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Summary
End sequencing of random BAC clones from a Hydractinia symbiolongicarpus (Cnidaria:
Hydrozoa) genomic library revealed a gene across a �37.5 kb region of the H. symbio-
longicarpus genome sharing highest sequence identity and domain architecture to
mammalian polydom that we in turn named cnidarian polydom (CnPolydom). Sharing all
eight domain types characteristic of polydom and organized in a similar 50–30 manner,
CnPolydom was predicted to contain three additional domain types: PAN, FA58C, and
CUB that are characteristic of CnPolydom. Expression analysis of CnPolydom from
H. symbiolongicarpus (Hysy-CnPolydom) showed upregulation in response to bacterial and
primarily fungal challenges, with transcripts produced specifically by a subset of
interstitial stem cells (i-cells) and/or neural cells throughout the ectodermal tissue layer
of feeding polyps (gastrozooids). This is the first description of a polydom-like molecule
outside of Mammalia and provides evolutionary perspective on the ancestral structure and
role of this pentraxin family clade.
Published by Elsevier Ltd.
ed by Elsevier Ltd.
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Introduction

It has become increasingly clear that members of the
ancestral animal phylum Cnidaria have evolved surprisingly
complex genomes and provide novel insights into the extent
of genetic conservation and divergence across the metazoan
lineages [1–3]. Thus, we can gain comparative insight into
the evolution of animal immune systems, and the individual
building blocks from which they are comprised, by assessing
olecules: Identification and characterization of cnidarian polydom
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the repertoire of immune genes in these ancestral animals
having a true tissue level of organization (Eumetazoa).
Within the Cnidaria, class Anthozoa and Hydrozoa are the
most ancestral of the four currently recognized classes
[4,5]. Genes encoding immune-related molecules from
members of the Hydrozoa and Anthozoa are recent targets
of research to assemble the complexity of basal eumetazoan
immune components [6], and the hydrozoan Hydractinia has
proven an effective study organism in this pursuit [7–9].
These colonial cnidarians typically grow as an encrustation
on gastropod shells occupied by hermit crabs and are
comprised of many polyps, including gastrozooids (feeding
polyps) and gonozooids (reproductive polyps), that are
interconnected via a gastrovascular system of stolons
embedded in a stolonal mat [10,11]. Hydractinia are
diploblastic, having an ectodermal and endodermal cell
layer separated by an acellular mesoglea. Being the most
basal eumetazoans, hydrozoans have true tissue level
organization and three stem cell lineages from which all of
their differentiated cell types arise: ectodermal, endoder-
mal, and interstitial stem cells [12,13]. Hydractinia have
become a model, colonial hydrozoan representative of
Cnidaria for developmental, reproductive, and immunologi-
cal research [11].

Cnidarian immune research is beginning to reveal novel
immune-related genes in cnidarians [9], in addition to genes
that are well conserved through higher metazoan taxa. Such
conserved immune-related components include a comple-
ment 3-like gene described from the anthozoan coral Swiftia
exserta [14], known to be central to the opsonic function of
the complement system in vertebrates, and in both
Hydrozoa and Anthozoa conserved genes containing mem-
brane attack complex/perforin (MAC/PF) domain have been
reported [6]. In addition, many components of the Toll/TLR
pathway have been identified in both Anthozoa [15] and
Hydrozoa [6,16], including transmembrane receptors en-
coding toll/interleukin 1 receptor (TIR) domains (Hydrozoa
and Anthozoa) and multiple leucine rich repeat (LRR)
domains (Anthozoa only), intracellular signaling cascade
components including MyD88 genes containing the func-
tional DEATH domain, and transcription factors of the Rel/
NF-kB and NFAT gene family that initiate effector genes such
as antimicrobial peptides. Lacking in many of these studies,
however, is assessment of the immunologic relevance of
these genes within the Cnidaria.

Pentraxin molecules are a well characterized family of
immune components known for their highly conserved
structural motif, the pentraxin domain, and for their
function as recognition and effector molecules in the innate
immune responses of both vertebrates and invertebrates
(reviewed in [17,18]). One group of pentraxin molecules
includes C-reactive protein (CRP) and serum amyloid P
component (SAP), the prototypical short pentraxin proteins
of the acute-phase response classically described in mam-
mals and known to bind a variety of microorganisms
including fungi, yeast, and bacteria [19,20], as well as
common membrane moieties including phosphorylcholine,
phosphorylethanolamine, and lipopolysaccharide (LPS)
[21–24]. These proteins polymerize and have direct opsonic
and complement activation ability [25,26]. A diverse
repertoire of CRP-like and SAP-like short pentraxin mole-
cules having similar antimicrobial roles in the hemolymph of
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like
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three horseshoe crab taxa have also been well studied
[27–29]. A second group of pentraxins, known as the long
pentraxins, was first identified with the cloning of human
pentraxin 3 (PTX3) [30]. PTX3 is also an acute phase protein
and has been linked most importantly to its role in mediating
fungal recognition and phagocytosis [31,32].

A new member of the pentraxin family has been recently
described from mammals, but its function and the extent of
its evolutionary conservation in other taxa is unknown.
Polydom was first identified and described by Gilgès et al. in
2000 from mouse [33]. Polydom was originally amplified
from total RNA of a murine haematopoiesis-sustaining bone
marrow stromal cell line (MS-5) using degenerate EGF
domain-specific primers [33]. The full-length mouse mRNA
encodes a 3567aa protein predicted to include a novel
combination of domains including an N-terminal von Will-
ebrand factor A (VWA) domain, 2 hyalin repeat domains
(HYR), 10 epidermal growth factor repeats (EGF), 34
complement control protein (CCP) domains, and a single
pentraxin domain (PTX) at its core, making polydom a
member of the pentraxin family of lectins. Based on this
domain composition, polydom has recently been given the
additional name SVEP1 for sushi, von Willebrand factor A,
epidermal growth factor, pentraxin molecule 1 [34].

Though largely unknown, data on polydom are helping to
elucidate potential functional roles of the polydom protein
in humans and mice. Polydom expression has been shown in
several tissue types including skeletal tissues (bone and
periosteum) of human and mouse, with protein expression
demonstrated on the surface of human stromal cells
(osteoblasts) where they act as cell adhesion molecules
(CAMs) [34]. Several studies have shown one important
location of polydom expression is in the placenta of human
and mouse. In human, the transcript level of polydom from
basal plate tissue of the placenta, where allogeneic
interaction occurs between maternal and fetal cells, more
than doubles once a pregnancy comes to term (37–40 weeks)
compared to polydom levels during pregnancy (14–24
weeks) [35]. Although placental expression of polydom has
been shown to be substantial in these mammals, polydom-
like sequences are also predicted from non-placental
vertebrate taxa including chicken and zebrafish, as well as
invertebrate taxa, suggesting the placental role for polydom
is a derived function in mammals.

Using a Hydractinia symbiolongicarpus BAC library to
randomly examine their genome for unknown genes of
potential immunologic relevance, we identified a modular
gene comprised of many domain types known for their
association with immune molecules including: VWA, EGF,
CCP, PTX, PAN, FA58C, and CUB domains. Using primers
designed from the genomic sequence we performed RT-PCR
and amplified partial cDNAs to confirm transcription of this
gene from H. symbiolongicarpus and its sister species
Hydractinia echinata, and have determined the encoded
gene’s exon-intron structure within the H. symbiolongicar-
pus genome according to the corresponding cloned cDNA and
predicted ORFs. The expressed gene, comprised of 12
distinct domain types, shared highest identity to the
polydom gene from human (E ¼ 1e�99; EMBL CAH74139)
and we have in turn named it cnidarian polydom (CnPoly-
dom), and identify the gene from H. symbiolongicarpus and
H. echinata as Hysy-CnPolydom and Hyec-CnPolydom,
molecules: Identification and characterization of cnidarian polydom
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respectively. In this paper we report on the characterization
of CnPolydom from the basal eumetazoan phylum Cnidaria,
and provide the first description of a polydom-like gene from
a non-vertebrate organism with immune relevance that is
highly conserved in architecture across the Eumetazoa.

Materials and methods

Animal cultures

Mature colonies of H. symbiolongicarpus used in this study
were isolated from gastropod shells occupied by hermit
crabs collected at the Atlantic Ocean intertidal zone along
the Connecticut and Massachusetts shoreline of the North-
eastern United States. Mature colonies of H. echinata were
collected from hermit crab-occupied gastropod shells out of
the North Sea off the northwestern coast of Germany.
Colonies were maintained in the laboratory by establishing
explants on glass microscope slides and growing them in
aquaria filled with artificial seawater (Coralife) at 31–33%
salinity and �16 1C temperature. Colonies were removed
from aquaria for feeding with brine shrimp (Artemia salina)
nauplii three times a week and concurrent �15% water
volume replacement of aquarium water.

BAC library clone identification, isolation, and
genomic sequencing

Construction of the H. symbiolongicarpus bacterial artificial
chromosome (BAC) library, generated by Amplicon Express
(Pullman, WA), has been described in detail previously [9].
The male individual used as source tissue for construction of
the BAC library, 4117-2, was derived from a H. symbiolongi-
carpus inbreeding program [36,37]. Random end sequencing
of BAC clones was performed as a screening process for
genes of interest. Individual BAC clones were streaked on LB
agar chloramphenicol selective plates (20 mg/ml) and single
colony isolates were picked and grown overnight in 5ml of
LB chloramphenicol selective broth (20 mg/ml). DNA was
isolated from overnight cultures using the PSICClone BAC
DNA Kit (Princeton Separations, Inc.; Adelphia, NJ). Sequen-
cing reactions were performed on the purified DNA using
BigDye Terminator enzyme v1.1 (Applied Biosystems) using
the SP6 and T7 priming regions on either side of the BAC
insert site, and sequences were run in an ABI Prism 377 DNA
Sequencer (Applied Biosystems). Sequence from the SP6
priming site in BAC clone 84O10 revealed a 203 bp ORF with
highest identity to a portion of the pentraxin domain from a
predicted polydom mRNA in the Rattus norvegicus genome
(XM_232929; E ¼ 1e�16). Primers were designed from this
sequence to amplify a 414 bp pentraxin domain fragment
(F: 50-CCTCCTCCTTTTCCCAATTCACA-30, R: 50-TGCAAAATCT-
GACCAAGCAACAA-30) from BAC clone 84O10 gDNA and the
product was purified from agarose gel using QIAquicks gel
extraction kit (Qiagen; Valencia, CA; USA). The pentraxin
amplicon was labeled with digoxigenin (DIG)–dUTP through
random priming (Roche Diagnostics; Indianapolis, IN; USA)
and used in a hybridization screen of 18,432 clones from the
BAC library spotted on nylon membrane (plates HHS1-48;
�25% of the entire BAC library), revealing nine additional
clones positive for pentraxin: 2N9, 23A3, 8D21, 16A3, 20P23,
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like m
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25D24, 28B6, 34I17, and 41D2. BAC clone 2N9 was chosen
for shotgun sequencing, performed by Amplicon Express.
This involved random shearing of purified BAC clone
DNA using the ‘‘hydroshear’’ method, subcloning DNA
fragments into plasmid vector pPCRSCRIPT, and sequencing
plasmid clone inserts to generate �4.5� sequence cover-
age. The preliminary shotgun assembly into contigs was
performed using the automated sequence trimming and
assembly software packages PHRED and PHRAP [38,39]
and the assembly viewer software Consed/Autofinish [40]
(http://www.phrap.org/). Gaps in the insert sequence
were filled by designing primers �100 bps from the ends of
contigs and performing sequencing reactions on BAC clone
2N9 template to walk the genome until contigs could be
joined.

