
The amphioxus genome provides
unique insight into the evolution
of immunity
Larry J. Dishaw, Robert N. Haire and GaryW. Litman

Advance Access publication date 7 March 2012

Abstract
Immune systems evolve as essential strategies to maintain homeostasis with the environment, prevent microbial
assault and recycle damaged host tissues.The immune system is composed of two components, innate and adaptive
immunity. The former is common to all animals while the latter consists of a vertebrate-specific system that relies
on somatically derived lymphocytes and is associated with near limitless genetic diversity as well as long-term
memory. Deuterostome invertebrates provide a view of immune repertoires in phyla that immediately predate the
origins of vertebrates.Genomic studies in amphioxus, a cephalochordate, have revealed homologs of genes encoding
most innate immune receptors found in vertebrates; however, many of the gene families have undergone dramatic
expansions, greatly increasing the innate immune repertoire. In addition, domain-swapping accounts for the innov-
ation of new predicted pathways of receptor function. In both amphioxus and Ciona, a urochordate, theVCBPs (vari-
able region containing chitin-binding proteins), which consist of immunoglobulin V (variable) and chitin binding
domains, mediate recognition through the V domains. The V domains of VCBPs in amphioxus exhibit high levels of
allelic complexity that presumably relate to functional specificity.Various features of the amphioxus immune reper-
toire reflect novel selective pressures, which likely have resulted in innovative strategies. Functional genomic studies
underscore the value of amphioxus as a model for studying innate immunity and may help reveal how unique rela-
tionships between innate immune receptors and both pathogens and symbionts factored in the evolution of adaptive
immune systems.
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INTRODUCTION
The capacity to maintain the integrity of self is a

hallmark characteristic of all metazoan species. The

continuum of microbial encounters, which occurs in

the lifetime of individuals, creates enormous selective

pressure that in turn has driven the development of a

wide range of highly integrated immune defenses

that also recognize and eliminate dying cells and

cancer. Several decades of studies, focused initially

on jawed vertebrates, have revealed two clearly

demarcated lines of defense termed innate and

adaptive immunity. The innate immune system in-

cludes a wide range of molecules that exhibit varying

levels of polymorphism and are inherited in a simple

Mendelian manner. The adaptive immune system,

which presently is thought to be confined only to

the vertebrates, relies on genetic recombination that

takes place in individual somatic cells belonging to

the lymphoid lineage. The receptors are displayed on

the surfaces of individual lymphocytes and subse-

quent exposure of cells harboring receptors that are

specific to foreign stimuli results in clonal expansion
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and in the case of immunoglobulin receptors,

their eventual secretion as antibody molecules.

Approximately 107–108 structurally different recep-

tors, which mediate cellular (T-cell receptor) and

humoral (immunoglobulin antibody) immunity, re-

spectively, are created uniquely in an individual

human. Much about the evolution of innate and

adaptive immunity has been inferred in the absence

of data from species that diverged in phylogeny prior

to the vertebrate radiations (Figure 1). The resolution

of whole genomes from species, such as amphioxus

(a cephalochordate), sea urchin (an echinoderm) and

sea squirt (a urochordate) has allowed us to examine

the phylogeny of integral components of immune

function outside of the intrinsic bias of the narrow

window of evolution represented by mammals and

to a lesser degree other vertebrate forms [1].

INNATE IMMUNITY
Innate immune mechanisms include: barrier defenses

(i.e. host epithelium) and the associated non-specific

secretory components (e.g. antibacterial peptides),

pattern recognition receptors (PRRs) on phagocytes

and other host cells, various phagocyte effector

mechanisms (e.g. reactive oxygen species) and differ-

ent enzymatically catalyzed cascades involved in

clotting, melanization and complement activation

[2, 3]. In vertebrates, the number of PRRs, which

recognize microbial-associated molecular patterns

Figure 1: Simplified phylogeny of extant animal phyla. Complete genomes have been defined for members of the
representative phyla shown.The black circle denotes the bilaterian split; the red circle denotes protostome and deu-
terostome divergence. Overall trends in the complexity of mediators of innate immunity are implied (Innate
Repertoire column) relative to a mammalian reference (mouse). *Although reduced numbers of innate immune re-
ceptors, relative to those found in mammals, are noted for both urochordates and protostomes, immune mechan-
isms are present in these species that include (but are not limited to) antimicrobial peptides, prophenoloxidase-
associated melanization and various PRRs.
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(MAMPs), is relatively small. The Toll-like receptors

