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Abstract

Background: Coral reefs are among the most diverse, complex and densely populated marine ecosystems. To
survive, morphologically simple and sessile cnidarians have developed mechanisms to catch prey, deter predators
and compete with adjacent corals for space, yet the mechanisms underlying these functions are largely unknown.
Here, we characterize the histology, toxic activity and gene expression patterns in two different types of tentacles
from the scleractinian coral Galaxea fascilcularis — catch tentacles (CTs), used to catch prey and deter predators, and
sweeper tentacles (STs), specialized tentacles used for territorial aggression.

Results: STs exhibit more mucocytes and higher expression of mucin genes than CTs, and lack the ectodermal cilia
used to deliver food to the mouth and remove debris. STs and CTs also express different sensory rhodopsin-like g-
protein coupled receptors, suggesting they may employ different sensory pathways. Each tentacle type has a
different complement of stinging cells (nematocytes), and the expression in the two tentacles of genes encoding
structural nematocyte proteins suggests the stinging cells develop within the tentacles. CTs have higher
neurotoxicity to blowfly larvae and hemolytic activity compared to the STs, consistent with a role in prey capture. In
contrast, STs have higher phospholipase A2 activity, which we speculate may have a role in inducing tissue damage
during territorial aggression. The expression of genes encoding cytolytic toxins (actinoporins) and phospholipases
also differs between the tentacle types.

Conclusions: These results show that the same organism utilizes two distinct tentacle types, each equipped with a
different venom apparatus and toxin composition, for prey capture and defense and for territorial aggression.
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Background

Competition for space among sessile organisms is a
common process in the coral reef environment. The
constant battle for space, where each organism aims to
obtain the optimal access to light, nutrients and food,
has resulted in the development of diverse competitive
strategies among reef organisms, including the sclerac-
tinian corals that form the physical structure of the reef
[16, 21]. As a result, territorial aggression between corals
strongly affects the community composition and result-
ing reef structure [47].

Scleractinian corals employ several methods for terri-
torial aggression (reviewed by [16, 52, 93]), for under-
water videos of some of these encounters see [66].
Aggressive encounters can operate over a distance, when
mediated by water-borne allelochemicals [4, 30]. At
closer range, mucus produced by solitary polyps of the
family Fungiidae can cause the degradation of adjacent
corals [15], whereas overgrowth of slow-growing corals
by faster-growing ones, reducing the access to light and
food, can also be considered a form of aggression [16].
Finally, when two corals come into direct physical con-
tact, they may attack each other using their mesenterial
filaments (which are usually used for digestion, [51]),
“sweeper polyps” [70] or specialized aggression append-
ages termed sweeper tentacles, which are the focus of
the current study.

Sweeper tentacles (STs) develop on the periphery of
coral colonies belonging to several different scleractinian
families [93], and have been observed also in black corals
[36] and gorgonian sea fans [81]. In the scleractinian
coral Galaxea fascicularis, STs likely develop from the
catch tentacles used for feeding (CTs), since intermedi-
ate stages, presenting the features of both catch and
sweeper tentacles, can sometimes be observed [42]. The
morphogenesis of STs occurs over several days to weeks
following the initiation of contact with competitors (or
damage caused by competition), although they some-
times develop without any clear cue [17, 54]. At the end
of their development, STs can be up to 30 times longer
than CTs (Fig. 1b), and have not been observed to par-
ticipate in feeding. The contact of a ST with the tissue
of a target organism results in tissue damage (lesions)
which can also be associated with a cessation of skeleton
growth along the contact region between the two com-
peting colonies (Fig. 1a). In at least some organisms, ST's
are temporary structures, regressing after destroying the
opponent’s tissue [17].

