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It has been speculated that before vertebrates evolved somatic diversity-based adaptive immunity, the

germline-encoded diversity of innate immunity may have been more developed. Amphioxus occupies the basal

position of the chordate phylum and hence is an important reference to the evolution of vertebrate immunity. Here

we report the first comprehensive genomic survey of the immune gene repertoire of the amphioxus Branchiostoma

floridae. It has been reported that the purple sea urchin has a vastly expanded innate receptor repertoire not

previously seen in other species, which includes 222 toll-like receptors (TLRs), 203 NOD/NALP-like receptors

(NLRs), and 218 scavenger receptors (SRs). We discovered that the amphioxus genome contains comparable expansion

with 71 TLR gene models, 118 NLR models, and 270 SR models. Amphioxus also expands other receptor-like families,

including 1215 C-type lectin models, 240 LRR and IGcam-containing models, 1363 other LRR-containing models, 75

C1q-like models, 98 ficolin-like models, and hundreds of models containing complement-related domains. The

expansion is not restricted to receptors but is likely to extend to intermediate signal transducers because there are 58

TIR adapter-like models, 36 TRAF models, 44 initiator caspase models, and 541 death-fold domain-containing models

in the genome. Amphioxus also has a sophisticated TNF system and a complicated complement system not

previously seen in other invertebrates. Besides the increase of gene number, domain combinations of immune

proteins are also increased. Altogether, this survey suggests that the amphioxus, a species without vertebrate-type

adaptive immunity, holds extraordinary innate complexity and diversity.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession nos. EU183366–EU183375.]

Animal immunity comprises innate immunity and adaptive im-

munity. The diversity of non-self-recognition molecules in in-

nate immunity is germline-encoded, while in adaptive immunity

it is a product of somatic diversification and selective clonal ex-

pression (Rast et al. 2006). It was believed that only jawed verte-

brates have a developed adaptive immune system, where the so-

matic rearrangement of IgV domains produces diversified B-cell

and T-cell antigen receptors (BCRs and TCRs) and each B-cell or

T-cell selectively expresses one type of receptor. (See Box 1 for a

list of the most used abbreviations.) The BCR/TCR system also

requires the MHC system to eliminate self-reactive BCR/TCR and

to present intracellular antigens to extracellular TCR surveil-

lance. However, recent reports have demonstrated that jawless

vertebrates have variable lymphocyte receptors (VLRs) with so-

matically rearranged LRR ectodomains, suggesting that the BCR/

TCR system is not the only form of adaptive immunity (Pancer et

al. 2004; Nagawa et al. 2007). Moreover, comparative studies

from invertebrates have revealed that: (1) Snail FREP genes are

capable of somatic recombination (Zhang et al. 2004). (2) The

Dscam gene of Drosophila melanogaster can produce 38,016 alter-

natively spliced mRNAs, and each cell randomly selects a set of

variants to express (Neves et al. 2004). (3) The amphioxus VCBP

proteins have highly variable IgV-like domains (Cannon et al.

2002). (4) The sea urchin has greatly expanded its immune re-

ceptor repertoire (Rast et al. 2006). These findings suggest that

the great diversity and selective expression are not restricted to

the vertebrate-type adaptive immune system (VAIS).

The signaling network of immunity consists of two layers,

namely, intercellular communication and intracellular signaling

pathways. Intercellular communication is mediated by various

cytokines, chemokines, growth factors, and their cognate recep-

tors. Intracellular signaling pathways are downstream of immune

receptors, which consist of adapters, GTPases, caspases, kinases,

and transcription factors. Pathways of diversified immune recep-

tors, including vertebrate BCR/TCR and perhaps the sea urchin

TLRs, generally conform to the “funnel” model, in which mo-

lecular complexity is reduced rapidly from the cell-surface (re-

ceptor) level to the nucleus (transcription factor) level such that

numerous initial signals will be sorted into a limited number of

“simplified” pathways (Sansonetti 2006).

Comparative immunological studies between human and

D. melanogaster have led to several great discoveries, such as TLR

and PGRP pathways. However, reliable inference can rarely be

made across large evolutionary gaps because of the fast-evolving

pace of the immune system. Therefore, better understanding of

the evolution of vertebrate immunity requires collecting data
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from different intermediate species, such as echinoderms (the

purple sea urchin), protochordates (amphioxus), urochordates

(Ciona intestinalis), and agnathans (lamprey). Genome sequence

is a good starting point to fill the gap (Hibino et al. 2006). Thus

far, study of the C. intestinalis genome has provided some basic

knowledge about the immunity of a chordate invertebrate

(Azumi et al. 2003), while the sea urchin genome demonstrates

great diversity of innate receptors in a basal deuterostome

(Hibino et al. 2006).

Recently, amphioxus has been repositioned to the base of

the chordate phylum (Delsuc et al. 2006), hence strengthening

its role as a reference species in the understanding of chordate

evolution (Schubert et al. 2006). Immunocytes (coelomocytes) of

amphioxus were first discovered in the gut region 25 yr ago

(Rhodes et al. 1982). Our studies have further confirmed that gill

and gut represent the major immune region in amphioxus (Dong

et al. 2005; Yu et al. 2005, 2007b; Huang et al. 2007a,b; Yuan et

al. 2007). Unfortunately, since the year 1982, only a few studies

address the amphioxus immunity. With newly established tech-

niques such as embryonic microinjection, daily spawning, and

breeding in captivity (Holland and Yu 2004; Fuentes et al. 2007),

amphioxus has become a promising model for immunology. The

recently released draft genome of the amphioxus Branchiostoma

floridae (Putnam et al. 2008) has become an invaluable tool to the

rapid identification of genes.

In this paper we report that more than 5000 out of 50,817

gene models in the draft genome may be relevant to immunity.

Our comprehensive analysis of these models in the phylo-

genomic context provides in-depth insights into the evolution of

chordate immunity and lays the framework for further compara-

tive studies with amphioxus.

Results and Discussion

General considerations

The current release v.1.0 of the B. floridae draft genome contains

∼50,817 gene models. Since ∼75% of genomic loci are repre-

sented by two haplotypes with 5%–10% allelic polymorphism

Box 1. Most used abbreviations

(BCR) B-cell receptor
(TCR) T-cell receptor
(CARD) Caspase recruitment domain
(CCP) Complement control proteins, alias SUSHI, SCR
(CED-3) Cell death abnormality-3
(COL) Collagen repeat
(CTL) C-type lectin
(CTLD) C-type lectin-like domain
(CUB) First found in C1r/uEGF/bone morphogenetic protein
(DEATH) Death domain
(DED) Death effector domain
(DFD) Death-fold domain, including CARD/DED/DEATH, and so

on
(DGCR2) DiGeorge syndrome critical region
(DR) Death receptor
(Dscam) Down syndrome cell adhesion molecule
(EDA) Ectodysplasin
(EDAR) EDA receptor
(EDARADD) EDAR adapter
(EGF) Epidermal growth factor-like domain
(EST) Expressed sequence tag
(FA58C) Coagulation factor 5/8 C-terminal domain
(FADD) Fas-associating death domain-containing protein
(FBG) Fibrinogen
(FIMAC) Factor I membrane attack complex
(FREP) Fibrinogen-related proteins
(GNBP) G negative binding protein
(ICE) Interleukin Catalytic Enzyme
(IG) Immunoglobulin
(IgC) IG constant domain
(IgV) IG viable domain
(IGcam) IG cell adhesion molecule domain
(IL-1) Interleukin 1 proteins
(IL-1R) IL-1 receptor
(IRAK) Interleukin-1 receptor-associated kinase
(JNK) c-Jun N-terminal kinase
(LDLa) Low-density lipoprotein-receptor, type A
(LPS) Lipopolysaccharide
(LTA) Lipoteichoic acid
(LRDD) Leucine-rich repeats and death domain protein
(LRR) Leucine-rich repeat
(MACPF) Membrane attack complex/perforin
(MAPK) Mitogen-activated protein kinase
(MASP) MBL-associated serine protease
(MBL) Mannose binding lectin

