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Although many properties of the innate immune system are shared among multicellular animals, the
evolutionary origin remains poorly understood. Here we characterize the innate immune system in
Hydra, one of the simplest multicellular animals known. In the complete absence of both protective
mechanical barriers and mobile phagocytes, Hydra’s epithelium is remarkably well equipped with potent

antimicrobial peptides to prevent pathogen infection. Induction of antimicrobial peptide production is
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mediated by the interaction of a leucine-rich repeats (LRRs) domain containing protein with a TIR-
domain containing protein lacking LRRs. Conventional Toll-like receptors (TLRs) are absent in the Hydra
genome. Our findings support the hypothesis that the epithelium represents the ancient system of host

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

To protect themselves against pathogens, vertebrates have
developed a complex immune system that integrates fast innate
defence mechanisms with delayed adaptive responses. Inverte-
brates rely exclusively on innate host defence systems to prevent
infectious agents from entering the body [1]. Crucial elements of
innate immunity include the Toll/Toll-like receptors, which detect
conserved pathogen-associated molecular patterns (PAMPs) to
initiate a complex antimicrobial response [2]. Although every
multicellular organism and even single cells have effective defence
mechanisms, the details of pathogen recognition, signalling
mechanisms and antibacterial responses differ significantly among
species indicating that ancient host defence has branched off into a
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variety of unique and specialized systems during evolution [3].
Previous work on host defence strategies in invertebrates has
largely focused on insects and nematodes [4-10]. Unlike these
animals, Cnidaria are soft-bodied animals lacking mobile phago-
cytes, hemolymph and impermeable barriers, such as a cuticle or
an exoskeleton, resulting in seemingly high vulnerability to
pathogens [11]. To identify the evolutionary origin of genes
involved in host defence, we recently scanned the EST and genomic
resources in a number of cnidarian species and discovered
unexpected complexity [12]. Here, we examine the nature of
the defence strategies in Hydra (Fig. 1), which is a representative
of this phylum and lives in freshwater habitats containing myriads
of microbes. Scattered amidst the microbes are potential patho-
gens — bacteria, viruses, or protists — capable of tissue destruction
and functional impairment. Hydra attaches to various substrata
with foot epithelial cells and is in direct contact with the microflora
which forms biofilm-communities (Fig. 1C). Bacteria in contact
with Hydra include y- and 3-Proteobacteria [13]. When challenged
by injury or tissue loss, Hydra is capable of extensive regeneration
and, therefore, is a prime model to study evolutionary develop-
ment and regeneration [14].
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Fig. 1. Hydra and its cellular response to pathogen exposure. (A) Phylogenetic tree showing the basal position of Cnidaria as sister group to the Bilateria. (B) Hydra
magnipapillata, g, gastric region examined by REM in (D-G), f, foot examined by TEM in (C). (C) TEM showing a foot epithelial cell in close contact with various microbes; a,
alga; b, bacteria. Arrowheads indicate epithelial cell membrane. (D) REM showing the ectodermal epithelium in control polyps. (E) REM showing the ectodermal epithelium in
polyps exposed to filtrates of adherent grown Pseudomonas aeruginosa. (F) TEM showing ectodermal epithelial cells in control polyps. Arrowheads indicate outer cell
membrane and glycocalix. Note the absence of any bacteria in the glycocalix. (G) TEM showing ectodermal epithelial cells in P. aeruginosa filtrate-challenged polyps. Note the
large number of intracellular granules. Arrowheads indicate outer cell membrane and glycocalix. (H-]) Microscopic analysis of bacteria in endodermal epithelial cells. (H)
CLSM showing GFP expressing bacteria engulfed during food uptake in endodermal epithelial cells. Red, phalloidin staining. (I) Cells shown in H stained with Hoechst. (J)
Transmission electron micrograph of an endodermal epithelial cell engulfing bacteria.
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Despite lacking many features of host defence of higher
developed invertebrates, in Hydra both the ectodermal (Fig. 1D-
G) as well as the endodermal epithelium (Fig. 1H-]) is remarkably
well equipped to survive in an environment teeming with
potential pathogens and to prevent infectious agents from
entering the body. By using a combined biochemical, transcrip-
tome and functional analysis approach we show that in the
absence of mobile phagocytes, in Hydra effective innate immune
responses are mediated by the epithelium and are based on
unconventional TLR signalling. Our data indicate that the
ancestral system of host defence is the inducible expression of
antimicrobial peptides.

2. Materials and methods
2.1. Animals, nerve depletion, and immune challenge

We used Hydra vulgaris and two strains of Hydra magnipa-
pillata. H. magnipapillata strain 105 is wildtype; strain sf-1 is a
mutant strain containing a temperature-sensitive interstitial cell
lineage [15]. Unless otherwise stated, animals were cultured
using standard conditions at 18 °C. Polyps were exposed to
Pseudomonas aeruginosa culture filtrate (generated from ATCC
33354, cultured at static conditions for 24 h in “MG”-medium,
containing 40 mM K;HPO4 30 mM glucose, 22 mM KH,PO,,
7 mM (NH4),SO4 and 0.5 mM MgSO,4. Polyps were incubated in a
1:20 dilution of P. aeruginosa culture supernatant in Hydra-
medium for 8-24 h. For control, polyps were incubated in a 1:20
dilution of MG medium in Hydra medium for the same period of
time. WBB0O1 LPS from Escherichia coli (HL145) (gift from T.
Gutsmann, research centre Borstel) was used to induce an
immune response against gram-negative bacteria. Penta-/tetra-
acyl from E. coli (GB1) LPS (inactive LPS) (gift from T. Gutsmann,
Research Centre Borstel) was used as negative control. Both
types of LPS were dispensed in 10 mM sodium phosphate buffer
(pH 7) (stock concentration 100 pg/ml) vortexed, sonicated for
30 min, and subjected to several temperature cycles between
20 °C and 60 °C. Finally, the lipid suspensions were incubated at
4 °C for at least 12 h before use. Polyps were incubated with LPS
at different concentrations (5-20 ng/ml) and for different times
(15min to 24 h). Nerve cells were eliminated as described
previously [16] by culturing sf-1 animals for 25 days at 25 °C.
Cell death was induced by incubating Hydra magnipapillata sf-1
polyps at 28°C for 8 h [17]. Incubation experiments with
flagellin were performed with H. magnipapillata polyps, which
were kept in a 2.5 pg/ml flagellin solution for O h, 2 h and 4 h.
Transfection with dsRNA was used to mimic the induction of
immune response by viral infection. GFP [18] served as
unrelated template for dsRNA production. DsRNA was produced
with MEGAscriptTM RNA Kit from Ambion according manuals
instruction. 0.1 wg to 10 wg dsRNA was transferred into intact
polyps by electroporation using previously established methods
[19,20]. After 4 days of polyp recovery, total RNA was isolated
using Trizol reagent (Invitrogen). Uric acid treatment was done
as described [21] by incubating H. vulgaris polyps for 24 h in
20 pg/ml monosodium urate (MSU) (Sigma) or allopurinol
(Sigma).

