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a b s t r a c t
The arms race between hosts and pathogens (and other non-self) drives the molecular diversiﬁcation
of immune response genes in the host. Over long periods of evolutionary time, many different defense
strategies have been employed by a wide variety of invertebrates. We review here penaeidins and crustins
in crustaceans, the allorecognition system encoded by fuhc, fester and Uncle fester in a colonial tunicate,
Dscam and PGRPs in arthropods, FREPs in snails, VCBPs in protochordates, and the Sp185/333 system in
the purple sea urchin. Comparisons among immune systems, including those reviewed here have not
identiﬁed an immune speciﬁc regulatory “genetic toolkit”, however, repeatedly identiﬁed sequences (or
“building materials” on which the tools act) are present in a broad range of immune systems. These include
a Toll/TLR system, a primitive complement system, an LPS binding protein, and a RAG core/Transib element. Repeatedly identiﬁed domains and motifs that function in immune proteins include NACHT, LRR, Ig,
death, TIR, lectin domains, and a thioester motif. In addition, there are repeatedly identiﬁed mechanisms
(or “construction methods”) that generate sequence diversity in genes with immune function. These
include genomic instability, duplications and/or deletions of sequences and the generation of clusters of
similar genes or exons that appear as families, gene recombination, gene conversion, retrotransposition,
alternative splicing, multiple alleles for single copy genes, and RNA editing. These commonly employed
“materials and methods” for building and maintaining an effective immune system that might have been
part of that ancestral system appear now as a fragmented and likely incomplete set, likely due to the
rapid evolutionary change (or loss) of host genes that are under pressure to keep pace with pathogen
diversity.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Host immunity, by its very nature, is an ongoing arms race
against invading pathogens, with the onus on pathogens to outwit host immunity, and on the host to successfully eliminate
invaders. This long-term host-pathogen co-evolutionary history
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involves high rates of mutation and/or variation in microbes that
generally have short generation times versus long-lived hosts with
corresponding low mutation rates [1], which encounter and must
defend against many different pathogen types. On the host side, animals employ pattern recognition receptors (PRRs) that generically
recognize the pathogen-associated molecular patterns (PAMPs) of
the important classes of microbes, including lipopolysaccharide
(LPS), peptidoglycans (PGNs), double stranded RNA, and ␤-glucans
among others. On stimulation, these PRRs activate downstream signaling pathways that result in either the release of antimicrobial
molecules, such as those known for Drosophila [2], and/or the stimulation of a cell-mediated phagocytic response [3]. Although these
host responses are broadly successful, pathogens have evolved
adaptations, such as altered surface molecules [4] to enable them
to evade detection or immune attack. Consequently, for survival,
the host requires a repertoire of receptor and effector molecules
that is capable of detecting foreign molecules more diverse than
basic PAMPs, and of mounting an effective response. Because the
precise pathogen adaptations that are encountered are necessarily unpredictable, the best option for the host – and the one that is
characteristic of immune systems across the animal kingdom – is to
ﬁnd ways to generate random or near random diversiﬁcation and
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Fig. 1. Schematic representation of the domain organization of penaeidins. The table lists the number of amino acids in each domain by penaeidin type. SS, signal sequence.
The diagram is not drawn to scale.
Sources: Penbase http://www.penbase.immunaqua.com; [6]. The table is reprinted with modiﬁcations from [6] with kind permission from Springer Science+Business Media.

expansion of immune receptors so that the largest possible range
of pathogens, regardless of the type of evasive adaptation evolved,
will be detectable by the immune system as foreign.
There are many different strategies among animals to expand
the repertoire of immune responsiveness. Although the somatic
rearrangements involved in diversiﬁcation of the T cell receptor
genes (TCRs) and immunoglobulins (Igs) in mammals are well
known and the assembly of the variable lymphocyte receptor (VLR)
genes in the agnathans [5] is an intriguing alternative solution to
immune diversiﬁcation, these mechanisms are not observed outside of the vertebrates. Invertebrates employ other approaches
that include (i) the presence of large gene families either within
individuals or within populations that encode a wide variety of
protein isoforms, (ii) genomic instability within the families of similar genes that promote unequal crossovers, gene conversion, gene
duplication/deletion and paralogous mispairing, all of which promote sequence diversiﬁcation, (iii) a variety of modiﬁcations to
mRNAs including alternative splicing, RNA editing and low ﬁdelity
RNA polymerases, and (iv) a broad array of modiﬁcations to proteins either during or after translation. Several examples of immune
genes and gene families in invertebrates that show sequence diversiﬁcation are described below.
2. Antimicrobial peptides (AMPs) in crustaceans
AMPs are found in a wide variety of living organisms, including
bacteria, fungi, plants, and animals, and are an important aspect
of the innate immune response [6]. Most AMPs are known to
be immunomodulators that are active against Gram-negative and
Gram-positive bacteria, yeast, fungi, parasites, enveloped viruses
and tumor cells, and some AMPs kill pathogens directly in vitro
[6–9]. AMPs are typically small cationic amphipathic molecules that
range in size from 15 to 200 amino acids (aa) in length, but are
rarely larger than 30 kDa [10]. They are classiﬁed into three major
groups based on aa sequence, secondary structure and functional
properties. There has been particular interest in identifying AMPs
in shrimp because of a growing number of diseases that affect this
economically important group, and the notion that understanding shrimp AMPs may lead to therapeutic applications to curb the
loss of shrimp production from infections [11]. Two major shrimp
AMPs are the cysteine-rich penaeidins and crustins. Each shows
sequence diversity and is comprised of multiple classes (penaeidins) and types (crustins) that are synthesized mostly in hemocytes
and are released into the hemolymph in response to infection [6].
2.1. Penaeidins
There are four classes of penaeidins in penaeid shrimp and
each class has several isoforms (Fig. 1) [12–14]. Penaeidins are

small peptides of 5–7 kDa with an N-terminal signal peptide region
followed by a proline-rich domain (PRD) and C-terminal cysteinerich domain (CRD) containing six cysteine residues ([15,16];
see PenBase http://www.penbase.immunaqua.com for all (>200)
penaeidins). The N-terminal PRD is longer than the CRD and is free
of disulﬁde bonds, thus making it less rigid, whereas the C-terminal
CRD is more conserved across classes and is stabilized by three
disulﬁde bonds [15,17,18]. The sequence diversity within the PRD
among different penaeidin classes is likely the source of variation
in anti-microbial responses [17,19] based on evidence that the CRD
of PEN4 may not be necessary for antimicrobial function [17,20].
However, the combination of both CRD and PRD domains is essential to achieve the maximum and speciﬁc antimicrobial response
and the CRD domain may function to potentiate antimicrobial activation [17]. Overall, the presence of different penaeidin classes and
isoforms within and among different shrimp species (Table 1) indicates that shrimp AMPs make up a large and diverse family.
The diversity among different penaeidins can be measured at
several different levels. Variation exists in gene composition and
length within the same and among different classes of penaeidins
within and among shrimp species. For example, there is variation in
the number of exons in different penaeidin classes, and introns may
be of variable length or may be absent from genes within a penaeidin class among different shrimp species [6,16,21]. The expression
levels of different penaeidin classes within individual shrimp can
vary as can the functional speciﬁcity of each AMP [6,16]. In general, most penaeidins show variable activity against Gram-positive
bacteria and fungi and have chitin-binding properties, however,
PEN5 is also active against Gram-negative bacteria [17,21–23]. In
essence, variation among penaeidins is derived from variations in
gene sequences, variation in gene expression, and variations in the
activity of the proteins against microbes.

Table 1
Penaeidins in shrimp.
Species

Penaeidin type

No. of isoforms identiﬁed

Farfantepenaeus brasiliensis
Farfantepenaeus paulensis
Farfantepenaeus subtilis
Fenneropenaeus chinensis
Fenneropenaeus penicillatus
Litopenaeus schmitt
Litopenaeus setiferus
Litopenaeus stylirostris
Litopenaeus vannamei
Penaeus monodon
Penaeus semisulcatus

PEN2
PEN2
PEN2
PEN3, PEN5
PEN3
PEN2, PEN3
PEN2, PEN3, PEN4
PEN2, PEN3
PEN2, PEN3, PEN4
PEN3, PEN5
PEN3

1
2
1
3, 4
2
2, 2
2, 4, 2
1, 2
3, 15, 3
8, 4
1*

Modiﬁed from [6].
*
Retrieved from PenBase http://www.penbase.immunaqua.com.