(MBL2) Mannose binding lectin 2
(MHC) Major histocompatibility complex
(MYD88) Myeloid differentiation primary response gene 88
(NACHT) NAIP, CIIA, HET-E, and TP1 NTPase domain
(NALP) NACHT-LRR-PYD protein
(NOD) Nucleotide-binding oligomerization domain
(NBARC) Nucleotide binding P-loop motif, similar to NACHT
(NIDO) Nidogen (entactin) and hypothetical proteins
(NLR) NACHT-LRR receptor or NOD/NALP-like receptor
(P-TLR) Protostome-like TLR
(PAMP) Pathogen-associated molecular pattern
(PEA15) Phosphoprotein enriched in astrocytes 15 gene
(PGRP) Peptidoglycan recognition protein
(PRR) PAMP recognition receptor
(PYD) Domain in pyrin, a distant member of death-fold domain
(PYCARD) PYD and CARD domain containing protein
(RIG-I) Retinoic acid-inducible gene I
(RLH) RIG-I-like helicase
(RIP/RIPK) Receptor (TNFR)-interacting serine–threonine kinase
(SAM) Sterile alpha motif
(SARM1) SAM and TIR containing 1
(SEEC) Protein containing SCP, EGF, EGF, and CTLD
(SP) Signal peptide
(SR) Scavenger receptor
(SRCR) SR cysteine-rich repeat
(TBK) TANK-binding kinase
(TICAM1/2) Toll-like receptor adapter molecule 1/2
(TIRAP) TIR domain containing adapter protein
(TIR) TLR and IL-1 receptor domain
(TLR) Toll-like receptor
(TNF) Tumor necrosis factor
(TNFR) TNF receptor
(TPR) Tetratrico peptide repeat
(TRADD) TNFRSF1A-associated death domain protein
(TRAF) TNF-receptor-associated factor
(TSP1) Thrombospondin type 1 repeats
(V-TLR) Vertebrate-like TLR
(VAIS) Vertebrate-type adaptive immune system
(VCBP) V region containing chitin-binding protein
(VCP) Variable domain containing protein
(VISA) Virus-induced signaling adapter
(VLR) Variable lymphocyte receptor
(VWF) von Willebrand factor
(VWA) VWF type A domain
(WD40) WD40 repeats, WD dipeptides, and 40 residues-long
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(http://genome.jgi-psf.org/Brafl1/Brafl1.info.html), the actual

gene number is one-half to two-thirds of the gene model num-

ber. This number would be further reduced if those pseudogenes

and genes of split predictions, overlapping predictions, and false

predictions were excluded. Therefore, the gene number men-

tioned in this study was estimated by phylogenetic analysis, and

sometimes by syntenic analysis. Since for some greatly expanded

families like CTL it is difficult to determine the allelic gene pairs,

only the number of “gene models” was provided. Therefore, the

terms “gene” and “model” (gene model) are not interchangeable

in this paper. On average, the gene number is approximately

two-thirds of the investigated model number. In the case of pseu-

dogenes, they are obviously an important part of the evolution-

ary history of the expanded gene family, and we did not discrimi-

nate them. As for incorrect predictions, we also did not discrimi-

nate them unless they posed a problem for reliable analysis. Prior

to detailed analysis, we presented a cross-species comparison of

the immune-related protein domains (Supplemental Table S1), a

summary of the immune gene repertoire (Table 1), and a list of all

the investigated gene models (Supplemental Material B).

The TLR system

Toll-like receptors (TLRs) are present throughout virtually the

entire animal kingdom and have important immune functions.

Table 1. Immune gene repertoire in amphioxus B. floridae

Catalogs Genes (models) Notes

Pattern recognition proteins
Toll-like receptors (TLRs) 48 (71) Expanded
NOD/NALP-like proteins (NLRs) 92 (118) Expanded
LRR and IGcam containing proteins (LRRIG) 190 (240) Expanded, functionally unknown
Gene models containing LRR only �(1178) Expanded
C-type lectins �(1215) Expanded, including 66 collectin-like models
Scavenger receptor (SRCRs) �(270) Expanded, totally 497 SRCR domains
Fibrinogen proteins �(347) Expanded, 41–98 ficolin-like models
CD36-like 3 (5)
Peptidoglycan recognition proteins (PGRPs) 16 (24)
RIG-I-like helicases (RLHs) 7 (13)
Gram negative bacteria binding proteins (GNBPs) 5 (9)
Possible novel receptors See Table 2 See Table 2 and text

Complement system
C3/4/5-like thioester containing 2 (3) One C3/4/5 ortholog and one distant homolog
Factor B-like/C2-like 3 (3)
C1q-like or C1q domain-containing proteins 50 (75) Expanded, no C1q orthologs
MASP/C1r/C1s 2 (3) Two MASPs and 12 related serine protease models
C6/7/8/9-like 5 (7)

Effector genes
MACP/F proteins (perforins and C6-like) 29 (50) Membrane attack, including five C6-like genes
Nitric oxide synthases (NOS) 3 (6) Antimicrobial and antitumoral activities
Peroxidases 6 (10) Antioxidant enzymes, inflammation

Adapters, signal transducers, and caspases
MyD88, SARM1, TICAM2-like, TIRAP-like 14 (19) One MyD88 ortholog, one SARM1 ortholog
Other vertebrate TIR adapter-like 26 (39) Expanded
FADD, CRADD, EDARADD, DEDD, LRDD, PEA15, VISA-like Present Major vertebrate death adapters
DFD proteins other than DRs, NLRs �(541) Expanded, many may serve as signal transducers
Tumor necrosis factor receptor-associated factors (TRAFs) 24 (36) Expanded
Apoptotic initiator caspases (caspase-8/10, -9, and -2) 33 (44) Expanded
Apoptotic effector caspases (caspase-3, -6, and -7) 5 (9)
Novel caspases 7 (11)
ICE-like caspases Not found No clear homologs, inflammation/IL-1 processing

Cytokines and growth factors
IL-1 receptor-like (IL-1R) 3 (4) With one IL-1R ortholog
Tumor necrosis factors (TNFs) 24 (38)
TNF receptors without death domain 22 (31)
TNF receptors with death domain (death receptor, DR) 14 (17)
IL-17-like 9 (12)
MIF-like 5 (6)
Interferons, most interleukins, chemokines Not found

Genes related to vertebrate-type adaptive immune system
IgSF, V region-containing chitin-binding proteins (VCBPs) 5 (9) Variable IgV region
IgSF, IgV-like, and IgC domain-containing proteins (VCPs) 2 (2) Immune response, signaling (unpublished data)
RAG1-like, TdT/Polµ, etc. Present Somatic rearrangement

Transcription factors and associated genes
MAPK, JNK 4 (7) One MAPK, two JNK, two p38MAPK
IKK, TBK 3 (5) One IKK, two TBK
JAK 1 (1)
STAT 3 (5)
NF-�B, NFAT 3 (5) Two NF-�B, one NFAT
PU.1/Spi 2 (3)
Ikaros 3 (3)
Interferon-regulatory factors (IRFs) 11 (17) Human has nine while sea urchin has only two
AP-1, Ets, C/EBP, etc. Present
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A typical TLR is a type I transmembrane protein, consisting of a

solenoid-like LRRNT-LRR-LRRCT ectodomain for ligand recogni-

tion and a cytoplasmic TIR domain for signal transduction. There

are two structural types of TLRs (Supplemental Fig. S1): the ver-

tebrate-like TLRs (V-TLR) and the protostome-like TLRs (P-TLR)

(Hibino et al. 2006). P-TLRs have an extra LRRCT–LRRNT pair in

the LRR ectodomains. In sea urchin and in amphioxus, some

TLRs carrying short ectodomains without extra LRRCT–LRRNTs

are also classified as P-TLRs because their TIRs are highly similar

to typical P-TLRs. D. melanogaster has eight P-TLR genes and one

V-TLR gene (Toll-9). The function of Toll-9 remains elusive, while

the other eight P-TLRs encode dedicated cytokine receptors for

insect cytokine Spatzles and have a role in development (Parker

et al. 2001). The D. melanogaster P-TLR gene Tl also has a critical

role in antifungal immunity (Lemaitre et al. 1996). Vertebrates

have 10–20 TLRs. Unlike insect P-TLRs, vertebrate TLRs are all

V-TLRs and are solely dedicated to immunity as PAMP recogni-

tion receptors (PRR). Recently, it has been reported that the sea

urchin has a greatly expanded TLR repertoire with eight P-TLRs

and 214 V-TLRs (Hibino et al. 2006).