2.2. Antisera

The anti Periculin-1 polyclonal antiserum was raised in mouse
against full-length recombinant Periculin-1 peptide in the
Hybridoma Laboratory of Drs. V. Klimovich and M. Samoilovich
(St. Petersburg). FITC conjugated anti-mouse Fab-fragments were
used as secondary antibody.

2.3. Electron microscopy

For thin-section electron microscopy, polyps were fixed in 3.5%
glutaraldehyde in 0.05 M cacodylate buffer, pH 7.4. After washing
with 0.075 M cacodylate buffer for 30 min animals were post-fixed
for 2 h with 1% Os0,4 in 0.075 M cacodylate buffer. After additional
washing the tissue was dehydrated in ethanol and embedded in
AGAR 100 resin/Agar Scientific Ltd. Ultrathin sections were
contrasted with uranylacetate and lead citrate and analysed using
a PHILIPS EM 208 S transmission electron microscope.

2.4. Antimicrobial activity

Antimicrobial activity of Hydramacin-1 was evaluated as
described previously [22]. Briefly, test isolates were grown for
2-3 hin brain heart infusion broth at 36 + 1 °C, washed three times
in 10 mM sodium phosphate buffer (pH 7.4), supplemented with 1%
tryptic soy broth (TSB), and adjusted to 10* to 10° bacteria/ml. A 100-
pl volume of the bacterial suspension was mixed with 10 pl of
Hydramacin-1 solution (range of final concentrations tested, 0.0125-
100 wg/ml) and incubated at 36 +£1°C. After 2h, CFU were
determined. Bacterial suspensions supplemented with 10wl of
phosphate buffer/1% TSB instead of Hydramacin-1 served as negative
controls. Results are given either as LDggs or as minimal bactericidal
concentrations (MBCs) (>99.9% killing). For assessing antimicrobial
activity by the radial diffusion assay we measured growth inhibition
of E. coli strain XL blue as described previously [16].

2.5. Molecular techniques

In situ hybridization and immunohistochemistry have been
performed as described [23]. For functional analysis of HyTRR-1,
HyTRR-2 and HyLRR-2, we generated loss-of-function animals by
dsRNA-mediated interference. dsRNA was synthesized using
MEGAscriptTM RNA Kit from Ambion. 10 g of dsRNA was
electroporated into intact polyps according to previously estab-
lished protocols [19]. After 4 days of polyp recovery, total RNA was
isolated using Trizol reagent from (Invitrogen). For RT-PCR, total
RNA was isolated from immuno-challenged polyps using TRIzol
reagent (Invitrogen). Aliquots of minimal 500 ng of total RNA were
reverse transcribed as previously reported [19,23]. cDNA samples
were equilibrated with primers against (3-actin (18 cycles) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (26 cycles)
as described previously. In addition, a constitutively expressed
endodermal epithelial cell specific gene (arm-1) (26 cycles) was
used for equilibration. Water control and equilibration controls
were included into every reaction. PCRs were performed according
to standard profiles. Annealing temperatures were set due to T, of
the specific primer pair. Only data obtained reproducibly in three
to five independent experiments were further analyzed. Suppres-
sion subtractive hybridisation (SSH) [24] was performed to
qualitatively compare the transcriptomes between immuno-
stimulated and control tissue. For immuno-stimulation we used
(i) P. aeruginosa culture filtrate-exposure and (ii) nerve depletion.
Tester ds cDNA was obtained from polyps exposed for 8-24 h to P.
aeruginosa supernatant. Driver ds cDNA was synthesized from
untreated polyps. SSH was performed as described [23]. TIGR
Indices Clustering Tools [25] were used for clustering the
sequences. Data from the Hydra EST Project (approximately
175,000) and the sequence reads from the Hydra Genome project
(approximately 6 x coverage) were obtained from www.hydraba-
se.org. Nucleotide, protein and translated BLAST engines at the
NCBI server [26] were used for homology searches in public
databases. Seqtools program (S.W. Rasmussen, www.seqtools.dk)
was used for sequence analysis. ClustalW was used for sequence
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alignments [27]. Version 3 of the MEGA software package [28] was
used for phylogenetic tree construction. SMART [29], SignalP [30]
and HMMer [31] were used for domain analysis.

2.6. HEK cell activation assay

All constructs were cloned into pcDNA3-Flag. All resulting
proteins, therefore, have 3 Flag-tags at the N-terminus. HyLRR-
2:HuTIR contains nucleotide 1-1455 of HyLRR-2 and nucleotide
1144-1710 of hulL1R1 mRNA, fused by PCR. HyLRR-2:HuTM +
HuTIR contains nucleotide 1-1329 of HyLRR-2 and nucleotide
1009-1710 of hulL1R1 mRNA. HyTRR-1:HuTIR contains nucleo-
tide 1-54 from HyLRR-2, nucleotide 1-815 of HyTRR-1 and
nucleotide 1144-1710 of HuIL1R1 mRNA. The whole open reading
frame of HyLRR-2 was cloned into pcDNA3-Flag. Nucleotide
counting starts with 1 at the ATG codon.

