang et al.,
2016). The number of gene targets included on initial microarray designs was limited by the
modest extent of available sequence data but recent microarrays can harbor upward of
30,000 gene features such that immune sequences are likely included, even if these were not
specifically selected as targets on the array. Microarrays that also contain unannotated gene
targets have potential to identify unknown, novel candidate immune genes if these are
differentially expressed following pathogen encounters. Microarray studies have shown
novel aspects of immunity of particular species of molluscs. For example, different strains of
the gastropod B. glabrata display distinct baseline expression profiles (Lockyer et al., 2012,
2008; Zahoor et al., 2014); this snail mounts pathogen-specific immune responses to Gram
(), Gram (+) bacteria and metazoan parasites (Adema et al., 2010), and FREP3 was
identified as a common feature of successful defense responses (Hanington et al., 2012,
2010).

Such studies provided less insights to broaden comparative immunology. Microarrays are
species-specific; they employ previously available sequences for a particular organism as
hybridization targets to detect relative amounts of matching gene transcripts when
comparing different RNA samples of the same organism. Comparison of results from
expression studies for general features of molluscan immunity are difficult because
microarrays are available only for a limited number of gastropods and bivalves and the
various array platforms may differ considerably in number and representation of gene
targets.

Nevertheless, the focus of molluscan immunogenomics on gene discovery through
sequencing and characterization of (partial) cDNA sequences was highly effective in
cataloguing and defining immune capabilities of bivalves and gastropods, even though the
techniques available were unlikely to capture complete transcriptomes and thus did not
reveal the full extent of gene diversity within molluscan species or the taxonomic
distribution of particular molluscan defense genes. Furthermore, in this time of extensive
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characterization of cDNA sequences, little information had accrued regarding intron/exon
structures, distribution of genes in the genome, general genome architecture, and regulatory
sequences for managing gene expression toward immune responses.

4. Genomes and next-generation sequencing, immunogenomics phase 2

Genome sequencing efforts, culminating in completion of the human genome in 2000, had
led to development of scientific technology that was able to produce high quality genome
sequence assemblies. However, the capacity for genome sequencing was limited. The
complex and expensive hardware infrastructure that afforded genome sequencing was
available only at a modest number of central facilities. Full genome characterization required
a large, costly effort reliant on labor- intensive sequencing methods and challenging
computational bioinformatics to organize massive sequence datasets into a genome
assembly. Nevertheless, advocacy from (international) consortia of scientists led to inclusion
of several molluscs with relevance for biomedical research or aquaculture among the
exclusive group of organisms that enjoyed high quality, full genome characterization.
Obviously, by providing insight into all aspects of organismal biology, genome sequences
yield valuable resources, also for comparative immunology. To better qualify for full
genome sequencing, some research communities developed complementary genomic
resources. Bacterial artificial chromosome (BAC) libraries were developed for several
molluscs like B. glabrata (Gastropda) and the oysters Crassostrea virginicaand C. gigas, to
gain initial access to genomic information (Adema et al., 2006; Cunningham et al., 2006;
Raghavan et al., 2007). BAC libraries consist of considerable numbers of clones that
represent the full genome with large (>100kb) inserts of molluscan genomic DNA. Selection
and detailed analysis of BAC inserts is a somewhat protracted process, but allows for
focusing investigative analysis towards genes of interest. Several BACs have been sequenced
full-length in the case of B. glabrata (Tennessen et al., 2015a; Hanington et al., 2010). This
further confirmed the presence of gene families of some immune genes in the genome of this
gastropod: four FREP genes are present within a 115,524 base pair (bp) genomic region
(Hanington et al., 2010) and B. glabrata BAC clone BG_BBa-10D22 (182,461 bp) contains
five peptidoglycan recognition protein (PGRP) genes (GenBank: AC235813.3). Pending full
genome assembly, this likely provides an incomplete view of these gene families in
Biomphalaria. For instance, PGRP gene families comprising up to 12 different genes are
present in other molluscs species such as Bathymodiolus platifrons, C. gigas, Euprymna
scolopes, Octopus vulgaris, and Solen grandis (Castellanos-Martinez et al., 2014; Goodson
et al., 2005; Itoh and Takahashi, 2008; Wei et al., 2012; Wong et al., 2015; Zhang and Yu,
2013). The use of BAC inserts containing defense/stress response sequences (actin and
ferritin) as probes for fluorescent /n situ hybridization (FISH) showed a repositioning of B.
glabrata chromosomes in the nucleus following parasite exposure, likely in aid of active
transcription of response genes (Knight et al., 2011). The utility of BAC libraries is
underscored by continued use of this approach to characterize immune genes of additional
molluscs in recent times, with continued observation of clustering of immune factors, e.g.
two genes encoding lipopolysaccharide and beta- 1,3-glucan binding proteins in the Zhikong
scallop Chlamys farreri (Kasthuri et al., 2013; Premachandra et al., 2012; Zhang et al., 2008;
Zhao et al., 2012a). Large scale genome efforts, aimed at obtaining high genome coverage
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and stringent computational genome assembly with availability of transcriptomic data for
validation of predicted gene models have led to characterization of the full genomes of one
bivalve C. gigas, the cephalopod Octopus bimaculoides and three gastropods B. glabrata,
Aplysia californicaand Lottia gigantea (see Table 1). Generally, molluscan genome
assemblies consist of high numbers of genome scaffolds; concise assembly is challenged by
large genome size and high repetitive content. The genome assemblies do provide, however,
good representation of expressed protein-encoding genes and genome size, e.g. 97% and
83%, respectively, for O. bimaculoides (Albertin et al., 2015). As such, they give
unprecedented access to the most complete gene complements ever for these molluscs, and
this allows broad analyses, including those for immune relevant genes.