While the presence of STs in different corals and their
ecological role in territorial aggression have been exten-
sively studied (primarily during the 1980’s), little is
known about the mechanism of aggression at the mo-
lecular and biochemical levels. Cnidarians are known to
produce complex and highly effective toxins that are
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used to catch prey and defend themselves against preda-
tors (recently reviewed by [48, 80]). These toxic cocktails
are typically injected into prey or predators through spe-
cialized stinging cells called nematocytes [8, 88], al-
though some toxins are released from epithelial cells or
even deposited into oocytes [19, 64, 83]. Most cnidar-
ians, including corals, produce several types of nemato-
cytes, and the nematocytes found in the STs are
different from those in the CTs. For example, in
Galaxea fascicularis, the acrospheres (the tentacle tips,
which contain numerous nematocytes) of STs consist of
approximately 50% Large Microbasic b-Mastigophores
(L-MbM, which penetrate into target tissues and pre-
sumably inject toxins) and almost 40% spirocysts [42],
which do not penetrate into the target tissue and have
primarily an adhesive role. In contrast, CTs consist of
80% spirocysts and the remainder are mainly Microbasic
p-Mastigophores (MpM), another type of penetrating
nematocyte [42]. Thus, while it is likely that the nemato-
cysts and the toxins they produce have an important role
in aggression, the specific mechanisms underlying the
aggression at the molecular level are currently unknown.
To obtain insights into the mechanism of territorial
aggression, we performed in-depth comparison of the
CTs and STs of the Indo-Pacific scleractinian coral
Galaxea fascicularis at the histological, biochemical and
molecular levels. Galaxea fascicularis is a massive (boul-
der-shaped) coral that is known to be highly aggressive,
both towards other species and towards genetically-
different clades or morphotypes from the same species
[1, 34]. G. fasciularis develop ST in response to the pres-
ence of a potential competitor [42], and may also use
their mesenterial filaments for aggression [28]. The STs
of G. fasciularis have been studied from an organismal-
behavioral point of view (e.g. the effect of genetic simi-
larity and of flow [34, 41], and the dynamics of their de-
velopment have been characterized [42]. We therefore
employed a comparative transcriptomics approach, and
we discuss specific genes and pathways differentially
expressed between the two tentacle types in relation to
detailed observations of the histology of the two tentacle
types, their nematocyst complements and their toxicity
(neurotoxic, hemolytic and phospholipase A2 activities).

Results

Differences in the tissue structure between catch and
sweeper tentacles

The Catch Tentacles (CTs) and Sweeper Tentacles (STs)
of Galaxea fascicularis have very different macroscopic
morphologies, with the ST being up to 30 times longer
than CTs (Fig. 1b). To identify the tissue structures po-
tentially underlying these morphological differences, we
produced histological sections of the two tentacle types
using two different stains — the classical Hematoxylin-
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Catch Tentacle

Sweeper Tentacle

Fig. 1 Overview of G. fascicularis and its two tentacle types. a The result of aggressive behavior between Galaxea fascicularis and Pavona sp. The
yellow arrow shows the Galaxea, the white arrow shows the dead area between the two corals. Photo taken in Eilat by Tali Mass. b Catch tentacles
(CT, green arrow) and extended sweeper tentacles (ST, black arrow) of G. fascicularis. ¢ and i Overall histology of Alcian Blue-stained CT (c) and ST (i).
Red boxes show the approximate location of high-magnification micrographs in this figure, blue squares show approximate location of micrographs in
Fig. 2. d-f Histological sections of the tip of the CT, stained with H&E (upper section in d and panel e) and with Alcian Blue (lower section in d and
panel ). e and f are magnifications of the orange square in (d). Note the tightly-packed large nematocytes in the ectoderm (ec, sp - spirocysts, MpM -
Microbasic p Mastigophores) and the abundance of symbiotic algae (zo) in the endoderm (en). g, h Main types of nematocytes of the acrosphere
(Microbasic p Mastigophores, MpMs, which have a smooth shaft, unlike the barbed shaft of the MbMs of the sweeper tentacles). i-l Histological
sections of the tip of the ST, stained with H&E (upper section in j and panel k) and with Alcian Blue (lower section in j and panel I). k and I are
magnifications of the yellow square in (j). Note the mucocytes in the ectoderm between the large, elongated nematocytes, and the lack of symbionts
in the endoderm. Mucocytes (mc), mucus vesicles (mv) and nematocysts are stained in blue, the latter perhaps due to the presence of poly-gamma-
glutamate (an acidic polyanion) in the capsule matrix of the nematocysts. Hi-Holotrichous isorhiza nematocytes. m, n Main types of nematocytes of
the acrosphere of the ST (Microbasic b Mastogophores, MbMs). Scale bars are 100 um for (c and i), 50 um for (d and j), 200 um for (e, f, k and 1), 25 um
for (g, m) and 10 um for (h, n)
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Catch Tentacle

Sweeper Tentacle

the CTs. Scale bars: a, b, f, g 20 pm; ¢, d, h, i 10 um; e, j 25 um

Fig. 2 Comparison of the base of the two tentacle types - abundant secretory mucocytes and lack of cilia in the ecotoderm of ST compared to
CT. Catch (a-d) and sweeper (e-h) tentacles sections are shown, respectively, stained with Alcian blue (a, f) and H&E (b-d, g-i). The endodermal
layer (en) is wider than the ectodermal layer (ec), especially in the CT, with higher number of zooxanthellae symbionts (zo) in the CTs in
comparison to the STs (compare a, b with f, g). Flagella (fl) can be observed on the endodermal layer of both tentacle types (¢, h), facing the
gastrovascular lumen. In contrast, ectodermal cilia (ci) are present only in catch tentacles (d) e, j Squash assays of the base area of catch and
sweeper tentacles respectively, composed mainly from of holotrichous isorhiza nematocysts. Note here too the higher density of zooxanthellae in

