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Abstract: Sponges, which are in close contact with numerous bacteria in prey/predator, symbiotic
and pathogenic relationships, must provide an appropriate response in such situations. This starts
with a discriminating recognition of the partner either by a physical contact or through secreted
molecules or both. We investigated the expression of the Toll-like receptor, Caspase 3/7, Tumor
Necrosis Factor receptor-associated factor 6, Bcl-2 homology protein-2 and macrophage expressed
genes of axenic sponge cells in the presence of a symbiotic bacterium (Endozoicomonas sp. Hex311),
a pathogen bacterium (Pseudoalteromonas sp. 1A1), their exoproducts and lipopolysaccharides. The
vast majority of answers are in line with what could be observed with the symbiotic bacterium. The
pathogenic bacterium seems to profit from the eukaryotic cell: suppression of the production of the
antibacterial compound, inhibition of the apoptosis caspase-dependent pathway, deregulation of
bacterial recognition. This work contributes new scientific knowledge in the field of immunology
and apoptosis in early branching metazoan harboring within its tissue and cells a large number of
symbiotic bacteria.

Keywords: apoptosis; immune response; Suberites domuncula; Endozoicomonas sp.,
Pseudoalteromonas sp

1. Introduction

Sponges and bacteria co-evolved for millions years, leading to stable and long-lasting
associations. According to their microbial composition within their tissues, including bacteria,
archaea, fungi and microalgae, sponges were recently divided into two groups: the high microbial
abundance (HMA) and low microbial abundance (LMA) sponges [1]. These microbial communities
can reach up to 35-40% of the biomass of the animal in some species [2,3], or up to about 10° microbial
cells/cm? [4], which represent 47 phyla of bacteria within the same sponge [5]. These arguments allow
classifying these superorganisms as holobionts according to the definition of Zilber-Rosenberg and
Rosenberg [6]. A focus on such an association could shed light on host-bacteria interactions in basal
metazoans particularly providing information on how the host discriminates between a symbiotic
versus a pathogenic bacterium and how it addresses this ongoing presence with appropriate
molecular mechanisms.

Indications regarding an intricate network of interactions including a shared metabolism
emerged progressively in the Poriferan world [7]. Nevertheless, communications and interactions
between both partners remain poorly explored and understood [8,9]. Sponge-associated bacteria may
interact with their host by a direct physical interaction, a molecular dialogue or both [8]. In the
demosponge Suberites domuncula (Heteroscleromorpha, Suberitidae), a first step in physical
communication was well illustrated by the recognition of pathogen-associated molecular patterns
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(PAMP). Indeed, lipopolysaccharides (LPS), lipopeptides and proteoglycans stimulate the sponge
innate immune response through the toll/interleukin-like receptor (TLR/ILR), the Suberites domuncula
LPS interacting protein (SDLIP), the myeloid differentiation primary response 88 (MyD88), the
interleukin receptor-associated factor (IRAK) and the Tumor Necrosis Factor receptor-associated
factor 6 (TRAF-6) [10,11]. LPS from Escherichia coli increased the expression of several antibacterial
effectors from S. domuncula including the macrophage expressed gene (MPEG) [11]. The lipopeptide
Pam(3)Cys-Ser-(Lys)(4) stimulated the expression of the S. domuncula caspase 3/7-like [10] and
proteoglycans increased the transcription of the lysozyme gene in this animal [12]. More recently, it
was postulated that bacteria could also interact with some sponge membrane proteins through
eukaryotic protein-like domains, including ankyrin domains, tetracopeptide-like domains and
fibronectin domains, borne by members of the symbiont candidate phylum Poribacteria. These
interactions would contribute to the recognition of sponge-associated microorganisms [13,14].

Sponge-associated bacteria also interacted with their host through secreted molecules.
Stimulation of sponge cell cultures with N-3-oxo-dodecanoyl-L-homoserine lactone (3-oxo-Ci2-HSL),
a bacterial quorum sensing molecule produced within the sponge S. domuncula, led to a decrease of
the host immune and apoptotic responses and, conversely, to an increase of phagocytosis-related
genes expression [8,9]. A lectin isolated from the sponge Halichondria panicea also stimulated the in
vitro proliferation of the sponge-associated Pseudomonas insolita, whereas it did not influence the
growth of the other sponge-isolated bacteria [15]. Garderes et al. [16] reviewed the roles of porifera
lectins and their potential involvement in the association between sponges and microorganisms.

In a previous work, we isolated an opportunistic pathogenic bacterium (Pseudoalteromonas sp. 1A1)
and a commensal, potentially mutual, bacterium (Endozoicomonas sp. Hex311) from the low microbial
abundance sponge S. domuncula [9]. LPS from both strains were characterized and their effects on axenic
sponge 3D cell cultures were compared to those of E. coli regarding the regulation of the MPEG gene [17].
In the present study, we investigated the effect of LPS and culture supernatants from both bacteria
regarding immune and apoptotic pathways genes in order to have a wider comprehension of the role of
these two bacteria on their host. In the meantime, the effects of co-incubation of axenic sponge cell-cultures
with both bacterial strains at a macroscopic level were studied.

2. Materials and Methods

2.1. Specimen Collection and Ethical Statement

Sponges used for the following experiments were collected by scuba diving at 0-10 m depth in
Roscoff (48°68'64.78""N, 3°94'18.65"W), Britany, France. Specimens were immediately transferred into
aquariums under controlled conditions of temperature (12 °C) and luminosity (10-14h light/dark) in
a closed circulating system of natural seawater. Sponges were fed twice a week with a protein solution
according to Le Pennec et al. [18]. No specific authorization was required to collect sponges in open areas
for scientific purposes. This study did not involve endangered or protected species. Protocols used in this
work were in accordance with Federation of European Laboratory Animal Science Association guidelines
and the National Law for Laboratory Animal Experimentation (Law No. 18.611).