Accordingly, genome analyses can now identify gene sequences that validate and further
develop previous inferences about immune function in molluscs. In the case of molluscan
cytokines, previously indicated by time-appropriate, yet rather indirect methods, sequence
and functional analyses have confirmed gene sequences for TNF, IL-17 and MIF among
bivalves, gastropods and cephalopods (also see Gao et al., 2015; Rosani et al., 2015a).
Sequence homologs for 11-1 or 11-6 were not recorded. It remains to be determined whether
activities previously ascribed to these cytokines derive from functional analogs or yet other
factors (Ottaviani et al., 1995a, 1993).

Molluscs have abundant genes encoding for a diversity of lectins, including many with C-
type lectin domains, fibrinogen-related sequences or C1q domains (e.g Gorbushin and
Borisova, 2015; Zhang et al., 2012). Molluscs also show expanded gene families of Toll-like
receptors (TLR). Diversity of this PRR likely expands non-self recognition capabilities
(Buckley and Rast, 2015). The availability of non-coding intergenic genomic sequences
further enables exploration of (immune-relevant) regulatory mechanisms involving
transcription factors and nuclear receptors (Humphries and Harter, 2016; Kaur et al., 2015).
Moreover, molluscs possess the machinery to employ methylation for epigenetic regulation
of gene expression (Fneich et al., 2013; Geyer et al., 2011) and genome-wide analysis of C.
glgas suggests that a nucleotide sequence composition is biased towards GC content in
families of inducible genes (like stress and environmental response genes) to facilitate
methylation for epigenetic control of gene expression (Gavery and Roberts, 2010). The
genome sequences also provide targets to develop markers for linkage studies. Such analysis
of the association of particular SOD1 alleles with resistance to schistosome parasites
indicated the presence of a linked cluster of redox genes and possibly other defense genes in
the snail B. glabrata (Blouin et al., 2013). Additional analyses identified the so-called
hyperdiverse Guadeloupe Resistance Cluster (HRC) and several other groups of genes as
candidate genomic regions associated with different levels of susceptibility for parasite
infection. Recent efforts have been made to identify the specific genes contributing to the
differential susceptibility phenotype, but many remain to be characterized (Allan et al.,
2017; Tennessen et al., 2015a, 2015b).