(TLRs), composed of an intracellular Toll/

interleukin-1 receptor (TIR) domain combined

with extracellular leucine-rich repeats (LRRs), are

the most extensively characterized PRR and include

both extracellular and intracellular forms [4, 5]. First

described in Drosophila, Toll plays an integral role in

development. Later, it was shown to effect immunity

after PRR detection of pathogens (e.g. fungal) and

subsequent protease cleavage product activation of

Toll signaling [6]. Soon thereafter, it was demon-

strated that related molecules in mammals, such as

TLR4, function directly in immune recognition

[7, 8]. PRRs, such as TLRs, effect immune protec-

tion across a particularly broad range of meta-

zoans [9–11]. Nucleotide-binding oligomerization

domain-like receptors (NLRs), which are intracellu-

lar PRRs, consist of a NACHT domain (nucleotide

triphosphatase, NTPase, domain; named after differ-

ent genes) and LRRs. NLRs, which serve as intra-

cellular sensors of danger, are distributed widely and

play integral roles in innate immunity [12, 13].

Innate immunity, at least in part through the func-

tion of PRRs, shapes and/or influences adaptive

immune responses [14, 15].

Both epithelial barriers and innate immune-

related products act as a first line of defense in

protostomes and deuterostomes. Furthermore, imm-

unocyte mobility has factored significantly in the

evolution of innate defenses, as most invertebrates

possess open vascular systems. Pathogens that pass

the epithelial layers in flies rapidly encounter hu-

moral and cellular responses in the hemolymph of

the body cavity, where they can be engulfed or

encapsulated by phagocytic cells [16]. Humoral

reactions that typically occur in local tissue spaces

spontaneously activate enzymatic cascades that can

immobilize intruders via melanization (prophenolox-

idase, proPO) and/or terminal coagulation. Products

and/or by-products of these humoral reactions acti-

vate PRRs, such as peptidoglycan recognition

proteins (PGRPs) that in turn activate Toll (and asso-

ciated intracellular signaling), which can stimulate

the secretion of antibacterial peptides in immune-

related tissues, such as the fat body and hemocytes

to mediate direct killing [16, 17].

Activation of Toll receptors in flies and other

insects is indirect, i.e. in the receptor itself does not

bind MAMPs. In marked contrast, TLR and NLR

activation in deuterostomes results from direct inter-

action with MAMPs, which not only is relevant in

innate immune recognition and defense, but is cen-

tral to activation and regulation of adaptive immun-

ity [3, 5], as well as in governing homeostasis of some

symbiotic relationships [18, 19]. Insect Toll and ver-

tebrate TLR-mediated responses are remarkably

similar despite the fundamental differences in their

recognition potential as well as associated signaling

pathways. It is likely that in deuterostomes inter-

actions with MAMPs, as well as a lack of develop-

mental constraints, have contributed to these

functional differences and to the evolution of diverse

TLR types. Additional conserved effectors of innate

and/or mucosal immunity include phagocytosis [20]

and encapsulation [21] as well as: (i) the complement

system (discussed further below), which represents

the predominant enzymatically driven cascade for

eliminating potential pathogens [22, 23]; (ii)

