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The major histocompatibility complex (MHC)-mediated adaptive immune

system is the hallmark of gnathostome immune defence. Recent work suggests

that cod-like fishes (Gadidae) lack important components of the MHC class II

mediated immunity. Here, we report a putative independent loss of function-

ality of this pathway in another species, the pipefish Syngnathus typhle, that

belongs to a distantly related fish family (Syngnathidae). In a deep transcrip-

tome sequencing approach comprising several independent normalized and

non-normalized expressed sequence tag (EST) libraries with approximately

7.5 � 108 reads, sequenced with two next generation platforms (454 and Illu-

mina), we were unable to identify MHC class IIa/b genes as well as genes

encoding associated receptors. Along with the recent findings in cod, our

results suggest that immune systems of the Euteleosts may be more variable

than previously assumed.
1. Introduction
Given the ubiquitous abundance of parasites and pathogens [1], immune systems

are of crucial importance for any species. Parasite pressure has resulted in the

evolution of highly specific immune defence [2] that discriminates self from

potentially dangerous non-self. Innate immune defence components recognize

conserved pathogen-associated molecular patterns [3], but their repertoire

diversity is limited. Hence, an important evolutionary innovation unique to

gnathostomes ( jawed vertebrates) is the adaptive immune system along with

somatic diversification of receptors of the immunoglobulin family [4,5]. Foreign

peptides (epitopes) are recognized upon presentation to specialized lymphocytes

that requires the binding of epitopes to specialized receptor molecules, encoded

by major histocompatibility complex (MHC) class I and II genes. Whereas

MHC class I genes are expressed on all cells and present epitopes from within

the cells, class II genes are only expressed on specialized antigen-presenting

cells (APC) such as dendritic cells and macrophages. When APCs present

motifs of extracellular danger signals from pathogens to specialized T cells

(CD4þ-type) the MHC II mediated immunity is activated.

Given the core function of the MHC class II mediated pathway in gnathos-

tome immunity, it came as a surprise that members of the cod family lack MHC

class IIa and b genes, as well as several important genes of this immune path-

way [6]. Here, we report the absence of an MHC class II mediated immune

pathway in a member of another, phylogenetically distant fish, the pipefish
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Syngnathus typhle (Syngnathidae) based on deep transcrip-

tome sequencing, and compare the repertoire loss to the

cod-like fishes.
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2. Material and methods
(a) Study species
As a sex-role reversed fish, the pipefish S. typhle, is a widely

studied model species in evolutionary biology [7,8]. Females

lay eggs into the male brood pouch, where they are fertilized

and nourished [9]. Pipefish are exposed to bacterial and

metazoan pathogens in their coastal habitat [10,11]. Here, we

analysed pipefish from the Baltic Sea (Kiel Fjord) and from the

Adriatic Sea (Lagoon of Venice). At both sites, fish are continu-

ally exposed to commensal and pathogenic Vibrio strains [11].

We thus assume that, if present, the MHC class II pathway

would be activated. Individuals from Kiel Fjord were fed with

live Vibrio isolated from their environment in order to stimulate

their immune response. Individuals were killed with an overdose

of MS222. RNA extracts were prepared immediately from freshly

dissected organs.

(b) Molecular methods
Our evidence of absence of the MHC class II pathway is based on

three independent methodological approaches: (i) primer-

directed approaches using conserved portions of the MHC

class IIb-gene, (ii) preparation and sequencing of a normalized

cDNA library and (iii) ultra-high-throughput sequencing of

three non-normalized cDNA libraries using an Illumina

HiSeq2000 platform.

Using standard PCR-directed cloning and sequencing, we

focused on the MHC class IIb-gene via primer-directed

approaches with cDNA and gDNA as a template. Numerous

published and self-developed primer pairs were tested in regions

that are conserved across six acanthopterygian taxa according to

alignments (see the electronic supplementary material, tables S1

and S2). PCR products were characterized using standard

TA-cloning approaches and Sanger sequencing.

We performed deep-cDNA sequencing on a Roche 454 Titanium

(normalized EST library, pool of individuals from Adriatic

Sea/Baltic Sea) and on a Illumina Hi-Seq2000 platform (non-

normalized cDNA, electronic supplementary material, tables S3

and S4, fish only from Baltic Sea challenged with Vibrio). RNA

quality was checked on an Experion RNA analyser (Qiagen).