As indicated above, the availability of molluscan genomes facilitated comparative analyses
of immune properties among diverse species representing different classes of molluscs.
Mostly, however, the potential of genomic studies deepened comprehension of immunity
unique to single molluscs. Rather than sparking comparative immunology across classes,
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orders or even phyla, genome sequences tended to focus research inward, for a few model
molluscs. This was of course because of the considerable challenge to complete genome
characterization for any particular organism, dramatically limiting the number of species for
which this was achieved. This situation changed significantly with the availability of next-
generation sequencing (NGS) capabilities. Several novel high throughput sequencing
technologies have been developed as alternatives to routine Sanger sequencing. Of these,
some have already been relinquished (454, Solid) while Illumina technology has become a
mainstay (Pettersson and Lundeberg, 2009). Compared to Sanger sequencing, NGS
technology generates relatively short sequence reads (< 150 nt) that may challenge correct
de novo assembly, but sequence is collected at massively increased fold-coverage and speed.
Significantly, NGS carries a modest cost that now enables individual researchers to capture
and characterize both genome and transcriptome profiles for their organism(s) of choice
(Sohn and Nam, 2016). The third (next-next) generation of sequencing technology is already
coming on-line, and by enabling significantly longer sequence reads, will improve sequence
assembly capabilities (Rhoads and Au, 2015; Schadt et al., 2010). Of note, the amount of
nucleic acid input material required for NGS is in the nanogram to microgram range, far less
than required previously for Sanger technology. This enables complete sequencing from few
or even individual organisms. With the current NGS capabilities, the number of sequenced
genomes and transcriptomes, collected in the form of massive, comprehensive datasets is
rapidly increasing (see Fig. 1). Without doubt, many more datasets are awaiting submission
to public databases. These developments have rendered the unique status of traditional
genome projects obsolete. In fact, some have mockingly declared the death of the genome
paper (Smith, 2016), because such high-level prestigious publications are being replaced by
reports that announce the availability of novel NGS data (e.g. Huang and Wu, 2015). The
scrutiny and effort that yielded the initial set of genomes is unlikely to be paralleled and new
genomes will not be assembled or annotated at the same level of quality. Clearly, however,
NGS is of great benefit to comparative immunology. The capture of comprehensive (if not
complete) genome and transcriptome sequence data, for any initial biological research
question, provides an unprecedented data resource that can be mined with computational
bioinformatics methods, and also for immune sequences. With NGS, indeed there are
effectively no more non-model organisms for gene discovery (Dheilly et al., 2014).

The new sequencing capabilities have already shaped new understanding at different levels
of molluscan immunogenomics. NGS characterization of expression profiles of a novel
strain of B. glabrata increased the number of unique FREP gene sequences previously
recorded from this gastropod, perhaps by also revealing novel alleles. Moreover, the non-
selective manner of sequence sampling also identified FREP-related lectin sequences with
similar domain structures (upstream IgSF sequences with a C- terminal lectin domain) but
displaying either a galectin or a C-type lectin domain. These novel sequences, named
galectin —related protein (GREP) and C-type lectin-related protein (CREP), respectively, are
now grouped together with FREPs as Variable Immunoglobulin and Lectin domain
containing molecules or VIgLs (Dheilly et al., 2015). Gorbushin and colleagues (Gorbushin
et al., 2010; Gorbushin and Borisova, 2015) have tracked the distribution of defense factors
like FREPs across gastropod phylogeny. Inspection of the genome of the euopisthobranch A.
californica, and of NGS transcriptome data of hemocytes of the prosobranch Littorina
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littorea, have revealed FREP genes outside of Biomphalaria. No FREPs were observed from
the genome of the basal gastropod Lottia gigantea. Pending analyses of additional NGS
datasets from other molluscs, this led to development of the hypothesis that FREPs are an
evolutionary innovation that took place after the emergence of class Gastropoda within the
Mollusca (Gorbushin et al., 2010). This is especially intriguing because Mytilus
galloprovincialis (class Bivalvia) was reported to express diversified proteins that contain
fibrinogen-related domains, also known as FReDs, thought to function in immunity (Romero
etal., 2011). Numerous other FReD-containing proteins, e.g. those consisting of single FBG
domains, have been recorded from a range of molluscs but these have not been reported to
be diversified (Albertin et al., 2015; Gorbushin and lakovleva, 2011; Zhang et al., 2012). A
phylogenetic analysis of molluscan FReD sequences, including FREPSs, does not reveal a
clear evolutionary origin for canonical FREPs (Fig. 2a). The FREP sequences from A.
californica, B. glabrata, and L. /ittorea cluster separately among other FReD-containing
sequences. Moreover, the fibrinogen-related sequences of Biomphalariaand Mytilus shown
to undergo extensive sequence diversification (Dheilly et al., 2015; Hanington et al., 2010;
Romero et al., 2011; Zhang et al., 2004), fall out in different clades (Fig. 2b,c). This suggests
that diversification of FReDs may have occurred independently at different stages during the
evolution of molluscs. Of course, future investigations may uncover different instances of
diversified FREPs and other FReD-containing proteins. Yet the fact remains that such
systems for intra-individual sequence diversification greatly increase the overall FReD
diversity that occurs in molluscs (Fig. 2b,c).