J

Eosin (H&E) stain and Alcian Blue, a cationic dye which
stains primarily acidic polysaccharides. As shown in
Figs. 1 and 2, major histological differences are observed
between the tentacles. Starting at ectoderm of the tip of
the tentacle (the acrosphere), the CT can be character-
ized by a dense layer of nematocytes, including mostly
spirocysts and Microbasic p-Mastigophores (MpMs)
(Fig. 1c-h). In contrast, while many nematocytes were
observed also at the tip of the STs, these were less dense
than in the CT, and there were many more mucus se-
creting cells compared with the CT (Fig. 1j-1). Unlike the
CTs, the nematocysts of the ST were mainly Microbasic
b-mastigophpores (MbMs, Fig. 1m, n), including a type
not observed at all in the STs (very large MbMs). The
different types of nematocytes are consistent with the
observations of Hidaka [42]. The endoderm of the two
tentacles types was also different, with the CTs charac-
terized by many symbiotic algae residing within the
endodermal cells (Figs. 1e and 2) and the STs compris-
ing many mucus vesicles, making it difficult to distin-
guish individual cells (Fig. 11).

Similar to the tips of the tentacles, at the base of the
tentacles there was also a much higher density of muco-
cytes in the STs compared to the CTs (compare Fig. 2a,
b to f, g). The endoderm layer of the CTs was wider than
that of the STs, and had a higher density of zooxanthel-
lae (Fig. 2). The nematocytes at the base of the CTs and

STs were similar, comprising mainly holotrichous iso-
rhiza (HI, Fig. 2e, j).

A major difference between the CT and ST, observed in
Hematoxylin-Eosin stained sections of the two tentacle
types, was the lack of ectodermal cilia on the surface of
STs (Fig. 2i, compared to D). However, flagella were ob-
served at the endodermal layer of both tentacles type (Fig.
2¢, h). Ectodermal cilia are involved in the ciliary-mucoid
feeding and cleansing processes, by helping to capture
particulate food and transporting it towards the coral’s
mouth. They also may help clean the coral surface from
sediment entrapped in the mucus [13].

Overview of the transcriptome assembly and differential
gene expression patterns

To obtain an overview of the molecular differences be-
tween CTs and STs, we sequenced, assembled de-novo
and annotated transcriptomes from the two tentacle
types of four different specimens of G. fascicularis. We
also sequenced whole-body transcriptomes from three
specimens, with the aim of obtaining a comprehensive
transcriptome database. The final database comprised a
total of 28,588 putative genes, somewhat more than pre-
dicted from a recently published draft genome (22,418,
[94]). Clear differences were observed between the tran-
scriptome profiles of the two tentacle types, and between
them and the whole-body samples (Fig. 3a,
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encoding genes between the CT and the ST

Fig. 3 Overview of the gene expression in the two tentacle types. a Principal Component Analysis plot for sweeper tentacles (blue) and catch
tentacles (red). Each point represents tentacles collected from a single colony of G. facsicularies. b A heatmap showing the expression patterns of
differentially expressed genes between the ST and CT (log;o Fragments Per Million or FPM). Note the variability between the four biological
replicates from paired tentacles and three biological replicates from the body. ¢ Gene Ontology terms enriched in the sweeper and catch
tentacles. The reference represents the abundance of these terms in the full transcriptome. d Differences in the expression of putative mucin-

Supplementary Figure 2). Despite the clear clustering of
the samples based on tentacle type, significant variability
was observed between the same tentacle types from dif-
ferent colonies (Fig. 3b, an interactive version of this fig-
ure is available as Supplementary Data File 1). Such
inter-colony variability is in agreement with previous
studies [82]. Pairwise comparisons between the two ten-
tacles type revealed that 1585 genes were more highly
expressed in the STs compared to 1165 genes more
highly expressed the CTs (adjusted p-value <0.05 after
Benjamini and Hochberg correction, Supplementary
Excel Table). Enrichment analysis showed that 14 Gene
Ontology (GO) terms were enriched among the genes
more abundantly expressed in the STs, whereas only two
were enriched in the CT (Fig. 3c). Two terms enriched
in the STs, phospholipases and metalloproteases, are
suggestive of functions involved in venom toxicity ([14,
55], see below). Similarly, the enrichment of GO terms
in the STs related to voltage gates calcium channel and
ionotropic glutamate receptor activities suggest differ-
ences in the pathways of cellular signal transduction and
synaptic excitatory transmission between the two ten-
tacle types. Other enriched pathways in the STs include
carbohydrate binding, heme and oxygen binding, cata-
lase and several other molecular functions.