2.2. Bacterial Cultures

Endozoicomonas sp. Hex311 and Pseudoalteromonas sp. 1A1 were cultivated from a stock solution
stored at -80 °C in LB/glycerol medium (75/25). For LPS extraction, bacteria were grown according
to Garderes et al. [17] in a Zobell medium (1.30 g-L! yeast extract and 6.61 g-L-! peptone in sea water,
pH 7.4) supplemented or not with sponge extract according to the strain needs. Before collecting the
supernatant, bacteria were cultivated at 20 °C. Two hours after the beginning of their respective
stationary phase a centrifugation at 3000 g for 10 min at room temperature (RT, 20 °C) separated the
culture supernatant from cells. Supernatants were then 0.2 um filtered to remove any remaining
bacteria or debris. Pellets were suspended in the same volume of fresh Zobell medium prior to an
incubation with sponge primmorphs during co-culture experiments.
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2.3. Lipopolysaccharides Preparation

Escherichia coli 0111:B4 lipopolysaccharides were purchased from Sigma-Aldrich (St. Quentin
Fallavier, France). LPS preparations from Endozoicomonas sp. Hex311 and Pseudoalteromonas sp. 1Al
were performed according to Westphal and Jann [19]. Briefly, 100 mL of a bacterial culture collected
2 h after the beginning of the stationary growth phase were centrifuged at 3000x g for 10 min at RT.
The pellet was suspended in distillated water (17 mL per g of bacteria) and heated at 65 °C. An equal
volume of phenol 90% (v/v) preheated at 65 °C was added to the bacterial suspension. The solution
was vigorously mixed for 1 min and further incubated at 65 °C, for 15 min, under permanent
agitation. After incubation onto an ice bath for 10 min, the solution was centrifuged at 3000x g for 45
min, at 4 °C. The upper phase was stored at 4 °C and the lower phase was extracted once again with
an equal volume of distillated water at 65 °C with the same procedure. Both aqueous phases were
gathered together and dialyzed against distilled water for three days (membrane Molecular Weight
Cut Off 4000-6000 Da) to remove remaining molecules of phenol. The solution was then centrifuged
at 3000x g for 45 min, at 4 °C. The supernatant was frozen at -80 °C before freeze-dried. Dried extract
was suspended in 3% (w/v) of distillated water and then centrifuged at 80,000 g for 6 h, at 4 °C. The
pellet was suspended in one milliliter of distillated water and then centrifuged once again at 105,000x g
for 3 h, at 4 °C. The final pellet was then suspended in distillated water at a final concentration of
2mg-mL-.

2.4. Sponge Cell Dissociation and Primmorphs Culture

Sponge cells were individually isolated from three specimens of S. domuncula as described by Le
Pennecet al. [18]. The monitoring of bacteria and primmorphs interactions was performed in triplicate
in 96-wells plates. Sponge dissociated cells (10° cellsmL-") were first cultivated for 2 days in seawater
supplemented by sea silica-enriched sand (Sigma-Aldrich, St. Quentin Fallavier, France), 10 mM ferrous
citrate (Merck Chimie SAS, Fontenay sous bois, France), 1 mM of pyruvate (Sigma-Aldrich, St.
Quentin Fallavier, France), 73.0 mg-mL" of Penicillin G potassium and 34.5 mg-mL-! of Streptomycin
sulfate to prevent any bacterial contamination. Subsequently, they were contaminated by alive
bacterial cells, either Endozoicomonas sp. Hex311 or Pseudoalteromonas sp. 1A1, with a final optical
density at 600 nm (ODéoonm) of 0.1 in the same culture medium as mentioned above but without any
antibiotic. An equal volume of Zobell medium was added in control cultures. The plates were
incubated at 15 °C with a gentle agitation. The bacterial growth was monitored at the end of
experiments by measuring the ODesoonm. Data were statistically compared using the software.
Statgraphics® Centurion VII (Statgraphics Technologies, Inc., The Plains, VA, USA).

Regarding gene expression analysis, primmorphs were prepared in the same manner as
previously described [17] and co-incubated at 15 °C for 16 h with alive Endozoicomonas sp. Hex311 or
Pseudoalteromonas sp. 1A1 strains with an initial ODeoonm of 0.1 under a gentle shaking, the same as the
one for primmorphs culture [18]. Primmorphs culture stimulations were also performed in the
presence of 1 mL/20 mL of culture medium of 0.2 pum-filtered Endozoicomonas sp. Hex311 or
Pseudoalteromonas sp. 1A1 culture supernatants in the same conditions. In both cases, a control culture
was realized in parallel with 1 mL of sterile Zobell medium.

2.5. Quantitative Reverse Transcription (gRT-PCR) Analyses

Total RNAs were isolated from primmorphs using the extraction solution RNA now (Epicentre,
Madison, WI, USA) and DNase treated (Epicentre, Madison, MI, USA) according to the
manufacturer’s instructions. A total of 500 ng of total RNAs were used to synthesize first-strand
cDNAs using oligodT primers with MultiScribe Reverse Transcriptase (Applied Biosystem, Foster
City, CA, USA) according to the manufacturer’s instructions. A negative control was included using
total RNAs without the MultiScribe Reverse Transcriptase. mRNAs of interest were quantified by
real-time PCR amplification of their cDNAs. The relative mRNA transcript changes in connection
with every treatment were studied for the caspase-like 3/7, BCl-homolog protein (SDBHP-2), the
Toll-like receptor (TLR), the TNF receptor associated factor 6-like protein (TRAF-6) or the
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macrophage expressed gene (MPEG) genes, using the genes Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
housekeeping genes [9]. PCR reactions were performed in triplicate with the 7300 Real Time PCR
System apparatus (Applied Biosystems, Foster City, CA, USA). A total of 20 ml of reactions contained
10 puL SYBR Green PCR Master Mix (including AmpliTaq Gold DNA Polymerase) (Applied
Biosystems, Foster City, CA, USA), 2 uL of each primer (3 mM) and 8 uL of cDNAs. For each
experiment, three serial cDNA dilutions were made: 250.0, 25.0 and 2.5 pg-mL-. qPCR conditions
were 95 °C for 10 min for polymerase activation, and 40 cycles at 95 °C and 60 °C for 60 s and 30 s,
respectively. The relative quantification of the mRNAs of interest was obtained by the comparative
Pfaffl method [20] using HPRT or GAPDH as endogenous control [9]:

Ratio (R) =E sample gene (Ct control-Ct stimulated) /E reference gene (Ct control-Ct stimulated)

where E is the efficiency of the primer couple, and Ct is the cycle threshold. Relative mRNA level
values resulted from calculated values: Values above and below 1 showed a higher and a lower
mRNA level in the presence of a treatment, respectively (e.g., a value of 1.5 indicated a 1.5-fold
increased mRNA level in stimulated condition; and a value of 0.66 revealed that the mRNA level was
divided by 1.5 in stimulated condition). An ANOVA test was performed as a statistical test with the
following hypothesis: the results are different between the controls and the samples or between two
samples (p < 0.05) using the software Statgraphics® Centurion VIL

3. Results
3.1. Interactions between Sponge-Isolated Bacteria and Primmorphs Cultures: Impact at Macroscopic and

Molecular Levels

The growth evolution of Endozoicomonas sp. Hex311 and Pseudoalteromonas sp. 1Al in the
presence of primmorphs was evaluated by following the ODeoonm after 16h of co-incubation (Figure 1). The
ODésoonm remained stable for Endozoicomonas sp. Hex311 whereas it increased for Pseudoalteromonas sp.
1A1, reflecting a statistically significant growth only for the latest bacterium. In the absence of sponge
primmorphs none of both bacteria incubated grew.
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Figure 1. Evolution of Endozoicomonas sp. Hex311 (HEX311) and Pseudoalteromonas sp. 1Al (1Al) co-
cultivated in presence of three batches (I, II, and III) of Suberites domuncula primmorphs during 16 h. The
growth status of both bacteria was estimated by measuring the ODeoonm in the supernatant of cell cultures
at the end of the experiment. (*) Statistically significant differences of growth (p < 0.05) are pointed out by
an asterisk. [J ODsoonm after inoculation of bacteria at T0; Bl ODeoonm after 16h of co-culture.
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3.2. Co-cultivation of Primmorphs and Alive Bacteria

Sponge primmorphs were co-incubated for 16 h in the presence of alive sponge-isolated bacteria,
either Pseudoalteromonas sp.1A1 or Endozoicomonas sp. Hex311, in order to study their impact on the
expression of two immune (TRAF-6 and MPEG) and one apoptotic (caspase-like 3/7) genes (Figure
2). The caspase and TRAF-6 genes expression presented a significant decreased (average ratio of 1.4)
in the presence of Endozoicomonas sp. Hex311, compared to the control cultures; Pseudoalteromonas sp.
1A1 did not affect these expressions. Pseudoalteromonas sp. 1Al statistically down-regulated the
expression of the MPEG gene compared to the control conditions (average ratio of 1.5). The
comparison of primmorphs genes expression in the presence of both bacteria did not statistically
evidence any difference except for the MPEG gene.
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Figure 2. Expression of the macrophage expressed gene (MPEG), Tumor Necrosis Factor receptor
associated factor 6-like protein (TRAF-6) and caspase genes in primmorphs co-cultivated in the
presence of alive sponge-isolated bacteria; Endozoicomonas sp. Hex311 () or Pseudolateromonas sp.
1A1 (HEH). (*) Statistical differences between the controlled and the stimulated condition are
materialized by an asterisk and statistical differences between primmorphs stimulated by the two
bacteria are materialized by a horizontal bar.

3.3. Incubation of Primmorphs in the Presence of Bacterial Culture Supernatant

Primmorphs were incubated in the presence of the supernatants of Endozoicomonas sp. Hex311
or Pseudoalteromonas sp. 1A1 in order to investigate the impact of bacterial secreted molecules on two
genes of the sponge immune system, TRAF-6 and MPEG, and one gene of the sponge apoptotic
system, the caspase-like 3/7 (Figure 3). The expression of the caspase-like 3/7 was revealed to be
statistically different in the presence of both supernatants. The expression of caspase did not change
in the presence of Endozoicomonas sp. Hex311 supernatant, whereas it significantly decreased with an
average factor of 2 in the presence of Pseudoalteromonas sp. 1Al supernatant, compared to control
cultures. The expression of TRAF-6 was also statistically different in both cases. The Endozoicomonas
sp. Hex311 supernatant increased significantly the expression of TRAF-6 with an average factor of
1.8 and, conversely, Pseudoalteromonas sp. 1A1 decreased the expression of the gene with an average
factor of 1.7, compared to control cultures. Both supernatants statistically decreased the expression
of the MPEG gene with an average ratio of 1.7 for Endozoicomonas sp. Hex311 supernatant and 3.2 for
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Pseudoalteromonas sp. 1Al supernatant. This decrease was revealed to be statistically higher in the
presence of Pseudoalteromonas sp. 1A1 supernatant.