Sequence analysis and cloning of CnPolydom

Protein motifs within ORFs of the genomic sequence
were predicted by conducting searches against the
Prosite (http://www.expasy.org/prosite/) [41], InterPro
(http://www.ebi.ac.uk/InterProScan/) [42], Simple Modular
Architecture Research Tool (SMART, http://smart.embl-
heidelberg.de/) [43,44], and protein families (Pfam;
http://www.sanger.ac.uk/Software/Pfam/) [45] databases.
Primers designed from ORFs of the genomic sequence
predicted to encode distinct protein domains were used in
reverse transcription polymerase chain reaction (Access
RT-PCR system kit; Promega, Madison, WI, USA) to amplify
CnPolydom cDNA from total RNA isolated using TRIzols

reagent (Invitrogen, Carlsbad, CA, USA). Two regions of the
H. symbiolongicarpus CnPolydom message were isolated and
cloned in this way. A 1656 bp cDNA from the 50 region of
the gene was amplified using a forward primer from the
VWA domain (50-CAGGAAGCATGGTTTCTACTGGC-30) and
reverse primer from the pentraxin domain (50-GATGGTGA-
AACTCTTGACTGAAATG-30). A 3366 bp cDNA from the C-term-
inal region of the gene was amplified using a forward
EGF domain primer (50-GCTATTGTGCTTCAAAACCATG-30)
and a reverse CUB domain primer (50-GCGTGACTTGAAT-
AAGCCAGTG-30). RT-PCR using CnPolydom pentraxin domain
primers designed from the H. symbiolongicarpus sequence
(F: 50-CATTTCAGTCAAGAGTTTCACC-30 and R: 50-GCCTAT-
ATCGTGATGACATGATG-30) were also used to amplify the
pentraxin domain cDNA from H. echinata. cDNA fragments
were purified from agarose gel using QIAquicks gel extrac-
tion kit (Qiagen) and cloned using pGEM-T Easy vector
system (Promega). Plasmid inserts were sequenced using
BigDye Terminator v1.1 in an ABI Prism 3100 genetic
analyzer (Applied Biosystems).

Sequence and phylogenetic analyses

Database queries using nucleotide and protein translations
of CnPolydom were performed with basic local alignment
search tool (BLAST) algorithm [46] through the National
Center for Biotechnology Information server (NCBI, http://
www.ncbi.nlm.nih.gov) as well as cnidarian specific se-
quence collections at CnidBase (http://cnidbase.bu.edu/)
[47] and compagen (www.compagen.org) to identify other
sequences containing pentraxin domains and to identify
olecules: Identification and characterization of cnidarian polydom
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sequences sharing similar domain architecture with CnPoly-
dom. Sequences were retrieved and translated to amino
acid if necessary using the Translate tool through the Expert
Protein Analysis System (ExPASy) proteomics server (http://
ca.expasy.org). Amino acid sequence regions corresponding
to pentraxin domains were identified and isolated from
each retrieved sequence using SMART (http://smart.embl-
heidelberg.de/) [43,44] prior to alignment using the protein
multiple sequence alignment software (MUSCLE) [48].
Phylogeny reconstruction of pentraxin domains was per-
formed on the MUSCLE alignments using MEGA version 4 [49]
with the distance-based method of minimum evolution (ME)
and neighbor joining (NJ), in addition to maximum parsi-
mony (MP) method. Bootstrap statistical tests of robustness
were performed on the inferred phylogenies.

Protein translations of polydom sequences identified from
public sequence databases were annotated via SMART using
profile hidden Markov model searches for protein domains
and families against the following databases: SMART [43,44],
research collaboratory for structural bioinformatics protein
data bank [50] (RCSB PDB; http://www.pdb.org/), structur-
al classification of proteins [51] (SCOP v1.71; http://
scop.mrc-lmb.cam.ac.uk/scop/), protein families [45] Pfam
v21.0; http://www.sanger.ac.uk/Software/Pfam/), and Sig-
nalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) for
signal peptides.
Southern blotting

Genomic DNA for Southern hybridization analysis was
isolated from 2 to 3 day fasted H. symbiolongicarpus
colonies using a teflon pestle to grind the tissue in
homogenization buffer (100mM Tris–HCl pH8.0; 100mM
NaCl; 200mM sucrose; 50mM EDTA; 0.5% SDS) along with
2.5mg of RNase A (Sigma-Aldrich, St. Louis, MO, USA) to
degrade contaminating RNA. Samples were incubated at
37 1C for 1 h with occasional inversions to mix. Nuclease-free
proteinase K (Sigma-Aldrich) was added (50 mg) and samples
were left at 55 1C for �3 h with occasional inversion to
complete cell lysis. High molecular weight gDNA was
extracted from the dissolved tissue using phenol, phenol:-
chloroform:isoamyl alcohol (25:24:1), and chloroform treat-
ments, with 3min spins at 5000g for phase separation. The
final aqueous phase was treated with 100% isopropyl
alcohol+1/10 volume 3M sodium acetate, centrifuged at
5000g for 5min, and the resulting DNA pellet was washed
twice in 70% ethyl alcohol followed by 3-min spins at 5000g.
Pellets were air-dried and resuspended overnight on a
rotator in nuclease-free water (Sigma-Aldrich) at 4 1C.

Twenty microgram samples of gDNA isolated from colony
WH06, WH46, and 35B were digested overnight at 37 1C using
30 units of restriction enzyme (BamHI, EcoRI, PstI; Promega)
brought to 50 ml total volume with appropriate restriction
buffer and nuclease-free water (Sigma-Aldrich) if necessary,
followed by heat inactivation of the enzyme at 65 1C for
20min. gDNA digests were subjected to electrophoresis
overnight through 0.9% agarose gel using TBE running buffer,
stained with ethidium bromide to visualize the quality of the
digest run, then destained in TBE. The gel was soaked in
denaturing solution (0.5N NaOH+1.5M NaCl) for 30min,
followed by a rinse in sterile water, then soaked in
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like
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neutralizing solution (1M Tris–HCl, pH8.0; 1.5M NaCl) for
30min before a 12 h transfer to positively charged Immobi-
lon-NY+membrane (Millipore; Bedford, MA; USA) using
upward capillary transfer in 20� SSC buffer. Nylon mem-
branes were dried completely before crosslinking DNA using
UV light (20,000 mJ/cm2).

A plasmid containing a 1060 bp Hysy-CnPolydom cDNA
insert was used as template in polymerase chain reaction
(PCR) to amplify a cDNA fragment 297 bps in length with
primers designed from the first open reading frame of
the pentraxin domain of Hysy-CnPolydom (CnPTXORF1.3s:
50-CATTTCAGTCAAGAGTTTCACC-30 and CnPTXORF1as: 50-AA-
GCCATCCATATACCATCAGC-30). The PCR product was sepa-
rated in agarose gel by electrophoresis before extraction
and purification using a QIAquicks spin column (Qiagen).
One microgram of this purified cDNA product was labeled for
20 h with digoxigenin-11-dUTP (DIG-high prime) according to
the random primed labeling technique as per manufac-
turer’s protocol (Roche Diagnostics). Nylon membranes were
prehybridized at 65 1C for 2 h in 5� SSC (3M sodium
chloride, 0.3M sodium citrate, pH 7.0), 0.1% N-lauroylsar-
cosine, 0.02% SDS and 1% blocking reagent (Roche Diagno-
sitics) before adding the DIG-labeled DNA probe (�780 ng)
and hybridizing 12–16 h under high stringency conditions at
65 1C. Post-hybridization membrane washing was conducted
twice under low stringency at ambient temperature in
2� SSC, 0.1% SDS and twice under high stringency at 65 1C in
0.5� SSC, 0.1% SDS. Chemiluminescent detection was
carried out using alkaline phosphatase-conjugated anti-DIG
antibody and CSPD alkaline phosphatase substrate (Roche
Diagnostics) according to manufacturer’s guidelines and
exposed to Biomax ML imaging film (Eastman Kodak,
Rochester, NY).
Immune challenge and Hysy-CnPolydom
quantification by semi-quantitative RT-PCR

Overnight liquid cultures of Bacillus subtilis, Vibrio sp., and
Saccharomyces cerevisiae were grown and the live cells
were pelleted and resuspended in 50ml of filter sterilized
(.22 mm) artificial seawater (31%) at the following densities
as quantified using a hemocytometer for two experimental
replicates: 2.46� 109 and 7.00� 107 cells/ml for S. cerevi-
siae, 7.78� 109 and 1.05� 109 cells/ml for Vibrio sp., and
4.86� 1010 and 1.045� 109 cells/ml for B. subtilis. Sub-
cloned colonies from two H. symbiolongicarpus individuals,
12B for replicate 1 and 35B for replicate 2, were established
and cultured on glass slides in artificial seawater for six time
points for each of the three microorganism types in addition
to two subcloned colonies for non-challenged controls.
These colonies were fasted for 4–5 days before being
transferred to 50ml tubes in sterile artificial seawater and
exposed to 1ml of a resuspended microorganism culture for
1 h, or left unexposed to any microorganism as control. At
the end of the hour, colonies were transferred to fresh
containers of filter sterilized artificial seawater prior to
temporal RNA extractions at 0, 1, 3, 6, 18, and 48 h post-
exposure.