An apparently general concept of molluscan immunology was revealed by immunogenomic
studies of NGS data involving gene complements and expression profiles from two classes:
gastropods and bivalves. DeLeury et al. (2012) collected NGS transcription profiles of B.
glabrata snails that were evoked by different pathogens (yeast, Gram (+) and Gram (-)
bacteria). Zhang et al. (2015) independently exposed C. gigas oysters to multiple pathogens
including (strains of) particular bacteria and a virus, to determine expression profiles using
Illumina NGS. Similar results were observed from annotation and analysis of specific
expressed sequences: both the gastropod and the bivalve molluscs studied possess expanded
immune gene families, and in both molluscs, pathogens are met with generally similar
immune processes or signaling pathways. However, individual sequences of particular gene
families are differentially expressed to generate pathogen-specific immune responses. This
indicates that molluscs possess complex immune systems with extensive discriminatory
properties.

5. Limitations and potential, future immunogenomics

NGS has already shown itself to be a powerful tool for immunogenomics. It holds great
promise to elevate molluscan immunology from detailed study of a few model species to a
broad vantage point for true comparative immunology that can reveal commonly shared as
well as unique immune features across the diversity of the phylum Mollusca. We must also
consider carefully the limitations of NGS technology to maximize the future benefits.
Current NGS methods generate massive datasets of relatively short read lengths.
Computational assembly, especially de novo (i.e. without a reference genome or gene
models), to reconstruct the genome or the transcript from which they derive, is very
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challenging. Several software packages are available for assembly but these are each
designed with different assumptions and assembly strategies in mind. Comparison of de
novo genome assemblies with reference-based (human) genome assemblies of Han Chinese
and Yourbal individuals showed that the de novo assemblies were 16.2% shorter than the
reference genomes and were lacking over 2,000 protein coding exons (Alkan et al., 2011).
When considered at the rate at which data is now being generated, these discrepancies can
lead to erroneous conclusions about the absence of immune components for non-model,
invertebrate organisms for which reference genomes are typically unavailable.
Transcriptomes also succumb to assembly difficulties. The choice of assembly software can
mean the difference between generating artificial, chimeric contigs, or producing many
short, redundant contigs along with correctly assembled sequence contigs (Mundry et al.,
2012).

Annotation of assembled sequence data to infer open reading frames, gene models and
especially function, is another challenge for correct interpretation of molluscan immunology.
For example, Blast2GO (Conesa et al., 2005) is one of the main tools for informative
(automated) annotation of large sequence datasets from non-model organisms. The program
relies on blast searches to identify transcripts with sequence similarity to a modest set of
previously characterized sequences that have been associated with so-called Gene Ontology
annotation to define their functional role in molecular, cellular or biochemical processes.
Transcripts that do not share significant blast similarities with those included in the reference
database are excluded from the annotation. Typically this affects a high proportion of
molluscan sequences, and although GO annotation is available for non-model organisms
through B2G-FAR (G6tz et al., 2011), the resulting annotation may still not be suited for
correct functional interpretation of molluscan immune factors. For instance, a FREP lectin
transcript that contains two functionally distinct 1IgSF and fibrinogen-like domains may
generate similarities to sequences with annotation that indicates antibody-based immune
function and fibrinogen-mediated blood clotting, even though neither of these phenomena
exist in snail biology. Thus it is of considerable importance to verify at least some results
from J/n silico analysis of NGS sequence data, validating assembly of sequences of interest
and applying knowledge of specific organismal biology.