wound repair which has ancient origins and likely

has experienced repeated co-option by the innate

immune system [24, 25]; and (iii) melanization

reactions that are associated with immune function

in some deuterostome invertebrates [26]. Although

protostome invertebrates lack many of the innate

receptors that have expanded in deuterostomes and

have homologous counterparts in vertebrates, they

possess an expanded array of alternative mediators,

which include complex melanization pathways as

well as a massively diverse repertoire of antibacterial

peptides [16, 17]. It is difficult to weigh their relative

contributions; however, PRR detection of MAMPs

as well as immobilization of potential pathogens via

catalytic hemolymph reactions or enzymatic cascades

are ancient and vital players in innate immune de-

fenses across a remarkably wide phylogenetic spec-

trum. The mechanisms summarized above rely on

inflammation and/or phylogenetically ancient in-

flammatory mediators as major effectors of innate

immunity [27–29] and are not exclusive to the inter-

stitial and mucosal environments.

Deuterostome invertebrates, owing to their

phylogenetic position relative to vertebrates, have

considerable potential as models for studies of

immune phylogeny (Figure 1). Collectively, the

deuterostome invertebrates (echinoderms and proto-

chordates) possess multiple homologs of different

vertebrate innate immune effectors; the numbers

and potential reactivity of these genes suggest that

their functional relevance (Table 1). Protochordates

(which include urochordates and cephalochordates)

share certain developmental features with vertebrates

and are the most recently diverged common
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invertebrate forms that lack adaptive immunity. The

massive expansions of TLRs, other PRRs, NLRs

and scavenger receptors that have been revealed

through large-scale genome analyses represent the

most distinguishing differences among the respective

innate immune systems of cephalochordates and ech-

inoderms relative to those of vertebrates [30, 31].

Notably, parallel expansions are not seen in the uro-

chordate, Ciona intestinalis [32]. Since most of these

gene families arose through expansions from

lineage-specific duplications (i.e. paralogous), very

little orthology exists among deuterostome inverte-

brates and/or among related vertebrate counterparts.

It is likely that novel evolutionary constraints may

have driven the expansion and functional specializa-

tion of the aforementioned receptors [33, 34].

Unrelated functional constraints also may have con-

tributed to parallel or convergent evolution [35].

Although the structures of these innate immune

receptors and their underlying mechanisms of func-

tion are diverse, they likely share conserved immune

regulatory and signaling pathways [36, 37]. In-depth

genome analysis will likely offer unique insight into

these mechanisms. Amphioxus is critical in under-

standing major transitions in innate immunity and

the proposed development of interrelationships

with the adaptive immune system.

AMPHIOXUSGENOMEAND
IMMUNE-RELATEDNOVELTIES
Due to the limited number of physiologically rele-

vant approaches for examining specific immune re-

actions in amphioxus, resolution of its genome has

given us a particularly distinct view of ‘innate im-

munity’ that is based almost completely on molecular

homology [31, 38]. Genome mining as an experi-

mental approach presents rich opportunities for pre-

dicting total transcriptome content, identifying

homologous gene families, and revealing genome

novelties and innovations. Studies in amphioxus

have achieved notable success in all three areas.

Computational approaches, as well as a limited

number of experimental approaches that have been

applied in amphioxus, support predictions of major

increases in the number of genes in amphioxus that

function in innate immunity. Specifically, as many as

134 TIR domains and approximately 72 models for

TLR-like genes have been predicted [31, 39]. Most

significantly, 28 of these predictions create high con-

fidence models [31]. In contrast, approximately 222

Table 1: Relative complexity of innate immune
repertoires

Amphioxusa Sea
squirtb

Sea
urchinc

Humand

Complement
C3/C4/C5e 3 2 4 4
Bf/C2f 2 3 3 2

MASPg/C1r,sh 5/44i 4 0/2i 4
TCCj 9 11 0 6
C1qk-like 39 2 4 23

LRR-containing
TLRl 72 2 222 10
NLRm 118 0/28n 203 25
LRR-Igo 125 NDp 22 30

Other mediators
SRCRq 270 5 218 16
PGRPr 18 0 5 6
GNBPs 5 3 3 0
CTLt 1200/717u NDP 104 81
VCBPv 5/10w 4 0 0