2.7. Transient transfection and NF-kB luciferase assay

Activation of transcription factor NF-kB was determined using a
dual-luciferase reporter gene kit (Promega, Madison, WI) accord-
ing to the manufacturer’s manual. Cells seeded on 96-well plate
were transfected with 12 ng/well of pNF-kB_Luc plasmid (Strata-
gene, La Jolla, CA, USA) in combination with 3 ng/well of pRL-TK
(Promega) and 35 ng/well expression plasmids. Empty vector
(pcDNA3-Flag) was used as vector control. Cells were stimulated
with the respective PAMPs for 12 h or left untreated. Cell lysates
were analyzed on a Tecan Genios Pro microplate luminometer
(Tecan Trading AG, Switzerland). All samples were measured in
quadruplicates and all experiments were repeated independently
at least three times. The results for NF-kB driven firefly luciferase
activity were normalized using the reference plasmid and
expressed as relative light units (RLU).

2.8. Genbank accession numbers

Periculin-1 (AY649787); Hydramacin-1 (DQ449931); HyLRR-1
(DQ449927); HyLRR-2 (DQ449928); IL1R1 (NM_000877), HyTRR-1
(DQ449929); HyTRR-2 (DQ449930); MyD88 (CV182656); IRAK
(DT608600); TRAF (gnl|ti|1004354542); TAK1 (DN815379); IKK
(CV985420).

2.9. Hydramacin-1 purification procedure

Hydramacin-1 was purified from Hydra-extracts with a
similar strategy as used to purify human antimicrobial peptides
from human stratum corneum [32]: Briefly, 10 g H. vulgaris was
homogenized in 10 ml acidic ethanolic citrate buffer. After
“diafiltration” (Amicon filters, cut off: 3 kDa) against 10 mM
Tris—citrate buffer, pH 8.0, extracts were then applied to a
heparin-sepharose cartridge (10 mm x 5 mm, Pharmacia, Frei-
burg, FRG), previously equilibrated with the diafiltration buffer.
After washing, bound proteins were eluted with 2 ml of 2 M NacCl
in 0.1 M Tris-citrate buffer and the heparin-bound material was
then diafiltered against 0.1% (v/v) trifluoroacetic acid (TFA) in
HPLC grade water. Heparin-bound material was purified by
preparative wide-pore RP-8-HPLC using a column (300 mm x
7 mm, C8 Nucleosil, 250 mm x 12.6 mm, Macherey and Nagel)
that was previously equilibrated with 0.1% (v/v) TFA in HPLC
grade water containing 20% (v/v) acetonitrile. Proteins were
eluted with a gradient of increasing concentrations of acetoni-
trile containing 0.1% (v/v) TFA (flow rate: 2 ml/min). Aliquots
(10-30 p.l) of each fraction were lyophilized, dissolved in 5 .l of
0.1% (v/v) aqueous acetic acid and tested for antimicrobial
activity against E. coli ATCC 11303 by a radial diffusion plate

assay. Fractions containing strongest antimicrobial activity were
further purified by MonoS® cation exchange HPLC followed by
C2/C18-RP-HPLC as described for purification of HBD-3 [33] and
RNase 7 [34]. Concentrations of proteins present in HPLC
fractions were estimated via UV-absorbance integration at
215 nm or 280 nm using ubiquitin (Sigma, Munich) for calibra-
tion. Electrophoretic mobility was investigated using SDS-
polyacrylamide gels (SDS-PAGE) in the presence of 8 M urea
and tricine under non-reducing conditions as described for
chemokines [35]. Peptides were visualized by silver staining
[35]. Electrospray ionization mass spectrometry (ESI-MS)-ana-
lyses was performed in the positive ionization mode with
a quadrupol-orthogonal-accelerating-time-of-flight-mass spec-
trometer (QTOF-II-hybrid-mass-spectrometer (Micromass, Man-
chester, UK). For mass spectrometrical sequencing, proteins were
reduced and alkylated, followed by trypsin-digestion. Tryptic
fragments were further analysed by MS/MS-analyses and the
data deconvoluted using MaxEnt3-software (Micromass).

2.10. Expression of recombinant Hydramacin-1

The bacterial expression vector pET-32a(+) encoding for a
fusion protein consisting of thioredoxin, a histidine tag, an
enterokinase cleavage site and the mature Hydramacin-1 was
transformed into E. coli BL21pLys. Liquid cultures were grown, and
protein expression was induced by IPTG at an optical density
(600 nm) of 0.5. After 4 h cells were harvested, lysed and the
unsoluble protein (inclusion bodies) fraction was isolated by
centrifugation. The isolated inclusion bodies were washed and
solubilized in 6 M guanidinium-hydrochloride, 50 mM Tris, pH 8.0
and purified with Ni-Agarose under denaturing conditions. The
purified Hydramacin-1-fusion protein was then refolded by
dialysis (50 mM Tris, pH 8.0) and proteolytically digested with
enterokinase. Final purification was performed by cation-exchange
chromatography followed by RP-HPLC (C18-colum, Vydac) using a
linear acetonitrile gradient.