Ultimately, immunogenomics can provide an essential mechanistic basis to evaluate the
biological relevance of immune phenomena that may be inferred from observations at the
organismal level(Hauton and Smith, 2007; Little et al., 2008). Surprisingly, we may uncover
mechanistically supported immune phenomena in the lab that fit less with our perceptions of
how immunity should benefit fitness. For instance, there is the unexpected observation of
immune memory in the snail B. glabrata that prevents secondary infection by the parasite
Schistosoma mansoni in snails that continue to sustain a primo infection by the same
parasite strain, without obvious benefits to snail fitness (Pinaud et al., 2016).

For developing a representative overview of molluscan immunology, increasingly refined
phylogenies are available to guide selection of species that will fill the current gaps in
coverage by immunogenomics analysis of molluscan diversity (Kocot et al., 2011; Smith et
al., 2011). As evident from figure 1, several classes of molluscs deserve particular attention
for obtaining NGS data. Individual investigators are encouraged to release any available
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relevant NGS datasets so that duplication of sequencing efforts can be avoided. The Global
Invertebrate Genomics Alliance (GIGA community of Scientists, 2013; http://giga-cos.org/)
aims to generate genomic sequences for 5000 (marine) invertebrates and may offer datasets
for molluscan clades yet to be studied with regard to their immune function. Recent
depositions of NGS data in public databases indicate that it is feasible to obtain and collect
NGS data from molluscs of the classes Scaphopoda, Monoplacophora, Polyplacophora and
Aplacophora. The currently available data of these lesser studied molluscs deserves analysis
for immune genes. Encouragingly, genome size estimates have been made for several
Aplacophora, Polyplacophora and Scaphopoda (Kocot et al., 2015) in light of interest to
perform NGS-based genome characterization of representatives of these groups. Given the
great diversity of the Mollusca, it is unlikely that full coverage by genome sequencing is
ever achieved. However, strategic sampling will likely provide an initial overview that can
help to identify taxa that may harbor unique aspects of immunbiology (gene gains or losses)
and that are of particular interest for more detailed sampling.

A more comprehensive, inclusive understanding of immune function in molluscs will
identify genes and immune mechanisms that can be targeted to bolster immune vigor in
species with importance for aquaculture or conservation, or for control efforts aimed at
molluscs that negatively impact humanity. Notably, it is worthwhile to consider the potential
of the CRISPR/Cas9 system for genome editing (Singh et al., 2017) as a means for
modifications of molluscan genomes in light of future functional immunogenomics studies.

In closing, recent studies that track distribution of IL-17 signaling components in over 30
bivalves (Rosani et al., 2015a), or that reveal that LBP/BPI proteins are not routinely
conserved across animal phylogeny, yet are import immune factors in molluscs (Baron et al.,
2016), show the great potential of modern immunogenomics to push molluscan immunology
from detailed study of limited numbers of model species to true comparative immunology;,
revealing aspects of evolution of animal immune function across broad ranges of phylogeny.
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Highlights
. Historical review of molluscan immunity prior to development of modern
techniques
. Coverage of species-specific gene complements for comparative immunology
. Identification of lineage-specific immune capabilities is achieved with NGS
. NGS informs on general features of molluscan immunity
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Figure 1. Simplified phylogeny of the classes in the phylum Mollusca adapted from Kocot et al.,