The presence of homoserine lactones in both supernatants was investigated by on-line high-
performance liquid chromatography-mass spectrometric detection following the method of [21]. It
did not show evidence of any of these molecules (data not shown).
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Figure 3. Expression of genes related to the immune system, MPEG and TRAF-6 and to the apoptotic
pathway, caspase, in primmorphs co-incubated in the presence of 1mL/20 mL of supernatant of the
sponge-isolated bacterium Endozoicomonas sp. Hex311 () or Pseudolateromonas sp. 1A1 (H),
respectively. (*) Statistical differences between the controlled and the stimulated condition are
materialized by an asterisk and statistical differences between primmorphs stimulated by the two
bacteria are materialized by a horizontal bar.

3.4. Effects of LPS on Immune and Apoptotic Genes

In order to complete the investigation on the effects of LPS from both Endozoicomonas sp. Hex311
and Pseudoalteromonas sp. 1A1 (cf. [17]), the expression of two apoptotic system genes, the caspase-
like 3/7 and SDBHP-2, and two immune system genes, TLR and TRAF-6, was studied in the presence
of LPS from both strains. E. coli LPS were used as reference (Figure 4). The expression of the caspase-
like 3/7 did not present any variation in the presence of the three different LPS, whereas the
expression of the SDBHP-2 gene significantly decreased in the presence of LPS from
Pseudoalteromonas sp. 1A1 and Endozoicomonas sp. Hex311, with an average factor of 1.3 and 1.4,
respectively, compared to the control culture without LPS. LPS from E. coli did not change the
expression of SDBHP-2. Regarding the expression of the immune genes TLR and TRAF-6, their
expression was modified in the presence of LPS. The TLR gene transcription significantly decreased
in the presence of LPS from Endozoicomonas sp. Hex311 and Pseudoalteromonas sp. 1A1 (average factor
of 1.8 and 1.2, respectively), but no change was observed for a stimulation with E. coli LPS. The
expression of TLR gene was significantly lower in Endozoicomonas sp. Hex311 LPS-treated samples
than in Pseudoalteromonas sp. 1Al and E. coli LPS-treated samples. TRAF-6 gene expression was
statistically modified either after treatment with LPS from Endozoicomonas sp. Hex311 and
Pseudoalteromonas sp. 1A1 or with LPS from E. coli. The expression of TRAF-6 was statistically
increased in the presence of LPS from E. coli with an average factor of 1.3, compared to the control
culture, whereas its expression decreased significantly in the same manner in the presence of LPS
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from both Endozoicomonas sp. Hex311 and Pseudoalteromonas sp. 1A1 with average factors of 2.5 and
2, respectively.
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Figure 4. Expression of genes related to the immune system (Toll-like receptor (TLR) and TRAF-6)
and to the apoptotic pathway (caspase and BCl-homolog protein (BHP-2)) in primmorphs co-
incubated in the presence of 2mg/mL of lipopolysaccharides of respectively the sponge-isolated
bacterium Endozoicomonas sp. Hex311 () or Pseudoalteromonas sp. 1A1 () and the control
bacterium Escherichia coli (). (*) Statistical differences between the standard and the stimulated
condition a materialized by an asterisk and statistical differences between primmorphs stimulated by
the two bacteria are materialized by a horizontal bar.

4. Discussion

4.1. TLR

Toll-like receptors (TLRs) are members of the pattern recognition receptors (PRRs). They have a
transmembrane localization and are dedicated to the recognition of a broad range of molecules
produced by pathogenic organisms known as pathogen-associated molecular patterns or PAMPs and
to the initiation of intracellular signaling [22]. For example, LPS as PAMPs activate TLRs [23]. TLRs
play a crucial role in innate immunity [24] even in non-mammal organisms [25]. Concerning sponges,
Wiens et al. [11] identified a TLR in S. domuncula (SDTLR), which shares homologies with the human
TLR-1 and recognizing lipopeptides, like Gauthier et al. [26] for Amphimedon queenslandica. Due to its
localization at the interfaces between the environment and the cell, SDTLR takes part in the
antibacterial response of sponges [10,11]. In Porifera, it could also take part in the recognition of all
the concerned bacterial genera including the symbiotic ones and guide the response according to the
pathogenicity potential of the bacterium by modulating the immune response. Moreover, by
extension, PRRs should perhaps be considered in the recognition of bacterial symbiotic-associated
molecular patterns (SAMPs) in the forecasting of transient or perennial associations as well as
pathogens. The arguments in this direction are scarce but exist [27,28].

Our comparison of primmorphs incubations in the presence of LPS from E. coli, Endozoicomonas
sp. Hex311 and Pseudoalteromonas sp. 1A1 indicated a massive power of discrimination between the
LPS from different bacteria. Pseudoalteromonas sp. 1A1 was responsible of a pathogenic event in our
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sponge culture tanks and Endozoicomonas sp. Hex311 was exclusively isolated and cultivated on
sponge extracts supplemented Zobell medium. This may explain the differential responses we
observed; that is, LPS from Endozoicomonas sp. Hex311 were the less immunostimulant whereas the
ones from E. coli and Pseudoalteromonas sp. 1A1 were the most. Note that E. coli served as food supply
for sponge experimental farming for a long time [28-31]. It seemed that there was no difference for
the sponge S. domuncula between bacteria with nutritional and pathological fate, or this one was not
made at the TLR level. Furthermore, S. domuncula was perfectly able to differentiate a symbiotic
bacterium from the others. This is not so surprising since those animals co-evolved for many
hundreds of millions years. The role of TLRs assumed in recognition of microbial invaders and
leading to a recruitment of the innate immune system elements is then confirmed (see [11]). In our
work, we demonstrated the role of TLR in recognition of symbiotic bacteria without presuming of a
stimulation of the immune system. Insofar, SDTLR as a member of the PRRs is able to discriminate
between bacterial PAMPs and also between PAMPs and SAMPs.