Cytokines
TNFx 21 4 4 20
TNFRy 31 3 9 26
IL-17z 9 2 30 9

Numbers are approximations, reflect assembly modeling ambiguities
and subjective interpretations, and vary slightly among citedreferences
[30, 31, 39, 42, 48, 53] and the studies Terajima D, Shida K, Takada N,
et al. Identification of candidate genes encoding the core components
of the cell death machinery in the Ciona intestinalis genome.Cell Death
Differ 2003;10:749^53; Parrinello N,Vizzini A, ArizzaV, et al. Enhanced
expression of a cloned and sequenced Ciona intestinalis TNFalpha-like
(CiTNF alpha) gene during the LPS-induced inflammatory response.
Cell Tissue Res 2008;334:305^17. Little information exists regarding the
function of specific (predicted) genes in the non-vertebrate species
shown.
aBranchiostoma floridae.
bCiona intestinalis.
cStrongylocentrotus purpuratus.
dHomo sapien.
eComplement components.
fFactor B-like protease.
gMannose-associated serine protease.
hComplement C1 (initiator) protease components.
iIncludes MASP-like sequences.
jTerminal complement components.
kC1q subcomponent (complement initiator).
lToll-like receptor.
mNucleotide-binding oligomerization domain-like receptor.
nPredictedmodels with NACHT domains.
oLeucine-rich repeat immunoglobulin domain-containingmolecule.
pNot described.
qScavenger receptor with cysteine-rich domains.
rPeptidoglycan recognition protein.
sGram-negative recognition protein.
tC-type lectin.
uConfirmedby RT-PCR.
vVariable region-containing chitin-binding protein.
wHaplotype-specific multiple paralogs found (# varies).
xTumor necrosis factor.
yTumor necrosis factor receptor.
zInterleukin-17.
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TLR gene models can be predicted confidently in

the sea urchin genome; however, the relatively fewer

TLR models in amphioxus are still at least six times

more complex than what is found in the human

genome. Differences in the number, length and se-

quence of the LRR domains of the TLRs suggest

that variability in form and likely (additional) func-

tion of the receptors exceeds that found in other

organisms. Despite the apparent complexity of

these genes, only a single adaptor molecule encoded

by a sterile alpha armadillo motif (SARM)-like gene,

is predicted to regulate the TLRs; however, approxi-

mately 10 copies of SARM-like genes can be mod-

eled [40, 41]. Amphioxus, like the sea urchin,

exhibits extensive expansions of other intracellular

PRRs, including the NLRs, where approximately

118 genes can be identified. Furthermore, 270

gene models for scavenger receptors, more than

1200 C-type lectins and more than 1300 LRR-

containing gene models, as well as several other

innate immunity genes have been predicted from

the amphioxus genome [39] (Table 1). Compared

to the sea urchin, amphioxus exhibits consider-

ably larger increase (approximately 240 models)

in the numbers of LRR-Ig-containing proteins

(LRRIGs), C-type lectin receptors (CLRs) and

fibrinogen genes (approximately 340 models)

[39, 42]. Both amphioxus and sea urchin exhibit

similar expansions of scavenger receptors with

cysteine-rich repeats (SRCRs). In marked contrast,

the numbers of TLR genes in Ciona is markedly

decreased from that seen in mammals [43].

However, some conserved functionality of TLRs

in Ciona is revealed in the interactions with

MAMPs, such as double-stranded RNA and bacter-

ial cell wall components as well as the subsequent

activation of NF-kB signaling pathways [44].

Multiple similarities have been identified among

the complement components of protochordates and

vertebrates [45]. In marked contrast to Ciona and the

sea urchin, more than 39 copies of complement

C1q-like genes, of which 25 are encoded on a

single scaffold, have been identified in the amphi-

oxus genome and may be associated with an ex-

panded recognition repertoire [31]. A functional

role for complement is seen in the findings of

vertebrate-type lytic activity in amphioxus [46, 47].