Total RNA was extracted using TRIzols reagent (Invitro-
gen) as per manufacturers instruction, precipitated using 1
part 0.8M sodium citrate, 1.2M sodium chloride to 1 part
molecules: Identification and characterization of cnidarian polydom
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100% isopropyl alcohol, and resuspended in nuclease-free
water (Sigma-Aldrich). First-strand cDNA was then synthe-
sized for each sample using 2.5 mg of total RNA (Amersham
Biosciences, Little Chalfont Buckinghamshire, England)
according to manufacturer’s protocol, from which 1:10
dilutions were used as starting template in PCR amplifica-
tion. Optimal cycling conditions for primer sets used to
amplify the pentraxin domain (F: 50-CATTTCAGTCAA-
GAGTTTCACC-30, R: 50-GCCTATATCGTGATGACATGATG-30)
from CnPolydom and for b-actin (F: 50-GACAATGGATCTGG-
TATGTGC-30, R: 50-GATGGCAACATACATAGCAGG-30) were em-
pirically determined for 20 ml volume reactions overlaid with
mineral oil, from which 10 ml of PCR product were loaded
into 2% agarose gel stained with ethidium bromide. Once
optimal primer cycling conditions were established for each
primer set, these conditions were maintained for all
subsequent amplifications. PCR amplification for each 1:10
cDNA dilution sample was optimized to occur just below
saturation for target (CnPolydom) and control (b-actin)
primer sets by adjusting the template volume, such that
starting template quantity was equal for target and control
PCR amplification. Both primer sets span intronic regions
within their target genes, therefore any gDNA contamina-
tion present in starting template will not affect interpreta-
tion of the cDNA amplicons. Amplicon intensities of Hysy-
CnPolydom were automatically quantified from each sam-
ple, equilibrated to b-actin from the same sample, using
Kodak Molecular Imaging Software v. 4.0.3. Relative in-
tensities (i.e. change in expression level after immune
challenge) were determined by subtracting the equilibrated
intensity of non-challenged Hysy-CnPolydom amplicons from
post-challenge Hysy-CnPolydom amplicons.
In situ hybridization

A 523 bp cDNA was amplified from Hysy-CnPolydom (using
the same primers targeting the pentraxin domain as
described above for semi-quantitative PCR) and cloned into
pGEM-T Easy vector (Promega) from which sense and
antisense digoxigenin (DIG)-labeled RNA probes were gen-
erated using a DIG RNA labeling kit (Roche Diagnostics) by in
vitro transcription with SP6 and T7 RNA polymerase
according to the manufacturer’s protocol. A second set
of primers were designed from Hysy-CnPolydom to amplify
a 326 bp cDNA from the coagulation factor 5/8 domain
(F: 50-CTAGCAAGGCTCTATTCAACACC-30, R: 50-CGTCTGCTT-
CTACTGTCGTGTCGG-30) that was similarly used to generate
riboprobes. Whole mount in situ hybridizations were
performed based on [52] and as described previously [9].
Hybridized specimens were prepared for sectioning by
embedding the tissue in 1% agarose/0.85% NaCl dissolved
in phosphate buffered saline (PBS) followed with consecu-
tive washes to replace the saline solution with alcohol:
0.85% NaCl saline solution for 30min at 4 1C, 1:1 saline/100%
EtOH for 15min at room temperature (rt), 70% EtOH� 2 for
15min each at rt, 85% EtOH for 30min at rt, 95% EtOH for
30min at rt, 100% EtOH� 2 for 30min each at rt, 100%
xylene� 2 for 30min each at rt, 1:1 100% xylene/paraffin for
45min at 60 1C, 100% paraffin� 3 for 20min at 60 1C.
Specimens were embedded in the third paraffin wash and
allowed to solidify at 4 1C overnight. Specimens were
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like m
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sectioned to 12 mm using a Microm HM325 microtome and
mounted in euparol mounting resin (BioQuip Products, Inc.,
Rancho Dominguez, CA) for microscopic analysis. Mounted
specimens were examined using differential interference
contrast (DIC) transmitted light microscopy with a Zeiss
Axioskop2 mot plus microscope and images were taken using
a Zeiss AxioCam HRc digital camera and AxioVision (release
4.5) imaging software.

GenBank accession numbers

The 78.8 kb sequence fragment encoding the Hysy-CnPoly-
dom gene obtained via shotgun sequencing of H. symbio-
longicarpus BAC clone 2N9 has been annotated and
cataloged in GenBank under EF566888. H. symbiolongicar-
pus cDNA sequence and predicted protein translation
information presented here for CnPolydom has been
deposited to GenBank under EF566886. Nucleotide and
protein translation sequence for the pentraxin domain of
Hyec-CnPolydom isolated from sister species H. echinata,
has been deposited to GenBank under EF566887.

Results

Identification of cnidarian polydom

Random end sequencing of H. symbiolongicarpus genomic
BAC clones was performed to examine their genome in an
unbiased way for genes of potential immunologic relevance.
In this manner a sequence was identified and predicted to
encode an entire 209aa pentraxin domain with highest
identity to vertebrate polydom pentraxins (43% identity to
Gallus gallus predicted protein similar to polydom;
XP_424917; E ¼ 8e�42). Pentraxin molecules are well
known for their role in immune responses of both inverte-
brates and vertebrates. We therefore pursued sequencing
this region of the genome and quickly found the pentraxin
domain, encoded by two ORFs, was in close proximity to
other ORFs in the genome encoding additional predicted
ligand binding domains, including a PAN 1 and a coagulation
factor 5/8 C-terminal (FA58C) domain, as well as EGF
domains. Pentraxin molecules contain a single pentraxin
domain and are not typically associated with additional
domain types. Only two molecules from the pentraxin family
have been described as exceptions: (1) polydom from mouse
and human [33], which contains 7 domain types associated
with a single pentraxin domain and (2) the pentraxin fusion
protein described from African clawed frog [53] which
contains one eel-Fucolectin Tachylectin-4 Pentraxin-1 (FTP)
lectin domain in tandem with a single pentraxin domain.
Though neither of these known molecules contain PAN or
FA58C domains as we found in Hydractinia, polydom does
contain EGF repeats in tandem with the pentraxin domain.
We therefore hypothesized that this was a similarly large,
polydom-like gene.

Our approach to determine gene architecture was to
sequence the H. symbiolongicarpus genomic region encoding
this polydom-like gene. One quarter of the BAC library
(18,432 clones) was screened by hybridizing BAC library
membranes with a 414 bp DIG-labeled pentraxin cDNA
probe. Nine pentraxin-positive BAC clones were identified,
olecules: Identification and characterization of cnidarian polydom
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one of which (2N9) was chosen for shotgun sequencing. The
shotgun approach generated 101 kbs of sequence fragments,
from which 6 major contigs were formed and subsequently
joined by genome walking to obtain a final 78,155 bp
contiguous sequence fragment from the H. symbiolongicar-
pus genome that we have cataloged in GenBank under
EF566888. The gene was predicted to be encoded by 30
exons across a �37.5 kb region (Figure 1), comprised of 12
different predicted domain types. Using the blastp algo-
rithm [54] this gene was found to share highest identity with
the polydom gene sequence from human (E ¼ 1e�99; EMBL
CAH74139) and mouse (E ¼ 5e�98; GenBank AAG32160).
Thus we have named the molecule cnidarian polydom
(CnPolydom), and specifically identify the molecule from
H. symbiolongicarpus as Hysy-CnPolydom. Using primers
designed within predicted ORFs of the genomic sequence, a
1656 bp 50 and 3366 bp 30 region of Hysy-CnPolydom were
amplified via RT-PCR, cloned, and sequenced. With these
cDNAs (GenBank EF566886), transcription of 25 out of the 30
predicted exons were confirmed (Figure 1) and the
predicted amino acid translations from these cDNAs are
shown in Supplementary Figure 1.

Domain prediction analysis was used to identify domains
encoded within Hysy-CnPolydom (Figure 1), revealing a gene
domain architecture sharing important similarity in organi-
zation and composition to that described for mouse polydom
[33]. Beginning at the N-terminus, SignalP v3.0 (http://
www.cbs.dtu.dk/services/SignalP/) predicted a 17aa signal
peptide (MKVGFLNLLLFLFLTCG) from the first exon that was
also predicted to encode an entire VWA domain. Using
multiple domain alignments (not shown) a perfect metal
ion-dependent adhesion site (MIDAS) was identified within
the VWA domain following the pattern D-x-S-x-SyTyTDG
[55] (shown in Suppl. Figure 1), which is known to play
important roles in mediating diverse ligand binding [56].
Such a MIDAS motif was also identified from the VWA domain
of polydom [33]. Following the VWA domain was an
Figure 1 Genomic organization of CnPolydom isolated from Hydrac
by cDNA while open boxes represent predicted exons. Predicted dom
sizes (bp) are given below. Sequence from a single BAC clone (2N9) w
genome represented here. Restriction sites are indicated as B ¼
hybridization analysis circled.