Author's personal copy
J. Ghosh et al. / Developmental and Comparative Immunology 35 (2011) 959–974

961

Fig. 2. Schematic representation of domain organization (not to scale) of three types of crustins. SS, signal sequence; aa, amino acids; WAP, whey acidic proteins. The diagram
is not drawn to scale.
Reprinted with minor modiﬁcations from [31] with permission from Elsevier.

Recently, hyastatin, a penaeidin-like AMP, was discovered in
the spider crab (Hyas araneus) and has a glycine-rich N-terminus,
a short proline–arginine-rich region, followed by a C-terminal
domain containing six cysteines [24]. Hyastatin is active against
Gram-negative and Gram-positive bacteria and yeast, and a recombinant N-terminal glycine-rich fragment shows chitin-binding
properties and weak activity against Gram-positive bacteria in
vitro. These results suggest that hyastatin may have multiple
domains with antimicrobial function [25] and may be a chimeric
protein that is the result of a gene recombination and fusion event.
The chimeric hyastatin has multiple domains that would have
originally been encoded by the two parental genes, the result
being an improved and more efﬁcient variety of antimicrobial
activities in the chimeric hyastatin compared to the activities
of the two parental proteins. The concept of chimeric proteins
may also be applied to the presence of both proline-rich and
cysteine-rich domains in shrimp penaeidins, which may be under
different pathogen pressures. However, this speculation will
require additional work for veriﬁcation.
The genetic mechanisms that generate sequence variability
within the different penaeidins are not known [16]. There is no
evidence to indicate that diversity among members of a class or
an individual isoform is generated from post-translational modiﬁcations. Rather, all of the diversity within each class and among
isoforms of penaeidins results from variation in the gene sequences,
and it is therefore thought that each penaeidin is encoded by its
own unique gene. Furthermore, phylogenetic analysis suggests that
regardless of species, multiple copies of penaeidin genes within
each class of penaeidin cluster together with strong nodal support,
indicating that penaeidin genes are paralogous and that each class
may have expanded by gene duplication events [26].
Positive selection from pathogen pressure acts on both the PRD
and CRD, according to the average ratio of non-synonymous to
synonymous substitutions [26]. However, positive selection for
diversiﬁcation does not appear to act on every codon, and a small
number of codons in both the PRD and CRD possess a faster rate
of non-synonymous substitutions over that of silent substitutions.
The difference in the number of positively selected sites in the PRD
vs. the CRD could be the basis for the different structural organizations of the respective domains; the PRD is less conserved
compared to the CRD. This may be the result of pathogen pressure driving codon changes that leads to conformational variation
among penaeidins and variable activity or speciﬁcity against different microbes [17].
2.2. Crustins
Crustins are a second type of AMP in crustaceans. The ﬁrst
crustin-like protein was isolated from the granular hemocytes of

the shore crab, Carcinus maenas, was designated a carcinin, has
antibacterial activity, and possesses a whey acidic protein (WAP)
domain at the C-terminus [27–29]. However, similar sequences
were identiﬁed in an expressed sequence tag (EST) study in the
shrimp species Litopenaeus vannamei and L. setiferus [30], and a
more generic term “crustin” was coined to refer to this particular
type of crustacean AMP [11].
Crustins are cationic cysteine-rich AMPs, range in size from 7 to
14 kDa, with a non-conserved signal sequence at the N-terminus,
and a conserved cysteine-rich WAP domain at the C-terminus
(Fig. 2) [14,31]. There are three types (I–III) of crustins based on the
differences in domain organization between signal sequences and
the WAP domain (Fig. 2) [6]. WAP domains in Types II and III have
four disulﬁde bonds that stabilize the domain into a tightly packed
structure described as the four-disulﬁde core (4DSC) region. Type I
crustins usually have no more than six cysteines and an incomplete
4DSC conﬁguration [31]. Recently, a variant anti-microbial crustin
was identiﬁed in the black tiger shrimp, Penaeus monodon, that has
a glycine–proline-rich region at the N-terminus with the signature
WAP domain at the C-terminus [32]. To date, more than 50 different crustins have been characterized from 50 different crustacean
decapods including crabs, lobsters, shrimp, prawns and crayﬁsh.
Antimicrobial activity of crustins from different species are variable depending on whether experiments are conducted in vitro or
in vivo. In vitro studies suggest that all crustins are active against
Gram-positive bacteria, a few are active against Gram-negative
bacteria, and none show responsiveness towards fungi.. [32–35].
In vivo results show variable responses to both Gram-negative and
Gram-positive bacteria [36–39] and no response to fungi, as measured by the mortality rate of shrimp challenged with a marine
fungus [39]. Regardless of the variability in response of crustins
from a wide range of crustaceans against speciﬁc microbes, it is
clear that the WAP domain that is present in all crustins plays an
important role in the antibacterial activity.
Crustin genes vary in length, with two to four exons, and vary
in composition within and among different types and/or isoforms
[31,33,40,41]. Different crustaceans express variable numbers of
crustin types and isoforms [11,31,42]. This diversity is not the result
of alternative splicing within an individual, but can be attributed to
discrete nucleotide polymorphisms in genes and/or the transcripts
either through the expression of different alleles and/or RNA editing [27,40]. The source of crustin gene diversity can be deduced
from a phylogenetic analysis, which shows that the three types of
crustins cluster into monophyletic clades [31]. This suggests that
crustins have undergone expansions within the crustaceans resulting in families of closely related genes that encode proteins with
slightly variant activities, a result similar to that for the penaeidins. It is likely that this is the outcome of positive selection for
diversiﬁcation in response to pathogen pressures. The variation
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in microbial speciﬁcity is likely due to a combination of variation
in allelic expression of the different crustin types and RNA editing resulting in the production of different crustin isoforms with
variations that impart slightly different antimicrobial activities.
3. Allorecognition in protochordates: fuhc, fester and Uncle
fester
The ability to discriminate self from non-self is found in almost
all metazoan forms, and is a cornerstone of immunity. Among the
invertebrates, the diverse histocompatibility system of the colonial tunicate Botryllus schlosseri, has been studied in detail. An adult
Botryllus consists of asexually derived zooids that remain encased
in a single gelatinous tunic and share a common blood supply
[43]. The vasculature terminates in small protrusions called ampullae located at the periphery of the colony, and as Botryllus grows
over various substrata, physical contact between colonies results
in either fusion or rejection reactions. During fusion, ampullae
penetrate the neighboring tunic, the two vasculatures reorganize
together, and the two colonies eventually fuse into a chimera
[44–48]. In an inﬂammatory rejection reaction, neighboring ampullae make contact and then disintegrate into darkened points of
rejection, blood exchange is blocked and the colonies eventually
separate [49–51].
3.1. The fusion/histocompatibility locus
Early studies established that this natural transplantation reaction is governed by a single “fusibility” locus [44–47]. Now known
as fuhc (fusion/histocompatibility), this Mendelian locus is highly
polymorphic with tens to hundreds of co-dominant alleles present
in wild populations. The fusion/rejection rules dictate that colonies
must share at least one of two alleles to fuse [52–59]. Sequence
variations in the fuhc gene correlates 100% with predicted histocompatibility outcomes [52].
3.2. The fuhc protein
The encoded fuhc is a type I transmembrane (TM) protein of
1008 aa with an N-terminal signal sequence, an extracellular epidermal growth factor (EGF) repeat, two (possibly three) tandem
C2 type Ig domains, a TM region, and a C-terminal intracellular
tail (Fig. 3A) [52,reviewed in 57]. Single nucleotide polymorphisms
(SNPs) and insertions or deletions (indels) in the gene are manifest in a highly polymorphic primary sequence of the fuhc proteins,
and most alleles differ by 25–50 aa within the ectodomain. There
are no explicitly hypervariable regions along the protein, although
the polymorphisms within the extracellular domains correlate
exactly with histocompatibility typing [52]. The gene has 31 exons,
and alternative splicing generates different, membrane bound and
secreted versions of the encoded protein (Fig. 3A). Full-length and
alternatively spliced fuhc proteins are expressed in tadpole and
adult tissues involved with histocompatibility [52]. In all, these
characteristics suggest that fuhc is a protein that deﬁnes self in
Botryllus histocompatibility reactions.
3.3. The fester locus
The search for other genes within the fuhc locus whose products
could conceivably recognize and respond to fuhc allelic diversity
identiﬁed two putative receptor genes: fester [60] and Uncle fester
[57]. Fester has 11 exons, is located near fuhc, and also exhibits
signiﬁcant sequence polymorphism [60]. In total, 45 fester alleles
have been classiﬁed among populations along the USA East and
West coasts [57]. However, unlike fuhc, variations in the fester allele
sequences do not predict histocompatibility outcomes [60]. On the