4.2. BHP-2

The Bcl-2 family is composed of pro- and anti-apoptotic molecules activated by extrinsic and
intrinsic apoptotic signals [32] including those transmitted by TLRs [33]. Sponge Bcl-2 homologous
Protein (BHP) has a high similarity to some mammalian Bcl-2 members and some of these molecules
confer resistance against induction of apoptosis. S. domuncula BHP-2 (SDBHP-2) has an anti-apoptotic
role as demonstrated by Wiens et al. [34,35].

Our results indicated that SDBHP-2 expression was down-regulated in the presence of LPS from
Endozoicomonas sp. Hex311 and Pseudoalteromonas sp. 1A1 although LPS from E. coli did not affect its
expression. The decrease of expression of SDBHP-2 in the presence of LPS from this symbiotic versus
pathogenic bacterium gives the idea that the apoptotic activity was lowered. While it is perfectly
understandable for the symbiotic bacterium, the question may arise for the pathogen one. Does it
take the control of the apoptotic pathway in order to prevent sponge cells to commit suicide for its
own benefit? This is an issue that cannot be resolved at this time with current knowledge. E. coli
presence is highly limited within sponges to circulating seawater reflecting an environmental
contamination by coliforms. Furthermore, when mentioned in literature it is as food supply for
sponges [29-31,35,36]. Insofar, it is not surprising that this bacterium does not affect somehow or
other the apoptosis. However, our results reflect the fact that this first Eumetazoa [37] is already
perfectly capable of differentiating between bacteria on which it feeds from symbiotic and pathogenic
bacteria and to provide a specific response.

4.3. Caspase

Caspases, as actors of the apoptosis, play a crucial role in the execution phase of cell death [38].
The S. domuncula caspase 3/7 shares homologies with caspases of higher vertebrates [11]. We
previously described the influence of the bacterial molecule of communication 3-oxo-Ci2 HSL on the
gene expression of this caspase [9]. This molecule down-regulated the expression of the caspase gene
as we observed extensively herein in the presence of the culture supernatant of the bacterium
Pseudoalteromonas sp. 1A1. One or several secreted molecules or extracellular vesicle (ECVs) [39]
would be probably able to down-regulate or to inhibit the apoptosis pathway. LPS from this
bacterium or the alive bacterium itself did not seem responsible of this effect. Consequently, this
seems to confirm that, through one or several exoproducts or ECVs, Pseudoalteromonas sp. 1A1 would
be able to prevent eukaryotic cell from caspase-dependent apoptotic cell death and may be to take
benefit of it as long as possible prior to the physical contact between protagonists. This scheme is
different from what is proposed in the literature (see [40]) where the role of LPS as actors in induced
cell death was reviewed. LPS from Endozoicomonas sp. Hex311 also did not influence the level of the
caspase gene transcription although the alive bacterium as well as it supernatant down-regulated it.
Endozoicomonas sp. Hex311 LPS would not be apoptogenic while the bacterium or its exoproducts
would repress the apoptosis caspase-dependent. S. domuncula is accustomed to this symbiotic
bacterium and tolerated it within its tissue, not reacting to its presence (within the limits of our study).
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The study LPS from Endozoicomonas sp. Hex311 lead to the same conclusion as for the LPS from the
pathogenic Pseudoalteromonas sp. 1A1. LPS would not be responsible of the triggering of apoptosis. It
is not surprising in light of the down-regulation of the TLR gene in the presence of both bacteria
considering the entanglement of the TLR and the apoptosis pathway. Furthermore, alive
Pseudoalteromonas sp. 1A1 did not influence the expression of this caspase gene, a result in relation to
its LPS. It could involve a strategy of emission of chemical messengers adopted by the pathogenic to
hide itself from a receptor involved in the immune response and actively modify the sponge cell
physiology to its own profit [41].

4.4. TRAF-6

The TNF receptor-associated factor-6 has been identified in sponges by Srivastava et al. [42]. As
adaptor proteins they link several membrane surface receptors to diverse signaling cascades and
regulate cell death or survival through various proteins [43]. S. domuncula TRAF-6 gene was down-
regulated in the presence of alive Endozoicomonas sp. Hex311 and in a stronger manner by its LPS;
up-regulated when cell cultures of the sponge were incubated with the supernatant of this bacterium.
Alive Pseudoalteromonas sp. 1Al did not affect the expression of TRAF-6 gene while its LPS and its
culture supernatant strongly down-regulated it. This may suggest that TRAF-6 may be a relay protein
between the S. domuncula TLR and further signaling pathways since both the TLR and TRAF-6 genes
expression evolved in the same way in the presence of LPS. This is in agreement with some recent
results found in the literature concerning mammals [43—45] as well as marine invertebrates [46—49].
Furthermore, concerning the pathogenic bacterium, it seems that TRAF-6 gene expression is mainly
affected in response to one/several secreted molecules or vesicles. This suggests at least a partial
integration of pathogens perception by different cell surface receptors confirming relevant works
described in the literature [43].