Immune challenges in amphioxus and the subse-

quent analyses of transcription products indicate

that complement may be a major component of mu-

cosal immunity in the gut, where tight regulation of

other PRRs, including TLRs, has been demon-

strated [42]. Notably, some key elements that regu-

late complement activation as well as terminal

pathway components, appear to be missing from

the sea urchin genome, which likely lacks a lytic

component [48]. Complement and TLRs interact

dynamically in vertebrates, and their respective

roles in mucosal tissue recognition and homeostasis,

including symbiotic interactions with the resident

microbial ecosystems, have been established

[22, 23, 49]. This relationship will be important to

evaluate in amphioxus.

The oxidative system, petidoglycan recognition

proteins (PGRPs), Gram-negative binding proteins

(GNBPs), chitin binding proteins (CBPs), lysozymes

and defensins also have been shown to be major ef-

fectors in amphioxus gut mucosal immunity [42].

Neither IL-1, which is a major cytokine in verte-

brates, nor other vertebrate-like cytokines have been

identified in the amphioxus genome. However,

domain architectures similar to IL-1 receptors as

well as both tumor necrosis factor (TNF) and asso-

ciated receptor (TNFR) have been identified and

their respective gene families are associated with

modest expansions relative to vertebrate genomes

[31]. IL-17, which functions in mucosal immunity,

phagocyte responses and inflammatory reactions in

vertebrates [50], has been modeled from the sea

urchin genome [30] (J.P. Rast, unpublished observa-

tion). An IL-17 homolog has been shown to be

expressed in response to bacterial challenge in

amphioxus [51]. Although clear orthologs of IL-17

have been difficult to identify in the Drosophila
genome [52], they have been identified in a nema-

tode and mollusc [51], which are both protostomes,

and thereby implicate this cytokine as an ancient and

likely relevant, proinflammatory molecule.

Additional novel protein types have likely arisen

in amphioxus through extensive domain expansion

and shuffling, which have factored in the expansion

of the immune repertoire and creation of putative

shortcut pathways [53]. Novel protein architectures

have been modeled from these domain rearrange-

ments and include those predicted to mediate

immune functions through alternative activation,

signaling and network integration routes [33]

(Figure 2). However, we currently only can specu-

late on function. Pathway topology likely is affected

by changes in the combinations of different domains

(e.g. NACHT domains) as well as by shuffling

of novel paralogs of specific domain expansions
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(e.g. TIR domains, death domain superfamily,

others) [53]. These architectures could be associated

with novel regulatory connections and/or activation

pathways in the innate immune systems [33, 53]. It is

likely that constrained selective pressures to expand

on a limited supply of domain architectures can result

in independently evolved proteins with related do-

mains that lack any true orthologous relationships.

Assuming that these novel pathway topologies

impart selective advantages, appropriately designed

functional studies could help reveal intricate and/or

heretofore unrecognized features of innate immune

pathways that may factor in adaptive immunity in

contemporary vertebrates [33, 34].

In addition to the significant expansion of the

innate immune repertoire in amphioxus defined

above, a variety of Ig-containing gene models can

be predicted, some of which are V-type. The iden-

tification of the V-type domains in amphioxus is of

potential interest as jawed vertebrates derive diverse

V domains during the somatic development and ex-

pansion of antigen-specific lymphocytes in response

Figure 2: Complexity of domain interaction networks based onTIR domain. Predicted interaction networks rela-
tive to the TIR domain. Extensive complexity is indicated among amphioxus, sea urchin and human topologies of
innate protein interactions. Common domain combinations between the selected genomes are shown in gray;
amphioxus-specific combinations are shown in red; human-specific combinations are shown in blue and sea
urchin-specific combinations are shown in green. It is predicted that novel domain combinations result in functionally
relevant, innate immune topology for inflammatory pathways in amphioxus. Figure 2 is reproduced from [53], an
open access article.
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to antigen. The rearrangement mechanism that gave