Fig. 3. The fuhc, fester, and Uncle fester proteins in Botryllus schlosseri. (A) The fuhc
protein. The full length fuhc (on the left) has two tandem EGF domains (yellow diamonds), followed by two, possibly three, tandem Ig (C2 type) domains (blue ovals),
a TM region, and a short intracellular tail. Alternative splicing generates a secreted
form (on the right) that is truncated between the second EGF domain and the ﬁrst
Ig domain. (B) fester or Uncle fester proteins (on the left). Both proteins encode an
extracellular SCR domain (green diamond), although there is no amino acid homology between the two domains. Both proteins have three predicted TM regions and
an intracellular C-terminal tail. fester and Uncle fester proteins have different levels of sequence diversity among variants. A splice variant of fester deletes the TM
regions and generates a secreted form (on the right) (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the
article).
Reprinted with modiﬁcation from [57] with permission from Elsevier.

other hand, the fester proteins are highly diversiﬁed through mRNA
alternative splicing (see below). The second member of the fester
protein family, Uncle fester, is similar in structure and topology to
fester (Fig. 3B), although it shows less polymorphism [57].
3.4. The fester protein
fester encodes a 368 aa, type I TM protein with a signal sequence
followed by a short consensus repeat (SCR) domain, three tandem
TM regions, and a short intracellular tail (Fig. 3B) [57,60]. More
than 60 membrane bound isoforms of fester are generated from
the variable splicing of exons encoding the ectodomain, and the
deletion of sequences encoding the TM region generates another
16 secreted versions. All variants are expressed in tissues involved
with histocompatibility responses, although the exact interactions
between fester and fuhc proteins remains unknown. Blocking
fester expression suggests that it functions as both an activating
and an inhibitory receptor to fuhc [57,60,61]. Down regulation of
fester using RNA interferance (RNAi) results in neither fusion nor
rejection reactions between different colonies, regardless of their
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respective histocompatibility. Conversely, injection of a monoclonal antibody (mAb) against fester mimics a self-recognition
event and causes incompatible colonies to fuse, but leaves compatible fusion events unaffected. Thus, it appears that the fuhc/fester
response is analogous to the “missing-self” recognition mechanism
[62] of natural killer cells in that fester acts in an inhibitory fashion
to prevent rejection during self-recognition (fuhc) events, but also
has the capacity to activate both fusion and rejection reactions
between colonies [57,60,61]. This dual function could be achieved
through the use of different splice variants acting within independent fusion and rejection pathways, though the exact mechanisms
remain to be elucidated.
3.5. Diversiﬁcation of allorecognition systems in Botryllus
The fuhc/fester system in Botryllus is an intriguing example of
diversiﬁcation within an invertebrate immune system at both the
gene and protein level. Hotspots of recombination around the
fuhc locus likely contribute to crossovers that alter fuhc genotypes [54] and thus add more diversity to the system. The initial
characterization of the fuhc locus identiﬁed 18 putative genes associated with fuhc, including guanine monophosphate synthetase,
E-3 ubiquitin ligase, and a member of the DNA topoisomerase
III family [54] and these may offer clues into how fuhc polymorphism is maintained. Mutations in DNA polymerase III and other
replication enzymes in yeast and E. coli are known to increase
the amount of spontaneous chromosomal breaks, which when
ﬁxed through homologous recombination, become an important
source of recombination [reviewed in [63]]. In a similar vein,
high levels of transcription enhances homologous recombination
(transcription-associated recombination; TAR) in prokaryotes and
higher eukaryotes [63]. Therefore, we speculate that the linkage
of the “housekeeping” and replication genes within the fuhc locus
may impart an increased chance of recombination events during
replication stress and high rates of transcription. There may also be
other, yet undiscovered genes or mechanisms related to fuhc and/or
fester that maintain diversiﬁcation of the putative allorecognition
ligands and/or receptors.
Above the gene level, diversiﬁcation via alternative splicing generates several varieties of secreted and membrane bound proteins
encoded by both fuhc and fester [52,54,60], although it is unclear
whether any post-translational modiﬁcations of the encoded proteins take place. Furthermore, different fester splice variants may
be partitioned into inhibitory or activating pathways [60], thus any
cross-talk of receptors and signaling pathways could be diversiﬁed
through distinctive post-translational modiﬁcations of the proteins
involved, or even through variable oligomerization of different fuhc
and fester isoforms, if such an occurrence exists among these proteins.
The fuhc/fester system is likely the result of a rapid diversiﬁcation in evolutionary history [61,64]. This is particularly evident in
the complete lack of fuhc/fester homologues in the genome of the
closely related solitary ascidian Ciona intestinalis [65]. Allorecognition systems in other animals in general do not share directly
conserved components. For example, the cnidarian histocompatibility genes alr-1 and alr-2 offer scant similarity to Botryllus fuhc
or the vertebrate major histocompatibility complex (MHC) [66].
Indeed, it had long been believed that the complex non-self discriminatory system in Botryllus, or those of any other “lower”
organism, might be the basal forms of MHC in higher vertebrates
[59,67,68]. However, the receptors and ligands in these invertebrate systems have proven to be largely unrelated to those of
the vertebrate adaptive immune system, and the hunt for the
true evolutionary precursor of MHC continues [61,64,69]. In summary, allorecognition processes exist in many invertebrates, but
the mechanisms by which self/non-self discrimination occurs vary
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considerably, which suggests that allorecognition proteins have
evolved and diversiﬁed independently across many phyla. Further
work on the system present in Botryllus and other invertebrates will
add to our growing understanding of the evolution of metazoan
histocompatibility.