The broad-scale observations of changes in gene ex-
pression led us to examine the expression patterns of
specific genes that might be related to differences in the
tissue structure of the two tentacle types. Since we ob-
served differences in the distribution of mucocytes, we
first asked whether there are differences in the expres-
sion of genes encoding mucins (Supplementary Table 1).
Indeed, eight genes encoding mucins were more abun-
dantly expressed in the STs, compared with only one
such gene in the CTs (Fig. 3d). In contrast, despite the
presence of ectodermal cilia in the CTs but not the STs,
no clear differences were observed between the CTs and
STs in the expression of genes involved in the synthesis
of cilia or flagella (Supplementary Excel file). We also
asked whether we could identify differences in the ex-
pression of genes encoding nematocyst structural com-
ponents, which might be related to the different
nematocytes found in each tentacle type. We identified
transcripts encoding the nematocyst-specific genes
nematogalectin and NOWA (Nematocyst Outer Wall
Antigen), both of which were more abundantly

expressed in the STs (Supplementary Table 2). However,
we didn’t identify differences in the sequence of the
nematogalectin and NOWA transcripts between the two
tentacle types. Such a difference would have suggested
that the different nematocysts found in the tentacles
(Figs. 1 and 2) each harbor a different version of these
proteins, as previously shown for different nematocyte
types in Hydra, but evidently this is not the case in G.
fasciularis [26, 45].

Sensory G-protein coupled receptor genes are
differentially expressed between the CTs and STs

Catch and sweeper tentacles both need to respond to
environmental cues, and these cues are likely different —
catch tentacles need to rapidly respond to chemical and
physical stimuli from motile prey whereas sweeper tenta-
cles exhibit “searching” behavior [54], and potentially
can respond more slowly as their targets are sessile.
Once they have identified their targets, both tentacle
types discharge nematocytes. As described above, GO
terms related to calcium cellular signaling and ionotro-
pic glutamate receptor activity were enriched in genes
more abundantly expressed in the ST (Fig. 3c), suggest-
ing differences in the sensory or neuronal circuitry be-
tween the tentacle types. Recently, G-protein-coupled
receptors (GPCRs) have been implicated in environmen-
tal sensing in another marine invertebrate, the Crown-
of-thorns sea-star Acanthaster plancii [39, 92]. Moti-
vated by this study, we identified 52 genes encoding
rhodopsin-like GPCRs in the full transcriptome data
from G. fascicularis (Supplementary Table 3). Of these
genes, 16 and 12 genes found to be more abundantly
expressed in the ST and CT respectively (Supplementary
Excel file). The GPCR genes more abundantly expressed
in the CT included two histamine H2-like receptor
genes (out of a total of 3), multiple genes encoding
Substance-K receptors and QRFP-like peptide receptors
(Supplementary Excel file). In the ST, multiple genes en-
coding non-visual photoreceptor (NVP) genes such as
Melanopsin and Melatonin receptors were more abun-
dantly expressed, as were several other genes encoding
receptors for neuropeptides (e.g. RYamide and tachyki-
nin). A gene encoding a putative Allostatin receptor,
which in Hydra was shown to have myoregulatory activ-
ity effecting the shape and length of the tentacles [2],
was also more abundantly expressed in the ST.
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The CTs and STs differ in the expression of toxin-
encoding genes and in three types of tissue toxicity

The primary ecological roles of the catch and sweeper
tentacles are to affect target organisms, presumably
using nematocyst-derived venom or other toxins. The
venom of cnidarians has been studied extensively, and is
comprised primarily of proteins and polypeptides, in-
cluding neurotoxins, pore-forming hemolysins, phospho-
lipase A2 (PLA2) toxins and a wide variety of enzymes
such as proteases (recently reviewed by [48, 80]). There-
fore, to begin elucidating the molecular mechanism
underlying the different ecological functions of the
venoms, we searched for known cnidarian toxins in the
transcriptomes of the CTs and STs. In total, we identi-
fied 23 genes encoding putative toxins that belong to
four different classes of toxins: hemolytic toxins,
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phospholipase enzymes toxins, metalloprotease and
Kunitz type toxins (Fig. 4a) Supplementary Table 4. We
also measured the paralytic, hemolytic and phospholip-
ase A2 activity of tissue extracts from both tentacle
types, in order to seek potential relationships between
the expressed genes and actual toxic activities.