rise to somatic V diversity in vertebrates involves

recombination activating genes (RAG) 1 and 2,

which are tightly linked. A homologous, closely

linked RAG1 and 2-like gene pair has been identi-

fied in the purple sea urchin genome; however, its

function is unknown [54]. Both RAG 1 and RAG 2

are required for somatic rearrangement of immuno-

globulin and T-cell receptor loci; however, only a

RAG1-like segment can be predicted in the amphi-

oxus genome. Despite the absence of several other

core molecules that govern the rearrangement pro-

cess, amphioxus homologs of a variety of other gene

products, recruited largely from ancient DNA

damage repair pathways, which function in the

diversification of immune receptors in jawed verte-

brates [55, 56], are found in both amphioxus [31]

and sea urchin [30].

THEVARIABLE REGION-
CONTAINING CHITIN-BINDING
PROTEINSçADIVERSIFIED
FAMILYOF IMMUNERECEPTORS
Although genome screening has revealed no evi-

dence for rearranging antigen binding receptors in

amphioxus, a family of immune-type genes, which

are composed of two Ig V regions and a C-terminal

chitin-binding domain (VCBP) [57], have been

characterized in both amphioxus and Ciona. Based

on the presence of highly polymorphic alleles encod-

ing immunoglobulin domains as well as their expres-

sion patterns, it has been hypothesized that VCBPs

represent a novel gut-associated form of innate

immune proteins in protochordates [57, 58].

VCBPs were discovered prior to the resolution of

amphioxus genome [57]; however, the availability

of the whole genome, traces, partial assemblies and

reference bacterial artificial chromosome (BAC)

libraries has permitted an in-depth characterization

of the haplotype complexity of VCBPs [59].

VCBPs1, 2, 4 and 5 are linked in a continuous

chromosomal region; VCBP3 maps to a separate

unrelated scaffold [59] (Figure 3A). VCBP2 and 5
represent paralogous gene sets in which hyperpoly-

morphism is localized to the N-terminal regions of

both the V1 and V2 domains. Folding of the mol-

ecule creates a unique hypervariable interface that

is predicted to form the binding site of the recep-

tor [60]. VCBPs are organized in a tightly linked

cluster and copy number variation among haplotypes

has been described. Certain haplotypes of the

VCBP2 and 5 cluster demonstrate extensive inverted

repeat density, frequent indel (both large and small)

polymorphism and an elevated variation in repeat

type and density. These chromosomal features, par-

ticularly the inverted repeats, are distributed more

densely within the VCBP loci than elsewhere in

the genome (Figure 3B) and may be associated

with transcriptional diversity [59]. Recently, we

have shown that VCBPs play an integral role in

gut immunity through recognition of bacterial sur-

faces by the V regions [61].

Based on the identification of VCBPs in amphi-

oxus, we have screened available genome databases

in the interest of determining the phylogeny of Ig

and CBD domain-containing molecules (R. Haire,

unpublished data). Several Ig-CBD (i.e. VCBP-like)

predicted transcripts can be predicted in Capitella, a

protostome representative (polychaete annelid). A

3.3-kb genomic segment is predicted to encode six

or seven exons and produce a 1.2–1.5 kb transcript

encoding two V-type Ig domains and two CBDs:

V1V2(v3)CBD1CBD2 or V-V-v-C-C (lower case

v represents an incomplete domain). A second

3.2-kb genomic segment is related closely to the

3.3-kb segment and is predicted to transcribe a 1.4

kb transcript. A third region is encoded in seven

exons (4.4 kb) and can be modeled to encode a

3.4 kb transcript (V-V-X-C-C, where x is an un-

known domain). In Lottia, a gastropod mollusk rep-

resenting another protostome, a 2.5-kb genomic

region can be modeled from seven exons to

encode a 1 kb transcript (X-V-X-C). A single ex-

ample of proximal V and CBD domains separated

by a 1 kb repeat is found in Drosophila. Whereas the

various predicted molecules have not been con-

firmed experimentally, it appears that Ig-CBD pro-

teins may not be unique to deuterostome

invertebrate innate immunity.