4. Down Syndrome cell adhesion molecule (Dscam) in
insects
One of the most intriguing and well characterized hypervariable
genes that functions in the innate immunity of the invertebrates
encodes the Down Syndrome cell adhesion molecule (Dscam). In
humans, it is a receptor with Ig domains that regulates neuronal
wiring and defects in the protein are linked to Down Syndrome
[70]. Orthologues of human DSCAM family genes are also present
in arthropods: 11 species of Drosophila, two species of mosquitoes,
Anopheles gambiae [71] and Aedes aegypti, the honey bee, Apis mellifera [72,73], the wax moth, Bombyx mori [74], the beetle, Tribolium
castaneum [74], and two crustaceans, Daphnia magna and D. pulex
[75]. Phylogenetic analysis of Dscam genes in different species predicts the existence of a six million year old common ancestral gene
[76] that over evolutionary time has undergone a single duplication event in the human genome to generate DSCAM and DSCAML1,
and has undergone extraordinary exon duplications within a single Dscam gene in arthropod genomes. In Drosophila melanogaster,
Dscam has 115 exons of which 95 are duplications of exons 4, 6 and
9 that are tandemly arranged in 12, 48 or 33 clusters of different
isoforms (Fig. 4A) [77,78]. Alternative splicing of the four clusters
of exons is mutually exclusive in which each mRNA ends up with a
single variant for exons 4, 6 and 9, which results in the formation
of 38,016 putatively different mRNAs (Fig. 4B) [72].
The molecular mechanism that regulates the alternative splicing for the four sets of clustered exons is, in large part, still unclear
and under investigation, however, there are several clues that the
formation of secondary structure in the mRNA is involved. The
mechanism of alternative splicing within the duplicated array for
exon 4 suggests that an intronic sequence positioned 5 of the exon
4 array forms a stem-loop in the mRNA (Fig. 4A) [79]. Although the
deletion of this intronic sequence impairs the production of a correct Dscam protein, it is not involved with the choice of which exon
4 variant is spliced into the mRNA [80]. Alternative splicing of exon
6 is based on the presence of a highly conserved intronic region of
66 base pairs called the docking site that is located between exon 5
and the exon 6 array and a complementary selector sequence that
is located 5 of each exon 6 variant (Fig. 4A). The model proposed for
alternative splicing for exon 6 suggests that the selector sequence
anneals to one of the docking sequences forming a stem loop structure in the RNA. The heterogeneous nuclear ribonucleoprotein Hrp
36, which is a constitutive splicing repressor, binds the exon 6
sequences and may play a role in alternative splicing [81]. There
is no current information about the mechanism for alternatively
splicing exon 9 [82].
The 210 kDa Dscam protein is a PRR composed of a putative signal peptide, 10 tandemly repeated Ig domains, six ﬁbronectin type
III (FNIII) domains, one TM region and a cytoplasmic tail (Fig. 4B).
The alternative splicing of the four variable exons inﬂuences the
ﬁnal structure of the Dscam protein at the N-terminal half of the
second Ig domain (exon 4) the N-terminal half of the third Ig domain
(exon 6) and the entire seventh Ig domain (exon 9) (Fig. 4B). There is
also a choice of one of two possible TM regions (exon 17). Dscam is
expressed in the larval hemocytes, the fat body (the main immuneorgan of Drosophila), as well as in the brain [74]. Dscam has a
tissue-speciﬁc expression pattern for certain isoforms of the variable exons and is present in the conditioned medium indicating
that it can be secreted. When Dscam expression is blocked there
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Fig. 4. The Dscam gene in Drosophila melanogaster. (A) The structure of the Dscam gene is shown illustrating the duplicated and non-duplicated exons. The red triangles
indicate positions of sequences that may affect alternative splicing. Above is shown the locations of the docking site (red box) and selector sequences (green boxes) that
control alternative splicing of exon 6 through the formation of stem-loop structures. (B) The mature Dscam protein after alternative splicing that generates hypervariable
sequences in the second, third and seventh Ig domains. Two choices for the TM domain sequence also results from alternative splicing.
Reprinted with modiﬁcations from [164] with kind permission from Springer Science+Business Media.

is a 30% decrease in phagocytosis of bacteria indicating that it is
involved with opsonization that augments phagocytosis [74].
The AgDscam gene in A. gambiae has similar organization to
that in Drosophila (three clusters of duplicated exons) and the
same type of alternative splicing that can generate 31,920 different mRNA molecules [83]. RNAi induced silencing of AgDscam
leads to decreased survival of mosquitoes and decreased phagocytic capacity similar to that observed for Drosophila. Furthermore,
upon second challenge from different types of pathogens (Grampositive or Gram-negative bacteria or fungi) different high afﬁnity
Dscam proteins are produced. Although more work is required to
clarify the precise immune role that Dscam plays and the epitopes
on the pathogens to which Dscam binds, it represents a novel and
very interesting solution to immune defense in arthropods.
5. Peptidoglycan recognition proteins (PGRPs) in insects
PGRPs are key molecules for detecting the presence of pathogens
in a wide range of animals [84], but are best understood in arthropods. Insect PGRPs are selectively able to bind different types of
PGNs that are present on the surface of pathogens [85]. PGNs are
the main constituent of the cell wall of Gram-positive bacteria
(lysine type) and Gram-negative bacteria, in which the lysine is
replaced by diaminopimelic acid (DAP-type). The N-terminal region
of the PGRP proteins is variable and speciﬁc for each type of PGRP
protein, whereas the C-terminal PGRP domain (160 aa) is well
conserved across different species from humans to invertebrates
[86]. Some of the secreted PGRPs have type 2 amidase activity
and are able to interact directly with and to degrade the PGN to
a non-inﬂammatory product [87] (Table 2). Other secreted PGRPs
cooperate with the Gram-negative binding protein 1 (GNBP1) to

detect the presence of Lys-type PGN in the hemolymph that activates an enzymatic cascade to cleave Spätzle that binds to Toll,
which initiates a cytoplasmic pathway resulting in the expression of AMP genes [88]. In contrast, the PGRP-LCs are cell surface
receptors that bind to DAP-type PGNs of Gram-negative bacteria
(Table 2). After binding, they dimerize and activate the Immunodeﬁciency (IMD) pathway [89], which also leads to the expression
of AMP genes [85,90]. The end result is the control and removal of
invading pathogens through the activities of AMPs [85,91,92].
There are 13 PGRP genes in the D. melanogaster genome [85]
and some are alternatively spliced to generate a repertoire of 17
PGRP proteins [93]. The PGRP genes are commonly divided in
two subgroups based on the length of the transcripts. Short transcripts encode PGRP-S (200 aa) with a signal peptide and one PGRP
domain while long transcripts encode PGRP-L (400 aa) with one
or two PGRP domains and no signal peptide (Table 2) [94]. Some
of the PGRP-L genes are organized in clusters, possibly the result
of duplications of an ancestral gene [93]. The diversity that has
been characterized in this gene family likely underpins the ability
of the insect immune system to recognize and discriminate among
different classes of pathogens.
6. Fibrinogen related proteins (FREPs) in molluscs
Many invertebrates co-exist with their own co-evolved lineages
of pathogens. Molluscs such as snails, for example, are hosts to
roughly 18,000 species of digenetic trematode parasitic worms that
do great damage to both the snail and vertebrate hosts [95–97]. The
pulmonate freshwater snail, Biomphalaria glabrata, has received
substantial attention as an intermediate host for the trematode
Schistosoma mansoni, which causes human schistosomiasis, a dis-
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Table 2
Peptidoglycan recognition proteins.
PGRP gene

Gene variant

Protein localization

Amidase
activity

Function

PGN recognized

Pathway
activated

SA

Circulating receptor

No

Mostly Lys type

Toll

SB-1
SB-2
SC-1A

Circulating receptor
Circulating receptor
Circulating receptor

Yes
Yes
Yes

DAP type
DAP typea
DAP and Lys type

Toll

SC-1B

Circulating receptor

Yes

Recognizes Gm+ bacteria, acts with GNPB1; no
anti-fungal activity [166]
Unknown
Unknown
Induces cleavage of PGN in vitro [87], recognizes Gm+
bacteria; induces phagocytosis
Cleavage of PGN in vitro [87], recognizes Gm+ bacteria;
induces phagocytosis
Unknown
Enhances binding between PGRP-SA and GNBP1
(trimerization) [88]
Unknown [167]
Unknown [167]
No PGRP domain (early stop codon) [93]
Modulates the intensity of the IMD pathway activation
[85]
Heterodimerizes with PGRP-LC [168]; induces
phagocytosis [169]
Recognizes polymeric DAP type LPS if alone;
recognizes monomeric DAP if heterodimerized with
PGRP-LCa [168]; induces phagocytosis [169]
Recognizes Gm− bacteria [85]
Unknown [167]
Multimerizes in large complexes to recognize Gm−
bacteria [170]; induces autophagy; activates PPO
cascade [171]
Decoy receptor [172]

DAP and Lys type

Toll

SC-2
SD

Circulating receptor
Circulating receptor

Yes
No

TM
TM
TM
TM

No
No
No
Yes

LCa

TM

No

LCx

TM

No

LCy
LD
LE

TM
TM
TM

No
No
No

LF

TM

No

LA

LAa
LAb
LAc

LB
LC

a

DAP type
DAP and Lys type

Toll

DAP typea

DAP type
DAP type

IMD
IMD

IMD
DAP typea
DAP type

IMD

DAP type

Predicted PGN (peptidoglycan) type recognized; TM, transmembrane protein; Gm+ , Gram positive; Gm− , Gram negative; GNBP1, Gram-negative binding protein 1; Lys,
lysine; DAP, diaminopimelic acid; PPO, prophenoloxidase; IMD, immunodeﬁciency
a