The draft genome of amphioxus contains at least 36 V-TLRs

and 12 P-TLRs (Table 2), suggesting that the amphioxus V-TLR

Table 2. Cross-species comparison of important immune-related genes

Catalog D. melanogaster Sea urchin
Amphioxus

genes (models)
Lamprey

(from trace data) Human

TIR-containing receptors
TLR proteins 9 222 48 (71) ≈21 10
IL-1 receptor-likea 0 3 4 (4) — 4
LRR-CCP-TM-TIR,b NES — — 3 (4) — —

LRR-DEATH-TIR,b,c NES — — 2 (3) — —

CARD-TIR-LRRb,d
— — 2 (3) — —

CARD-TIR-containing RIG-I-like helicasesb,d
— — 4 (7) — —

Other TIR genes or adapters
MyD88-like (DEATH-TIR) 1 4 4 (6) — 1
SARM1-like 1 15 10 (14) — 1
TIRAP-like 0 0 1 (1) — 1
TICAM2-like 0 0 1 (1) — 1
APAF1-like, NES — — 1 (1) — —

TPR-TIR — — 8 (13) — —

Orphan vertebrate TIR — 7 15 (22) — —

DEATH-TIR-TIRc
— — 1 (8) — —

DED-CARD-TIR,c NES — — 1 (1) — —

Orphan plant TIR — — 1 (2) — —

CARD-TIRd
— — 8 (11) — —

Orphan bacterial TIR — — 1 (2) — —

NOD/NALP-like receptors (NLR) Total 0 Total 203 Total 92 (118) ≈140–220 ≈20
(DFD)-NACHT-LRRe

— — 49 (59) — —

(DFD)-NACHTe
— — 27 (37) — —

DFD-LRR — — 16 (22) — —

LRRIG receptors 9 22 models 190 (240) — ≈30
LRR-TM-DEATH 3 (3)
FBOX-LRR �(24)
LRR-DEATH-(Kinase)e Total 36 Total >100 �(13) — Total 65
LRR-GTPase-(DEATH)e

�(37)
LRR with other domains �(108)
LRR-only models 119 models <297 models A lot lessf <200

Fragmental genes — — �(230) — —

Others — — �(948) — —

SRCR genes/SRCR domainsg 7/14 218/1095 �(270/497) ≈287 domains 16/81
C-type lectins, CTLs 32 104/346g

�(1215) — 81
RIG-I-like helicases (total) 0 12 7(13) — 3
Fibrinogen genes 18 <90 models �(347) — 26
C1q 0 4 50 (75) — 29
DEATH-glycosyl transferaseb

— — �(38) — —

TNF/TNFR system
TNF 1 4 24 (38) — 20
TNFR 1 7 36 (48) — 26
TRAF 3 4 24 (36) — 6
DEATH adaptersh FADD FADD/CRADD Except TRADD — 6

aIn vertebrate, IL-1 receptors share the same set of TIR adapters with Toll-like receptors.
bPossible novel recognition receptors.
cSimilar to plant TIR domain.
dSimilar to bacterial TIR domain.
eDFD can be present or absent.
fEstimated to be less than 300–600 genes based on the analysis of trace archives.
gThe first number refers to the gene number or model number; the second number refers to the domain number. 104 refers to those small CTL with
carbohydrate-binding motifs (Hibino et al. 2006); 346 refers to the total domain number in the genome.
hRefers to vertebrate DEATH domain adapters TRADD, FADD, CRADD, DEDD, LRDD, MADD.
NES, no evidence (EST, cDNA, homologs in other species, etc.) support.
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lineage has also greatly expanded and the P-TLR structure may

only be lost in vertebrates. BLASTP analysis indicates that when

compared with insects and sea urchins, amphioxus TLRs are

more similar to vertebrate TLRs. Prompted by this, we performed

a phylogenetic analysis of the amphioxus and vertebrate TLRs

based on the TIR domain (Fig. 1). To our surprise, P-TLRs form a

stable paraphyletic relationship with the vertebrate TLR4 lineage.

Since P-TLR and V-TLR are supposed to have diverged before the

protostome–deuterostome split, this phylogenetic pattern is

highly dubious (for further discussion, see Supplemental Fig. S2).

As for amphioxus V-TLRs, 33 form a paraphyletic cluster with the

vertebrate TLR11 lineage (for further discussion, see Supplemen-

tal Material A). Furthermore, 19 of them comprise a distinct lin-

eage, which is designated SC75 since 12 members are encoded on

Scaffold_75. There are two pseudogenes and at least 12 intronless

genes in the SC75 lineage. The SC75 lineage has conserved TIR

domains (>85% amino acid identity) and highly variable LRR

regions. These LRR regions are controlled by diversifying selec-

tion (Supplemental Material A). Taken together, the evolution of

the amphioxus SC75 lineage is reminiscent of most of the sea

urchin V-TLR lineages, which apparently have experienced a dy-

namic evolutionary history manifested by rapid tandem dupli-

cations, a high proportion of pseudogenes, and a rapid diversifi-

cation of LRR regions relative to the conservation of TIR domains

(Hibino et al. 2006). As for the V-TLRs outside the SC75 lineage,

judging from the branching pattern and degree of TIR sequence

divergence, the evolution is likely controlled by purifying selec-

tion, as is the case for most vertebrate TLRs (Roach et al. 2005).

For example, the analysis of the dN/dS value of B. floridae TLR1

(bfTLR1) and its Branchiostoma japonicum ortholog (bjTLR1) in-

dicates dominant purifying selection on both the LRR region and

the TIR domain (S. Yuan, S. Huang, W. Zhang, M. Dong, H. Liu,

M. Yang, K. Wu, T. Wu, T. Liu, L. Huang, et al., in prep.).

In addition to TLRs, two types of amphioxus TIR receptors

are worth mentioning. One type comprises four IL-1 receptor-

like, which in vertebrates share the same set of TIR adapters with

TLRs. The other type comprises three novel genes with the archi-

tecture SP-LRR-CCP-TM-TIR, although EST evidence for this is

lacking at present.

TLR proteins signal through the interaction between their

TIR domains and the cytoplasmic TIR-containing adapters. Ver-

tebrates have five TIR adapter genes, including MYD88, TIRAP,

TICAM1, TICAM2, and SARM1. MYD88 carries DEATH and TIR

domains and mediates a common pathway for all vertebrate TLRs

but TLR3, while TIRAP sometimes functions as a partner for

MYD88. TICAM1 and TICAM2 mediate a pathway specific to

vertebrate TLR3 and TLR4. SARM1 contains TIR, SAM, and

Armadillo domains; in vertebrates, it negatively regulates the

TICAM1/TICAM2 pathway, whereas in Caenorhabditis elegans, it

mediates a TLR-independent immune response (Couillault et al.

2004; Carty et al. 2006). It has been reported that there are no

homologs for TIRAP, TICAM1, and TICAM2 in the sea urchin,

but there are four MYD88-like, 15 SARM1-like, and seven orphan

TIR genes (Hibino et al. 2006). The amphioxus genome encodes

no TICAM1-like genes, but four MYD88-like (including one or-

tholog), 10 SARM1-like (including one ortholog), one TIRAP-like,

and one TICAM2-like genes. Moreover, there are eight TPR-TIR

(some encode both domains in the same exon), one APAF1-like

(TIR-NBARC-WD40), and 15 orphan TIR genes. Taken together,

amphioxus has 40 genes encoding adapter-like proteins, which is

a great expansion whether compared to the TIR adapter reper-

toire of vertebrates and the sea urchin, or compared to the TLR

repertoire of amphioxus.

Across-species comparison of TLR systems is presented in

Table 3. As shown in the table, the amphioxus TLR system carries

great genomic complexity. This may greatly affect the signaling

pathway and its downstream cellular outcome, and may ulti-

mately result in a functional mode considerably different from

that in the sea urchin and in vertebrates. We have demonstrated

that bjTLR1 (from B. japonicum), a typical amphioxus V-TLR ex-

Figure 1. The ME tree of the TIR domain of insect TLRs, 48 amphioxus
TLRs and vertebrate TLRs. The gene ID in gray represents alleles. The
vertebrate TLR3, TLR5, and TLR7 families are too diverged to include in
this tree. (Dashed lines) The possible position of those divergent se-
quences not used in the tree construction; (dots) the truncated P-TLRs.
Another tree of more reliable statistical significance is shown in Supple-
mental Figure S3. (m) Mouse; (f) Fugu; (tet) tetraodon; (ch) chicken; (xt)
Xenopus; (hal) halibut; (md) Musca domestica; (ag) Anopheles gambiae;
(d) Drosophila.
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pressed mainly in the gut and up-regulated by bacterial infection,

can signal through bjMYD88 (from B. japonicum) in the HEK293

cell line. This suggests a conserved MYD88 pathway in amphi-

oxus, hence laying the foundation for further exploration of the

amphioxus TLR system (S. Yuan, S. Huang, W. Zhang, M. Dong,

H. Liu, M. Yang, K. Wu, T. Wu, T. Liu, L. Huang, et al., in prep.).

Other TIR-containing genes

According to sequence homology, the TIR domain can be classi-

fied as bacterial-TIR, plant-TIR, and vertebrate-TIR. The TIR do-

main in plants also participates in host defense. Plant-TIR and

bacterial-TIR have not been reported in vertebrates. In the am-

phioxus genome, we found TIR domains similar to plant-TIR and

bacterial-TIR, although it is unclear whether they have common

origins (Table 2). Plant-TIR-like genes of amphioxus include one

LRR-DEATH-TIR, one DEATH-TIR-TIR, one DED-CARD-TIR, and

one orphan TIR, whereas bacterial-TIR-like genes of amphioxus

comprise four CARD-TIR-containing RIG-I-like helicases (RLH),

two CARD-TIR-LRRs, eight CARD-TIRs, and one orphan TIR. The

RLHs and the CARD-TIR-LRR appear to be receptors, while the

CARD-TIR and the orphan TIR may serve as adapters. At present,

none of these proteins are corroborated by cDNA evidence, but

the DEATH-TIR-TIR has homologs in the sea urchin, and the

CARD-TIR combination occurs multiple times, with two domains

always adjacent to each other.