3. Results

3.1. Bacterial pathogen-associated molecular patterns (PAMPs) cause
drastic changes in Hydra epithelial cell morphology

Among the bacteria associated with Hydra are Pseudomonas
species [13]. As shown in Fig. 1D-G, exposure of H. magnipapillata
polyps to filtrates of adherent grown P. aeruginosa causes striking
changes in ectodermal epithelial morphology. Ectodermal
epithelial cells from stimulated polyps round up and form
numerous blebs at the cell surface (Fig. 1E). Analysis of thin
sections indicates that epithelial cells in P. aeruginosa filtrate-
exposed Hydra polyps (Fig. 1G) contain a large number of
granules. Thus, similar to immune cells in higher organisms
[36], Hydra epithelial cells appear to respond to PAMPs by
cytoskeletal rearrangement and increased secretory activity. In
addition to ectodermal epithelial cells (Fig. 1D-G), the natural
feeding behaviour of Hydra confronts also endodermal epithelial
cells with large numbers of bacteria, illustrated by the uptake of
GFP labelled bacteria (Fig. 1H-]), demanding effective endoder-
mal epithelial defence mechanisms.

3.2. Identification of Hydramacin-1, an endermal Hydra peptide
antibiotic

Hydra extracts contain strong microbicidal activity suggesting
an innate antimicrobial barrier in Hydra epithelium. Since recently
Pseudomonas species were detected in Hydra cultures [13], we
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exposed Hydra polyps for 24 h to P. aeruginosa culture filtrate to
identify constitutively as well as inducibly produced antimicrobial
peptides (AMPs). P. aeruginosa culture filtrate is also known to be a
potent innate immune inductor (JMS, pers. observation) containing
LPS and flagellin. To isolate antimicrobial peptides, extracts of
homogenized polyps were subjected to a heparin-sepharose
affinity column. Bound peptides were further separated by
preparative C8-reversed phase (RP)-HPLC. Using a radial diffusion
antibacterial assay system, AMP-containing fractions were identi-
fied in many HPLC-fractions (data not shown). Fractions showing
highest bactericidal activity were then further purified to
homogeneity by cation-exchange-HPLC, followed by C2C18-RP-
HPLC (Fig. S1). Electrospray ionisation-mass spectrometry (ESI-
MS) analyses revealed a mass of 6994 Da for the principle AMP. By
ESI-MS and MS/MS analyses we identified an eight amino acid
peptide fragment (indicated by red letters in Fig. 2A) which
mapped to a translated Hydra EST (CX833582). BLASTP searches
revealed a significant match (Fig. 2B) to theromacin of Aplysia
californica, an antibacterial peptide initially found in the leech
Theromyzon [37]. This Hydra peptide, therefore, is referred to as
Hydramacin-1. The Hydramacin-1 cDNA contains a putative
signal sequence directly followed by the mature peptide, encoding
a basic cationic 60 aa peptide containing eight cysteines (Fig. 2A)
with a calculated monoisotopic molecular mass of 7009 Da (for a
four cysteine-bridges containing peptide). The 15 Da lower mass of
the natural Hydramacin-1 indicates a posttranslational modifica-
tion with a loss of one molecule NH; and addition of two
hydrogens, suggesting that natural Hydramacin-1 contains a
pyroglutamate at the N-terminus. In situ hybridization revealed
that Hydramacin-1 mRNA is expressed exclusively in endodermal
epithelium (Fig. 2C). To determine whether Hydramacin-1 is
constitutively expressed or inducible by microbial products,
we exposed Hydra to ultrapure lipopolysaccharide (LPS) (WBBO1
LPS E. coli HL145) prior to RNA isolation. As shown in Fig. 2D,
LPS upregulates Hydramacin-1 expression in a dose-dependent
manner at low concentrations indicating that Hydramacin-1
is inducible by microbial products. Biologically inactive
synthetic penta-/tetraacyl LPS (E. coli GB1) [38] served as a
negative control.

(A) Hydramacin-1
1 MRTVVFFILVSIFLVALKPTGTQAQIVDCWETWSRCTK

39 WSQGGTGTLWKSCNDRCKELGRKRGQCEEKPSRCPLSK

77 KAWTCICY

(B) Hm-1 23 QAQIVDCWETWSRCTKWSQGGTGTLWKSCNDR
+ + CW+ WSRCT WS GTG LWKSC+D+
Tm-1 12 KGPLEACWDEWSRCTGWSSAGTGVLWKSCDDQ

Hm-1 55 CKELGRKRGQCEEKPSRCPLSK--KAWTCIC
CK+LG+ G+C PS CP ++ KA+ C C
Tm-1 44 CKKLGKSGGECVLTPSTCPFTRTDKAYQCQC

(D) LPS[ng/ml] inactive LPS[ng/ml]
(4] 5 10 20 [+] 5 10 20

Fig. 2. Hydramacin-1, a host-defence genes in Hydra. (A) Hydramacin-1 amino acid
sequence. Predicted structural features of Hydramacin-1 with a signal peptide
(underlined) followed by a cationic region (pl value 9.1) with 8 cysteines (marked in
yellow) that form four disulfide bridges (solid lines). Letters in red indicate amino
acids determined by MS. (B) Alignment of Hydramacin-1 with theromacin of Aplysia
californica; conserved cysteine residues are highlighted. (C) In situ hybridization
shows that Hydramacin-1 is expressed exclusively in the endoderm. (D) LPS induces
the expression of Hydramacin-1 (hm-1) in a dose-dependent manner.