Please cite this article as: Schwarz RS, et al. Evolution of polydom-like
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unclassified subfamily member of EGF domains, a single
35aa EGF-like domain encoded within exon 2. No known
domains were strongly identified from the 58 residues
encoded in the third exon, though it is cysteine-rich with 6
cysteine residues and thus we identified it as Cys-rich
domain. The cysteine composition is typical of type 1 EGF
domains and the exon showed closest similarity to EGF
(7.05e+02) and tumor necrosis factor receptor (TNFR)
(2.47e+03) domains. Gilgès et al. (2000) identified similar
low-identity EGF and TNFR features from the corresponding
region of mouse polydom [33]. Next were three CCP
domains, also known as sushi or short consensus repeat
(SCR) domains, each encoded within separate exons (4–6).
Proteins that regulate the complement system of verte-
brates are entirely or largely comprised by, and thus named
for, the CCP domain [57]. Following the three CCP repeats
were two hyalin repeat (HYR) domains. HYR domains were
first denominated by Gilgès et al. (2000) when describing
polydom [33], though they named it for the hyalin protein
that is comprised solely of these repeating domains, and was
subsequently described as having an immunoglobulin-like
fold and involvement in cellular adhesion [58]. We con-
firmed a portion of the first HYR from exon 7 via cDNA, while
the second HYR was predicted from the eighth exon within
the genomic sequence. Following the HYRs, four additional
exons (9–12) were predicted from the 6704 bp genomic
region falling between the 50 and 30 cDNAs. Predicted exons
9 and 10 each encoded a domain containing five conserved
cysteine’s, known as GCC2/3 domain. Mouse polydom
contained 3 such tandem domains, noted for their similarity
to thyroglobulin type 2 repeats [33]. Following the GCC2/3
repeats, a total of 6 EGF domain family members were
predicted across 3 exons. Predicted exons 11 and 12
contained one EGF-Ca2+ binding domain and three EGF
domains. Following these begins the 30 region of the gene
that was confirmed by cDNA. Exon 13 encoded the additional
two EGF domains. A 209aa domain encoded within exons 14
tinia symbiolongicarpus. Filled boxes represent exons confirmed
ain identities are given above the corresponding exons and exon
as used to obtain the 37.5 kb region of the H. symbiolongicarpus
BamHI, E ¼ EcoRI, P ¼ PstI with relevant sites for Southern
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and 15 was unequivocally identified as a pentraxin domain
(E ¼ 8.40e�31). The characteristic pentraxin domain motif
H-x-C-x-[S/T]-W-x-[S/T] identified by PROSITE [41], used to
specifically identify protein sequence belonging to the
pentraxin family, was identified within this domain and is
indicated in the Hysy-CnPolydom cDNA (Suppl. Figure 1)
where all but the cysteine, which was replaced by alanine,
are conserved. A substitution of cysteine with alanine was
also noted within the pentraxin motif of mouse polydom
[33]. A 79aa region was predicted from exon 16 to be a PAN
domain module (E ¼ 1.50e�04), abbreviated using previous
domain names and molecules it was known from including
plasminogen/hepatocyte growth factor, apple domains of
prekallikrein/coagulation factor XI family, and various
nematode proteins [59]. The PAN domain from Hysy-CnPoly-
dom had four conserved cysteines typical of the PAN
domains from plasminogen and hepatocyte growth factor
proteins, and was most similar to PAN 1 of this domain clan
as determined by Pfam, thought to be the ancestral form of
the domain from which PAN 2 and PAN 3 are derived [60].
Following the PAN domain were 147aa’s predicted to be
encoded by exons 17 and 18, of which 119 toward the 30 end
were predicted to be similar to FA58C domain, also known as
discoidin domain (E ¼ 2.00e�07). Though FA58C domains
are typically about 150 amino acids, which is approximately
the size predicted within these two exons of Hysy-CnPoly-
dom, the first 27 amino acids toward the 50 region were not
conserved and shared no significant homology to any
described domain type. However, this 147 amino acid region
did encode cysteine residues at each end, as is typical of
FA58C domains to form a disulfide bond linking its ends
together [61]. Multiple EGF and CCP domains were predicted
downstream of the FA58C domain, each encoded within
separate exons. Exons 19, 21, and 23 were found to encode
calcium-binding EGF domains while exon 22 encoded a
non-calcium-binding EGF domain. Exons 20 and 24–29 were
each found to encode CCP modules. The C-terminal portion
of mouse polydom was similarly shown to be comprised of
multiple repeating CCP and EGF domains [33]. A final 102aa
domain type was predicted from exon 30 as a CUB domain
(E ¼ 1.54e�01), named for its occurrence in complement
proteins C1r/C1s, urchin EGF-like protein, and bone
morphogenetic protein-1 [62]. Twenty-seven residues
from this predicted domain were confirmed in the 30 cDNA
(Suppl. Figure 1). The CUB domain from Hysy-CnPolydom
contained only one of the four conserved cysteine residues
typical of this domain type. Without these cysteine residues
the formation of intra-domain disulfide bridges may
not occur, thus the typical beta-barrel structure is
unlikely to be formed. A stop codon is predicted at position
54,190 bp in the genomic sequence (EF566888) at the end of
exon 30.
Hysy-CnPolydom is a single copy gene

The number of CnPolydom genes occurring in the
H. symbiolongicarpus genome was analyzed by Southern
hybridization of genomic DNA isolated from 3 different
individuals (Figure 2). Genomic DNA was digested using
BamHI, EcoRI, or EcoRI and PstI and subsequently probed
using a 297 bp region of the first exon encoding the
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like m
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pentraxin domain. Predicted restriction sites for these
enzymes are indicated in Figure 1 based on the genomic
sequence of individual 4117-2 used to generate the BAC
library, with sites relevant to this Southern hybridization
analysis circled. We were not able to perform Southern
hybridization analysis on individual 4117-2, however, be-
cause this colony died out prior to these experiments. BamHI
was predicted to cut at positions 17,701 and 26,127 and
generate an 8425 bp fragment that would hybridize to the
probe. All three individuals showed a single hybridizing band
of this expected size (�8.5 kb) from the BamHI digests,
consistent with a single CnPolydom locus. EcoRI was
expected to result in a hybridizing fragment of 4421 bp
from EcoRI restriction sites 22,471 and 26,893, yet none of
the three individuals show a band of this size. The
restriction site at position 22,471 may be unique to
individual 4117-2, explaining the absence of a �4.4 kb
fragment in the EcoRI digests of the three individuals
analyzed in Figure 2. The next downstream EcoRI restriction
site at position 19,067 along with site 26,893 would generate
a 7825 bp-hybridizing fragment. All three individuals con-
firmed a hybridizing fragment of this expected size (�7.8 kb)
in the EcoRI digests. Individual WH06 (Figure 2a) showed
probe hybridization to this �7.8 kb fragment only, consistent
with a single CnPolydom locus. However, individuals WH46
and 35B (Figure 2b and c) showed probe hybridization to a
second fragment at �10 kb, which may be due to hetero-
zygosity at the CnPolydom locus, to a second gene, or to
inefficient gDNA enzyme digests. With regard to the later, a
10,201 bp fragment may have been generated if the enzyme
cut only at EcoRI sites 6478 and 26,893. Finally, a double
digest using EcoRI and PstI was predicted to cut at positions
24,964 (PstI) and 22,471 (EcoRI) resulting in a hybridizing
band of 2492 bp. Again, none of the three individuals showed
hybridization to a band of this size. Because the PstI
restriction site at position 24,964 occurred within an intron,
we were able to confirm its presence in the cDNA of
individual 35B. Therefore, if we again assume the EcoRI
restriction site at position 22,471 was unique to individual
4117-2, the next EcoRI site at position 19,067 would result in
a 5896 bp fragment that should hybridize with the probe.
Indeed all three individuals showed a hybridizing band at
�6 kb, which was the only fragment that hybridized in the
double digest from individuals WH06 and WH46 (Figure 2a
and b). Individual 35B (Figure 2c) had a second hybridizing
fragment at �9 kb which cannot be explained using
additional predicted EcoRI or PstI restriction sites from the
genome of individual 4117-2. Therefore, this band may have
been due to an unknown restriction site within 35B or to a
second locus. Taken together, these data are most consistent
with a single-locus model for the CnPolydom gene in
H. symbiolongicarpus.
CnPolydom is part of a polydom-specific clade of
pentraxin molecules

BLAST searches were conducted using H. symbiolongicarpus
CnPolydom sequence in addition to mouse polydom and
human polydom orthologue sequence to identify an addi-
tional 13 predicted polydom sequences from public se-
quence databases. The predicted domain composition of
olecules: Identification and characterization of cnidarian polydom
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Figure 2 Southern blot analysis of CnPolydom in 3 individuals of H. symbiolongicarpus. Twenty micrograms of genomic DNA from
individuals WH06 (a), WH46 (b), and 35B (c) were each digested with BamHI (B), EcoRI (E), or both EcoRI and PstI (E+P) and probed for
Hysy-CnPolydom using a 297 bp DIG-labeled region from the first exon encoding the pentraxin domain under high stringency
conditions. DNA size marker positions (Roche Diagnostics) run alongside the digests are indicated in kilobases.

R.S. Schwarz et al.8
these sequences are presented in Figure 3 and highlight the
highly conserved gene domain architecture in composition
and order from both invertebrate and vertebrate taxa. The
two cnidarian sequences, H. symbiolongicarpus and Nema-
tostella vectensis (starlet sea anemone) are the only
polydom-like sequences to contain additional domain types:
PAN, FA58C, and CUB. To determine the relationship of
CnPolydom to all the other members of the pentraxin family,
pentraxin domains were retrieved from 33 sequences
including neuronal, CRP, SAP, and the known and predicted
polydom-like sequences presented in Figure 3, and aligned
as amino acid translations with the CnPolydom pentraxin
domains we isolated from H. symbiolongicarpus (Hysy-
CnPolydom) and H. echinata (Hyec-CnPolydom) (Figure 4).
The pentraxin domain isolated from H. echinata was 99%
identical to H. symbiolongicarpus and the two are likely
orthologs (see also Figure 5). Sequence identity across the
complete pentraxin domain from H. symbiolongicarpus
CnPolydom was most similar to other polydom-like pentrax-
ins including those from chimpanzee, human, chicken, and
mouse (42%), starlet sea anemone, zebrafish, Rhesus
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like
(Cnpolydom) in the basal metazoan Hydractinia. Dev Comp Immunol (
monkey, dog, rat, and opossum (41%). Of all the polydom-
like pentraxins identified, those from protostome taxa had
lowest identity to Hysy-CnPolydom pentraxin: from 30%
(honey bee) to 36% (tarantula spider). Outside of other
polydom-like pentraxin domain sequences, Hysy-CnPolydom
pentraxin was most similar across the entire predicted
domain to the murine neuronal pentraxins I (31%) and II
(30%). Three other cnidarian taxa including the stony coral
Acropora millepora, the brown sea anemone Metridium
senile, and the freshwater hydroid polyp Hydra magnipa-
pillata appeared to encode isolated pentraxin domains, as
no other domains were identifiable within the available
sequence data. Sequence identity across the available
sequence was highest from H. magnipapillata (59%),
belonging to the same taxonomic class (Hydrozoa) as
Hydractinia, followed by the anthozoan class members
M. senile (39%) and A. millepora (27–30%). However,
H. magnipapillata and M. senile sequences provided
only partial pentraxin domain sequence information
(see Figure 4) and may cause spurious identity scores to
the complete Hydractinia sequence.
molecules: Identification and characterization of cnidarian polydom
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Invertebrate polydom’s
*Hydractinia symbiolongicarpus (EF566888)  

Nematostella vectensis (AC151594)  

Tribolium castaneum (XP_971733)  

Apis mellifera (XP_397302)  

Anopheles gambiae (XP_311214)  

Strongylocentrotus purpuratus (XP_792282)  

Vertebrate polydom’s 
Danio rerio (XP_695742)  

Monodelphis domestica (XP_001374633)  

*Mus musculus (NP_073725)  

*Rattus norvegicus (XP_001065678)  

Canis familiaris (XP_532030)  

Macaca mulatta (XR_013357)  

Pan troglodytes (XP_520182)  

*Homo sapiens (NP_699197)  