The NLR system

NACHT-LRR receptors (NLR) are cytosolic proteins that have im-

portant functions in apoptosis, inflammation, and intracellular

innate immunity (Fritz et al. 2006). Vertebrate NLRs consist of a

central NACHT domain for oligomerization, a C-terminal LRR

region for ligand recognition, and N-terminal domains (often

DFD domains) for signaling. There are 20–30 NLR genes in ver-

tebrates, the majority of which encode NOD/NALP-like proteins

that use CARD or PYD domains for signaling. Vertebrate NOD/

NALP proteins are well-documented for their roles in intracellu-

lar PAMP recognition and intestinal inflammation (Inohara et al.

2005). Compared to vertebrates, the sea urchin genome encodes

203 NLRs, the majority of which consist of an N-terminal

DEATH, a central NACHT, and a C-terminal LRR region (Hibino

et al. 2006).

The amphioxus genome encodes at least 92 NLR genes. A

tree of their NACHT domains indicates that these NLRs may have

undergone a rapid expansion similar to the SC75 TLR lineage

(Supplemental Fig. S6). Unlike NLRs of vertebrates and the sea

urchin, many amphioxus NLRs lack one to two domains, includ-

ing 14 NLR genes without detectable LRR regions, 30 without

known N-terminal signaling domains, 22 without NACHT do-

mains, and 21 without both LRR regions and known N-terminal

domains (see EST evidence in Supplemental Material A). NLRs

without detectable NACHTs are here termed DLRs (DFD-LRR).

BLASTP analysis indicates that DFD domains and LRR regions of

DLRs are similar to those of typical NLRs, suggesting a close link

between DLRs and typical NLRs. The N-terminal region of verte-

brate NLRs can be CARD, CARD-CARD, CARD-AD, PYD, or BIR-

BIR-BIR, whereas that of sea urchin NLRs is mostly DEATH and

sometimes CARD. In addition, TIR domain is also found in the N

terminus of plant NLRs (Inohara and Nunez 2003). In amphi-

oxus, typical NLRs use DEATH, CARD, and DED domains as N-

terminal domains. DEATH-DEATH is also found in an NLR gene

(Bf97362, with no EST evidence). NLRs without known signaling

domains often have a long N-terminal sequence of unknown

function instead. As for amphioxus DLRs, various N-terminal do-

mains can be found, such as DED, CARD, CARD-TIR, and mul-

tiple DEATH and TIR-DEATH. However, since N-terminal regions

of DLRs are usually encoded in complex exon structure and there

is no EST evidence for most DLRs at present, these domain struc-

Table 3. Comparison of the TLR system across distant species

D. melanogaster Sea urchin Amphioxus Human

Genomic

TLR

V-TLR 1 211 (expanded) 36 (expanded) 9 + 1�

P-TLR 8 3 (typical) + 5 (short) 10 (typical) + 2 (short) 0
TIR adapters MyD88 MyD88 MyD88, SARM1 MyD88, SARM1

SARM1 SARM1 TIRAP-like, TICAM2-like TICAM2, TICAM1, TIRAP
Total 2 Total 26 Total 40 Total 5

Other co-receptors Unknown Unknown LBP/BPI-like LBP, MD2, CD14, Dectin-1

Other TIR receptors
0 3 IL-1R-like 4 IL-1R-like 4 IL-1R-like
0 0 others 3 LRR-CCP-TM-TIR 0 others

Other related PRRs LRR-only 119 models LRR-only, <293 gene models LRR-only, 948 models LRR-only, <200 genesa

C-type lectin, 32 models C-type lectin, 346 models C-type lectin, 1215 models C-type lectin, 81 genesa

Functional
V-TLR

Physiological Not well characterized Some expressed on coelomocytes Immunity; development
role??

Immunity; no developmental
role

Molecular Unknown Unknown PRRs
P-TLR

Physiological Development Immunity Some expressed on coelomocytes Unknown —

Molecular Cytokine receptor Unknown Unknown —

Pathways MyD88-mediated Unknown; MyD88-mediated V-TLR
pathway (see the text);

MyD88,TIRAP-mediated
universal pathway;

Unknown about the
SMARM1-mediated pathway

Unknown Unknown about other
TIR adaptors

TICAM2,TICAM1,SARM1-
mediated pathway for

TLR3/TLR4

aIn vertebrates, LRR-only genes like CD14 and C-type lectins like Dectin-1 (also known as CLEC7A) can be partners of TLRs in recognition, such as
TLR4/CD14 complex for LPS and TLR2/TLR6/Dectin-1 complex for zymosan.
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tures are dubious (more details in Supplemental Material A).

Taken together, the amphioxus NLR repertoire contains more

structural complexity than that of vertebrates and the sea urchin.

The signaling of vertebrate NOD/NALP proteins requires in-

teractions of their CARD/PYD domains and the downstream

adapters like CRADD, PYCARD, and RIPK2. These interactions

lead to NF-�B activation and the processing of IL-1 proteins by

ICE-like caspases (Fig. 2). Homologs of CRADD and RIPK2 are

present in amphioxus, but PYCARD, IL-1 proteins, and ICE-like

caspases are absent. PYCARD contains a PYD domain, yet no PYD

has been detected in amphioxus. Since a conserved IL-1 receptor

is present, IL-1 proteins may exist but may be too diverged to be

detected. Although ICE-like caspases were reported in sea urchin

(Robertson et al. 2006), no unambiguous ICE-like caspases have

been identified in amphioxus. Despite the absence of some con-

served downstream components, there are nevertheless hun-

dreds of DFD gene models and 45 caspases (discussed below),

some of which may serve for the amphioxus NLR system.

We have cloned three NLR cDNAs (GenBank accession nos.

EU183366–EU183368), which encode CARD-NACHT-LRR,

DEATH-NACHT-LRR, and DEATH-NACHT, respectively. Expres-

sion analysis shows that they all concentrate in the gut (data not

shown), which is consistent with the case in vertebrates and the

sea urchin, where NLRs are suggested to have a major role in

monitoring the gut microflora and pathogens (Hibino et al. 2006;

Pancer and Cooper 2006).

LRRIG proteins

A typical LRR and IGcam containing protein (LRRIG) consists of

an N-terminal LRR region, one or more central IGcam domains,

a transmembrane region, and a C-terminal cytoplasmic tail.

There are approximately 30 vertebrate LRRIG proteins, which

usually function in the nervous system (Chen et al. 2006). Ac-

cording to our analysis, the sea urchin genome encodes approxi-

mately 20 LRRIG models, whereas the amphioxus genome con-

tains 240 LRRIG models (Table 2). The immunological relevance

of amphioxus LRRIGs is not determined, but both LRR and

IGcam are competent immune recognition modules. Please refer

to additional data in Supplemental Material A.

Other LRR-containing genes

Besides the abovementioned TLRs, NLRs, and LRRIGs, there are

also 1363 LRR-containing gene models in the amphioxus ge-

nome, of which 185 clearly contain LRR and other domains,

whereas 948 contain LRR only (see the detailed description in

Supplemental Material A). According to our analysis, most LRR-

only models should represent distinct genes (Supplemental Ma-

terial A), but because of the incorrect gene predictions and the

limitations of homology searches, not all LRR-only models rep-

resent genes containing only LRR. In contrast, the human ge-

nome contains fewer than 265 LRR-containing proteins (various

alternative spliced variants included) (Table 2). In vertebrates,

CD14 and VLRs are typical LRR-only proteins with vital immune

function. In amphioxus, there are no CD14 or VLR counterparts,

but we have identified a full-length cDNA (GenBank accession

no. DQ873591, from B. japonicum) from the gut of the immune-

challenged amphioxus by suppression subtractive hybridization

(Huang et al. 2007a). This cDNA encodes an LRR-only protein

(amphiLRR1) with bacterial binding activity (G. Huang and A.