Table 1
Antimicrobial activity of Hydramacin-1.
Strain MBC (M) LDgo (M)
Gram negative
C. freundii UR 1776/03 0.9 0.2
E. cloacae ATTC 13047 1.8 0.4
E. coli ATTC 11775 0.9 0.4
E. coli ATTC 35218 0.4 0.2
E. coli D31 7.1 0.4
K. pneumoniae ATTC 13883 0.9 0.4
P. aeruginosa ATTC10145 >14.3 >14.3
S. typhimurium ATTC 13211 0.9 0.2
Y. enterocolitica NCTC 11174 0.4 0.2
Multiresistant ESBL gram negative
E. coli ESBL Co 80 0.4 0.4
E. coli ESBL Co 82 0.4 0.2
E. coli ESBL Co 83 0.9 0.4
E. coli ESBL Co 84 0.9 0.2
E. coli ESBL Co 85 0.9 0.2
K. oxytoca ESBL 2 0.9 0.2
K. oxytoca ESBL 3 0.9 0.4
K. oxytoca ESBL 23 0.9 0.4
K. oxytoca ESBL 26 0.9 0.4
K. pneumoniae ESBL 8 3.6 0.9
K. pneumoniae ESBL 11 1.8 0.4
K. pneumoniae ESBL 20 0.9 0.4
Gram positive
B. megaterium ATTC 14581 0.2 0.1
E. faecalis ATTC 29212 143 0.9
S. aureus ATTC 12600 >14.3 14.3
S. epidermidis ATTC 14990 >14.3 >14.3
S. hominis ATTC 27844 >14.3 3.6
S. pneumoniae ATTC 33400 >14.3 >14.3
Fungi
C. albicans ATTC 10231 >14.3 >14.3
C. albicans ATTC 24433 >14.3 >14.3
C. glabrata ATTC 90030 >14.3 >14.3

3.3. Hydramacin-1 has high activity against numerous bacteria
including antibiotic resistant human pathogens

To assess the antimicrobial activity of Hydramacin-1, we
generated recombinant peptide from a fusion protein in E. coli. ESI-
MS analyses revealed a mass of rHydramacin-1 of 6994 Da—
identical with that of natural Hydramacin-1 and also containing a
pyroglutamate at the N-terminus. When used in liquid growth
inhibition assays against Bacillus megaterium ATCC14581 and E. coli
D31, recombinant Hydramacin-1 showed a strong inhibitory effect
on the growth of B. megaterium (data not shown). To study the
antimicrobial activity of Hydramacin-1 against a variety of bacteria
in more detail, we assessed the minimal bactericidal concentration
(MBC) of Hydramacin-1. The results (Table 1) confirmed that
Hydramacin-1 is highly active against B. megaterium. In addition,
Hydramacin-1 was capable of killing a large number of human
gram negative pathogens, including E. coli, Klebsiella oxytoca and
Klebsiella pneumoniae strains which are resistant to all currently
available antibiotics (Table 1), making Hydramacin-1 an interest-
ing leading-structure for design of a novel generation of antibiotics.
Although being able to kill B. megaterium at very low doses,
Hydramacin-1 is not active against gram positive Coccus species.
Hydramacin is also not active against gram negative non-
fermentation species, and against Candida albicans (Table 1). The
inability of Hydramacin-1 to kill or inhibit P. aeruginosa (Table 1)
was surprising in light of the fact that (i) Hydra tissue has activity
against P. aeruginosa (RA and TCGB, pers. observation) and (ii) that
the supernatant used to induce the immune response was from P.
aeruginosa. However, as described above, the supernatant also
contains LPS, and LPS is a strong inductor of Hydramacin-1 (see
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Fig. 3. Distribution of the Hydra magnipapillata SSH clusters and singletons annotated according to common Gene Ontology terms.

Fig. 2D). Thus, purification of Hydramacin-1 from an extract which
was initially exposed to P. aeruginosa supernatant (see Fig. S1) and
which in retrospect is expected to be able to induce Hydramacin-1
can be explained by the heterogeneity of the supernatant. The
activity of the tissue extract against Pseudomonas most likely is due
to the activity of not yet identified AMPs. While active against E.
coli strains ATCC11775 and ATCC35218, Hydramacin-1 has a
strongly reduced activity against E. coli strain D31 (Table 1), which
is known for its reduced LPS structures in the outer cell membrane.
This and the capacity of Hydramacin-1 to kill both gram positive
and gram negative species may indicate a novel, not yet under-
stood way of interaction of Hydramacin-1 with the bacterial
membrane.

3.4. Identification of Periculin-1 as novel bactericidal Hydra peptide

To identify additional genes involved in innate immunity of
Hydra and to produce cDNA libraries enriched for genes with
functions in the immune response, we used suppression
subtraction hybridisation (SSH). Since we have previously
observed that nerve-depleted polyps show enhanced antimicro-
bial activity [16]. cDNA was prepared from polyps challenged with
adherent P. aeruginosa culture supernatants and from nerve
depleted polyps (see Section 2 for detail). 4894 sequences were
obtained which could be grouped into 332 contigs and 95
singletons. As indicated in Fig. 3, 65% of the sequences showed
BLAST matches to previously identified proteins and, therefore,
could be functionally annotated according to common Gene
Ontology (GO) terms [39]. The remaining 35% of protein encoding
sequences showed no matches in any databank and, therefore,
might represent novel genes. Among the known genes upregu-
lated inimmune-challenged polyps and annotated in the category
“antimicrobial and stress response” was Hydramacin-1. The fact
that both, the transcriptome analysis and the biochemical
approach described above resulted in the isolation of Hydrama-
cin-1 underlines the view that this peptide has a distinct function
in host defence.

Among the 35% novel genes upregulated by P. aeruginosa
filtrates (Fig. 3) we discovered the gene Periculin-1, termed due to
its rapid response to a wide variety of bacterial and tissue “danger”
signals (see below). Analysis of the deduced amino acid sequence
of Periculin-1 and the charge distribution within the molecule

reveals an anionic N-terminal region and an 8 cysteine residues
containing cationic C-terminal region (Fig. 4A). No identifiable
orthologues were found in any database. Periculin-1 is expressed in
the endodermal epithelium as well as in some interstitial cells in
the ectoderm (Fig. 4B and D). To localize the Periculin-1 peptide
in Hydra tissue, a polyclonal anti-Periculin-1 antiserum was raised
in mice. We detected immunoreactive Periculin-1 peptide in
endodermal epithelial cells as well as in a subpopulation of
ectodermal interstitial cells (Fig. 4E), at similar locations as
Periculin-1 mRNA. To assess the antimicrobial activity of Periculin-
1, we generated recombinant peptide representing the cationic C-
terminal region (Fig. 4A) in E. coli. When used against B. megaterium
ATCC14581, we observed a bactericidal activity (LDgg) of 0.2-
0.4 uM indicating that this peptide also is involved in the Hydra
host defence.