ease that afﬂicts 200 million people worldwide [98]. In response
to trematode infections, the circulating hemocytes of B. glabrata
secrete a diverse family of Ig superfamily (IgSF) domain containing ﬁbrinogen-related proteins (FREPs) [99,100]. FREPs belong to
the evolutionarily conserved immune related ﬁbrinogen-related
domain (FReD) lectin family, which is widely found in vertebrates and invertebrates [101] and includes ﬁbrinogens, tenascins,
microﬁbril-associated proteins, ﬁcolins, tachylectins and FREPs.
The last three of these proteins function in self/non-self recognition
and host internal defense responses [97,99,101–104]. FREPs bind
to trematode sporocysts and precipitate soluble parasite-derived
secretory/excretory products (SEPs) [99,105]. FREPs also facilitate
agglutination, phagocytosis and encapsulation by the hemocytes,
and the release of toxic oxygen radicals upon challenge with the
parasites [99,100,106,107].
FREPs have a unique molecular structure, consisting of one
or two tandem N-terminal IgSF domains followed by an interceding region and a C-terminal ﬁbrinogen (FBG) domain (Fig. 5)
[97,99,100,108,109]. The FREP IgSF sequences resemble the variable (V)-type Ig domains based on predicted secondary structure
[100]. Most FREP genes have four exons of which the ﬁrst encodes
the putative signal peptide, the second and third encode the IgSF
domain(s), and the fourth encodes the FBG domain [100,110]. A few
FREP genes are intronless and may be the result of retrotransposition [109].
6.1. FREP message diversity
Different subfamilies of FREP genes are expressed differentially upon trematode infection, which also conﬁrms the general
up-regulation of FREP gene expression in response to trematode
infection [99,111]. Alternatively spliced forms of FREP transcripts
and FREP retrosequences suggest that FREP diversiﬁcation occurs at
both genomic and transcriptional levels [109]. Alternative splicing
generates FREP proteins with truncated FBG and IgSF domains and

loss of the C-terminal half of the protein resulting in proteins with
just a single IgSF domain (Fig. 5). Although the regulation of this
alternative splicing is not understood, it may be associated with
particular stresses or pathogen challenges.
6.2. FREP protein diversity
The FREP proteins are present in the hemolymph as multimeric
proteins that are able to bind to a wide range of pathogens displaying carbohydrates on their surfaces [104]. Western blot analysis of
FREP protein repertoire shows a pattern of bands of 50–100 kDa
prior to immune challenge, which expands to 50–150 kDa post
challenge. The smaller FREPs (65–75 kDa) predominantly bind
to trematode sporocysts and their SEPs while the larger FREPs
(95–125 kDa) bind to Gram-positive and Gram-negative bacteria,
and to yeast. Recombinant FREPs show binding activities that are
similar to native FREPs and recognize a wide range of pathogens,
from prokaryotes to eukaryotes including trematode sporocysts
and SEPs, and a variety of microbes including Gram-positive and
Gram-negative bacteria and yeast [104]. Both the IgSF and FBG
domains have potential binding ability, although it is not known
which region is responsible for FREP functions. One hypothesis is
that the IgSF domain may bind non-self pathogens while the FBG
domain has lectin activity and is able to bind to a carbohydrate
bearing ligand on a hemocyte membrane [101,104,112]. Different
categories of FREPs seem to exhibit functional specialization with
respect to the type of pathogen challenge.
6.3. FREP gene diversity
There
are
14
different
FREP
gene
subfamilies
[97,99,100,108,113] that have one to eight loci per subfamily
[109]. Four FREP genes for which the full-length sequences are
known show variability within the regions encoding the IgSF
and FBG domains [100,108,110]. ESTs also show a high level of
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Fig. 5. Schematic representation of FREP domain structures in Biomphalaria glabrata, including three truncated forms. The two types of FREPs have either one or two IgSF
domains plus a C-terminal FBG domain that is separated by the interceding region (ICR). FREP gene families that are known to encode FREPs with one or two IgSF domains
are listed to the left. The structures of the IgSF regions of FREP families that are not listed (FREP1, 5, 6, 8, 9, 10, 11) are poorly known. Alternative splicing contributes to FREP
diversity with tandemly arranged IgSF domains, resulting in splice variants with truncated FBG, truncated second IgSF domain, or missing C-terminal regions. FREP domains
are not drawn to scale.
Reprinted with modiﬁcations from [109] with permission from Elsevier.

FREP sequence diversity [114] and targeted analysis of the IgSF1
domain from the FREP3 cDNAs show an extraordinary level of
diversity that is three to four fold higher than control genes [108].
Individual snails express various unique alleles as demonstrated by
FREP3 genes from one individual snail which yielded 45 different
sequences, and 37 different sequences from a second snail, among
which there was a single shared sequence [108]. Overall, a total of
314 unique FREP3 gene sequences recovered from 22 snails encode
204 unique aa sequences. The diversiﬁcation of the IgSF1 region
of FREP3 appears to be a non-random mechanism based on the
absence of indels and the absence of lethal mutations that would
cause protein truncation or non-synonymous changes.
The FREP alleles appear to be under strong selective pressure
to diversify, because no single allele has dominated the population, which indicates that a diverse repertoire is maintained for
immune defense against pathogens [108]. At least some of the FREP
genes occur in tandem in the genome, which may facilitate the process of generating variant FREP alleles [101]. A combination of both
Southern blots and computational analysis predicts that there is a
small number of germline sequences that are maintained within
each subfamily of FREP genes and that they retain sequences with
the potential to account for all of the known variation observed
in the cDNAs [108,111]. Some FREP genes may undergo diversiﬁcation through somatic mutation or recombinatorial events, while
other FREPs retain their original sequences. Mathematical modeling
predicts that FREP diversiﬁcation could potentially lead to variation in binding speciﬁcity without selection or tolerance induction
[95]. The diversity suggests that the somatic recombination of FREP
genes may be triggered by pathogen challenges [108], an observation that has been documented in families of clustered resistance
(R) genes in higher plants (reviewed in [115]). It is noteworthy that
the introns of several FREP genes are similar to non-long-terminal

repeat retrotransposons that are present in the S. mansoni genome
and encode a reverse transcriptase [100]. The transfer of retrotransposons from the parasite to the host may be involved with the
diversiﬁcation of the FREP genes in hemocytes. The combination
of FREP gene diversiﬁcation through point mutation and recombination [108] plus alternative splicing [109] results in a diverse set of
expressed proteins. FREP diversiﬁcation keeps pace with pathogen
diversiﬁcation and may be a mechanism to prevent tracking by
pathogens (subsets of pathogens with speciﬁc genotypes that have
increased success for infecting subsets of hosts) over multiple host
generations [108].
7. Variable domain-containing chitin binding proteins
(VCBPs) in amphioxus
IgSF proteins in protochordates are of particular interest in the
study of the evolutionary origins of the antigen receptors that
function in the adaptive immune system of jawed vertebrates –
the TCRs and the Igs. These proteins and the genes that encode
them, which contain both constant and variable Ig domains, are
characterized by their inherent diversity, thus complicating the
search for homologues by sequence alignment to infer ancestral
proteins. Given these limitations, screens of cDNA libraries from
ﬁsh and the amphioxus species, Branchiostoma ﬂoridae, followed by
PCR and RACE that were designed to identify secreted and membrane bound IgSF proteins with sequence similarities to TCRs and
Igs resulted in the identiﬁcation of the membrane mounted novel
immune-type receptors (NITRs) of ﬁsh [120,121] and the secreted
variable domain-containing chitin-binding proteins (VCBP) in B.
ﬂoridae [122]. There are ﬁve VCBP families in B. ﬂoridae, which have
two variable-type IgSF domains at their N-terminus and a single
chitin-binding domain at the C-terminus.
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7.2. VCBP protein structure
FREPs in other invertebrates
Other molluscs
Since the discovery of FREPs in B. glabrata, FREP homologues have been identiﬁed in other invertebrates, some of
which may have roles in immune defense. Although FREPs
are not present in the genome of the giant owl limpet, Lottia
gigantea (http://genome.jgi-psf.org/Lotgi1/Lotgi1.home.html),
another type of snail, the sea hare or sea slug, Aplysia californica, has two FREP genes, AcFREP1 and AcFREP2, that encode
proteins with two IgSF domains and a FBG domain [116]. The
genomic structure of the two AcFREP genes are different, such
that AcFREP1 is intronless whereas AcFREP2 has four exons.
AcFREP2 may be the parental gene whereas AcFREP1 may be a
newer intronless retrotransposed copy. The overall frequency
of nucleotide substitution in the coding region of AcFREPs is
not signiﬁcantly higher than the conserved actin genes that
served as controls [116] and therefore the AcFREPs may have
functions other than defense.
Arthropod FREPs
FREP diversiﬁcation in dipterans offers a tantalizing hint that
diversity of immune receptors is indeed required to cope
with greater or more variable range of pathogen exposures.
The D. melanogaster genome encodes 14 FREP genes, while
the mosquito A. gambiae has 57 [117]. Similar expansions of
other gene families are seen in the mosquito species as that
in Drosophila, particularly those involved in the anti-parasite
response such as the complement-related thioester-containing
proteins (TEPs) and leucine rich repeat (LRR) proteins [118].
This higher level of immune receptor diversity corresponds
well with the higher level of pathogen exposure seen by
mosquito species due to their hematophagic lifestyle, as compared with the fruit-eating Drosophila. Further evidence that
this receptor diversity is in fact functional and positively
selected, is that expression of immune receptors, in particular
the FREPs, is differential between the two sexes in A. gambiae – sub-sets of FREPs are restricted to one sex or the other.
This is presumed to represent differences in pathogen exposure due to different lifestyles – in A. gambiae, only the females
are hematophagic and thus at high risk of exposure to parasites
[117,119].