4.5. MPEG

The macrophage-expressed gene plays a crucial role in innate immunity through membrane
attack complex or perforin against pathogen microorganisms [50]. It has been evidenced that LPS [51]
regulate the expression of MPEG. The S. domuncula perforin-like similar to the MPEG is up-regulated
in the presence of Gram-negative bacteria [10]. Whereas LPS from E. coli stimulated the expression of
the S. domuncula MPEG [10], those from Pseudoalteromonas sp. 1A1 and Endozoicomonas sp. Hex311
did not modify its expression [17]. LPS from Pseudoalteromonas sp. 1A1 would not be able to silence
the intracellular cell-signaling as mentioned by [27] in order to immunomodulate the antibacterial
response. In the present study, we demonstrated that the expression of MPEG was different in the
presence of alive bacteria and their secreted molecules. Alive Endozoicomonas sp. Hex 311 did not
influence the expression of MPEG while its culture supernatant drastically decreased it; alive
Pseudoalteromonas sp. 1A1 and more obviously its culture supernatant reduced its expression. It is
understandable that the bacterium Endozoicomonas sp. Hex311 or its LPS did not trigger any
antibacterial response since it lives in a long-lasting way in the presence of the eukaryotic cell and, in
vitro, requested sponge extract to grow. Surprisingly, one/several secreted molecules or ECV in the
culture medium was/were able to trigger an antibacterial response. Nonetheless, note that in the
present study, the supernatant of Endozoicomonas sp. Hex311 was prepared in vitro, without any
contact with the sponge cells. Thus, its composition may be different from that adopted by the
bacterium in contact with eukaryote cells leading it to secrete a different panel of molecules. As
mentioned above, the pathogenic bacterium Pseudoalteromonas sp. 1Al seems to take advantage of
the situation to over-take or by-pass the host’s immune defense for its own profit. This situation is
commonly observed among bacterial pathogens and depends on the infected host cells, as for
example Legionella pneumophila (review for example in [52,53]).



Genes 2019, 10, 485 10 of 12

5. Conclusions

In the present study, we described at the molecular level the response of an axenic eukaryotic
cell challenged with bacteria with different symptomologies, in particular a symbiotic one and a
pathogen one. As holobionts [6], sponges co-evolved for billion years with several kinds of bacteria:
Some being symbiotic, others opportunistic and pathogens, the last having a role in the diet of the
animal. Working with sponges may be suitable to investigate the host response faced by the different
bacteria or their exoproducts, and then to understand the establishment and the functioning of the
innate immune system of the sister group of all other metazoan known to date, specifically the
Porifera [54]. Further studies will need to consider more genes to better decipher how eukaryotic cells
in lower metazoan distinguish between mutual, commensal, opportunist and pathogen
microorganisms and if it is able to recognize its own cells among all those present in the holobiont.

Author Contributions: Concept and design of the research: G.L.P. Carrying out the experimental work: ].G. and
G.L.P. Data analysis and interpretation; J.G. and G.L.P. Writing of the article: G.L.P. and J.G.

Funding: This work was funded by the Axis 1 “Genomics and blue chemistry”” of the GIS Europdle Mer, and
European FEDER. JG was the recipient of a doctoral fellowship from the Ministere de I'Enseignement Supérieur
et de la Recherche, France.

Acknowledgments: The Station Biologique de Roscoff “Modeles Biologiques” is thanked for its participation in
the supply of sponges.

Conflicts of interest: The authors declare no conflict of interest.

References

1. Gloeckner, V.; Wehrl, M.; Moitinho-Silva, L.; Gernert, C., Schupp, P.; Pawlik, J.R., Lindquist, N.L.;
Erpenbeck, D.; Worheide, G.; Hentschel, U. The HMA-LMA dichotomy revisited an electron microscopical
survey of 56 sponge species. Biol. Bull 2014, 227, 78-88.

2. Hentschel, U.; Hopke, J.; Horn, M.; Friedrich, A.B.; Wagner, M.; Hacker, J.; Moore, B.S. Molecular evidence
for a uniform microbial community in sponges from different oceans. Appl. Environ. Microbiol. 2002, 68,
4431-4440.

3. Taylor, M.W,; Hill, R.T.; Piel, J.; Thacker, R.W.; Hentschel, U. Soaking it up: the complex lives of marine
sponges and their microbial associates. ISME ]. 2007, 1, 187-190.

4.  Hentschel, U.; Usher, KM.; Taylor, M.W. Marine sponges as microbial fermenters. FEMS Microbiol. Ecol.
2006, 55, 167-177.

5. Reveillaud, J.; Maignien, L.; Murat, E.A.; Huber, J.A.; Apprill, A.; Sogin, M.L.; Vanreusel, A. Host-specificity
among abundant and rare taxa in the sponge microbiome. ISME ]. 2014, 8, 1198-1209.

6.  Zilber-Rosenberg, I.; Rosenberg, E. Role of microorganisms in the evolution of animals and plants: the
hologenome theory of evolution. FEMS Microbiol. Rev. 2008, 32, 723-735.

Webster, N.S.; Thomas, T. The sponge hologenome. Mbio. 2016, 7, €00135-e00216.

8. Garderes, J.; Taupin, L.; Bin Saidin, J.; Dufour, A.; Le Pennec, G. N-acyl homoserine lactone production by
bacteria within the sponge Suberites domuncula (Olivi, 1792) (Porifera, Demospongiae). Mar. Biol. 2012, doi
10.1007/500227-012-1956-z.

9.  Garderes, J.; Henry, J.; Bernay, B.; Ritter, A.; Zatylny-Gaudin, C.; Wiens, M.; Miiller, WE.; Le Pennec, G.
Cellular effects of bacterial N-3-Oxo-dodecanoyl-.-Homoserine lactone on the sponge Suberites domuncula
(Olivi, 1792): insights into an intimate inter-kingdom dialogue. Plos One 2014, 9, €97662.

10. Wiens, M.; Korzhev, M.; Krasko, A.; Thakur, N.L.; Perovi¢-Ottstadt, S.; Breter, H.J.; Ushijima, H.; Diehl-
Seifert, B.; Miiller, LM.; Miiller, W.E.G. Innate immune defense of the sponge Suberites domuncula against
bacteria involves a MyD88-dependent signaling pathway induction of a perforin-like molecule. J. Biol.
Chem. 2005, 280, 27949.

11.  Wiens, M.; Korzhev, M.; Perrovic-Ottstadt, S.; Luthringer, B.; Brandt, D.; Klein, S.; Miiller, W.E.G. Toll-like
receptors are part of the innate immune defense system of sponges (Demospongiae: Porifera). Mol. Biol.
Evol. 2007, 24, 792-804.