CONCLUDING REMARKS
Our interests are focused on developing protochor-

dates as physiologically relevant systems in which to

explore the functional significance of innate immune

innovations. In addition to the significance of the

phylogenetic position that amphioxus occupies in

chordate phylogeny, this species presents a unique

opportunity to assess the functional consequences

of expansions in multigene families encoding several

different forms of molecules that we presently
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attribute to innate immunity. Specifically, this model

will permit studies of how novel gene duplications

are acquired and become integrated in pre-existing

pathways or are adapted in newly evolving topolo-

gies that regulate or effect innate immune responses

(Figure 2). Whole animal experimentation will

reveal how selective pressures, likely effected

through various microbial interactions, have driven

the incorporation of these novel protein architectures

into the well conserved and highly adapted innate

immune repertoire. Protochordates open a window

into the study of innate immunity in integrated

Figure 3: (A) Genomic organization of amphioxus VCBPs. (a) Overlapping scaffolds_295 and 82 represent VCBP
haplotypes B and A, respectively; assemblies are based on Brafl1, which was modified by sequencing additional gen-
omic libraries, BACs and P1 artificial chromosomes (for details, see [59]). Shaded box (labeled YR) represents a
Ngaro-like tyrosine recombinase retroposon gene. Pseudogenes (Y) are indicated. Intergeneic distances are in kilo-
base (1000 base pairs) and are not to scale.Transcriptional orientation is indicated by an arrow; a and b designations
reflect paralogous relationships. (b) VCBP3 is located on an unrelated scaffold from the VCBP1/4 and VCBP2/5 clus-
ters. CHEF analyses (not shown) and extensive BAC library screening support assignments. (B) Genome-wide com-
parison of repeat densities. (a) Inverted repeats (IRs) among VCBP2/5 clusters. The density of IR distributions in
scaffold_295 (and scaffold_82, or the corresponding region of scaffold_82 only, shown as _82b) was compared to the dis-
tribution of IRs across the entire amphioxus genome. The density of IRs in Scaffold_295 (haplotype B) is higher than
what is seen in most other scaffolds of related size (and larger) in the amphioxus genome, including scaffold_82
(haplotype A). IRs are clustered at high density in theVCBP-associated regions of scaffold _82 (_82b). (b) The distribu-
tion and density of tandem repeats has been compared by another method. Distributions of tandem repeats in the
VCBP loci are consistent with other areas of the genome and is not elevated across haplotypes A and B. Figure 3A
and B are reproduced from [59].
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systems that are devoid of interactions with the

highly derived adaptive immune system of the

vertebrates.

Studies of innate immunity in higher vertebrates

have emphasized the major role of the gut in

immune stasis. Filter-feeding invertebrates, such as

amphioxus and Ciona, in which the gut is in direct

and continuous contact with a vast range of micro-

biota, will serve as powerful models in which basic

questions such as the roles of gene novelty and di-

versity can be explored directly. Furthermore, the

dynamic interactions between host and microbial

communities include many symbiotic relationships

resulting in a continuum of selective pressures that

directly influence innate immune innovation. It is

likely that a more comprehensive understanding of

the complex dynamics of host and microbial dialog

across innate immune receptors will emerge from

studies in both cephalochordates and urochordates,

possibly revealing how microbial communities influ-

ence innate immunity and have contributed to the

origins of adaptive immunity in vertebrates [62, 63].

Key points

� Amphioxus is a protochordatemodel of immune evolution.
� The amphioxus genome demonstrates extensive polymorphism

and certain innate immune genes in amphioxus are highly
polymorphic.

� The innate immune repertoire of amphioxus is extensively
expanded; this effect also is seen in sea urchin.

� The expanded innate repertoire demonstrates innovation.
� Immune gene families in amphioxus likely reflect novel adapta-

tions withmicrobiota.
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