Figure 3 Predicted domain composition of CnPolydom from Hydractinia symbiolongicarpus presented with polydom-like molecules
from other metazoan taxa. Polydom molecules have only been described previously from mouse, rat, human, and here Hydractinia
(indicated by *); all others are predicted molecules retrieved from public sequence databases. Note the absence of transmembrane
regions from all of these molecules. Images of domain composition were generated using SMART (http://smart.embl-heidelberg.de/).
Accession numbers for the sequences are indicated (see also Suppl. Table 1).
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Phylogenetic analyses of the pentraxin domain were
performed using the amino acid sequences presented in
Figure 4 and additional pentraxin sequences from known and
predicted pentraxin molecules. A laminin G domain, the
closest protein domain family to the pentraxins [63],
retrieved from human neurexin-1-alpha precursor sequence
was used to root the tree, having 11% identity to Hysy-
CnPolydom pentraxin. A representative tree generated by
NJ method is presented in Figure 5. Pentraxin molecules fell
into five dominant clades: (1) the short pentraxins from
vertebrates, including CRP and SAP, (2) the long pentraxin 3,
(3) the CRP- and SAP-like short pentraxins from three
horseshoe crab genera Limulus, Tachypleus, and Carcinos-
corpius, (4) the long neuronal pentraxins, and (5) the
polydom pentraxin clade, within which CnPolydom fell
(bootstrap value ¼ 78). The Hydractinia CnPolydom’s clus-
tered most closely with the partial pentraxin sequence from
H. magnipapillata (bootstrap value ¼ 88) and N. vectensis
polydom pentraxin (bootstrap value ¼ 73). The phylogenetic
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like m
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position of the partial pentraxin sequence from the
anthozoan M. senile was unclear and while the three
pentraxin sequences from A. millepora were supported as
a cluster (bootstrap value ¼ 57), their phylogenetic position
among the other pentraxins was also unclear.
Hysy-CnPolydom transcription is upregulated after
microbial challenge

Pentraxin family members are well established as immune-
relevant genes substantially upregulated as part of the acute-
phase response [65]. We therefore examined the transcript
level of Hysy-CnPolydom from H. symbiolongicarpus in
response to 1h exposures to Bacillus subtilis (Gram positive
bacteria), a marine Vibrio sp. (Gram negative bacteria),
or Saccharomyces cerevisiae (fungus) from immediately
after the 1h challenge (time 0) to 48h post-challenge
(Figure 6a). Under normal conditions (non-challenged), we
olecules: Identification and characterization of cnidarian polydom
2008), doi:10.1016/j.dci.2008.03.007
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                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Hysy_CnPolydom  --TKESTNFDISFQSRVSPSFAHV---EGR-K-DLHRFTLAFWMR--TSDTE-NVGTPISYA-VQ-HRGKLDDNALVLTDYTN--FNLVI
Hyec_CnPolydom  ------------FQSRVSPSFAHV---EGR-K-DLHRFTLAFWMR--TSDTE-NVGTPISYA-VQ-HRGKLDDNALVLTDYTN--FNLVI
Neve_Polydom    -EKALSSDYDLTINNRASNPYAAT---IKKIP-DLTAFSVSLWVR--SDDE--QPGTALSYS---VENSGKLQDGLVLQDFGG--LNLFI
Acgo_Polydom    ----LTANFDVTFISPVTSNYIDF---RND-R-HLHAITVAFFMKTATADVK-NQGTPVSYSYYDPVNDQTEDNALTLMDPSQ--LVLYI
Trca_Polydom    --------YVLHFQKFSTTDYIRL---NGFEQ-NLTQISACLWLQ--TKDNF-NYGTLLSYA------TKNYDNAFTLTDYTG--LVLYV
Apme_Polydom    --YKLSSDYVIHFTKSGTTDYVSM---KGPTK-NLLKLTACLWLQ--SKNTF-NYGTVLSYA------TYYYDNAFTLIDYNG--LVIYL
Anga_Polydom    ------AAFELEFPRTGVQAYVKLAADSSDAT-DLRAISMCGWYR--TDDDF-NYGTLLSYA------TATVDNAFTLTDYSG--LVLYV
Stpu_Polydom    -EEEMTWDFNMVFDRGGIDDFVVL---ERDFP-TLTAVTISFWML--TDNTG-NSGTVFSYA-----VSDSSDNALTVTDYSG--FVLKV
Dare_Polydom    --TEMPYSFDLEFEVSGIHGYVMM---DGHMP-SLTQITCTFWMR--SSDTV-NYGTPVSYA------VEGSDNAFLLIDYNG--WVLYV
Mamu_Polydom    --TEQSIGFNLDFEVSGIYGYVML---DGVLP-SLHALTCTFWMK--SSDDM-NYGTPISYA-----VDNGSDNTLLLTDYNG--WVLYV
Patr_Polydom    --TEQSTGFNLDFEVSGIYGYVML---DGVLP-SLHALTCTFWMK--SSDDM-NYGTPISYA-----VDNGSDNTLLLTDYNG--WVLYV
Hosa_Polydom    -------------EVSGIYGYVML---DGMLP-SLHALTCTFWMK--SSDDM-NYGTPISYA-----VDNGSDNTLLLTDYNG--WVLYV
Gaga_Polydom    ---EQSSGFNLDFEVSGIYGYVML---DGILP-SLGDITCAFWMK--STDTT-NYGTPISYA-----VENGSDNAFLLTDYNG--WVLYV
Cafa_Polydom    -------------EVSGTYGYVML---DGVLP-SLWAITCTFWMK--SSDIN-NYGTPISYA-----LENGSDNTFLLTDYNG--WVLYV
Rano_Polydom    --TEQPSGFNLDFEVSGIYGYVLL---DGVLP-TLHAITCAFWMK--SSDVI-NYGTPISYA-----LEGNKDNTFLLTDYNG--WVLYV
Mumu_Polydom    --TEQPSGFNLDFEVSGIYGYVLL---DGVLP-TLHAITCAFWMK--SSDVI-NYGTPISYA-----LEDDKDNTFLLTDYNG--WVLYV
Modo_Polydom    --TEQSAGFNLDFEVSGIYGYVML---DGVLP-TLHAITCTFWMK--SSDIN-NYGTPISYA-----LENGSDNTFLLTDYNG--WVLYV
Hyma_PTX        ---------------------------------DLSSFSIAFWMR--TSNKE-KFGTPLSYA-VKLENGVVDDNALVLTDYTN--FIIFI
Acmi_PTX_07     --ASCPADYALEFPKQGVTDYVHI---WGM-R-SLTQFTVCFWLK--TTQS--STGTPFSYA------SNSADNELLIYYEKNGRVFLGV
Acmi_PTX_56     --GLPSNDYDLYFTNAGTSDYVIH---HGL-Q-ITSAFTICFRVR--TNDKTGNDRAVVSYS------LLRNFNEILVDKMSA--IQLSV
Acmi_PTX_57     QPGLASNDYDLYFTNAATSDYVIH---HGL-Q-ITSAFTICFRVR--TTDKTGNDRTVVSYS------LLRNFNEILVNKMSA--IQLLV
Mese_PTX        ------------------------------------------------------------------------------------------
Mumu_NPTXI      --NRPGDKFQLTFPLRTNYMYAKV---KKSLP-EMYAFTVCMWLK--SSAAP-GVGTPFSYA------VPGQANELVLIEWGNNPMEILI
Mumu_NPTXII     --FKSPDAFKVSLPLRTNYLYGKI---KKTLP-ELYAFTICLWLR--SSASP-GIGTPFSYA------VPGQANEIVLIEWGNNPIELLI
Mumu_NPTXR      --YSPPDAFKVSIPIRNNYMYARV---RKALP-ELYAFTACMWLR--SRSGGSGQGTPFSYS------VPGQANEIVLLEAGLEPMELLI
Mumu_PTX3       --LPAGCETAIFFPMRSKKIFGSV---HPVRPMKLESFSTCIWVK--ATDVL-NKTILFSYG------TKWNPYEIQLYLSSQS-LVLVV
Tatr_CRP1       ---------KVKFPPSSSPSFPRLVM-VGTLP-DLHEITLCYWFK--LHRLN-GAPHIFSYA------TSETDNEILTSLNENGDFLFNI
Lipo_CRP1.1     ----GEITSKVKFPPSSSPSFPRLVM-VGTLP-DLQEITLCYWFK--VNRLK-GTLHMFSYA------TAKKDNELLTLIDEQGDFLFNV
Mumu_CRP        --HEDMFKKAFVFPKESDTSYVSL---EAESKKPLNTFTVCLHFY--TALSTVRSFSVFSYA------TKKNSNDILIFWNKDKQYTFGV
Mumu_SAP        --QTDLKRKVFVFPRESETDHVKL---IPHLEKPLQNFTLCFRTY--SDLS--RSQSLFSYS------VKGRDNELLIYKEKVGEYSLYI
Rano_Mptx       --QSDMDGKAFIFPQESSTAYVSL---IPRVKKSLQNFTLCLKAF--TDLT--RPYSIFSYN------TKTQDNEILLFVQNSGEYMFYV
Leer_PTX        --SAGLMQKSVIFPTKTATSFVKL-N-AANFS-DLTAFTVCLRAA--SEENR-NY-ALFSYA------TSRSNNELLIWQKTNAQLDLYL
Onmy_PTX        --LQDLSGKVFVIPMTTSTSHVKL---HANVSKPISAMTMCQRFN--SEQE--RGQSLFSLA------TQSHDNDLLLYKRSMGVYRVHI
Xela_FTP-PTX    --NVDLTNKSFMFPKESDINHVKL---LPEKAMSLKAFTLCMKVL--LNVPENRETILFSYR------TMFYD-ELNLWIERDGRIGLYM
Lela_jeltraxin  --------TIMLFPQKTDTDYVTL---KPTER-VLNQITVCLKSY--TELI--KEHSLFSLA----MQGSGKDNTLLIYPYPPNNISISI