We identified five genes encoding putative hemolytic
toxins, belonging to two distinct families: Actinoporins
and CrTX-A like toxins (Fig. 4a, Supplementary Excel
file). A total of four distinct actinoporin genes were
identified, with two of the isoforms more abundantly
expressed in the STs and one in the CTs (Fig. 4a). A sin-
gle gene encoded a putative hemolytic toxin from a dif-
ferent family, similar to CrTX-A from the Box Jellyfish
Carybdea rastonii which is potently hemolytic and lethal
by injection mice and crayfish [67]. The CrTX-A like
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Fig. 4 Sweeper and catch tentacles toxic assays and toxins gene expression results. a Differences in the expression of putative toxin-encoding
genes between the CT and the ST. The differences in expression of all of the genes with more than 2-fold difference were statistically significant
(adjusted p-value < 0.05). b Hemolytic activity is lower in the sweeper tentacles compared to the catch tentacles. Hemolytic units (HU) are shown,
normalized to milligram protein. N =5, t(4) =3.911, p < 0.001. ¢ Phospholipase A2 (PLA2) activity is higher in sweeper tentacles compared to
catch tentacles. PLA2 activity is presented as the number of PLA2 units normalized to milligram protein. N =5, t(4) =—3.213, p =0.032. Boxes are
the interquartile range, lines are medians N = 5. d Paralytic activity was detected in catch tentacles but not in sweeper tentacles. The results
shown are the PDsq (dose, in micrograms, required to paralyze a ~ 110 mg blowfly larva within 1 min). N =5
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toxin was expressed 3-fold more in the CTs compared
with the ST (Fig. 4a). In agreement with the expression
of genes encoding putative hemolysins, both tentacle
types exhibited hemolytic activity, with the CT extracts
being approximately 3-fold more hemolytic than the STs
(Fig. 4b).

We also identified eight different genes encoding puta-
tive Phospholipase A2 (PLA2) toxins, which had the
highest levels of expression and also the highest fold
change between tentacle types of all putative toxin-
encoding genes (e.g. up to ~ 900-fold higher expression
level of one gene in the STs compared with the CTs, Fig.
4a). Four of the putative PLA2-encoding genes were
more abundantly expressed in the CTs and four in the
STs (Fig. 4a). In this case too, PLA2 activity was identi-
fied in the extracts of both tentacles, but in contrast to
the hemolytic activity was significantly stronger in the
STs (Fig. 4c). Genes encoding metalloproteases were also
identified, and were more abundantly expressed in the
STs (Fig. 4a).

Paralyzing prey organisms is the basic role of cnidarian
venom used to catch prey, and, as expected, the CTs ex-
hibited paralytic activity (Fig. 4d). No paralysis was ob-
served in any of the larvae injected with the water
extract of the STs, even at the highest injected doses
(Fig. 4d, marked as “ND”-not detected). In addition, all
larvae injected with the extract from the CTs died within
several hours of injection, whereas all larvae injected
with the extracts from the STs survived after 24 h. We
note that due to the limited amount of ST biomass avail-
able, in some pairs (e.g. from colonies 3 and 5), the
injected dose from the STs was below the dose required
to paralyze 50% of the injected larvae (PDsq) of the catch
tentacles, thus precluding a direct statistical test of the
difference in paralytic activity. Nevertheless, these results
suggest that even if paralytic toxins are found in the STs,
their concentration and/or activity is much lower than
those of the catch tentacles. We were unable to identify
transcripts encoding any of the known peptide toxins
targeting Na* or K™ channels [48], with the exception of
a putative Kunitz-type toxin. Such proteins can poten-
tially inhibit K* channels but can also act as a protease
inhibitors [74]. However, the expression of the putative
Kunitz type toxin was slightly higher in the STs, suggest-
ing that it is not the molecule responsible for the para-
lytic activity.

Discussion

Over millions of years, scleractinian corals have evolved
methods to aggressively compete for territory on the
often-crowded coral reef. These aggressive interactions
are one of the main factors leading to the complex phys-
ical structure of coral reefs, which provides the substrate
and shelter for some of the worlds’ most biodiverse
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ecosystems [16, 21]. While a variety of aggressive mecha-
nisms have been described, molecular mechanisms of
underpinning these interactions, and how they are re-
lated to the morphology and histology of the interacting
organisms, are mostly unknown. In the following discus-
sion, we use the transcriptomic results combined with
observations based on histology and toxicity bioassays to
begin elucidating the mechanisms of interaction in
Galaxea fascicularis, one of the more well-studied
models of coral aggression [28, 34, 41, 42].