Xu, unpubl.). We also identified an EST (GenBank accession no.

Figure 2. A schematic comparison of TLR, NLR, RLH, and TNF pathways between vertebrates and amphioxus. Dashed lines indicate that the pathway
has no functional evidence as yet. The colors used for different domains have no special meaning.
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EU183369, from Branchiostoma belcheri) for a gene from a family

of eight LRR-only members encoded on Scaffold_88 (they may

contain ankyrin and DEATH domains, but we haven’t cloned the

full-length cDNA). This EST is mainly expressed in the gut and

up-regulated by several hundred-folds in response to bacterial

challenge (data not shown).

C-type lectins

C-type lectin proteins (CTL) contain one or more C-type lectin

domains (CTLDs) that are capable of binding a variety of ligands,

including pathogenic carbohydrates, lipids, proteins, CaCO3,

and ice. Vertebrate CTLs have seven “large CTL” families with

multiple CTLDs or complex domain combinations, and 10

“small CTL” families with single CTLDs and few non-CTLD do-

mains (Zelensky and Gready 2005). According to our analysis,

the human genome has 57 small CTLs, 47 of which are immune-

related, such as NK-cell receptors, collectins, and macrophage/

dendritic-cell receptors, and the like. NK-cell receptors recognize

endogenous ligands and regulate immune homostatsis, while

collectins and macrophage/dendritic-cell receptors recognize

pathogenic carbohydrates. CTLDs capable of carbohydrate

binding usually have sugar-binding motifs (mostly EPN/

QPD + WND). Half of the human CTL genes encode CTLDs with

sugar-binding motifs, in constrast to 20% of D. melanogaster

CTLDs and 10% of C. elegans CTLDs, respectively (Dodd and

Drickamer 2001).

The amphioxus genome contains a vast CTL repertoire of

1215 models (Table 2). It has been reported that CTLs from C.

elegans, D. melanogaster, and vertebrates are highly diverged from

each other (Dodd and Drickamer 2001). This is also the case for

amphioxus CTLs, because only certain human CTL families have

weak homologs in amphioxus, such as SEEC, DGCR2, polycys-

tins, collectins, and KLRD1-like proteins. Additionally, dual-

CTLD genes are also present in amphioxus, which play a role in

the immunity of D. melanogaster and bonyfishes. There are 113

models with multiple CTLDs and complex (or novel) domain

combinations (Supplemental Material A). However, here we fo-

cus on the 1102 models encoding single CTLDs because the ma-

jority of them are small CTLs and may have potential immune

function. Of these, 927 contain well-predicted CTLDs, the phy-

logenetic analysis of which identifies 43 CTL subfamilies. The

five largest subfamilies are designated A, B, C, D, and E and ac-

count for 189, 36, 108, 100, and 40 CTLs, respectively (Fig. 3).

There are 32 subfamilies including the aforementioned A–E sub-

families, with a total of 692 models encoding small CTLs with

simple protein structures (Supplemental Table S2). There are 483

out of 927 CTLDs containing canonical EPN or QPD sugar-

binding motifs, but there are also derivative motifs such as EPS,

EPK, EPE, EPD, QPS, and QPN, which add up to more than 650

CTLDs (Supplemental Table S2). Such a variety of derived motifs

may suggest diversified sugar-binding specificity. In contrast, 10

subfamilies (including subfamily E) completely lack conserved

sugar-binding motifs. There are six subfamilies with a total of 40

models encoding collectin-like structures (COL-CTLD). In addi-

tion, at least 26 collectin-like models belong to other subfamilies.

In vertebrates, collectins sense pathogenic carbohydrates and ac-

tivate the complement system (Gupta and Surolia 2007).

We have cloned six cDNAs of small CTLs from Chinese am-

phioxus (Supplemental Table S2), including one from subfamily

D (GenBank accession no. EU183370), three from subfamily E

(GenBank accession nos. EU183373–EU183375), and two from

two small subfamilies (GenBank accession nos. EU183371 and

EU183372). Expression analysis indicates that EU183373–

EU183375 are highly concentrated in the gut and the gills, while

EU183370–EU183372 are mainly expressed in the gut and the

skin, and are up-regulated by immune challenge (Yu et al.

2007a). The recombinant protein of EU183370 also shows strong

microbial agglutination and anti-fungal activity (Yu et al. 2007a).

Scavenger receptors

Vertebrate scavenger receptors (SR) are usually surface proteins

on macrophages and are able to recognize endogenous or bacte-

rial lipoproteins (Mukhopadhyay and Gordon 2004). There are

two types of scavenger receptors, namely, CD36 and the SRCR-

containing receptor. Human has one CD36 and 16 SRCR-

containing genes, while the sea urchin genome contains five

CD36-like genes and 218 SRCR-containing models with a total of

1095 SRCR domains. The amphioxus genome possesses three

CD36-like genes and 270 SRCR-containing models with a total of

497 SRCR domains (Table 2). Since a large proportion of the SRCR

models are complex or problematic, 497 SRCR domains provide

more accurate estimation of the size of this family.

RIG-I-like helicases

Besides NLRs, RIG-I-like helicases (RLHs) represent another cru-

cial family of intracellular immune receptors, which use C-

terminal RNA helicases to recognize viral dsRNA and N-terminal

domains for signaling. Vertebrate RLHs use the CARD–CARD

structure and the downstream CARD-containing adapter VISA

for signal transduction, while sea urchin RLHs use DEATH and

the DEATH-containing VISA-like adapters (Hibino et al. 2006).

Seven RLH genes are present in amphioxus (Table 2). Four of

them contain CARD-TIR domains, one contains CARD, one con-

Figure 3. The ME tree of CTLD of amphioxus CTLs, including 879
amphioxus CTLDs. Subfamilies are colored. Five large amphioxus-specific
CTL families are labeled A, B, C, D, and E.
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tains DEATH, and the last one contains DED. This represents the

first report of CARD-TIR-containing RLHs and DED-containing

RLHs, which will require further verification. As for adapters,

only a CARD-containing VISA-like gene was identified in amphi-

oxus so far.

Other PAMP recognition receptors

The amphioxus genome also encodes other conserved PRRs, in-

cluding one galectin (Yu et al. 2007b), 16 PGRPs, and five GNBPs.

In addition to the conserved PRRs, a set of amphioxus genes

encoding novel protein architectures may have potential patho-

gen-sensing ability. These architectures include LRR-TM-DEATH

(three genes) (Supplemental Material A), LRR-DEATH or LRR-

DEATH-kinase (13 models) (Supplemental Material A), LRR-

GTPase or LRR-GTPase-DEATH (37 models) (Supplemental Mate-

rial A), LRR-DD-TIR (two genes), LRR-CCP-TM-TIR (three genes),

CARD-TIR-LRR (two genes), and DEATH-glycosyl transferase (38

models; glycosyl transferase is capable of carbohydrate binding).

Since few of these architectures have EST evidence, they require

further verification.

The complement system

The vertebrate complement system is a sophisticated proteolysis

system that has two major functions in humoral immunity: one

is to lyse pathogenic cells; the other is to opsonize pathogens for

phagocytosis and to recruit immunocytes to the reaction focus.

The mammalian complement system has three activation path-

ways (lectin, classical, and alternative) and two terminal path-

ways (opsonic and cytolytic) (Fig. 4). Mammal C1q proteins can

recognize antibodies (Igs) and activate the classical pathway,

while the lamprey C1q acts as a carbohydrate-binding lectin like

collectins and ficolins (Matsushita et al. 2004). C1qs, collectins,

and ficolins can recruit MASP/C1r/C1s through their COL do-

main and activate complement pathways. The core pathway of

the complement system consists of three protein families: MASP/

C1r/C1s, Bf/C2, and C3/C4/C5 (Nonaka and Kimura 2006). The

opsonic pathway has been identified in the sea urchin (Clow et

al. 2004), but the C6-like proteins required for cytolysis are ab-

sent (Hibino et al. 2006). Urochordates and jawless vertebrates

have multiple C6-like proteins, but their functions are awaiting

further study. Taken together, the lectin pathway and the op-

sonic pathway seem to constitute the most primitive comple-

ment pathway in deuterostomes (Fig. 4).