A normalized cDNA library was prepared (pool of five pipefish

individuals; pool of gill, liver, head kidney) by GATC (Constance),

and sequenced with Roche 454 FLX Titanium chemistry (526 491

reads after quality clipping). On an Illumina HiSeq-2000 platform,

we characterized the transcriptome to ultra-high coverage analysing

three independent libraries of above organs separately, each derived

from Vibrio-infected pipefish. In total approximately 750 million

paired-end reads were produced (see the electronic supplementary

material, table S3; Genbank accession no. SRP018381).

(c) Bioinformatic pipelines and analyses
The raw 454 reads were adaptor and quality-trimmed with

SEQCLEAN [12], and reads less than 50 bp were discarded, result-

ing in 468 126 reads (length 100–951 bp, mean 278 bp).

Illumina data were cleaned using SEQPREP and overlapping

read-pairs were merged. PRINSEQ [13] was used to maximize

read quality by discarding all reads with an undetermined

base content of greater than 10 per cent. Random subsamples

of merged reads obtained by Illumina-sequencing (length 50–

186 bp) were the basis of two hybrid assemblies. They contained

all 454 reads and either 107 subsampled reads of Vibrio-infected
pipefish gills, or 5 � 106 reads of each of the three tissues head

kidney, gills and liver. The assemblies conducted in MIRA3 [14]

produced 96 333 contigs for the 454-gill hybrid data, and 170 726

contigs for all three organ types. To estimate assembly quality,

we mapped reads against the contigs resulting from both de

novo hybrid assemblies of 454 data and Illumina reads (see the

electronic supplementary material, table S4) using the software

BOWTIE [15]. For annotation of gene models, the resulting contigs

from both de-novo assemblies were blasted (BLASTx) against the

non-redundant protein database from NCBI, using an e-value

cut-off of 1025. In the three-tissue assembly these were 106 154 of

a total of 170 726 contigs (62.18%).

As a second search strategy, we retrieved a number of cDNA

sequences of the most important MHC II pathway genes from

GenBank (see the electronic supplementary material, S1) which

were queried against all raw reads (approx. 750 Mio) obtained

here. We used tBLASTx with very high cut-off values (e-value¼

100). For every target gene, we collected the 5000 best hits, which

were then annotated using tBLASTx (e-value 1 � 1025) against

NCBI non-redundant protein database.

To validate our approach (assembly þ tBLASTx), we spiked

the pipefish read data with short (101 bp) MHC II fragments

derived from three-spined sticklebacks (Gasterosteus aculeatus)

and seahorse (Hippocampus abdominalis), and found successful

recovery (details in the electronic supplementary material, S2).
3. Results and discussion
The initial purpose of our study was to characterize a putative

standard MHC-based immune system of a teleost species

with sex-role reversal, the broad-nosed pipefish S. typhle.
With primer-directed cloning and sequencing approaches,

no gene fragment could be identified that even distantly

resembled MHC class IIb. We subsequently performed deep

transcriptome sequencing of pathogen-challenged pipefish

individuals, where we failed to detect genes crucial for the

MHC class II mediated adaptive immune pathways (table 1).

Most notable is the absence of genes encoding the MHC class

IIa and b chain, as well as the CD4þ receptor. By contrast, all

genes important for the MHC class I pathway were present,

in particular MHC I, b-2 microglobulin, TAP1 and 2 and the

complete complement cascade (table 1). Further, several

chemokine genes and associated receptors, interferones and

interleukins were identified (table 1).

While the absence of genes directly encoding MHC class II

molecules was similar to the situation in cod [6], the receptor

encoding gene (CD8b), which is involved in MHC I recognition

via the T-cell receptor (TCR) was absent in pipefish but not cod

(table 1). Note that CD8b is not mandatory for a MHC I mediated

immune response, as CD8a molecules may function as a homo-

dimer [16]. The antigen recognizing TCR g was also absent.

Because the majority of TCRs consist of a/b-heterodimers,

functionality of the TCR is still likely [17].