Histological adaptations for prey capture vs territorial
aggression
Several major histological differences were observed be-
tween the CTs and the STs, with perhaps the most ap-
parent being the lack of ectodermal cilia and the higher
density of mucocytes in the ectoderm of the ST (includ-
ing at the base of the tentacles, Fig. 2). The coral mucus
is essential for many aspects of coral biology, including
heterotrophic feeding, protection from parasites, patho-
gens and environmental stresses, sediment cleansing and
structural support [13]. In addition, in cnidarians, mucus
may play both modulatory and effector roles in territor-
ial aggression. Mucus may play a role in allorecognition
by cnidarians, for example by promoting the discharge
of nematocytes against other species while inhibiting the
discharge when encountering the same species or other
tentacles from the same organism [27, 38]. It may also
have a direct alleloptahic role, causing damage to target
organisms [15], and may contain bioactive molecules or
toxins [86]. It is noteworthy that some of the most ag-
gressive corals, including Galaxea fascicularis, are
known to produce copious amounts of mucus [13].
Major differences were observed in the expression of
genes encoding mucins (Fig. 3d), with many mucin-
encoding genes more abundantly expressed in the STs.
Mucins are a family of large glycoproteins (0.5-20 MDa)
formed from a central protein core with heavily glycosyl-
ated side-chains, and are known to be key component in
most gel-like secretions [5]. Mucins can be membrane-
bound or secreted (gel-forming), and together, both
types of mucin generate the characteristic mucus layer
[43, 89]. The eight genes more abundantly expressed in
the ST were all homologs of MUC1, a membrane-bound
mucin which is anchored directly to the cell membrane
and is involved (in other organisms) in surface protec-
tion, cell-cell interactions, adhesion and signal transduc-
tion [23]. The increase in mucocyte density and MUC1
gene expression in STs compared to CTs suggest that
mucus may have a prominent role in the aggression
mechanism, potentially as a “carrier” for toxins that are
not derived from the stinging cells [6, 9, 19, 64].

In the CTs of corals, one of the roles of the mucus
produced by the ectodermal cells is to produce a flow
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along the tentacles, bringing food particles towards the
mount [13]. This process is powered by the movement
of ectodermal cilia, and is called a ciliary-mucoid feed-
ing. The lack of the cilia on the ectodermal surface of
the STs supports the notion that these tentacles do not
participate in feeding, and suggest that qualitatively dif-
ferent mucus might be involved in aggression compared
to ciliary-mucoid feeding. In contrast, the endodermal
cells of both tentacle types exhibited flagella, which are
involved in circulating the gastrovascular fluid through
the tentacles both as an internal transport system and as
the driving force for the tentacles’ hydrostatic skeleton
[35]. No clear differences were observed between the
CTs and STs in the expression of genes involved in the
synthesis of cilia and flagella (Supplementary Table 5,
Supplementary excel Table). However, two histamine
H2-like receptor genes were found more highly
expressed in the CTs, and one such gene was more
abundantly expressed in the body, with no such genes
more abundantly expressed in the STs (Supplementary
Excel Table). Histamine H2 receptors have been shown
to play part in the mucociliary transport mechanisms in
ascidians and mollusks, by controlling ciliary beat fre-
quency [18]. The lower expression of these genes in the
ST may be due to the lack of cilia and of the muco-
ciliary transport mechanism in these tentacles.

Nematocyte development and regulation in the CT and
the ST

Nematocytes are the main venom delivery system in cni-
darians, and previous studies have shown that the nema-
tocytes of the CTs and STs differ [42]. Specifically, the
acrosphere of the CTs contain mostly spirocysts and
Microbasic p-Mastigophores (MpMs), whereas STs con-
tain many Microbasic b-mastigophpores (MbMs) and
somewhat fewer spirocysts [42]. These differences were
observed also between the CTs and STs in our animals,
which were collected ~ 8700 Km apart from those stud-
ied by Hidaka in 1984, and which may belong to differ-
ent genotypes [50]. The three nematocyst types, MbM,
MpM and HI (with the latter found primarily at the base
of the tentacles), are all penetrating nematocytes, and
thus may be used to deliver toxins into the target organ-
ism. The spirocysts, in contrast, do not penetrate the tar-
get, but rather entangle it. The higher abundance of
spirocysts in the CTs may be related to the need to en-
snare mobile prey organisms in order to feed on them, a
requirement not shared by the STs.