2011 and Smith et al., 2011

Asterisks indicate genome availability in public databases. For each class the number and

increments of expressed sequence tag (EST) and short read archive (SRA) entries are

indicated over time. Note that SRA entries were not available before 2008, coinciding with
the advent of next-generation capabilities. Data were obtained by querying the SRA and
EST databases of GenBank using name of class and modification dates as search terms.
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Figure 2. Phylogenetic reconstruction of molluscan fibrinogen-related domain (FReD) sequences
(A) Phylogenetic tree of FReD-containing sequences from three molluscan classes:

Gastropoda (5 species), Bivalvia (4 species), Cephalopoda (1 species). A FReD sequence
from the cnidarian (pre-bilaterian) Exaiptaisa pallida (Ep) is used as outgroup. The
alignment of these FReD sequences included 103 amino acids (aa) Grey boxes highlight
canonical fibrinogen-related proteins (FREPs: sequences containing 1 or 2 N-terminal IgSF
domains and a C-terminal FBG domain). Asterisks indicate FReD-containing sequences
reported to be extensively diversified (Dheilly et al., 2015; Hanington et al., 2010; Romero
etal., 2011; Zhang et al., 2004). Arrowheads mark germ-line encoded sequences used in Fig.
2b,c.(B) Sequence diversity of a 127 aa region of the fibrinogen-related sequence of FREP3
(canonical structure indicated) recorded from the germline encoded (source) sequence and
diversified variants from one individual B. g/abrata snail. For each percentage value the
number of different amino acids residues relative to the source sequence (127aa) are as
follows: 100%=0aa, 99%=1aa, 98%=2aa, 91%=11aa, 90%=12aa, 89%=13aa, 88%=14—
15aa, 87%=16aa, 86%=17aa.(C) Sequence diversity of a 129 aa region of the fibrinogen-
related sequence of a single FReD-containing lectin (see structure) recorded from the
germline encoded (source) sequence and diversified variants from three individual M.
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galloprovincialis mussels. For each percentage value the number of different amino acids
residues relative to the source sequence (129aa) are as follows: 100%=0aa, 99%=1aa,
98%=2aa, 97%=3aa, 96%=4-5aa, 95%=6aa, 94%=7aa, 93%=8-9aa, 92%=10aa, 91%=11aa,
90%=12aa, 85%=19aa. Aplysia californica (Ac), Argopecten irradians (Ai), Biomphalaria
glabrata (Bg), Crassostrea gigas (Cq), Limax flavus (LT), Littorina littorea (L1), Mytilus
edulis (Me), Mytilus galloprovincialis (Mg), Octopus bimaculoides (Ob), Planorbella duryi
(Pd). All accession numbers are provided within the trees. Analyses were conducted in
MEGAG®G (Tamura et al., 2013) using the Neighbor-Joining (Saitou and Nei, 1987) and
Poisson correction methods(Zuckerkandl and Pauling, 1965). Scale bars: units of the number
of amino acid substitutions per site. All positions containing gaps and missing data were
eliminated.
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Table 1

Partial listing of publications reporting on NGS data collection from molluscs. The listing of transcriptomic
data only includes immune-related studies. Information for genomic data was retrieved from the Genome
database of NCBI. Publicly available genomes without a corresponding publication are indicated with an
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Transcriptomic Data