                        100       110       120       130       140       150       160       170       180
                ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Hysy_CnPolydom  -NNETQSLEFD-G-NDGEW-HHIAVTWQSADGIWMAYKDGQKIATAKSAFQRGKYIP---KGGIFVIGEEQDG--LGSDFTPMESFFGDI
Hyec_CnPolydom  -NNETQSLEFD-G-NDGEW-HHIAVTWQSADGIWMAYKGGQKIATAKSAFQRGKYIP---KGGIFVIGEEQDG--LGSDFTPMESFFGDI
Neve_Polydom    -NDEATYLGVD-V-LDGFW-HHVAVTWSSASGTWKAYIDGRLVRSSSSPFQIGQVIR---GGGVMLVGQEQDE--LGGGFNAEESFVGDL
Acgo_Polydom    -HGEIFHTKHV-ANSDSNW-HHYAITWESLNGDWSLYVDA-QVVASDTGIGKNKILW----PGVFVLGQEQDS--LGGSFSINRSFVGSI
Trca_Polydom    -NNQYAVTDVL-L-NDGLW-HHLCVTWTSHKGLFGLYVDG-KMIKSGPGLATGSEIA---GGGNMVIGQEQDI--LGGHFSQSETFVGRM
Apme_Polydom    -NGEKIITDIK-V-NDGHW-HFVCFTWEAENGSWNIFIDG-ILRDNGIYLAKETSIE---GNGTFVIGQEQDR--IGGGFSELESFLGKL
Anga_Polydom    -NGAHVVTNVS-L-NDGEW-HFVCVSWTSAGGRYALYVDG-ERSAYGSRLSEGAPIQ---SGGLYVFGQEQDV--LGGGFSETESYRGRM
Stpu_Polydom    -NEETIVSDI--TANDGRW-HHIVATWDSNGGTYTMYKDG-VQQANGTGLSNGMSIP---GGGTLILGQDQDT--LGGGFTHLESFIGEI
Dare_Polydom    -NGKERITDCP-AVNDGLW-HHIGVTWRSKDGDWRVYIDG-SPSDGGKGLSIGTTIP---GGGALVLGQDQDQ--RGDGFNPVESFVGTL
Mamu_Polydom    -NGKEKITNCP-SVNDGRW-HHIAITWTSANGVWKVYIDG-KLSDGGAGLSVGLPIPGMFGGGALVLGQEQDK--KGEGFSPAESFVGSI
Patr_Polydom    -NGREKITNCP-SVNDGRW-HHIAITWTSANGIWKVYIDG-KLSDGGAGLSVGLPIPGMFGGGALVLGQEQDK--KGEGFSPAESFVGSI
Hosa_Polydom    -NGREKITNCP-SVNDGRW-HHIAITWTSANGIWKVYIDG-KLSDGGAGLSVGLPIPGMFGGGALVLGQEQDK--KGEGFSPAESFVGSI
Gaga_Polydom    -NGKERITDCP-SVNDGNW-HHIAVTWTCMDGAWRVYIDG-KLSDGGSGLSVGSKIP---GGGALVLGQEQDQ--KGEGFNPAESFVGSI
Cafa_Polydom    -NGKEKITDCP-SVNDGHW-HHIAITWTSTDGAWKVYIDG-KLSDGGLGLSVGSAIP---GGGALVLGQEQDQ--KGEGFNPAESFVGSI
Rano_Polydom    -NGKEKITNCP-SVNDGIW-HHIAITWTSTGGAWRVYIDG-ELSDSGTGLSVGKAIP---GGGALVLGQEQDK--KGEGFNPAESFVGSI
Mumu_Polydom    -NGKEKITNCP-SVNDGIW-HHIAITWTSTGGAWRVYIDG-ELSDGGTGLSIGKAIP---GGGALVLGQEQDK--KGEGFNPAESFVGSI
Modo_Polydom    -NGKERITDCP-SVNDGNW-HHISITWTSTDGSWKVYIDG-KLSDGGTGLSIGSAIP---GGGALVLGQEQDK--KGEGFNPAESFVGSI
Hyma_PTX        -NNQSQSLGFG-A-NDGKW-HHIVVTWSSSSGLLTSYKDG-VLQKR--------------------------------------------
Acmi_PTX_07     -GQVVLNTGVV-I-NDGKF-HQICVTWRNSDGQWKIYKDG-DLARAGAGLKRGYTIH---AAGSLTLGQEQDS--VGGGFDAKQSFQGML
Acmi_PTX_56     -NARVVKTGV--SVNDGKW-HHVCTSWESADGSWNLYKDG-SLGASGSRLKTGYKTK---TDGILIIGQEQDA--FGGRFDSNQNYIGEL
Acmi_PTX_57     -NERAVKTGV--SVNDGKW-HHVCTSWESADGSWNLYKDG-NLGASGSRFKTGYKTK---TDGILTIGQDQDA--FGGRFDSNQNYIGEL
Mese_PTX        ----FWRSGV--SANDGKW-HHICVTWESATGQISIWKDG--SRIATSNLKKGHVIR---SGGTLIIGQEQDS--VGGGFQLSQAYIGDL
Mumu_NPTXI      ---NDKVAKLPFVINDGKW-HHICVTWTTRDGVWEAYQDG-TQGGNGENLAPYHPIK---PQGVLVLGQEQDT--LGGGFDATQAFVGEL
Mumu_NPTXII     ---NDKVAQLPLFVSDGKW-HHICITWTTRDGMWEAFQDG-EKLGTGENLAPWHPIK---PGGVLILGQEQDT--VGGRFDATQAFVGEL
Mumu_NPTXR      -NDKVAQLPLS-L-KDSNW-HHICISWTTRDGLWSAYQDG-ELRGSGENLAAWHPIK---PHGILILGQEQDT--LGGRFDATQAFVGDI
Mumu_PTX3       -GGKENKLAADTVVSLGRW-SHLCGTWSSEQGSMSLWANG-ELVATTVEMAKSHSVP---EGGLLQIGQEKNGCCVGGGFDESLAFSGRI
Tatr_CRP1       HGNTQLNVQCNNKILAGRW-HHVCHTWSSWEGEATIAVDGFHCKGNATGKATGVTFR---QGGLVVIGQDQDS--VGGGFVASESMEGEL
Lipo_CRP1.1     HGAPQLKVQCPNKIHIGKW-HHVCHTWSSWEGEATIAVDGFHCKGNATGIAVGRTLS---QGGLVVLGQDQDS--VGGKFDATQSLEGEL
Mumu_CRP        -GGAEVRFMVS-EIPEAP--THICASWESATGIVEFWIDG--KAKVRKSLHKGYTVG---PDASIILGQEQDS--YGGDFDAKQSLVGDI
Mumu_SAP        -GQSKVTVRGM-E-EYLSP-VHLCTTWESSSGIVEFWVNG--KPWVKKSLQREYTVK---APPSIVLGQEQDN--YGGGFQRSQSFVGEF
Rano_Mptx       -GNSAAIFKAP-T-SLYDP-VHICVNWESASGIAEFWLNG--KPLGRKGLKKGYTVG---GEAKIIIGQEQDS--FGGNFDAKQSFVGEI
Leer_PTX        -GS--VITGFS-LPKMNAWLRHICVSWESQNGEITVWVNG--GRSLGKVSSKGGVVK---NGGKFFIGQEQDS--VGGTFDIKQSFVGEI
Onmy_PTX        RGDVLDFFSLP-D-SKNEW-ISICWTWDSTTGLTQLWVNG--KRSARRILKPDTSVT---GTPSIMLVQEQDS--YGGGFDSSQSFVGEV
Xela_FTP-PTX    -SGDGIIFPRM-K-FKSEW-NHLCLTWESKYGRTEFWLNG--RRSATKVYHQKNTVR---SGGIVLLGQDQDS--YGGDFDKTQSFVGQI
Lela_jeltraxin  -HNEDIYFKVD--PEVLQW-KRTCVTWDSKTGLLQLWING-KLYPRRITKSRS-PIG---PQISVILGQEQDS--YGGSFDINQAFVGEM