In Hydra, nematocytes develop from their precursor
cells in the body column, and during this period many
of the proteins comprising the nematocyst structure are
expressed, including nematogalectins and NOWA [45].
The mature nematocytesthen migrate up the body col-
umn and into the tentacles, where they are mounted
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into the ectodermanl batteries. At this stage, expression
of structural nematocyst genes is no longer observed
[45]. In contrast, little is known about the patterns of de-
velopment of nematocysts in other cnidarians, although
a NOWA-like gene is expressed in the tentacles of the
primary polyp of Nematostella [87], and nematogalectins
are expressed in the tentacle bulb of the jellyfish Clytia
hemisphaerica where nematogenesis has been shown to
occur [22, 45]. Our results showing the expression of
nematogalectins and NOWA in the CTs and the ST,
and the higher expression level in the STs compared to
the CTs, suggest that the development of the nemato-
cysts in G. facsicularies, including the change in nemato-
cyte composition as the STs develop from CTs [42],
occurs in the tentacles. We did not identify transcripts
encoding Cnidoin or Spinalin, either in our transcrip-
tome or in the recently published draft genome [94].
This is in accordance with the suggestion that spinalin,
which forms the spines decorating the tubules of some
Hydra nematocysts, is restricted to Hydra [63], and
highlights how little we know about the molecular un-
derpinnings of the rich array of cnidarian nematocytes.

The discharge of nematocytes in cnidarians is a highly
regulated process. While nematocytes may discharge
when stimulated individually, they are innervated and
regulated by the cnidarian nerve net [88]. Given that the
nematocytes of the CTs need to discharge in response to
mobile prey, whereas those in the STs need to respond
to closely-related sessile targets, it is likely that the pro-
cesses regulating their discharge are different. Little is
known about the discharge mechanism of nematocytes
involved in aggression, although an electrical “action po-
tential” was measured in the acrorhagi of sea anemones
in response to the identification of a non-self target [60].
Intriguingly, we identified two GO terms, voltage gates
calcium and ionoptropic glutamate activity, as enriched
in the STs compared with the CTs. Signaling by glutam-
ate regulates nematocyte discharge in other cnidarians
[49]. Similarly, in Hydra, light inhibits nematocyte dis-
charge through opsin-mediated phototransduction [71],
and we identified non-visual photoreceptor (NVP) GPCR
genes such as Melanopsin and Melatonin as more abun-
dantly expressed in the STs. To what extent ionotropic
glutamate transmission and photoreceptors are involved
in mediating nematocyte discharge, or whether their role
lies in mediating other behavioral aspects of the STs ac-
tivity such as the search activity, remains to be
determined.

One organism, two tentacles, two functions, two venoms

The primary function of the catch and sweeper tentacles
are to affect target organisms, presumably using
nematocyst-derived venom or other, non-nematocystic,
toxins. For the CTs, the targets are the coral’s prey or
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predators. In the case of prey, the venom needs to cause
rapid paralysis, enabling the sessile predator to catch
and eat mobile prey [12]. In the case of predator deter-
rence, pain production rather than paralysis might be a
better ecological end-point (e.g. [40, 46, 73]). In contrast,
the target of the ST are territorial competitors, and
therefore the venom likely does not need to induce par-
alysis but rather to cause tissue damage [6]. Consistent
with this view, we observed both qualitative and quanti-
tative differences in the toxicity profile between the CTs
and the STs — only the CTss contain a paralytic (pre-
sumably neurotoxic) activity, whereas both tentacle types
contain hemolytic and PLA2 activities, but the CT are
more hemolytic and the STs have more PLA2 activities
(Fig. 4). This suggests that while the neurotoxic activity
is dispensable for territorial aggression, the hemolytic
and PLA?2 activities may be relevant for both aggression
and prey/predator encounter.

At the molecular level, different toxic proteins may be
responsible for the observed hemolytic and PLA2 activ-
ities in each tentacle type. In the case of hemolysins, two
out of four actinoporin transcripts were more abun-
dantly expressed in the STs, whereas one actinoporin
and a transcript encoding a CrTX-A like toxin were
more abundantly expressed in the CTs. Actinoporins are
widely distributed in cnidarians, including in corals [9],
and in some cases have been shown to originate from
the nematocysts [7, 44, 76]. In addition, different nema-
tocytes may each contain a different actinoporin [44]. In
contrast, in the aggressive organs of the sea anemone
Actinia equina, actinoporins are found in the tissue ex-
tract but not in the nematocyte venom [6], as shown for
other toxins in Nematostella vectensis [19, 64]. These
observations suggest the potential for significant func-
tional differences between different actinoporins. Im-
portantly, pore-forming toxins, to which both the
actinoporin and CrTX-A like toxins belong, can cause
cell lysis but may also have neurotoxic-paralytic activities
[79, 95]. We therefore speculate that the actinoporin and
CrTX-A like toxins found in the CT may have stronger
lethal activities, whereas those more abundantly
expressed in the ST may induce tissue damage and po-
tentially inflammation, potentially through the induction
of cell death mechanisms in the target tissue [68, 85].
Importantly, while actinoporins have been intensively
studied from evolutionary, biochemical and structural
perspectives (e.g. as models of how water-soluble pro-
teins interact with cell membranes, [3, 62]), little is
known about their actual effect on the target organisms
(prey, predators or competitors) or the ecological role of
this protein family in cnidarians.