While no authentic C1q proteins have been identified, the

amphioxus genome contains 50 C1q-domain-containing genes

compared to 29 in human and four in the sea urchin (Supple-

mental Fig. S7). There are 42 amphioxus C1q-like genes adopting

the typical COL-C1q architecture, 33 of which even encode COL

and C1q in the same exon. Since no antibody is present in am-

phioxus and the lamprey C1q acts as a lectin, amphioxus C1q-

like proteins may also function as lectins. We have cloned a

cDNA from B. japonicum encoding a C1q-like protein that can

inhibit platelet agglutination similarly to the mammalian C1q

proteins (Y. Yu, H. Huang, Y. Wang, S. Yuan, S. Huang, Y. Yu, M.

Pan, K. Feng, A. Xu, in prep.). Both vertebrate collectin MBL2

(mannose-binding lectin, COL-CTLD) and urochordate GBL (glu-

cose-binding C-type lectin, no COL) can recruit MASPs and acti-

vate C3 (Sekine et al. 2001). Although no clear orthologs for

MBL2 or GBL have been identified in amphioxus, there are 1215

CTL models in amphioxus, at least 66 of which have COL-CTLD

structures (Supplemental Table S2). Vertebrate ficolins are also

humoral lectins capable of recruiting MASPs to activate C3. There

are 347 FBG models in amphioxus, compared to 26 in human. At

Figure 4. A schematic of the evolution of the complement system. (Solid line) The pathway has experimental evidence; (dashed lines) no experimental
support; (?) the existence of the item or pathway is not verified; (*) amphiMASP1/3 gene can produce two proteins, MASP1 and MASP3; (**) amphioxus
contains the most abundant CCP domains, see Supplemental Table S1; (***) the human C1q proteins recognize antibody, while the lamprey C1q serves
as a lectin.
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least 41 amphioxus FBG models have the ficolin-like structure

(COL-FBG), compared to three in human. All amphioxus ficolin-

like models belong to two distinct families, which comprise 98

FBG models.

In activation pathways, C1q/MBL2/ficolin recruit serine

proteases, including MASP/C1r/C1s, Bf/C2, factor D (Df), and

factor I (If). The sea urchin has no MASP/C1r/C1s-like proteins,

but mammals have five (MASP1/2/3, C1r, and C1s), and all of

them have the CUB-EGF-CUB-(CCP)2-serine_protease structure.

It has been reported that the amphioxus MASP1/3 gene can pro-

duce two proteins (MASP1 and MASP3) by alternative splicing

(Endo et al. 2003). Here we found another gene (Bf288621) that

is similar to amphioxus MASP1/3 proteins but encodes no CUBs

[EGF-(CCP)6-serine_protease]. As for Bf/C2-like, three homologs

are present in amphioxus. They adopt the conserved (CCP)n-

VWA-serine_protease structure (n = 3 in human, n = 3, 4, 7 in

amphioxus). As for Df and If, there is no clear homolog. In ad-

dition, the amphioxus genome contains another 21 models en-

coding novel CUB or CCP-containing serine proteases. In verte-

brates, only those complement-related serine proteases carry

CUB and CCP domains.

C3 is a thioester-containing protein that plays a central role

in the complement system, whose origin can be dated back be-

fore the split of cnidaria and bilateria (Miller et al. 2007). In the

early evolution of vertebrates, C3 was separated into C3, C4, and

C5 by duplications. The emergence of C4 separates activation

pathways into the alternative pathway and the lectin/classical

pathway, while C5 bridges the C3 and the cytolytic pathway.

Human has seven thioester-containing genes, including C3/C4A/

C4B/C5, CD109, A2M, and a novel thioester gene. A search of the

amphioxus genome identified six thioester genes, including two

C3/4/5-like (one ortholog and one distant homolog), two A2M-

like, one CD109-like genes, and one gene close to both A2M and

CD109. The amphioxus ortholog of C3/4/5 has previously been

characterized (Suzuki et al. 2002).

In vertebrates the cytolytic pathway includes at least four

C6-like proteins (C6/C7/C8/C9), which assemble the Membrane

Attack Complex (MAC) on the targeted cells. These proteins fea-

ture a MACPF domain required for membrane perforation. C6 is

the longest protein containing the “prototypic” structure

(TSP1)2-LDLa-MACPF-EGF-TSP1-(CCP)2-(FIMAC)2, while other

genes contain fewer domains. In particular, C9 adopts the short-

est structure, TSP1-LDLa-MACPF-EGF. The amphioxus genome

has 29 MACPF genes, five of which encode C6-like proteins. They

all adopt the same structure, (TSP1)2-LDLa-MACPF-EGF-TSP1,

and lack the C-terminal CCP or FIMAC domains, which in ver-

tebrates are required for interacting with C5. There are four am-

phioxus gene models carrying FIMAC, three encoding FIMAC

and CCP domains, while the remaining one encodes FIMAC,

EGF, and TSP1 domains.

Many proteins involved in complement regulation con-

tain multiple CCPs, such as Factor H, DAF, and complement

receptor Types 1 and 2. In spite of the absence of clear orthologs

for these genes, the amphioxus genome contains 427 CCP-

containing models, thereby comprising the biggest CCP reper-

toire seen in any species (Fig. 4; Supplemental Table S1). In ac-

tual fact, those domains involved in the complement system

like CCP, CUB, TSP1, MACPF, C1q, FBG, VWA, and LDLa are

all greatly expanded in amphioxus (Supplemental Table S1).

Taken together, amphioxus has a very complicated and

novel complement system, despite having only two C3-like

genes.

The TNF system

It is perhaps because of the rapid and direct delivery of extrinsic

signals by tumor necrosis factors (TNF) and their receptors

(TNFR) that the TNF system is thriving in vertebrates, and exten-

sively engaged in the immune system (Locksley et al. 2001). In

vertebrates, the TNF system mediates activation, proliferation,

differentiation, and homeostasis of immunocytes; participates in

the development and maintenance of long-lived or evanescent

lymphoid tissues; and implements the clearance of cancerous,

aged, and diseased cells (Hehlgans and Pfeffer 2005). Vertebrates

have approximately 20 TNF and 20–30 TNF receptor genes. The

prominent among these genes include TNF, FASLG, TNFSF10,

TNFSF11, LTA, TNFSF15, CD40LG, TNFSF13, TNFSF13B, and

EDA. In contrast, only one TNF (called eiger) and one TNFR have

been identified in D. melanogaster, and four TNFs and seven

TNFRs in the sea urchin (Robertson et al. 2006). However, to our

surprise, the amphioxus genome contains 24 TNF and 36 TNFR

genes, numbers comparable to those of vertebrates (Table 2).

Phylogenetic analysis of the TNF domain indicates that am-

phioxus TNF proteins can be separated into two major lineages,

the TRAIL/FASLG-related and the EDA/Eiger-related lineages (Fig.

5A; Supplemental Fig. S8). The TRAIL/FASLG-related lineage in-

cludes 10 TRAIL genes and three FASLG/TNFA-like genes,

whereas the EDA/Eiger-related lineage contains 11 TNF genes ho-

mologous to insect Eiger, vertebrate EDA, and TNFSF13. Amphi-

oxus TRAIL proteins share 45%–58% amino acid identity with

vertebrate TRAILs, whereas the FASLG/TNFA-like proteins have

little amino acid similarity with vertebrate FASLG or TNFA. In

addition, an amphioxus TNF is clustered with vertebrate

CD40LG, but the sequence similarity is rather weak. There is a

TNF cluster of 12 genes located on the Scaffold_7, comprising five

EDA/Eiger-related TNFs in the middle, six TRAIL/FASLG-related

TNFs on one side, and one on the other side (Fig. 5B). Together

with the phylogenetic analysis, this genomic configuration pro-

vides an update to the evolutionary story of vertebrate TNFs (Col-

lette et al. 2003). The TRAIL/FASLG-related lineage was first cre-

ated by tandem duplication from the ancient EDA/Eiger-related

lineage and then underwent substantial functional divergence

before whole-genome duplications; later, in the early evolution

of vertebrates, whole-genome duplications produced TNFSF11,

LTA, and TNFSF15 from the ancient TRAIL/FASLG-related lin-

eage, and produced TNFSF13 and TNFSF13B from the ancient

EDA/Eiger-related lineage. We have cloned cDNAs for five TRAILs

from B. japonicum (Fig. 5A,B, marked by gray ovals). Initial analy-

sis indicates that they assume disparate expression patterns in

different tissues, suggesting that these TRAIL proteins may have

achieved substantial functional divergence after rapid lineage-

specific duplications (Supplemental Fig. S9).