Class Organism NGS Platform Reference
Gastropoda Arion vulgaris Illumina HiSeq2000 Bulat et al., 2016
Gastropoda Biomphalaria glabrata Illumina GAIlx Pinaud et al., 2016
Gastropoda Biomphalaria glabrata Illumina HiSeq2000 Kenny et al., 2016
Gastropoda Conus geographus Illumina HiSeq2000 Safavi-Hemami et al., 2016
Gastropoda Littorina littorea Illumina HiSeq2000 Gorbushin and Borisova 2015
Gastropoda Oncomelania hupensis Illumina HiSeq2000 Zhao et al., 2015
Gastropoda Biomphalaria glabrata Hlumina GAIIx Deleury et al., 2012
Gastropoda Thais clavigera 454 GS 20 Rhee et al., 2012
Bivalvia Crassostrea virginica Illumina GAIlIx McDowell et al., 2016
Bivalvia Cristaria plicata Illumina HiSeq2500 Patnaik et al., 2016
Bivalvia Mercenaria mercenaria Illumina HiSeq2000 Wang et al., 2016b
Bivalvia Muytilus chilensis Illumina HiSeq2000 Detree et al., 2016
Bivalvia Pinctada fucata Illumina HiSeq2000 Wang et al., 2016¢
Bivalvia Saccostrea glomerata Illumina HiSeq2000 Ertl et al., 2016
Bivalvia bivalvia Rosani et al., 2015a
Bivalvia Bathymodiolus platifrons  1llumina HiSeq2000 Wong et al., 2015
Bivalvia Chlamys farreri Illumina HiSeq2000 Huetal., 2015
Bivalvia Crassostrea gigas lon Torrent Proton Chenetal., 2015
Bivalvia Crassostrea gigas Illumina GAIIx He et al., 2015
Bivalvia Crassostrea gigas Illumina HiSeq2000 Rosani et al., 2015b
Bivalvia Crassostrea gigas Illumina GAIlIx Zhang et al., 2015
Bivalvia Patinopecten yessoensis Illumina HiSeq2000 Ding et al., 2015
Bivalvia Crassostrea gigas Illumina HiSeq2000 Zhao et al., 2014

Crassostrea

hongkongensis
Bivalvia Crassostrea virginica IHlumina GAIIx McDowell et al., 2014
Bivalvia Crassostrea virginica Illumina GAIlIx Zhang et al., 2014
Bivalvia Mytilus galloprovincials — 1llumina GAIIX Gerdol et al., 2014
Bivalvia Pecten maximus Illumina HiSeq2000 Pauletto et al., 2014
Bivalvia Muytilus chilensis Illumina HiSeq2000 Nufiez-Acufia and Gallardo-Escérate 2013
Bivalvia Mytilus edulis 454 GS FLX Titanium  Philipp et al., 2012
Bivalvia Pinctada martensii Illumina HiSeq2000 Zhao et al., 2012b
Bivalvia Patinopecten yessoensis 454 GS FLX Titanium  Hou et al., 2011
Bivalvia Bathymodiolus azoricus 454 GS FLX Titanium  Bettencourt et al., 2010

Cephalopoda  Euprymna tasmanica

Cephalopoda  Octopus vulgaris

454 GS FLX+
IHlumina GAIIx

Salazar et al., 2015

Castellanos-Martinez et al., 2014
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Genomic Data

Class

Gastropoda
Gastropoda
Gastropoda

Gastropoda

Gastropoda
Gastropoda
Bivalvia

Bivalvia

Bivalvia
Bivalvia

Cephalopoda

Organism

Biomphalaria glabrata
Conus tribblei
Lymnaea stagnalis

Aegista diversifamilia
Dolicheulota
formosensis

Aplysia cali fornica
Lottia gigantea
Corbicula fluminea

Dreissena polymorpha

Muytilus galloprovincial
Crassostrea gigas

Octopus bimaculoides

GenBank Assembly Accessi

GCA_000457365.1
GCA_001262575.1
GCA_900036025.1

(SRA Accessions)
SRR1918809
SRR1920140

GCA_000002075.2
GCA_000327385.1
GCA_001632725.1
GCA_000806325.1

GCA_000715055.1
GCA_000297895.1
GCA_001194135.1

Renference

Adema et al., 2017: In prep*
Barghi et al., 2016

Davison et al. 2016

Huang and Wu 2015

Moroz and Kandel, 2006*
Simakov et al., 2013
Pefarrubia et al., 2016*

Pefiarrubia et al., 2015

Nguyen et al., 2014*
Zhang et al., 2012
Albertin et al., 2015

Genome Size (bp)/database
source

9.16 x 1078/GenBank
2.16 x 1079/GenBank
8.33 x 10"8/GenBank

Data not available

9.27 x 10"8/GenBank
3.59 x 1078/GenBank

Data not available

1.66 x 10"9/Animal Genome Size

Database

1.62 x 10°9/GenBank
5.57 x 10"8/GenBank
2.33 x 1079/GenBank
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