As opposed to cod, where the CD4þ-receptor was trun-

cated and non-functional, this gene could not be identified

among pipefish transcripts. For the invariant-chain gene, our

annotation returned two contigs that aligned almost perfectly

to each other, suggesting the same transcript. When translated

into the appropriate amino acid sequence, the putative gene

model revealed a stop codon approximately 20 amino acid

distant from the 30-end of the gene in other teleosts (see the

electronic supplementary material, table S7), suggesting a trun-

cated and non-functional invariant-chain gene. However, the

invariant chain also binds to MHC class I molecules [18].



Table 1. Immune gene repertoire of broad-nosed pipefish, Syngnathus typhle. The immune gene repertoire is compared with cod [6]. The last column indicates
how the transcript was identified, either via contig annotation, or via reciprocal best tBLASTx using teleost queries to the S. typhle database (see the electronic
supplementary material, S1 and S2; see §2 for details). The results of the tBLASTx search are presented in the electronic supplementary materials, tables S5 and S6.

gene abbreviation pathway pipefish, this study cod identification

MHC I MHC I yes yes contig annot

B2-microglobulin MHC I yes yes contig annot

TAP1 MHC I yes yes contig annot

TAP2 MHC I yes yes contig annot

Tapasin MHC I yes yes contig annot

PSME1 MHC I yes yes contig annot

PSME2 MHC I yes yes contig annot

PSME3 MHC I yes yes contig annot

PSMB1 MHC I yes yes contig annot

PSMB2 MHC I yes yes contig annot

PSMB3 MHC I yes yes contig annot

PSMB4 MHC I yes yes contig annot

PSMB5 MHC I yes yes contig annot

PSMB6 MHC I yes yes contig annot

PSMB7 MHC I yes yes contig annot

PSMB8 MHC I yes yes tBLASTx

PSMB9 MHC I yes yes tBLASTx

PSMB10 MHC I yes yes tBLASTx

GranzymeB MHC I yes yes contig annot

Perforin MHC I yes yes contig annot

FasL MHC I yes yes contig annot

Fas MHC I yes yes contig annot

Erap1 MHC I yes yes contig annot

Erap2 MHC I yes yes contig annot

Irap MHC I yes yes contig annot

UNC93B MHC I yes yes contig annot

RFXANK MHC II yes yes contig annot

RFXAP MHC II yes yes contig annot

RFX5 MHC II yes yes contig annot

RFX7 MHC II yes yes contig annot

CIITA MHC II no yes n.a.

MHC II alpha MHC II no no n.a.

MHC II beta MHC II no no n.a.

invariant chain MHC II not functional no contig annot

CD3e T-cell receptors yes yes contig annot

CD8a T-cell receptors yes yes contig annot

CD8b T-cell receptors no yes n.a.

CD4 T-cell receptors no truncated n.a.

CD3 zeta T-cell receptors yes yes contig annot

CD3g/d T-cell receptors yes yes contig annot

TCR alpha T-cell receptors yes yes contig annot

TCR beta T-cell receptors yes yes contig annot

TCR gamma T-cell receptors no yes n.a.

AIRE T-cell receptors yes yes tBLASTx

(Continued.)
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Table 1. (Continued.)