7.1. VCBP diversity
Initial studies of the VCBP2 family revealed sequence variability in the form of base substitutions, giving rise to eight unique
VCBP2 sequences from cDNAs pooled from seven animals [122].
Intriguingly, the hypervariable region of VCBPs is restricted to
approximately 18 aa on the N-terminal side of the ﬁrst cysteine in
the chitin-binding domain, and within regions of the V domains
that do not correspond to the complementarity-determining
regions (CDRs) of vertebrate V regions [122]. Consequently, the
V domains of VCBPs can be viewed as V-like to avoid confusion
with the functional properties of V regions in vertebrate antigen
receptors. Further analysis of VCBP2 sequences revealed six distinct
variants in a single animal, whose sequences corresponded directly
with those found in the somatic and germline genome of the animal suggesting that VCBP sequence diversity is germline encoded,
and not somatically derived [123]. Sequence variation among animals is signiﬁcant, with pairs of animals generally sharing no more
than two hypervariable regions in their VCBP2 repertoires, and 43
unique peptides predicted from the pooled sequences of 13 different animals [123]. VCBPs thus appear to share the characteristic
diversity of many known invertebrate immune-related proteins at
the population level.

The VCBPs are secreted proteins, which is consistent with the
screens for proteins containing a signal peptide and with their
lack of a predicted TM region [122]. The solved structure of VCBP3
demonstrates strong structural similarity to the vertebrate antigen receptors, including intrachain dimerization between the two
V-like regions, and three-layer packing of the presumed binding
domain, in which residues of the side chains involute to form
an inner layer between the two ␤-sheets of the V-like domain
[124]. However, the hypervariable regions of VCBP3 occur in the
N-terminal sequence of the V-like domains, in contrast to the those
of the antigen receptors, which are found in the CDR loops that connect the ␤-strands [124]. While the peptide backbones of antigen
receptor and VCBP variable regions are structurally highly similar
and can be superimposed on a model, the hypervariable regions
of each vary in position and are altered in orientation by 180◦
[125]. Assuming that these hypervariable regions do indeed mediate ligand binding, this structural difference suggests qualitative
differences in the ligand-binding properties and mechanisms of
VCBPs compared with other IgSF receptors.
A role in immunity is considered to be the likely function of
the VCBPs based on their anatomical localization to the gut [122]
and pharyngeal tissues in B. ﬂoridae, and to hemocytes in tunicates
[126], as well as the diversity of the IgSF domains and chitin-binding
motifs [127]. Limited evidence suggests that VCBP3 expression at
least may be up-regulated on immune challenge [128], and future
work is expected to elucidate the regulation, ligand-binding, and
function of VCBPs.
7.3. Haplotype variability of VCBP loci
VCBP genes 1, 2, 4 and 5 are located within a single large chromosomal locus, while VCBP3 segregates independently and is present
at a separate region of the genome [129]. Within the primary locus,
VCBP genes and gene fragments are found in either orientation
and interspersed between unrelated genes. Haplotype variation
is observed, including unequal crossover and copy number variation of VCBP2 and VCBP5 [130], which is also noted in the VCBP3
locus. The VCBP-related genomic regions are relatively enriched in
inverted repeats relative to the rest of the genome [129], which
may contribute to instability of the region and an increased rate of
recombination, resulting in gene duplication or deletion. Identiﬁcation of the precise locations and orders of sites of crossover and gene
conversion is, however, obscured by the multiple ‘layers’ of various
diversiﬁcation mechanisms acting on this gene family, particularly
point mutations. Yet, discrete allele lineages (VCBP2b, 5a and 5b)
persist as recognizable entities at the population level. While functional data are not yet available, it is tempting to speculate that
these conserved alleles perform distinct, selectable functions in
the B. ﬂoridae immune system. Assuming that the VCBP proteins
have an immunological role, all of the above mechanisms may be
important in maintaining population-level diversity in B. ﬂoridae
and tunicates and thereby contributing to disease resistance in the
population at large.
8. The Sp185/333 system in the purple sea urchin
The Sp185/333 genes in the purple sea urchin, Strongylocentrotus purpuratus, encode a highly diversiﬁed repertoire of
putative immune response proteins (reviewed in [131,132]).
The messages were ﬁrst identiﬁed in coelomocytes responding to immune challenge through differential display [133] and
ESTs [134,135]. The Sp185/333 genes show striking up-regulation
in response to injections of bacteria, LPS, ␤-1,3-glucan, and
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Fig. 6. Two equally feasible alignments of the Sp185/333 gene sequences. Optimal alignments require insertion of gaps (horizontal lines) that deﬁne sequence elements
(colored blocks). The intron is shown as a white block (not to scale), and the Greek letters indicate different versions of the intron [140]. A selection of representative element
patterns is shown. Because of the repeats within the coding regions, two different, but equally optimal alignments are possible. (A) The cDNA-based alignment according to
[135,138]. The glycine rich region is located within elements 2–7 and the histidine rich region is located within elements 10–23. (B) A comparison of elements illustrates
how the two alignments correspond. Lines connecting elements for the two types of alignments indicate how the sequences were interdigitated from the cDNA alignment
to produce the repeat-based alignment. This is particularly true for the repeats in element 23 from the cDNA-based alignment shown in (A). The elements are numbered;
intron (I). Color shadings indicate the positions of repeats; pink, light blue, lavender, light yellow, light green. (C) The repeat-based alignment according to [140]. The type 1
repeats (red) at the 5 end of the second exon are present in 2–4 copies. The repeats at the 3 end of the exon are indicated in dark blue (type 2), dark green (type 3), yellow
(type 4) and purple (type 5). Duplication of sets of repeats has been noted (type [2-4-2-3-5]2 -4; [139]). Designations of element patterns are listed to the left.
Reprinted with modiﬁcation from [140] with permission from BioMed Central.

PGN [133,136,137]. Homologues have been found in other sea
urchin species, Heliocidaris erythrogramma, H. tuberculata, and
Lytechinus pictus [131], and all show sequence diversity. To
date, similar sequences have not been identiﬁed outside of
echinoids.

8.1. Structure of the Sp185/333 genes and messages
The Sp185/333 messages are encoded by a gene family with an
estimated size of about 50 loci ([138,139]; reviewed in [131,132])
and each gene has two exons with a small intron (Fig. 6A) [138,140].
The ﬁrst exon encodes a hydrophobic leader region and the second
exon encodes the mature protein. The structure of the second exon
is unusual because an optimal alignment of multiple sequences
requires the insertion of large artiﬁcial gaps that deﬁne blocks of
sequence called elements (Fig. 6A) [140]. In addition to elements,
the second exon has six types of repeats, of which one is present
in two to four tandem copies near the 5 end of the exon, and the
rest are found as mixed interspersed repeats near the 3 end [139].
Because of these repeats within the second exon, two equally optimal alignments of the sequences are possible (Fig. 6) [140]. To date,
171 randomly cloned genes have yielded 121 unique sequences
that encode 101 unique proteins with 37 different element patterns. The genes also have many SNPs that encode non-synonymous
changes in the protein sequence. Surprisingly, for a family of genes
that share sequences, only a single pseudogene has been identiﬁed, which is intronless and may be a retroposon [140]. The rest
of the genes have perfect, full-length open reading frames without early stop codons or frameshifts encoding missense sequence.
This is an unusual ﬁnding for a family of such highly similar genes
given that other multigene families typically include pseudogenes
[141,142].
Much of the sequence diversity within the Sp185/333 sequences
is due to the mosaic patterns of elements that are found in recognizable patterns (Fig. 6A and C). This mosaic characteristic is an added
level of diversity derived from the variant element sequences,
which have an average of 11 (range of 1–28) different versions
[139]. Because of the sequence diversity that is derived from the
combination of the mosaic pattern of elements and the SNPs within
the elements, there are no genes that share identical sequence
among individual sea urchins. Paradoxically, the sequences of individual elements are commonly shared among different genes and
among different individuals [140].