(A) Periculin-1
1 MFMKIIFISSVIILAAADEFIESEDQYDLNIN

33 PPKEEYKNQYESNNEYQPTSEYNNNKKPSKTD

65 YENQYESSNKYQPKSGYKPKKW(FLDIDVTKQ
[

97 CIKNRADGNYAIDNKPRAGYIACVNKSPICMP(I!

T
PYGLTFCAKTGYKGLGH&LGEYDE&PSRSY

Fig. 4. Periculin-1, a novel host defence effector molecule in Hydra. (A) Periculin-1
amino acid sequence and structural features. A signal peptide (underlined) is
followed by an anionic (red amino acid residues; pl value 4.5) and a cationic (blue
amino acid residues, pI value 8.7) domain which contains 8 cysteines (marked in
yellow) predicting three disulfide bridges (solid lines). (B-D) Periculin-1 mRNA is
expressed in endodermal cells (B) as well as in interstitial cells in the ectoderm (C)
and (D). (E) Polyclonal antiserum shows the Periculin-1 peptide localized in the
endoderm as well as in some ectodermal interstitial cells.
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Fig. 5. Periculin-1 expression is induced by a number of PAMPs. (A) Time kinetics of
induction of expression of Periculin-1 (Peri-1) by flagellin, actin, cDNA equilibration.
(B) LPS induces expression of Periculin-1 in a dose-dependent manner, Arm-1, cDNA
equilibration. (C) dsRNA induces the expression of Periculin-1, Gapdh, cDNA
equilibration. (D) Induction of Periculin-1 mRNA-expression by signals from dying
cells. ¢, control tissue; t, tissue which contains apoptotic cells (see Section 2 for
details), actin, cDNA equilibration. (E) Induction of Periculin-1 expression by danger
signal monosodium urate (MSU). Allopurinol was used as control as described [21],
actin, cDNA equilibration.

3.5. Microbial PAMP, flagellin, and endogenous “danger” signals
upregulate the expression of Periculin-1

Most abundant bacteria species in Hydra are flagellated bacteria
[13]. We, therefore, next examined whether bacterial flagellin can
induce Periculin-1 expression. As shown in Fig. 5A, exposure of
Hydra to 2.5 pg/ml flagellin upregulates Periculin-1 expression in a
time dependent manner. Since P. aeruginosa-filtrates contain not
only flagellin but also LPS, we also exposed Hydra to ultrapure LPS
(WBBO1 LPS E. coli HL145) [38] to analyze whether in addition to
flagellin also LPS can induce Periculin-1 expression. As shown in
Fig. 5B, in addition to flagellin also LPS upregulates Periculin-1
expression in a concentration dependent manner, whereas inactive
synthetic penta-/tetraacyl LPS (E. coli GB1) [38] failed to induce
Periculin-1.

Unexpectedly, introduction of dsRNA of unrelated sequence
into Hydra polyps by electroporation (see Section 2) also caused a
strong upregulation of Periculin-1 expression in a dosage-
dependent manner (Fig. 5C). Since double-stranded RNA is a viral
replication intermediate and a potent stimulus to trigger host
responses [40], the strong response of Periculin-1 to the presence of
“foreign” RNA may reflect an antiviral response. In contrast to
Periculin-1, Hydramacin-1 expression was not affected by dsRNA
(data not shown).

Cell death plays an important role in Hydra tissue homeostasis
[17,41,42] and may also be responsible for removal of infected
cells. We, therefore, asked whether signals released by damaged or
dying cells can also affect Periculin-1 expression. Cell death was
induced in Hydra mutant strain (sf-1) by temperature shock as
described [17]. A high level of Periculin-1 expression accompanies
cell death signals in Hydra (Fig. 5D).

In vertebrates, one of the principal endogenous immunological
“danger signals” released from injured or dying cells is mono-
sodium urate (MSU), the end product of purine catabolism
[21,43,44]. To investigate whether MSU can trigger Periculin-1
expression, Hydra polyps were exposed to MSU for 24 h. As a
negative control, polyps were treated with allopurinol, a structu-
rally related but inactive molecule [21]. As shown in Fig. 5E,
expression of Periculin-1 is strongly upregulated after stimulation
with MSU while allopurinol failed to induce Periculin-1 transcrip-
tion. Thus, uric acid appears to be a highly conserved endogenous
danger signal. Taken together, the results indicate that a wide
variety of bacterial and tissue components affect the expression of
Periculin-1.
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Fig. 6. Atypical putative TLR-like transmembrane receptors mediate the immune
response in Hydra. (A) Rat TLR-4 showing the typical domain structure of TLRs with
a cytoplasmic TIR domain and extracellular LRRs. (B) Domain structure of HyTRR-1
and HyTRR-2. (C) Domain structure of HyLRR-1 and HyLRR-2.

3.6. Atypical transmembrane receptors are involved in bacterial
recognition in Hydra

In vertebrates, many of the PAMP-elicited signals including
flagellin, LPS, and dsRNA are transduced by Toll-like receptors
(TLRs) [3]. As reported previously [12], searching the available
databases including the 170,000 Hydra ESTs (dbEST at NCBI) and
the H. magnipapillata genomic sequences deposited at NCBI's Trace
archive identified two genes whose inferred amino acid sequence
contained a Toll/interleukin-1 receptor (TIR) domain, a transmem-
brane domain, and an extracellular domain lacking any specific
domain structure (Fig. 6B). We have termed these Hydra genes
Toll-receptor-related 1 (HyTRR-1) and Toll-receptor-related 2
(HyTRR-2) respectively (Fig. 6B). Most strikingly, neither HyTRR-
1 nor HyTRR-2 contains leucine-rich repeats (LRRs) in its
extracellular region (Fig. 6B). TBLASTN queries of the H.
magnipapillata genome sequence and EST data set did not yield
evidence for any additional HyTRR-1 and HyTRR-2 related genes
[11,12]. The structures of HyTRR-1 and HyTRR-2 genes as well as
predicted proteins are shown in Supplementary Figs. S2 and S3.