12. Thakur, A.N.; Thakur, N.L.; Indap, M.M.; Pandit, R.A.; Datar, V.V,; Miiller, W.E. Antiangiogenic,
antimicrobial, and cytotoxic potential of sponge-associated bacteria. Mar. Biotechnol. 2005, 7, 245-252.



Genes 2019, 10, 485 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Thomas, T.; Rusch, D.; DeMaere, M.Z.; Yung, P.Y.; Lewis, M.; Halpern, A.; Heidelberg, K.B.; Egan, S.;
Steinberg, P.D.; Kjelleberg, S. Functional genomic signatures of sponge bacteria reveal unique and shared
features of symbiosis. ISME ]. 2010, 4, 1557-1567.

Siegl A.; Kamke, J.; Hochmuth, T.; Piel, J.; Richter, M.; Liang, C.; Dandekar, T.; Hentschel, U. Single-cell
genomics reveals the lifestyle of Poribacteria, a candidate phylum symbiotically associated with marine
sponges. ISME . 2011, 5, 61-70.

Miiller, W.E.; Zahn, RK,; Kurelec, B.; Lucu, C.; Miiller, I. Uhlenbrucg, G. Lectin, a possible basis for
symbiosis between bacteria and sponges. J. Bacteriol. 1981, 145, 548-558.

Garderes, ].; Bourgeut-Kondracki, M.L.; Hamer, B.; Batel, R.; Schréder, H.C.; Miiller WE. Porifera lectins:
diversity, physiological roles and biotechnological potential. Mar. Drugs. 2015, 13, 5059-5101.

Garderes, J.; Bedoux, G.; Koutsouveli, V.; Crequer, S.; Desriac, F.; Le Pennec, G. Lipopolysaccharides from
Commensal and Opportunistic Bacteria: Characterization and Response of the Immune System of the Host
Sponge Suberites domuncula. Mar. Drugs. 2015, 13, 4985-5006.

Le Pennec, G.; Perovic, S.; Ammar, M.S.A.; Grebenjik, V.A,; Steffen, R.; Briimme, r F.; Miiller, W.EG.
Cultivation of primmorphs from the marine sponge Suberites domuncula: morphogenetic potential of silicon
and iron. Mar. Biotechnol. 2003, 100, 93-108.

Westphal, O.; Jann, K. Bacterial lipopolysaccharides. Extraction with phenol-water and further applications
of the procedure. In Methods in Carbohydrate Chemistry. Whistle, R.L.; Wolfan, M.L.; Eds., New York, NY,
USA, 1965; pp. 83-91.

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45.

Morin, D.; Grasland, B.; Vallée-Réhel, K.; Dufau, C.; Haras, D. On-line high-performance liquid
chromatography-mass spectrometric detection and quantification of N-acylhomoserine lactones, quorum-
sensing signal molecules, in the presence of biological matrices. ]. Chromatogr. A. 2003, 1002, 79-91.
Takedad, K.; Kaishod, T.; Akira, S. Toll-like receptors. Annu Rev. Immunol. 2003, 21,335-376.

Kirsching, C.J.; Bauer, S. Toll-like receptors: cellular signal transducers for exogenous molecular patterns
causing immune response. Int. ]. Med. Microbiol. 2001, 291, 251-260.

Medzhitov, R. Recognition of microorganisms and activation of the immune response. Nat. 2007, 449, 819—
826.

Nie, L.; Cai, S.Y.; Shai, ].Z.; Chen, ]. Toll-like receptors, associated biological roles, and signaling networks
in non-mammals. Front. Immun. 2018, 1523. doi: 10.3389/fimmu.2018.01523.

Gauthier, M.E.A.; Pasquier, L.D.; Degnan, BM. The genome of the sponge Amphimedon queenslandica
provides new perspectives into the origin of toll-like and interleukin 1 receptor pathways. Evol. Dev. 2010,
12, 519.

D’Hennezel, E.; Abubucker, S.; Murhy, L.O.; Cullen, T.W. Total lipopolysaccharide from the human gut
microbiome silences Toll-liker receptor signaling. mSystems 2017, 2. doi: 10.1128/mSystems.00046-17
Patterson, A.M.; Mulder, 1.E.; Travis, A.J.; Lan, A.; Cerf-Bensussan, N.; Gaboriau-Routhiau, V.; Garden, K;
Logan, E.; Delday, M.I; et al. Human gut symbiont Roseburia hominis promotes and regulates innate
immunity. Front Immunol. 2017, 8. doi: 10.3389/fimmu.2017.01166.

Rasmont, R. Une technique de culture des éponges d’eau douce en milieu controlé. Idib 1963, 91, 147-156
Killian, E.F. Zur biologie der einheimischen spogilliden. Ergebnisse und problem. Zool. Beitr. 1964, 10, 85—
159.

Schmidt, I. Phagocytose et pinocytose chez les spongillidae. Etude in vivo de I'ingestion de bactéries et de
protéines marquées a l’aide d’un colorant fluorescent en lumiére ultraviolette. Z Vergl Physiol. 1969, 66, 398—
420.

Kale. J.; Osterlund, E.J.; Andrews, D.D.W. BCL-2 family proteins: changing partners in the dance towards
death. Cell Death Diff. 2018, 25, 65-80.

Liu, C; Han, C; Liu, J. The role of Toll-like receptors in oncotherapy. Oncol. Res. 2019, doi:
10.3727/096504019X1549832988144036.

Wiens, M.; Perovic-Ottstadt, S.; Miiller, I.M.; Miiller, W.E.G. Allograft rejection in the mixed cell reaction
system of the demosponge Suberites domuncula is controlled by differential expression of apoptotic genes.
Immunogenetics 2004, 56, 597-610.