8.2. The Sp185/333 proteins
The deduced Sp185/333 proteins have a hydrophobic leader,
a variable glycine rich region, a central region with an RGD
motif (arginine–glycine–aspartic acid; integrin binding site) that
is present in all but a few proteins, a variable histidine rich region
with patches of poly-histidine, and a C-terminal region (see legend
for Fig. 6) [135,136,138]. There are no cysteines and no obvious secondary structures can be deduced from the amino acid sequences.
The proteins are expressed by two subsets of coelomocytes, the
polygonal phagocytes and the small phagocytes, and are localized
within perinuclear vesicles in both cell types and on the surface of
the small phagocytes [143]. The expected size range of the deduced
proteins is from 4 to 55 kDa depending on element pattern and
truncation, however, most sea urchins show unexpectedly large
Sp185/333 proteins that do not correspond to the predicted size
of the monomers [137,143]. Both native and recombinant proteins
appear as large multimers and/or aggregates with a wide range of
isoelectric points resulting in over 260 spots on two dimensional
Western blots, which appear to change in presence and intensity
depending on the type of immune challenge [137]. The diversity
of the protein repertoire is much greater than expected from a
gene family of about 50 members, and may be the result of several levels of diversiﬁcation including putative post-translational
modiﬁcations.
8.3. RNA editing
In contrast to the genes, which have full length open reading
frames (except for one intronless gene), many of the messages have
SNPs that alter codons to early stops, and small indels that introduce frameshifts resulting in missense sequence leading to early
stop codons [136]. Furthermore, the sequence diversity among the
messages for an individual sea urchin is not the same as that for the
genes, indicating that the variable nucleotide positions are different
for the genes compared to those in the messages [144]. Searches to
identify the most likely gene from which a given message is derived
results in very few matches (Table 3) [144]. Furthermore, a single gene is the most likely source for 54–95% of the messages in
individual animals. The sequences of the messages and the genes
from which they are most likely transcribed show that nucleotide
variation occurs throughout the length of the message, that 73% of
the substitutions are transitions, and that the frequency of cytidine to uracil substitution is much higher than expected. These
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Table 3
Very few Sp185/333 messages and genes have identical matches.
Animal

Unique/total messages

Unique/total genes

Identical matches messages/genes

Percentage of matches vs. unique messages/genes

1
2
4

29/47
89/148
43/50

9/9
51/53
29/30

0/0
8/5
6/2

0%/0%
9%/9.8%
1.4%/6.9%

Data from [144].

results all suggest RNA editing is involved in sequence diversiﬁcation, perhaps through the activities of a cytidine deaminase and/or
a low ﬁdelity polymerase such as pol, which are both encoded
in the genome [145]. This level of RNA editing is much higher
than has been reported for other systems [146], and would be a
powerful mechanism for increasing the diversity of the Sp185/333
proteins, producing missense and truncated Sp185/333 proteins
that are present in the coelomic ﬂuid [137]. Although it is not known
whether proteins resulting from RNA editing are functional, 81% of
the sequenced cDNAs from immunnoquiescent sea urchins have
an E2 element pattern with a SNP that changes a glycine codon
to an early stop codon in element 13 (see Fig. 6A). After immune
challenge, the frequency of messages with the truncated E2 pattern decreases to 58% with a corresponding increase in full length
E2 protein [131]. Because none of the sequenced genes with an E2
element pattern have an early stop codon, directed transcript editing is a likely mechanism to expand the diversity of the Sp185/333
protein repertoire, and perhaps to respond to immune challenge in
ways beyond the up-regulation of gene expression [144]

that speciﬁc sequence variants of elements can be positioned next
to as many as 12 variants of adjacent elements.
The structure of the genome harboring the Sp185/333 genes provides a few clues to the diversity of the family. The genes are ≤2 kb
and many are clustered as closely as ∼3 kb apart [140,147,148]. Preliminary assembly of the sea urchin genome shows four clustered
Sp185/333 genes, however, ﬁnishing level sequence of a bacterial
artiﬁcial chromosome (BAC) insert has six clustered genes within
34 kb, all of which are ﬂanked by microsatellites (Fig. 7). The level
of sequence diversity (or level of shared sequence) among the clustered genes is the same as that for genes randomly cloned and
sequenced from three other genomes, which indicates that there
is no correlation between proximity and shared sequence. However, the sequences between pairs of GA and GAT microsatellites
that surround the genes, show increased similarity compared to
outside of the microsatellite pairs. Together this suggests that the
microsatellites may promote gene and segmental duplications. Furthermore, gene conversion may act among the members of this
gene family, and that it may not be restricted to closely linked genes.

8.4. Gene diversity

8.5. Multiple levels of diversity

Computational phylogenetic analysis of the Sp185/333 gene
sequences has been used to derive a possible evolutionary history
of the gene family by evaluating the repeats and elements [139].
The tandem repeats in the 5 end of the second exon (Fig. 6) are
likely the result of duplications, deletions, unequal crossovers, and
recombination from deduced ancestral repeat sequences to generate the extant variants of these repeats. Molecular clock analysis of
the 185/333 sequences collected from several species of sea urchins
were used to estimate the rate of nucleotide change over time
compared to the rate of divergence of the echinoids [131]. This suggested that 185/333 diversiﬁcation occurs rapidly in each species
such that recombinant and parent sequences are quickly blurred,
and that the genes diverge more quickly than the rate of speciation. The interspersed repeats at the 3 end of the exon (Fig. 6)
are complex, but appear to have a pattern in which a mixed set
of repeats is duplicated [139]. In addition to recombination among
repeats, recombination among genes is evident because there is
no correlation between repeat patterns at the 5 end of the second exon compared to the repeat patterns at the 3 end. Similarly,
shared sequence for the 5 untranslated region and that for the
leader region do not match among different messages [135]. Of the
121 genes with unique sequence, 12 appear to be recombinants
such that the two ends share sequence with different genes [139].
Recombination appears to occur at any point within the gene, such

In summary, there appear to be several mechanisms working
at different levels to diversify the Sp185/333 protein repertoire.
First, there may be a variety of sizes of DNA segments that are
involved in diversiﬁcation including (i) large genomic segments
that encompass a gene plus its ﬂanking sequence, (ii) the genes
themselves, (iii) elements, (iv) repeats within the genes, (v) simple
repeats within the larger repeats, and (vi) microsatellites that ﬂank
the genes. The Sp185/333 sequences may be diversiﬁed by several
mechanisms, including gene duplication (and likely deletion), gene
conversion, recombination and paralogous mispairing occurring at
meiosis [147,148]. Second, the mRNAs appear to be signiﬁcantly
edited, changing the encoded amino acid sequences to include
truncated proteins, many with missense sequence [136,137]. Third,
the proteins have conserved glycosylation sites and may be glycosylated [138], although other posttranslational modiﬁcations are
possible. Both native and recombinant proteins readily dimerize
and multimerize with monomers being rarely detected [137,143].
These several levels of diversiﬁcation enables a gene family of
about 50 members to generate a protein repertoire of over 260
isoforms [137]. Although the mechanisms for the diversiﬁcation in
the Sp185/333 system are currently speculative, the outcome is a
response that is likely required for survival in the marine habitat
with an estimate of 105 –106 microbes (bacteria and archea) per ml
in surface waters [149,150] and 102 –103 times more in the sedi-