To study how these receptors function in the absence of LRRs,
we screened the Hydra EST dataset as well as the Hydra genome for
LRR-containing genes by using LRR sequences from human TLR4.
We identified two full-length transcripts that encode putative
transmembrane proteins carrying TLR-related LRRs on the extra-
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Fig. 7. HyLRR-2 mediates HEK293 cell activation by flagellin. (A) Schematic representation of chimeric proteins used illustrating the exchanged domains (grey). (B) NF-kB
activation performed by transfection of HEK293 cells with chimeric HyLRR-2:HuTIR or HyLRR-2:HuTM + HuTIR.

cellular part (Fig. 6C). We termed these genes HyLRR-1 and HyLRR-
2, respectively. The two predicted LRR proteins contain up to eight
LRR domains in their N-terminal region (Fig. 6C). Whereas HyLRR-
2 contains in addition three EGF domains, HyLRR-1 has a coiled-
coiled motif in the extracellular part. In both proteins, the
transmembrane domain is followed by only a short stretch of
amino acids near the C-terminal end with no obvious domain
structure. The 2104 nucleotide containing full-length transcript of
HyLRR-2 shows a Hydra typical splice leader sequence (SL-B) at the
5’ UTR and a poly A-tail at the 3/ UTR. The structure of the complete
HyLRR-2 gene and gene product is shown in Supplementary Fig. S4.

3.7. HYLRR-2 mediates HEK293 cell activation by flagellin

Since HYLRR-2 is structurally more similar to vertebrate TLRs
than HyLRR-1, we next examined whether this transmembrane
protein can recognize PAMPs such as flagellin. To functionally assess
the capacity of HyLRR-2 to elicit intracellular signals induced by
PAMP recognition, we generated several expression constructs
encoding human/Hydra chimeric proteins (Fig. 7A). In a first set of
experiments, the TIR domain of IL1R1, which is known to activate
NF-kB via the recruitment of MyD88, was fused to the cytoplasmic
region of Hydra HyLRR-2 to generate an artificial, conventional TLR
(HyLRR-2:HuTIR) (Fig. 7A). A second chimera combined the
extracellular part of HyLRR-2 to the transmembrane stalk and TIR
domain of human IL1R1 (HyLRR-2:HuTM + HuTIR) (Fig. 7A). Using
these chimeras, we next screened a library of PAMPs in order to
determine the potential specificity of the chimeric receptor. For this
purpose, HEK293 cells were transiently transfected with the two

plasmids and with a luciferase reporter construct driven by a 6 x NF-
kB consensus cassette. As shown in Fig. 7B, expression of the
chimeric protein made HEK293 cells responsive to bacterial flagellin,
demonstrating a functional flagellin receptor, whereas LPS or LD- or
DD-MDP failed to activate HEK293 cells (Fig. 7B). Other PAMPs
tested included PAM3CSK4, FSL-1, Poly(I:C), Imiquimod, ssRNA and
CpG DNA, all of which did not result in a significant NF-kB activation
with either of the plasmids (Fig. 7B).

3.8. Silencing of HyLRR-2 affects expression of HyTRR-1

To investigate the role of the HyLRR-2 receptor in antimicrobial
effector molecule expression directly, we generated loss-of-function
animals by dsRNA-mediated interference (RNAi). HYLRR-2 dsRNA
was synthesized and electroporated into intact polyps according to
previously established protocols [19]. After 4 days, polyps showed
distinct depletion of HyLRR-2 transcripts (Fig. 8A, red box).

Unexpectedly, when examining the HyLRR-2 loss-of function
polyps we detected that also the level of HyTRR-1 transcripts is
markedly reduced (Fig. 8A). Since this observation raised the
possibility that both transmembrane receptors, HyLRR-2 and
HyTRR-1, might influence each other, we next generated HyTRR-1
loss-of function polyps and examined them for the level of HyLRR-2
transcripts. As also shown in Fig. 8A, when HyTRR-1 is knocked
down by RNAI, the level of HyLRR-2 transcripts is significantly
reduced. Thus, HyLRR-2 and HyTRR-1 appear to have the specific
ability to influence each other.

The HyTRR-1 and HyLRR-2 knockdowns did not have any
notable effect on the survival of polyps (data not shown) but,
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Fig. 8. Silencing of HyLRR-2 affects expression of HyTRR-1. (A) Analysis of HYyTRR-1 and HyLRR-2 loss-of-function polyps generated by RNAi. HyTRR-1 loss-of-function polyps
show a decreased expression of HyLRR-2 and vice versa. In both RNAi experiments the transcription of the Periculin-1 gene, coding for a novel bactericidal peptide, is also down
regulated. (B) Control RNAi to demonstrate specificity of effects observed: HyTRR-2 loss-of-function polyps generated by RNAi are affected in neither HyLRR-2 nor HyTRR-1

expression.
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interestingly, resulted in a significant reduction of the level of
Periculin-1 expression (Fig. 8A) suggesting that the antimicrobial
peptide encoding gene Periculin-1 is downstream of the HyLRR-2
mediated signalling cascade.

We next investigated whether the gene silencing effects shown
in Fig. 8A reflected a specific interaction of both transmembrane
proteins or whether any transmembrane receptor silencing would
have similar effects. To test this and address the specificity of the
RNAI effect described above, we generated loss-of-function polyps
for the second TIR transmembrane receptor, HyTRR-2, and assessed
them for expression of HyTRR-1 and HYLRR-2. As shown in Fig. 8B,
silencing of HyTRR-2 expression failed to affect the level of HyTRR-1
and HyLRR-2 transcripts. Thus, HyTRR-1 and HyLRR-2 appear to
interact with each other at the transcriptional level.