Figure 4 Alignment of pentraxin domains (as determined by SMART) from polydom-like genes and other pentraxin sequences across
metazoan taxa. Alignment of amino acid translations was generated using MUSCLE (multiple sequence alignment software) [48].
Highlighted residues correspond to a 48% threshold for identity (black background) and similarity (gray background). Percent
sequence identity to Hydractinia symbiolongicarpus is indicated at the end of each sequence. The signature pentraxin motif is
indicated by the heavy bar. Sequences are referenced by the first two letters of the genus and species and the molecule type from
which the domain was isolated. Accession numbers for these sequences and common names for taxa can be found in Suppl. Table 1.
Invertebrates: Hydractinia symbiolongicarpus, Hydractinia echinata, Nematostella vectensis, Acanthoscurria gomesiana, Tribolium
castaneum, Apis mellifera, Anopheles gambiae, Strongylocentrotus purpuratus, Hydra magnipapillata, Acropora millepora,
Metridium senile, Tachypleus tridentatus, Limulus polyphemus. Vertebrates: Leucoraja erinacea, Danio rerio, Oncorhyncus mykiss,
Xenopus laevis, Lepidobatrachus laevis, Gallus gallus, Rattus norvegicus, Mus musculus, Canis familiaris, Macaca mulatta, Pan
troglodytes, Homo sapiens.
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                        190       200       210       220       230       240
                ....|....|....|....|....|....|....|....|....|....|....|....|. 
Hysy_CnPolydom SQLNIWDKALSADEI--YDLASSCH----HDIGNV-VAWSDFAWQTT--GRVIHTTPSLAC
Hyec_CnPolydom SQLNIWDKALSADEI--YDLATSCH----HDIG---------------------------- 99% 
Neve_Polydom SQVNVWSRVLSDNEI--FTLAYSCV-----DKGDV-VAWADFRERMA--GAYTVTPTSYA- 41% 
Acgo_Polydom SQFNVWDYV---------------------------------------------------- 36% 
Trca_Polydom    AYFDVWSKQLTVDEI--QSHMTDCH---EVAFGDV-FGWPEAQNHVE--GNVKIEN----- 35% 
Apme_Polydom    TLLDIWSTVLAAKDI--KYLLNTCK----KYHGDI-IAWAQVQQHIH--GDVTILNSPFC- 30% 
Anga_Polydom    AYVDLWKRELELEEV--GRLYRTCA----PYSGDL-VRWIDLRLQTV--GLVRIVASSFC- 32% 
Stpu_Polydom    TYLTVWERALGAAEI--YDLGRTCQ-----KPSDVIMAWPDFLSGME--GQIEKRNNTFC- 37% 
Dare_Polydom SQLNIWNYVLTPQQI--RSLASSCP--HDLQKGNV-FAWPDFLGGVT--GRVKTTSKSIF- 41% 
Mamu_Polydom SQLNLWDYVLSPQQV--KSLATSCP--EELSRGNV-LAWPDFLSGIM--GKVKIDSKSIF- 41% 
Patr_Polydom SQLNLWDYVLSPQQV--KSLATSCP--EELSKGNV-LAWPDFLSGIV--GKVKIDSKSIF- 42% 
Hosa_Polydom SQLNLWDYVLSPQQV--KSLATSCP--EELSKGNV-LAWPDFLSGIV--GKVKIDS----- 42% 
Gaga_Polydom SQLNIWDRVLSPQQV--KSLATSCP--EELQKGNV-LAWPDFLPGVV--GRVKIDYKSIF- 42% 
Cafa_Polydom SQLNLWDYVLSPQQV--KSLATSCP--EELKKGNV-LAWPDFLSGIM--GKVKINY----- 41% 
Rano_Polydom SQLNLWDYVLSPQQV--KSLASSCP--EELSRGNV-LAWPDFVSGIT--GKVKVDSSSIF- 41% 
Mumu_Polydom SQLNLWDYVLSPQQV--KLLASSCP--EELSRGNV-LAWPDFLSGIT--GKVKVDSSSMFC 42% 
Modo_Polydom SQLNIWDYVLAPDQV--KSLATSCP--EGLSKGNV-LAWPDFLSGVV--GKVKIDSKSIF- 41% 
Hyma_PTX        ------------------------------------------------------------- 59% 
Acmi_PTX_07     TNVNVWSYTLPASTI--KEMSHCCL----TGKGDV-YEWSNFIYGVR--GNPRLVM----- 29% 
Acmi_PTX_56     TGLNIWNRSSLSKQN--RQHVPSRG---TLGEGNVKKSGSDFKVGIKGQCKGVITPVSLA- 27% 
Acmi_PTX_57     TGLNIWNRVLSPNEI--ANMSKS-------------------------------------- 30% 
Mese_PTX SQIGIYDKILTPREI--MALSRSCN--NATRVGNV-VAWSDVTSASAVNGQIQIIKPSSC- 39% 
Mumu_NPTXI      AHFNIWDRKLTPGEV--YNLA-TCS--SKALSGNV-IAWAESQIEIF--GGATKWTFEAC- 31% 
Mumu_NPTXII SQFNIWDRVLRAQEI--INIA-NCS--TN-MPGNI-IPWVDNNVDVF--GGASKWPVETC- 30% 
Mumu_NPTXR      AQFNLWDHALTPAQV--LGMA-NCT--GP-LMGNV-LPWEDKLVEAF--GGAKKAAFDVC- 29% 
Mumu_PTX3       TGFNIWDRVLSEEEIRASGGVESCH-----IRGNV-VGWGVTEIQAH--GGAQYVS----- 26% 
Tatr_CRP1 SELNMWNSVLNSNQI--LHLSNCADVSERHLYGNI-IQWEKTSFMFY--DGVV-------- 25% 
Lipo_CRP1.1 SELNLWNTVLNHEQI--KYLSKCAHPSERHIYGNI-IQWDKTQFKAY--DGVVLSPNEIC- 24% 
Mumu_CRP        GDVNMWDFVLSPEQI--NTVYVGGT-----LSPNV-LNWRALNYKAQ--GDVFIKPQLWS- 21% 
Mumu_SAP SDLYMWDYVLTPQDI--LFVYRDSP-----VNPNI-LNWQALNYEIN--GYVVIRPRVWD- 21% 
Rano_Mptx       WDVSLWDHVIPLEEA-----HDSCD------GGNL-INFRALTYEEN--GYVVTKPKLWT- 22% 
Leer_PTX        TDVNMWDRVLKSDEI--ELISQGCY----NIGGNL-IDWGSTTFTQG--GNVIIKDNNDC- 25% 
Onmy_PTX        TDVHFWDSVISPCEI--QMYMELNK----FTAGNI-LNWKDLQFSIE--GKVFIEKSEFR- 18% 
Xela_FTP-PTX    KDLKMWNKVLPLRSL--KSLFKGRE----IGNGNI-FDWSSLSYSMI--GNVAEV------ 23% 
Lela_jeltraxin SDVNVWDYVLPPENI--KAYFSDDY----TLDGNF-YSWDGGNYTIN--GLIVVLR----- 22% 

Figure 4 (Continued)
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found Hysy-CnPolydom to be constitutively expressed at very
low levels (Figure 6a and data not shown). After microbial
exposure, all challenges induced Hysy-CnPolydom transcrip-
tion above its constitutive level from non-challenged control
RNA for at least 48 h, with response to S. cerevisiae resulting
in the most substantial increase from 1h to 48h post-
challenge (Figure 6b). Within the 48h time we assessed,
highest transcript levels were seen at 18h post-challenge
for both S. cerevisiae (8-fold increase) and B. subtilis
(3-fold increase), and at 48 h post-challenge for Vibrio sp.
(2-fold increase).
Cellular expression of Hysy-CnPolydom

In situ hybridization analysis of Hysy-CnPolydom showed this
transcript was expressed by a distinct subset of cells
distributed throughout the body column of adult gastro-
zooids (feeding polyps), including the tentacles and hypos-
tome, and was not localized to any particular region of
the polyp (Figure 7a through c). We determined that some
of these cells were rounded to ovoid in shape and �4–5 mm
in diameter seen in Figure 7d, while others had a distinct
linear shape and were �7 mm long by �1 mm wide as
shown in Figure 7e. These cells were smaller than the
large, cuboidal ectodermal epithelial cells, and occurred in
the interstices of the epithelial cells. Cross-sections of
polyps revealed that the cells expressing Hysy-CnPolydom
were restricted to the ectodermal layer, as shown in
Figure 7f and g. The cell morphology, size, and location
was consistent with neural cells of the interstitial stem
cell lineage and with the undifferentiated interstitial stem
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like m
(Cnpolydom) in the basal metazoan Hydractinia. Dev Comp Immunol (
cells themselves as described from several hydrozoans
including Hydractinia [66–68], Pennaria [69,70], and Hydra
[12,71,72].
Discussion

The novel, modular molecule CnPolydom

Though little is known about the composition of immune
genes in Cnidaria, our approach using random end sequen-
cing of BAC clones revealed a multidomain gene sequence in
the genome of Hydractinia symbiolongicarpus containing
multiple immune-related domains including VWA, PTX, CCP,
PAN, FA58C, EGF, and CUB. Based on domain composition,
sequence and phylogenetic analyses, we determined that
this gene is a homolog to the described polydom gene from
mouse and human (a.k.a. SVEP1), and indeed homologous to
additional predicted polydom-like sequences from across
the Eumetazoa, thusly named cnidarian polydom (CnPoly-
dom). Though we identified all domain types as described
from polydom [33] in an identical order, Hysy-CnPolydom
uniquely possessed three additional predicted domains:
PAN, FA58C (discoidin), and CUB. These domains may offer
novel structure and biological function to the cnidarian
protein not found in polydom or other polydom-like
homologs. The PAN domain is a common domain type in a
variety of modular proteins, including coagulation factor
protein XI and prekallikrein where it was previously known
as the apple domain [59]. The PAN domain has been well
established for its direct involvement in the binding ability
of proteins including plasminogen [73], hepatocyte growth
olecules: Identification and characterization of cnidarian polydom
2008), doi:10.1016/j.dci.2008.03.007
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factor [74], and coagulation factor XI [75]. The prototype
FA58C (‘‘discoidin’’) domain was originally described from
the discoidin adhesion protein of the slime mold Dictyoste-
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lium discoideum [76] and separately from the carboxyl
terminus of coagulation factor V and VIII genes [77]. This
domain has since been found in a variety of mostly
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Figure 6 Semi-quantitative RT-PCR analysis of CnPolydom from microorganism-challenged H. symbiolongicarpus. Colonies were
exposed for 1 h to either yeast (Saccharomyces cerevisiae), Gram-negative bacteria (Vibrio sp.), or Gram-positive bacteria (Bacillus
subtilis), followed immediately by total RNA extraction (time 0) and out to 48 h post-exposure extraction. (a) RT-PCR was performed
on first strand cDNA synthesized from the total RNA extractions using primers targeting the pentraxin domain of Hysy-CnPolydom.
Amplification of b-actin was performed in tandem as a loading control. (b) The change in Hysy-CnPolydom expression following
challenge experiments relative to non-challenged control and equilibrated against the intensity of b-actin transcript amplification
from the corresponding template are tabulated using amplicon intensity calculations from (a). These data are representative of two
completely independent experimental replicates.

Figure 5 Phylogenetic analysis of polydom and other pentraxin molecules, showing the 5 dominant clades that were consistent
through multiple phylogenetic reconstruction methods. CnPolydom pentraxin domains from H. symbiolongicarpus and H. echinata
nested within the polydom clade and are in bold. Pentraxin domains from amino acid sequences were isolated based on SMART
identification [44] and aligned using MUSCLE [48]. Phylogeny reconstruction was performed using MEGA v4 [49]. The tree was
generated by Neighbor-Joining distance-based method [64] with Jones-Taylor-Thornton (JTT) matrix using uniform rates among sites
and pairwise deletion of gaps. Robustness of the tree was tested using 1000 rounds of bootstrapping; only values X50 are shown. 248
sites were used in 69 sequences. The scale references branch lengths that are proportional to the number of amino acid substitutions
in a sequence. The tree is rooted using a laminin G domain sequence as an outgroup, isolated from human neurexin 1 alpha (NRX1A).
PTX ¼ pentraxin domain of undefined type, CRP ¼ C-reactive protein, SAP ¼ serum amyloid P, Mptx ¼ mucosal pentraxin, FTP-
PTX ¼ eel-fucolectin tachylectin-4 pentraxin-1 domain fusion protein, PTX3 ¼ pentraxin 3, NPTX ¼ neuronal pentraxin (I or II),
NPTXR ¼ neuronal pentraxin receptor. The first two letters of genus and of species are used for taxon abbreviation (see also Suppl.
Table 1). Invertebrates: Hydractinia symbiolongicarpus, Hydractinia echinata, Hydra magnipapillata, Nematostella vectensis,
Metridium senile, Acropora millepora, Tribolium castaneum, Acanthoscurria gomesiana, Apis mellifera, Anopheles gambiae,
Tachypleus tridentatus, Limulus polyphemus, Carcinoscorpius rotundicauda, Strongylocentrotus purpuratus. Vertebrates: Leucoraja
erinacea, Squalus acanthias, Gasterosteus aculeatus, Danio rerio, Oncorhyncus mykiss, Cyprinus carpio, Salmo salar, Xenopus laevis,
Lepidobatrachus laevis, Gallus gallus, Taenioptygia guttata, Oryctolagus cuniculus, Mesocricetus auratus, Cavia porcellus,
Monodelphis domestica, Rattus norvegicus, Mus musculus, Sus scrofa, Bos taurus, Canis familiaris, Macaca mulatta, Pan troglodytes,
Homo sapiens.
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Figure 7 In situ hybridization analysis of Hysy-CnPolydom transcripts. Cells expressing Hysy-CnPolydom transcripts are stained
purple. Whole-mounts of gastrozooid polyps at 100� (a) and 1000� (b–e) magnification. Arrow orients the oral–aboral axis of the
polyp in (a–c), with the oral end in the direction of the arrowhead. The hypostome (h) region of the gastrozooid and a portion of the
translucent stolonal mat (sm) can be seen in (a). The base of a tentacle (t) extends out of the viewing plane from the polyp in (b).
Image (c) is focused on the hypostome (h) region (also labeled in (a)). Cell morphology is shown in enlarged images (d) and (e).
Twelve micrometer sections of gastrozooid polyp at 400� (f) and 1000� (g). The mesoglea (arrow in (f and g)) separates ectodermal
(e) from endodermal (en) tissue layers. The sense RNA probe produced no hybridization signal. Scale bars ¼ 100 mm (a) and 10 mm
(b–g).