Fig. 7. A genomic cluster of Sp185/333 genes. Six Sp185/333 genes are clustered at one end of the BAC insert. They are positioned as close as 3.2 kb and are found in both
orientations. The genes have four different element patterns (A1, red; B8, orange; D1, yellow, green, blue; E2, purple; see Fig. 6 for element pattern illustration) and are
surrounded by GA microsatellites (white ovals). A larger segment, including the D1 genes, are surrounded by GAT microsatellites (light blue squares).
Modiﬁed from [165] with permission from Chase A. Miller.
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Table 4
Immune diversiﬁcation in invertebrates# .
Gene/protein
family

Group or species

Level of diversity

Diversiﬁcation mechanism(s)

Functional
domain(s)

Activity

Crustins

Crustaceans

SNPs, Allelic diversity, RNA editing*

WAP

Dscam

Extensive alternative RNA splicing

Immunoglobulin

Gm and Gm+
bacteria
Bacteria

FREPs

Arthropods
(non-immune
functions in other
groups)
Molluscs, arthropods

∼50 genes characterized to
date from crustaceans
38,016 possible protein
isoforms in D. melanogaster,
39,120 in A. gambiae

Multiple gene families, selective pressure
on genetic sequence, alternative splicing,
somatic recombination

Immunoglobulin,
ﬁbrinogen

Trematodes, yeast,
Gm and Gm+
bacteria

Fuhc/fester

Botryllus schlosseri

Immunoglobulin

Allogeneic contact

Penaeidins

Shrimp and other
crustaceans
Widespread (animal
kingdom)
Strongylocentrotus
purpuratus and other
echinoids
Branchiostoma ﬂoridae

High level of allelic diversity in population,
SNPs and indels, meiotic mispairing,
alternative splicing
Selective pressure on genetic sequences

PRD, CRD

Alternative splicing, multi-gene family

PGRP

Multigene family, genomic instability, gene
duplication, deletion, recombination, SNPs,
RNA editing
Multigene families, gene copy number
variation, genomic instability, meiotic
mispairing, SNPs in hypervariable domains

No domains
identiﬁed

Gm and Gm+
bacteria, fungi
Gm and Gm+
bacteria
Binds to Gm and
Gm+ bacteria
(unpublished)
Chitin
(unpublished)

PGRPs
Sp185/333

VCBPs

≤45 genes per individual
(Biomphalaria glabrata), 14
subfamilies. 57 genes in A.
gambiae.
Hundreds of fuhc alleles; 45
known alleles of fester in
populations of B. schlosseri
4 gene classes, multiple
isoforms each
13 genes in the D. melanogster
genome, 17 protein isoforms
∼50 genes and ≤260 protein
isoforms per individual
5 gene families, ∼6 unique
members of VCBP2 gene family
per individual

Immunoglobulin

*
SNPs, single nucleotide polymorphisms; WAP, whey acidic protein domain; Gm , Gram negative; Gm+ , Gram positive; PRD, proline rich domain; CRD, cysteine rich
domain.
#
The information in the table was collected from the publications cited in this review.

ment [151]. There may be as many as 1030 marine viruses in the
oceans (106 –107 per ml depending on region and depth), which
is estimated to be ∼15 fold more than marine microbes [152]. At
least some of the viruses and bacteria will infect marine invertebrates [153]. The sea urchin innate immune system is both complex
and sophisticated [145] and the Sp185/333 system is a fascinating
example of how this invertebrate survives this hostile environment.
9. Conclusion
Immune gene diversity is a result of a two-way, co-evolutionary
interaction between populations of hosts and pathogens. Coevolution occurs when changes in gene frequencies in one
population results in selection pressure that drives changes in gene
frequencies in a competing population, which in turn places slightly
altered selection pressures to change gene frequencies in the ﬁrst
population [154]. This process continues back and forth resulting
in incremental changes that accumulate in selected traits, which
are the infectivity of the pathogen and/or its abilities to avoid
or suppress the host immune response, and the host’s ability to
resist and/or clear infection. The process is an arms race with constantly changing dynamics leading to an accumulation of changes
in both populations, which has been described as having Red Queen
dynamics [155], a concept borrowed from a pronouncement by the
Red Queen in Through the looking glass, “It takes all the running you
can do, to keep in the same place” [156].
The effects of this arms race can clearly be seen in immune systems in general and the selected examples of invertebrate genes
and gene families that we discuss here, which not only have a
common attribute of striking sequence diversity but also exemplify
the wide variety of genes that function in immunity and non-self
recognition (Table 4). Groups of related organisms or individual
species appear to have their own particular immune response
system that is tailored to their habitat and diet for effective control of their commensals, pathogens or conspeciﬁc competitors as
documented for Botryllus. As a result of their separate evolutionary histories, invertebrate immune responses are quite different
and searches for a common “genetic toolkit” that functions in
a wide variety of animals to regulate the genes involved in the

immune response have not been successful. A genetic toolkit is the
minimal set of conserved genes that encode transcription factors
and components of signaling pathways that control development
[157]. An immune speciﬁc genetic toolkit either does not exist,
or perhaps more likely, the putative ancestral toolkit is likely to
have been signiﬁcantly altered and is currently unrecognizable
in modern metazoans because of the rapid rate of evolutionary
diversiﬁcation imposed by pathogen pressure in different habitats. However, there are some common themes that emerge from
comparisons among immune systems from a diverse set of animals (Table 4). There appears to be a set of repeatedly identiﬁed
protein domains and diversiﬁcation mechanisms that one might
consider to be the core repertoire of “building materials” and “construction methods” (respectively) that are essential for an effective
immune response, and on which the tools of the toolkit could
act. The common construction methods, or widely used mechanisms that promote sequence diversiﬁcation, include localized
genomic instability, duplications and deletions of genes, generation of clusters of similar genes that become members of families,
gene recombination, gene conversion, retrotransposition, duplications of exons within genes, alternative splicing, multiple available
alleles of single copy genes, and RNA editing. Many of these construction methods are commonly employed by the invertebrate
examples described here (Table 4). The gene diversiﬁcation mechanisms tend to act on families of clustered genes that share similar
sequences, such as FREPs and Sp185/333. The processes for generating a family of duplicated genes from a single copy gene, which then
promotes continued duplications leading to sequence diversity, are
not fully understood. However, recent work in yeast suggests that
the re-initiation of DNA synthesis at origins of replication during S
phase plus the early termination of DNA synthesis at repeat motifs
may be a mechanism for duplicating genes [158]. This concept
ﬁts with the organization of the Sp185/333 genes that are surrounded by microsatellites (Fig. 7) [147]. Perhaps clusters of genes
with shared sequences is a regional genomic organization that is
required to promote the diversiﬁcation mechanisms listed above.
Clusters of similar R genes in plants may actually be an essential
aspect of the immune system to promote sequence diversiﬁcation
that will keep pace in the arms race with pathogens [115].
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The putative immune system “building materials”, or proteins,
domains and motifs that are repeatedly found in immune systems
in most animals, are generally elusive but would be expected to
be present in both basal and more advanced animals [159]. A few
proteins and domains have emerged that may have been part of
an essential set of building materials, including a Toll/TLR system,
a primitive complement effector system with C3 or TEP homologues and membrane-attack-complex/perforin-like sequences, an
LPS binding protein, and a RAG core/Transib element [160–163].
Domains from metazoans that are repeatedly identiﬁed within
proteins that have immune function, including the most primitive metazoans, the cnidarians and poriferans, are NACHT, LRR, Ig,
death, TIR and lectin domains, and a thioester motif [160,161]. The
presence of Ig domains in some of the examples described here
illustrates this point (Table 4). It has been argued that this set
of domains and motifs that function in immune responsiveness
may actually be the result of parallel and independent evolution and not the descent from a set of common ancestral genes
[162]. Conversely, many of these domains and motifs are involved
in immunity in cnidarians and poriferans, which is suggestive of
their role in an ancestral metazoan immune system [160] that
acted effectively against all non-self contacts, including those with
pathogens. Whichever of these two hypotheses may be correct,
the massive diversity of molecules used by different organisms
in the various versions of immune responses that are employed
by metazoans illustrates that there are many possible solutions to
the problem of pathogen and non-self recognition. This is becoming a central theme in the characterization of immune systems;
they can be quite different yet they also appear to share one
unifying feature – the diversiﬁcation of the proteins on which
they rely.
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