TNFR can be divided into two types, TNFR with (death re-

ceptor, DR) and without a cytoplasmic DEATH domain (TNFR-

noDD). DRs can activate caspase-dependent apoptosis, while

TNFR-noDDs can act as DR antagonists or activate NF-�B and JNK

pathways. The amphioxus genome contains 14 DRs and 22

TNFR-noDDs. Sequence analysis of the DEATH domain indicates

that only two amphioxus DRs have some similarity to the verte-

brate DR genes NGFR and EDAR. However, the rest of the amphi-

oxus DRs are more similar to each other than to vertebrate DRs,

suggesting that most amphioxus DRs have undergone a lineage-

specific expansion. As for amphioxus TNFR-noDDs, their TNFR

repeats are too divergent to be used for reliable phylogenetic

analysis. We have cloned two TNFR-noDDs with weak similarity
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to the human TNFR-noDD genes TNFRSF1B or TNFRSF14 and

have demonstrated their immune relevance (Yuan et al. 2007).

Transduction of TNF signals requires the interaction be-

tween TNFR cytoplasmic tails and the downstream adapters. Hu-

man has six TRAFs and four DFD adapters (FADD, TRADD,

CRADD, EDARADD) for this purpose, while the sea urchin draft

genome contains only one FADD, one CRADD, and four TRAF

adapters (Robertson et al. 2006). The amphioxus genome con-

tains a set of homologs of FADD, CRADD, and EDARADD, a fam-

ily of 24 TRAFs, and a total of 541 DFD-containing models (dis-

cussed below). If a substantial proportion of these genes partici-

pate in the TNF system, it would represent the most complicated

TNF signaling network ever known.

Expansion and reshuffling of the death-fold domains

The signal transduction of PRRs and cytokine receptors requires a

cytosolic protein interaction network composed of various

adapters or intermediate transducers. Death-fold domains (DFD),

including DEATH, CARD, and DED, are basic building blocks for

homotypic interactions. They are widely present in NLRs, RLHs,

DRs, apoptotic proteins, and other signal transducers. As such,

they broadly participate in TLR/IL-1R, NLR, TNF, RLH, and apo-

ptosis pathways, as well as cross-talk

among them. The human genome con-

tains about 60 DFD genes, while the sea

urchin genome contains 116 DFD genes

(Robertson et al. 2006). It has also been

reported that in the sea urchin genome,

more than 200 DFDs coexist with NLRs

(Hibino et al. 2006). A search of the am-

phioxus genome yields 541 DFD-

containing models (NLRs and DRs ex-

cluded). Notably, this number is sensi-

tive to the cutoff E-value of the

homology search. For instance, if the E-

value is relaxed to 0.01 or 0.1, the DFD

number increases to 781 or 861, respec-

tively. Moreover, many DFD sequences

in the amphioxus genome fail to be cap-

tured by gene prediction (data not

shown). In other words, a great expan-

sion of the amphioxus DFD repertoire

has occurred. These DFD models can be

classified into 53 groups each consisting

of similar domain structures (Supple-

mental Table S2).

Human DFD proteins consist of 16

distinct architectures, of which amphi-

oxus has at least 14. In contrast, the am-

phioxus DFD repertoire has at least 40

domain combinations not seen in hu-

man, provided that most structures

listed in Supplemental Table S2 are real.

Since a novel domain combination may

create a novel signaling pathway, in-

creased architectural complexity may

lead to increased complexity of the sig-

naling network. However, novel archi-

tectures can either be inherited from an-

cient ancestors or result from recent do-

main reshuffling. The analysis of the

DFD sequence similarity shows that

identity between cognate domains from different DFD architec-

tures ranges from 30% to more than 70%, where higher identity

indicates more recent domain reshuffling events (Supplemental

Fig. S10). This analysis suggests that dynamic domain reshuffling

contributes to the architectural complexity of the amphioxus

DFD repertoire.

Expansion of TIR adapters, TRAFs, and initiator caspases

As mentioned above, amphioxus has 95 vertebrate TIR, four

plant-TIR-like, and 15 bacterial-TIR-like genes. In 95 vertebrate

TIR genes, 40 are potential TIR adapters. By comparison, human

has five TIR adapters and the sea urchin has approximately 26.

TRAFs compose a family of signal transducers capable of

interacting with non-TRAF proteins through the TRAF domain.

D. melanogaster, the sea urchin, and vertebrates possess three,

four, and six TRAFs (TRAF1∼6), respectively. In vertebrates, TRAFs

are involved in TLR pathways, TNF pathways, apoptosis, antiviral

response, and NF-�B activation (Chung et al. 2002). A search of

the amphioxus genome identifies 24 TRAF genes, including one

corresponding to vertebrate TRAF6, one to TRAF4, four to TRAF3,

and 16 to TRAF1/2 (Supplemental Fig. S11). Notably, 12 amphi-

Figure 5. (A) The ME tree of the amphioxus TNF family. Both alleles are included in the analysis. (Bf)
B. floridae. (B) The configuration of the TNF cluster on Scaffold_7. Gray ovals indicate genes with
expression data (Supplemental Fig. S9).
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oxus TRAFs corresponding to the vertebrate TRAF1/2 lineage are

encoded on Scaffold_558.

Vertebrate caspases can be separated into two classes, the

ICE-like and the apoptotic CED-3-like. The ICE-like caspases me-

diate inflammation and NLR pathways, while the apoptotic

caspases are downstream of TNF- or mitochondria-mediated ap-

optosis (Fig. 2; Riedl and Shi 2004). The apoptotic caspases can be

further divided into “effector caspases” and “initiator caspases.”

Caspase-3, caspase-6, and caspase-7 are effector caspases that can

be activated by initiator caspases and execute the final suicidal

process. Caspase-8 and caspase-10 are initiator caspases for deliv-

ery of extrinsic “death” signals from TNF receptors. Caspase-9 is

responsible for intrinsic “death” signals from mitochondria,

whereas caspase-2 relays “death” signals from both TNFs and

mitochondria. Caspase-3/6/7 has no DFD domains, while

caspase-8/10 contains a pair of DED domains and caspase-2 and

caspase-9 each carries a CARD domain. At least 45 caspase genes

have been identified from the amphioxus genome. Phylogenetic

analysis reveals eight amphioxus caspase genes loosely related to

both caspase-9 and caspase-2, 15 genes corresponding to caspase-

8/10, 10 genes to caspase-2, five genes to caspase-3/6/7, and

seven unknown caspases (Supplemental Fig. S11). Therefore, am-

phioxus “initiator caspases” have undergone sevenfold to 10-fold

expansions compared to vertebrates. Such expansion is not evi-

dent in the sea urchin, although its genome encodes 31 caspases

(Robertson et al. 2006). Notably, some amphioxus caspases con-

tain DEATH instead of DED and CARD domains (Supplemental

Fig. S12). This domain combination occurs several times in am-

phioxus and is also present in sea urchin, but not in vertebrates,

and hence deserves further study.

Immune-related cytokines and transcription factors

Although homologs for IL-1 receptors, TNFs, IL-17, and macro-

phage migration inhibitory factors (MIF) are present in the am-

phioxus genome (Table 1), most of the vertebrate cytokines are

absent, including most interleukins, all interferons, chemokines,

colony-stimulating factors (CSFs), and their cognate receptors. A

similar situation is observed in the sea urchin and other inverte-

brates (Hibino et al. 2006). The reason for this can be either a true

absence of these genes or the inability of similarity searches to

identify such fast-evolving genes.

In contrast, most of the immune-related transcription fac-

tors and their direct upstream kinases are present in amphioxus,

including NF-�B, NFAT, IRF, Ikaros, PU.1/Spi, IKK/TBK, MAPK/

JNK, and the like (Table 1). Unlike upstream signal transducers

(such as TRAFs and TIR adapters), these transcription factors and

kinases have not undergone expansion and maintain typical

numbers. Notably, in vertebrates, interferon-regulatory factors

(IRFs) can induce type I interferons and play a crucial role in the

regulation of TLRs, NLRs, RLHs, and other PRRs (Honda and

Taniguchi 2006). Although interferon is absent, there are 11 IRF

genes in amphioxus, compared to nine in human and only two

in the sea urchin. Phylogenetic analysis indicates that seven am-

phioxus IRFs are closely related to human IRFs, especially to hu-

man IRF1/2 and IRF4/8/9 lineages (Supplemental Fig. S13).