R.S. Schwarz et al.14
extracellular molecules where it mediates cell adhesion via
phospholipid binding [78,79] and carbohydrate binding [80].
FA58C domain has previously been identified in immune
molecules of invertebrates including hemocytin from the silk
moth Bombyx mori [81] and its homolog hemolectin in the
fruit fly Drosophila melanogaster [82]. FA58C domain is also
known to occur in molecules that modulate neural functions
[83,84]. CUB domains are known only from extracellular
molecules including complement proteins C1s and C1r,
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like
(Cnpolydom) in the basal metazoan Hydractinia. Dev Comp Immunol (
tolloid metalloproteinase, and the scavenger receptor
cubilin. This domain has been implicated in protein and
carbohydrate ligand binding from a variety of molecules in
which they occur [85–87]. Both the FA58C and PAN domains
were predicted in Hysy-CnPolydom and Neve-CnPolydom.
The sequence from N. vectensis, however, did not cover the
complete 50 or 30 encoding region so we were unable to
determine if a CUB domain may have also been present in
this predicted gene. With the exception of these three
molecules: Identification and characterization of cnidarian polydom
2008), doi:10.1016/j.dci.2008.03.007

dx.doi.org/10.1016/j.dci.2008.03.007


ARTICLE IN PRESS

Evolution of polydom-like molecules 15
additional domain types in cnidarians, we have determined
the domain composition of polydom-like homologs is
consistent across all other taxa (Figure 3).

To help elucidate the position of polydom genes among the
other pentraxin gene family members, we performed phyloge-
netic analyses on the pentraxin domains from these genes and
showed polydom pentraxins clustered into a distinct clade
among the pentraxin family of molecules (Figure 5). As we have
noted, pentraxin protein sequences are characterized by the
motif H-x-C-x-[S/T]-W-x-[S/T] [41]. In our analysis of polydom-
like molecules from multiple vertebrate and invertebrate taxa,
we have found that the majority of polydom-like sequences
(11 of 17) uniquely possess an alanine instead of a cysteine
within this motif. While this change is unique to the polydom
pentraxins, it does not alter their homology with the pentraxin
family. Therefore, a more refined pentraxin motif is H-x-[C/A]-
x-[S/T]-W-x-[S/T], where alanine in the third position of the
motif is polydom-specific. The thiol group of the cysteine
residue in this motif is known to be involved in disulfide bond
formation within the pentraxin domain, required for proper
protein folding and stability [88]. However, replacement of
cysteine by alanine is a conservative substitution (both have
neutral side chains) and may still support a similarly folded,
stable protein [89–91]. The only taxa we have identified that do
not apparently follow this rule are the protostomes Tribolium
castaneum, Apis mellifera, Anopheles gambiae, which possess
the typical cysteine residue, the invertebrate echinoderm
Strongylocentrotus purpuratus (valine), the teleost fish Danio
rerio (glycine), and the opossum Monodelphis domestica
(serine).

It is likely polydom gene homologs exist in many other taxa
than currently identified. Such large genes encoding a complex
variety and repetition of domains are difficult to identify in
genomes and obtain complete, accurate transcript sequence
from. In addition, it has been noted that the frequently used
technique of transcript profiling via cDNA/EST analysis results
in relatively short sequence reads, from which it is difficult for
gene homology of long transcripts, such as polydom, to be
determined [92]. More precise identification of polydom-like
sequences can be aided by recognizing particular features
common to polydom-like sequences across taxa. Using the
ancestral sequence of CnPolydom from H. symbiolongicarpus
and the derived polydom ortholog in human, we can determine
that the unifying characteristics of polydom-like genes across
Eumetazoa should include (1) the requisite inclusion of at least
VWA, PTX, HYR, CCP, EGF, and GCC2/3 domains; (2) the
dominant polydom-specific pentraxin domain motif H-x-[C/A]-
x-[S/T]-W-x-[S/T]; and (3) domain architecture in the
following N-to C-terminal order: VWA–[EGF or GCC2/
3]–CCP� 3–HYR� 1 or 2-multiple EGF+GCC2/3–PTX–and a tail
of several CCP and EGF repeats. Thus, the paucity of
information on polydom-like molecules will only be mediated
by directed efforts targeting these molecules from a variety of
taxa to decipher the extent of evolutionary conservation in
structure and function.
Expression of Hysy-CnPolydom and implications for
its role in the immune system of Hydractinia

Our semi-quantitative RT-PCR results demonstrated that
Hysy-CnPolydom transcripts were constitutively expressed
Please cite this article as: Schwarz RS, et al. Evolution of polydom-like m
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at low levels in H. symbiolongicarpus and upregulated after
exposure to bacteria (Vibrio sp. and B. subtilis) and
most substantial upregulation in response to the yeast
S. cerevisiae. Because S. cerevisiae is not known to be
pathogenic to any organism and they do not form an invasive
hyphal stage, it is unlikely that upregulation of
Hysy-CnPolydom after yeast exposure is due to cellular
invasion or damage. It is more plausible to conclude
that Hysy-CnPolydom upregulation is due to the activation
of a signaling cascade initiated by extracellular receptor
recognition of stable fungal epitopes on the yeast cell,
such as the cell wall components b-1,3 glucan or mannan
polymers, known to trigger immune responses in many
other taxa [93,94]. Whether Hysy-CnPolydom is the recogni-
tion molecule in this event or rather comes into
play somewhere downstream in the extracellular
portion of the recognition/signaling/effector cascade
remains unknown. The complexity of multidomain proteins
is associated with their ability to mediate interact-
ions between different cellular functional systems, and
they are particularly common as signaling pathway
components [95]. The multidomain architecture of CnPoly-
dom may enable the formation of complex protein net-
works, mediating interactions among multiple functional
systems between cell surfaces and/or cell surfaces with the
external matrix.

As given in our results, Hysy-CnPolydom was predicted
with high probability to encode a signal peptide based
on SignalP analysis. Polydom from mouse and human
were also found to have a signal peptide sequence, as did
all other predicted vertebrate polydom sequences
and one of the identified invertebrate sequences, that
of the flour beetle Tribolium castaneum. Thus, it seems
polydom-like proteins are directed by signal peptides to
the endomembrane system, from where they may ultimately
be expressed to the cell’s exterior. Previous analysis of
human polydom, examining domain composition and
using phylogenetic reconstruction based on the VWA domain
[55] supported the conclusion that human polydom is part
of the multidomain extracellular matrix (ECM) protein
group. Shur et al. [34,96] have shown that polydom is
in fact expressed at the cellular membrane of bone
marrow stromal cells and of several breast carcinoma cell
lines.

It has been noted in the past that distinguishing
interstitial stem cells from neural cells in histological
specimens of hydroids is particularly difficult [72], and
indeed we are currently unable to definitively show whether
one or both of these cell types express Hysy-CnPolydom.
However, two lines of evidence support the conclusion that
fully differentiated neurons putatively express Hysy-CnPoly-
dom. First, in situ hybridization for Hysy-CnPolydom
stained cells within the tentacles and hypostome of polyps
(Figure 7). Interstitial stem cells and committed stem
cell precursors are largely absent from the hypostome
and tentacle regions, which would suggest the cells in
these regions expressing Hysy-CnPolydom are most likely to
be fully differentiated neurons. Second, the cell morphology
of at least some of the cells are clearly narrow, elongate,
and extend to the surface of the epithelium (Figure 7c)
that is a cell morphology unique to hydrozoan sensory
cells. Interstitial stem cells of hydroids are firmly
olecules: Identification and characterization of cnidarian polydom
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established as a multipotent cell lineage maintained
for the life of the animal and capable of differentiating
into four dominant classes of cell types including neurons,
nematocytes, secretory cells, and gametes [67,69,97,98].
Since the only putative differentiated cell type expressing
Hysy-CnPolydom is neurons, expression within undifferen-
tiated stem cells may indicate neural precursory stem
cells.

We have shown here that fungal cues in particular cause
substantial upregulation of Hysy-CnPolydom. Sedentary
colonial cnidarians such as Hydractinia are immobile once
the planula larva settles and metamorphoses into a polyp
and are thus at particular risk of an invasive fungal attack.
Indeed fungal pathogens of sedentary colonial cnidarians
have been well described, inflicting strong evolutionary
costs via mortality and decreased reproductive success
[99,100]. Gorgonian sea fans (Class: Anthozoa) mount an
inducible immune response [101] against the pathogenic
fungus Aspergillus sydowii that includes both melanization
[100] and production of an unknown antifungal agent
[101,102]. However, the molecule(s) involved in recogniz-
ing, signaling, and effecting this response are unknown.
While the presence of a CnPolydom-like gene in these sea
fans has not been assessed, a CnPolydom-like gene is
present within the genome [103] of another member of
Anthozoa, the starlet sea anemone N. vectensis (Neve-
CnPolydom). Based on its presence in members of two
cnidarian classes, Anthozoa (N. vectensis) and Hydrozoa
(H. symbiolongicarpus and H. echinata), it is likely that
many other taxa within Cnidaria encode a CnPolydom-like
gene and may similarly express it in response to microbial
encounters as we have found to be the case in
H. symbiolongicarpus.

From these data we conclude that Hysy-CnPolydom is part
of an extracellular signaling or effector cascade most likely
acting as an important molecular bridge between cells and
the extracellular matrix in response to bacterial and fungal
epitopes. These data contribute to our understanding of the
origins of the pentraxin family of lectins and the structural
and functional evolution of polydom-like molecules through-
out the Eumetazoa. The role this gene plays in the life
history of Hydractinia can help establish its relationship to
homologous genes in other cnidarians and in other eume-
tazoan taxa.
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