Genes 2019, 10, 485 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Wiens, M.; Belikov, S.I.; Kaluzhnaya, O.V.; Schroder, H.C.; Hamer, B.; Perovic-Ottstadt, S.; Borejko, A.;
Luthringer, B.; Miiller, LM.; Miiller, W.E. Axial (apical-basal) expression of pro-apoptotic and pro-survival
genes in the lake baikal demosponge Lubomirskia baicalensis. DNA Cell Biol. 2006, 25, 152-164.

Longo, C.; Cardone, F.; Corriero, G.; Licciano, M.; Pierri, C.; Stabili, L. The co-occurrence of the demosponge
Hymeniacidon perlevis and the edible mussel Mytilus galloprovincialis as a new toll for bacterial load
mitigation in aquaculture. Environ. Sci. Pollut. Res. Int. 2016, 23, 3736-3746.

Miiller, W.E.G. Molecular phylogeny of Eumetazoa: genes in sponges (Porifera) give evidence for
monophyly of animals. Prog. Mol. Subcell Biol. 1998, 19, 89-132.

Kumar, S. Caspase function in programmed cell death. Death Differ. 2007, 14, 32-43.

Tsatsanoris, J.A.; Franch-Arroyo, S.; Resch, U.; Charpentier, E. Extracellular vesicle RNA: a universal
mediator of microbial communication. Opinion. 2018, 26, 401-410.

Kell, D.B.; Pretorius, E. On the translocation of bacteria and their lipopolysaccharides between blood and
peripheral locations in chronic, inflammatory diseases: the central roles of LPS and LPS-induced cell death.
Integr Biol. 2015, 7, 1339-1377.

Freche, B.; Reig, N.; Vand der Goot, F.G. The role of the inflammasome in cellular response to toxins and
bacterial effectors. Semin. Immunopathol. 2007, 29, 249-260.

Srivastava, M.; Simakov, O.; Chapman, J.; Fahey, B.; Gauthier, M.E.; Mitros, T.; Richards, G.S.; Conaco, C.;
Dacre, M.; Hellsten, U.; et al. The Amphimedon queenslandica genome and the evolution of animal
complexity. Nat. 2010, 466, 720-726.

Walsh, M.C,; Leg, J.; Choi, Y. Tumor necrosis factor receptor-associated factor 6 (TRAF-6) regulation of
development, function, and homeostasis of the immune system. Immunol. Rev. 2015, 266, 72-92.

Kitamura, H.; Ishino, T.; Shimamoto, Y.; Okabe, J.; Miyamoto, T.; Takahashi, E.; Miyoshi, I. Ubiquitin-
specific protease 2 modulates the lipopolysaccharide-elicited expression of proinflamattory cytokines in
macrophages-like HL-60 cells. Mediat. Inflamm. 2017, 2017, 6909415. doi: 10.1155/2017/6909415.

Wu, G.; McBride, D.W.; Zhang, J. H. Axl activation attenuates neuroinflammation by inhibiting the
TLR/TRAF/NEF-KB pathway after MCAO in rats. Neurobiol. Dis. 2018, 110, 59-67.

Deepika, A.; Sreedharan, K,; Paria, A.; Makesh, M.; Rajendran, KV. Toll-pathway in tiger shrimp (Penaeus
monodon) responds to white spot syndrome virus infection: evidence through molecular characterization
and expression profiles of MyD88, TRAF-6 and TLR genes. Fish Shellfish Immunol. 2014, 41, 441-454.

Cai, S.; Huang, Y.; Wang, B.; Jian, J.; Xu, Y. Tumor necrosis factor receptor-associated factor 6 (TRAF-6)
participates in peroxinectin gene expression in Fenneropenaeus penicillatus. Fish Shellfish Immunol. 2017, 64,
193-201

Qu, F; Xiang, Z.; Zhou, Y.; Qin, Y.; Yu, Z. Tumor necrosis factor receptor-associated factor 3 from Anodonta
woodiana is an important factor in bivalve immune response to pathogen infection. Fish Shellfish Immunol.
2017, 71, 151-159.

Sun, WW.,; Zhang, X.X;; Wan, W.S.; Wang, S.Q.; Wen, X.B.; Zheng, H.P.; Zhang, Y.L.; Li, S.K. Tumor
necrosis factor receptor-associated factor 6 (TNFR6) participates in anti-lipopolysaccharide factors (ALFs)
gene expression in mud crab. Dev. Comp. Immunol. 2017, 67, 361-376.

Reiter, Y.; Ciobatariu, A.; Jones, J.; Morgan, B.P.; Fishelson, Z. Complement membrane attack complex,
perforin, and bacterial exotoxins induce in K562 cells calcium-dependent cross-protection from lysis. J.
Immunol. 1995, 155, 2203-2210.

Xiong, P.; Shiratsuchi, M.; Matsushima, T.; Liao, J.; Tanaka, E.; Nakashima, Y.; Takayanagi, R.; Ogawa, Y.
Regulation of expression and trafficking of perforin-2 by LPS and TNF-a. Cell Immunol. 2017, 320, 1-10.
Krause, K.; Amer, A.O. Caspase exploitation by Legionella pneumophila. Front Microbiol. 2016, 7, 515. doi:
10.3389/fmicb.2016.00515.

Hochstrasser, H.; Hilbi, H. Intra-species and inter-kingdom signaling of Legionella pneumophila. Front
Microbiol. 2017, 8. doi: 10.3389/fmic.2017.00079

Feuda, R.; Dohrmann, M.; Pett, W.; Philippe, H.; Rota-Stabelli, O.; Lartillot, N.; Worheide, G.; Pisani, D.
Improved modelling of compositional heterogeneity supports sponges as sister to all other animals. Curr.
Bio. 2017, 27, 3864-3870.

@ ® © 2019 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