Rudiments of the adaptive immunity related to innate

molecules

The amphioxus genome contains some basic components of the

VAIS, such as the protoMHC region (Abi-Rached et al. 2002),

recombination activating gene 1-like (RAG1-like) genes (Kapi-

tonov and Jurka 2005), terminal deoxynucleotidyl transferase-

like (TdT/polµ-like) genes, and enzymes/factors involved in DNA

rearrangement and DNA repair (Holland et al. 2008). However,

all molecular hallmarks of the VAIS, including VLR, BCR, TCR,

and MHC class I and II molecules, are absent in amphioxus.

Vertebrates generate two forms of somatically diversified re-

ceptors by DNA rearrangement, the VLR of jawless vertebrates

and the BCR/TCR/Ig of jawed vertebrates. Thus far no somatically

rearranged receptor has been found in amphioxus. However,

as mentioned previously, there is a huge arsenal of LRR-

containing genes in amphioxus. Moreover, the previously iden-

tified amphiLRR1 genes (from B. japonicum) have been found to

have high polymorphism at the population level (G. Huang and

A. Xu, unpubl.). The amphioxus draft genome also contains ap-

proximately 1000 IgSF domains, of which two types have been

documented. One is the VCBP family, which produces secreted

proteins with highly polymorphic IgV-like domains (Cannon et

al. 2002). The other is the VCP family, which contains IgV-like-

IgC ectodomains (Yu et al. 2005). The latest study indicates that

both IgV-like and IgC domains of VCP proteins have significantly

high polymorphism at the population level and that the phos-

phorylated cytoplasmic ITIM-like motifs of VCP can induce ex-

tensive intracellular phosphorylation in B-cell lines (C. Yu and A.

Xu, unpubl.). Taken together, these data indicate that some basic

elements of the vertebrate BCR/TCR/VLR systems, including mo-

lecular structures, high levels of polymorphism, and signaling

mechanisms, already exist in amphioxus.

Conclusions

This survey shows that amphioxus and vertebrates share an over-

all conserved framework of the innate immune system in terms

of sequence homology, domain composition, receptor repertoire,

and core pathways. When sea urchin and other non-chordates are

used as references, some conservation can be reinterpreted as chor-

date innovation, including an expanded TNF system, a more com-

plex complement system, an expanded IRF family, and the like.

The expansion of innate receptors differentiates sea urchin

and amphioxus from vertebrates. Both sea urchin and amphi-

oxus exhibit expansion of TLR, NLR, and SR families, while am-

phioxus further expands CTL, LRRIG, LRR-only, C1q-like, ficolin-

like, and even genes containing complement-related domains

like CCP, CUB, and TSP1. Since sea urchin and amphioxus rep-

resent basal deuterostome lineages, it is possible that increased

innate diversity is the prevalent strategy in chordate ancestors.

However, in vertebrates, innate diversity apparently has been

reduced concurrently with the rise of the VAIS. A plausible hy-

pothesis for this transition is that somatically diversified recep-

tors may provide equivalent (or larger) recognition capacity and,

more importantly, may allow more plasticity for increasing de-

velopmental and morphological complexity during vertebrate

evolution (Pancer and Cooper 2006). Innate diversity may not be

comparable to the somatic diversity of the VAIS, but considering

that amphioxus is a small and apparently simple animal with a

short life span, high polymorphism, and high reproductive ca-

pacity, innate diversity at the population level may offset the

advantage of those somatic mechanisms.

The expansion of adapter-like TIR genes, TRAFs, initiator

caspases, and the DFD gene repertoire distinguishes amphioxus

from vertebrates. In a “funnel” model of signaling such as the

vertebrate BCR/TCR and perhaps the sea urchin TLR, the speci-
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ficity of downstream cellular responses for receptors arises in the

context of selective cellular expression of receptors (cell-type-

specific or clonal expression) (Rast et al. 2006). As in amphioxus,

since expansion occurs at both the receptor level and the adapter

level, it is possible that the specificity of downstream cellular

responses may be modulated at both levels through selective ex-

pression.

We have identified many novel domain combinations in

amphioxus NLRs, CTLs, SRs (data not shown), TIR proteins, DFD

proteins, and complement-related proteins. Although the verte-

brate immune system also contains many protein architectures

absent in amphioxus, this does not compare to the diversity and

complexity seen in amphioxus. By having analyzed the DFD

genes, we propose that an ongoing domain-reshuffling mecha-

nism may contribute to this increased complexity of immune

protein architectures. Since domain reshuffling can lead to

changes in the signaling network, it would be very interesting to

determine/examine whether an immune strategy for amphioxus

is to shape its immune gene repertoire by employing a dynamic

domain-reshuffling mechanism.

The expanded receptor and adapter repertoires and the in-

creased architectural variety produce extraordinary innate com-

plexity and diversity in amphioxus. It might seem like quite a

burden to dedicate about 1/10 of its genes (>5000 of 50,718 mod-

els) to host defense, but there is no question about the success of

this immune system, considering that amphioxus is widely dis-

tributed around the world and has been thriving for more than

500 million yr. Extensive experimentation is still required to

verify that these genes are functional and working together as a

system. Nevertheless, since its immune gene repertoire contains

myriad innovations and conservations, amphioxus is invaluable

for comparative immunological study.

Methods

The draft genome (release V1.0) of B. floridae and corresponding

analysis tools can be accessed at http://genome.jgi-psf.org/

Brafl1/Brafl1.home.html. The NCBI gene sets of human, mouse,

zebrafish, sea urchin, and D. melanogaster; the Gnomon-

predicted gene set of the sea urchin; and the trace archive of the

jawless vertebrate lamprey were all downloaded from the NCBI

FTP site.

Domain and gene identification were mainly performed

with the HMMER2.0 plus SMART data set (Letunic et al. 2004).

The RPSBLAST program and PFAM data set were also used in

some cases. For genes without conserved domains or sequences,

homology searches were performed with the BLASTALL program

combined with various known genes. For domain comparison

(Supplemental Table S1), the cutoff E-value was set to 0.01 to

achieve an upper bound of domain hits. For the analysis of pro-

tein architecture, the E-value was set to 1e�5 to acquire reliable

predictions. To search for the “missing” domains or to correct the

poorly predicted models (such as TLR with missing LRRs, NLR

with missing NACHT, DFD, or LRRs), the E-value was set to 10.

Intronic sequences and 20-kb genomic sequences flanking the

models were also examined for “missing” domains. Finally,

manual inspection was performed.

The novel protein architectures were validated by two

means. First, we searched for EST and cDNA evidence from the

NCBI B. floridae EST data set, as well as our EST data set and cDNA

cloning project of Chinese amphioxus (B. japonicum and B.

belcheri). Second, a novel architecture without cDNA evidence

was considered relatively reliable when it met the following three

criteria: (1) presence in multiple copies dispersed throughout the

genome; (2) a compact and neat exon structure; and (3) no other

uncaptured domains in its genomic vicinity. If not specified, the

novel domain combinations mentioned in the paper have been

verified by one of the abovementioned means.

Phylogenetic analysis was based on protein sequences (plus

5–10 extra amino acids flanking the domain) and performed as

described previously (Huang et al. 2005). Briefly, alignment was

produced with CLUSTAL V1.83, sequences of poor quality (di-

verged, frame shifts, large gaps, etc.) were reciprocally deleted,

and manual improvement was conducted with GENEDOC soft-

ware (using LogOdds score as criteria). Phylogenetic analyses us-

ing the Neighbor-Joining (NJ) and Minimum-Evolution (ME)

methods were performed with MEGA3.1 software (Kumar et al.

2004), with 1000 bootstrap tests, Poisson correction, and pair-

wise deletion of gaps. The obtained tree was improved by recip-

rocal deletion of diverged or unstable sequences. The major to-

pology of all trees was verified by using PHYLIP software (Maxi-

mum-Likelihood (ML) method, pairwise deletion, 100 bootstrap

tests, and Poisson correction). Here only bootstrapped consensus

ME trees were presented. All trees were unrooted trees.

Expression analysis was conducted with adult Chinese am-

phioxus. If not specified, real-time quantitative RT-PCR was used

for expression analysis with four tissues (skin, muscle, gut, and

gill). If not specified, immune challenge was carried out with a

cocktail of Vibrio vulnificus (G�), Staphylococcus aureus (G+), and

bacterial cell wall components lipopolysaccharide (LPS) and li-

poteichoic acid (LTA). The rationale and practice of these meth-

ods have been detailed in our previous studies (Yu et al. 2005;

Huang et al. 2007a,b; Yuan et al. 2007).
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