3.9. Flagellin-induced signalling requires direct interaction of both
HyLRR-2 and HyTRR-1 proteins

To test our hypothesis that in Hydra recognition of flagellin is
mediated by an intermolecular interaction of HyLRR-2 as receptor
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Fig. 9. Flagellin-induced signalling requires interaction of both HyLRR-2 and
HyTRR-1 proteins. (A) Schematic representation of HEK293 activation assay. (B)
Schematic representation of chimeric HyTRR-1 protein used illustrating the
exchanged domains (grey). (C) Only transfected cells expressing both
transmembrane proteins, HyTRR-1:HuTIR and HyLRR-2 showed an increased NF-
kB activation induced by flagellin.
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Fig. 10. Molecular components of the pathways involved in the Hydra epithelial
host defence system. For details see text.

and HyTRR-1 as signal transducer, we expressed the combination
of Hydra HyLRR-2 lacking the TIR domain together with HyTRR-1 in
human HEK293 cells (Fig. 9A). In order to elicit a signal in the
ectopic expression system, the TIR domain of HyTRR-1 was
exchanged with the TIR domain of human IL1R1 (Fig. 9B). As shown
in Fig. 9C, only transfected cells expressing both transmembrane
proteins showed an increased NF-kB activation induced by
flagellin. Cells transfected with HyLRR-2 or HyTRR-1 alone did
not show an increase in NF-kB activation (Fig. 9C). These results
support our view that in Hydra only the functional interaction of
Hydra HyLRR-2 and HyTRR-1 mediates recognition of the bacterial
PAMP flagellin. This receptor complex activation then is expected
to trigger the innate immune response which involves the
production of antimicrobial peptides (see Fig. 10 for model).

Most interestingly and supporting this view, in HyTRR-1
silenced polyps we not only observed a significant reduction of
Periculin-1 expression (Fig. 8A) but also of the antimicrobial
activity of tissue extract prepared from these animals. Using
antimicrobial radial diffusion assays against E. coli we found that
bacterial clearance was 29 mm? (S.D. + 0.9, n = 6) when using tissue
from RNAi polyps compared to 44 mm? (S.D. + 4, n = 6) when using
control tissue, which corresponds to a reduction of antimicrobial
activity by about 34% in HyTRR-1 loss-of-function polyps when
compared to control polyps.

4. Discussion

The salient finding of this study is the identification of
essential components mediating innate immunity in the fresh-
water polyp Hydra, which represents one of the phylogenetically
oldest multicellular animals (see Fig. 1A). The results indicate
that despite its morphological simplicity and the lack of
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specialized phagocytes, Hydra has complex epithelial cell-based
mechanisms for host defence and, therefore, is an attractive
model for uncovering ancient innate defence strategies. The
results enable us to propose a model (Fig. 10) in which direct
recognition of PAMPs as well as indirect perception of
pathological or toxicological processes within its tissue is
mediated by atypical transmembrane receptors with the
intracellular TIR domain and the extracellular LRRs being present
on two different proteins. Following the activation of signal
transduction pathways, epithelial cells mount an appropriate
defence reaction. While previous searches in the Hydra database
indicated [12] that signalling pathways may include conserved
intracellular adapter proteins such as MyD88, IRAK, TRAF, TAK1
and IKK, here we provide experimental evidence that the Hydra
host defence reaction is mediated by novel pathogen recognition
receptors and engages novel potent antimicrobial peptides. We
have previously shown [12] that Nematostella, an anthozoan
Cnidaria, contains a classical TLR in which the intracellular TIR
domain is connected to extracellular LRRs. A function of this
receptor in innate immunity remains to be shown. However,
since anthozoans phylogenetically are older than hydrozoans
[11,12], the absence of a classical TLR in the Hydra genome
implies that it was lost secondarily during evolution. This adds
support to the view that the freshwater polyp Hydra - when
compared to marine anthozoans - has accumulated a number of
derived characters. Although our model (Fig. 10) describes a
rather simplified view of an epithelial defence system, it captures
an important feature: the Hydra epithelial defence system
appears to employ both, evolutionary conserved signalling
pathways as well as novel taxon-specific host defence-associated
molecules. Thus, although the common ancestor of bilaterians
appeared to recognize bacterial and tissue recognition molecules
and activated an efficient epithelial defence system based on
antimicrobial peptides, the precise nature of the pathogen-
recognition system as well as details of the signalling pathways
have been modified early during animal evolution and branched
off into a variety of unique components in present day organisms.

4.1. Hydra, an emerging model for the study of epithelial host defence
mechanisms

Cnidaria share deep evolutionary connections with all
animals including humans [45]. Our observation that antimi-
crobial host defence reactions in Hydra are solely mediated by
epithelial cells as effector cells supports the recent hypothesis
[10], that inducible expression of antimicrobial peptides in
surface epithelia represents the ancestral system of host defence.
More advanced invertebrates such as insects defend themselves
against infection by a sophisticated set of reactions that involve
blood cells, proteolytic cascades in the hemolymph, secretion of
antimicrobial peptides from fat body cells as well as tissue-
specific inducible expression of antimicrobial peptide genes in
surface epithelia [46]. We note that ectodermal as well as
endodermal epithelial cells in Hydra have previously been shown
to be active phagocytes and are involved in tissue recognition
and histocompatibility reactions [42,47]. This, together with the
accessibility to comprehensive molecular biological analyses
including transgenics [18], makes Hydra a valuable model to
address certain aspects that are central to an understanding of
the complexity of the innate immune system, but which are
usually neglected in other models. These include the mechan-
isms protecting and maintaining epithelia in health and disease
[48], the evolutionary relationship between innate immunity and
regeneration [49], and between the innate immune system and
the nervous system [50].
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