gene abbreviation pathway pipefish, this study cod identification

AICDA T-cell receptors yes yes contig annot

RAG1 T-cell receptors yes yes contig annot

RAG2 T-cell receptors yes yes tBLASTx

IL1B interleukins and interferons yes yes contig annot

IL6ST interleukins and interferons yes yes contig annot

IL8 interleukins and interferons yes yes contig annot

IL10 interleukins and interferons yes yes contig annot

IL12B interleukins and interferons yes yes tBLASTx

IL15 interleukins and interferons yes yes contig annot

IL17D interleukins and interferons yes yes contig annot

IL17A F1 interleukins and interferons yes yes tBLASTx

IL22 interleukins and interferons yes yes contig annot

IL2RG interleukins and interferons yes yes contig annot

IL2RB Interleukins and interferons yes yes contig annot

IL4RA interleukins and interferons yes yes contig annot

IL8RB-Like interleukins and interferons yes yes contig annot

IL12RB2 interleukins and interferons yes yes contig annot

IL17RA interleukins and interferons yes yes contig annot

IL17RD interleukins and interferons yes yes contig annot

FOXP3 interleukins and interferons yes yes tBLASTx

TNFa interleukins and interferons yes yes contig annot

TGFB interleukins and interferons yes yes contig annot

IFNG interleukins and interferons yes yes contig annot

IPS1 interleukins and interferons yes yes contig annot

IKKG interleukins and interferons yes yes contig annot

MYD88 interleukins and interferons yes yes contig annot

C1qT4 complement cascade yes yes tBLASTx

C1qT5 complement cascade yes yes contig annot

C3 complement cascade yes yes contig annot

C4 complement cascade yes yes tBLASTx

C5 complement cascade yes yes contig annot

C6 complement cascade yes yes contig annot

C7 complement cascade yes yes contig annot

C8 complement cascade yes yes contig annot

C9 complement cascade yes yes contig annot

IgM B cells and APC’s yes yes contig annot

Igb B cells and APC’s yes yes contig annot

IgD B cells and APC’s yes yes contig annot

PTPRC B cells and APC’s yes yes contig annot

CD79A B cells and APC’s yes yes contig annot

CD79B B cells and APC’s yes yes contig annot

CD226 B cells and APC’s yes yes tBLASTx

CD40L B cells and APC’s yes yes contig annot

CD40 B cells and APC’s yes yes contig annot

BLNK B cells and APC’s yes yes contig annot

(Continued.)
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Table 1. (Continued.)

gene abbreviation pathway pipefish, this study cod identification

IGBP1 B cells and APC’s yes yes contig annot

CXCR2 chemokines and receptors yes yes contig annot

CXCR3 chemokines and receptors yes yes contig annot

CXCR4 chemokines and receptors yes yes contig annot

CCR5 chemokines and receptors yes yes contig annot

CCR6 chemokines and receptors yes yes contig annot

CCR7 chemokines and receptors yes yes contig annot

CCR9 chemokines and receptors yes yes contig annot
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Thus, even if the identified transcript was functional, this

would not provide conclusive evidence for the presence of

MHC class II molecules in pipefish.

In our study, we have only captured transcribed genes

and not analysed the genome. It is, therefore, possible that

too few APCs carrying MHC class II molecules were present

in our RNA preparations. This is unlikely, because all indi-

viduals were immune challenged with Vibrio bacteria, the

examined tissues harbour specialized cells involved in the

MHC class II pathway, and express MHC class II genes

[19]. Second, we identified receptors that are uniquely

expressed on specialized immune cells such as RAG1 and

RAG2 demonstrating that these cell types were present [20].

It was reported earlier that seahorses and pipefish lack

spleen and gut associated lymphatic tissue [21] and thus pos-

sess no morphologically detectable organ where T cells can

reside and proliferate [22]. Syngnathidae are thus supposed

to suffer immune deficiency owing to secondary reduction

of the adaptive immune system [21]. Nevertheless, among

the Syngnathidae, seahorses (Hippocampus abdominalis) are

reported to possess a single functional MHC class IIb-gene

locus [23] which is, however, divergent in terms of nucleotide

sequences from all other Acanthopterygii, in particular in

the second exon that codes for the peptide binding region

(see the electronic supplementary materials, table S2).

Because the Syngnathus genus diverged from the general

Syngnathidae lineage 34 Ma [24], we postulate that the
major immune system modification occurred during the

cladogenesis of genus Syngnathus.

All cod-like fishes examined thus far seem to lack the MHC

class II pathway [6], a trait previously thought to be a key inno-

vation for vertebrate success. The families Syngnathidae and

Gadidae are only distantly related and reciprocally monophy-

letic [25,26], and fish orders that are phylogenetically younger

than Syngnathidae possess MHC class II-genes (e.g. many

Percomorpha—perch-like fishes). Hence, the absence of the

MHC class II pathway in Syngnathus can only be explained as

a secondary loss independent of (i.e. parallel to) that of cod-

like fishes. In the Gadidae, it was speculated that habitat with

few pathogens may have facilitated a loss of the MHC class II

pathway. Given the ubiquity of macroparasites [10] and micro-

parasites [11] infecting Syngnathus species in shallow coastal

waters, this explanation is unlikely to apply. This suggests that

different selection pressures may result in a functional loss of

MHC II mediated adaptive immunity. Moreover, the evolutionary

flexibility in the organization of the vertebrate adaptive immune

system seems to be higher than previously suggested [27].

Animal experiments were conducted under permission V312-
72241.121-19.
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SPP1399) to T.B.H.R. We thank Louis Du Pasquier for helpful com-
ments and Katrin Beining for laboratory support.
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