Similar to the hemolysins, different PLA2 genes were
more abundantly expressed in each type of tentacle,
again suggesting a potential functional differentiation
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between different toxins from the same family. We
speculate that the PLA2 toxins more abundantly
expressed in the CTs may have a neurotoxic effect (e.g.
[58, 78]), whereas the isoforms more abundantly
expressed in the ST may cause tissue damage, potentially
through the activation of the Lyso-PAF and PAF inflam-
mation pathways in the target coral [33, 75].

Interestingly, PLA2 toxins, as well as metalloproteases
and kunitz-type serine protease toxins, were all more
abundantly expressed in the aggressive organs (acror-
hagi) of the sea anemone Anthopleura elegantissima
compared to non-aggressive polyps [61]. We also ob-
served several metalloproteases and a putative Kunitz-
type toxin that were more abundantly expressed in the
ST (Fig. 4a). Metalloproteases are important venom
components of most venomous animals including cni-
darians, where they can cause tissue degradation [31, 72,
91]. Metalloproteases, mostly belonging to the Astacin-
like family, have previously been detected in the soluble
nematocyst content of jellyfish, Hydra, sea anemones
and corals [32, 48, 57, 65, 76]. We speculate that these
three toxin types — PLA2s, metalloproteases and Kunitz-
type protease inhibitors - may form a “functional triad”,
playing an important role in the tissue-degrading effect
of venom in general, and the venom involved in territor-
ial aggression in corals in particular.

Conclusions

The coral reef is a highly competitive place, where the
morphologically simple and sessile corals need to be able
to “fight” in parallel on different fronts — catching prey,
defending themselves against predators and competing
in territorial aggressive encounters with other corals. We
propose a conceptual model describing some physio-
logical and molecular features of the two different ten-
tacle types of Galaxea fascicularis, each of which has
evolved to address a different ecological challenge. Our
results suggest that the CTs are adapted to catch prey
using paralytic toxins and hemolysins, likely injected
through the MpM nematocytes, with spirocytes helping
to entangle the prey. The prey is then transferred to the
mouth using cilia combined with a mobile mucus layer,
and the ciliary beating is controlled by the Histamine H2
system. The ST, in contrast, actively “search” for their
long-distance targets, with the tentacle length and move-
ment (and potentially the nematocyte discharge) con-
trolled by the opsin and allostatin sensory systems. Once
the target organism is identified, the ST deliver primarily
enzymatic venom through the two different MbM nema-
tocyte types, as well as (potentially) as part of the exten-
sive non-nematocytic mucus secretion. We speculate
that the ST mucus may have a higher relative compos-
ition of membrane-bound glycoproteins (such as mu-
cins), thus being less of a “mobile” or flowing mucus
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cover. This mucus might also play a role in the recogni-
tion of self vs non-self tissue. This conceptual model is
based on histological observations, functional toxicity as-
says and analyses of differential gene expression, and
provides several hypotheses that can be tested using ex-
perimental tools currently available for non-model corals
such as Galaxea fascicularis.

The venom of one organism — the coral - needs to
produce three different functional outcomes — paralysis,
pain and tissue degradation. The need for venom to ful-
fill different roles is not unique to corals — scorpions,
cone snails and assassin bugs, for example, each produce
multiple venom cocktails that nevertheless are injected
through the same venom apparatus [25, 46, 90]. In the
case of the coral, the morphological distinction between
the CT and ST enable each to produce a unique chem-
ical armament. However, it is also possible that within
each tentacle type there may be more than one type of
venom. For example, in Hydra, different nematocytes are
discharged in response to prey and to predators [29, 84].
Additionally, many cnidarians also employ toxins that
are not delivered through the stinging cells [19, 64, 83].
It remains to be tested whether, within each tentacle
type, different effector molecules or toxins are delivered
through different cell types. If so, this “division of labor”
might enable a complex chemical armament to be deliv-
ered in a target- and time-specific manner.

Our results also leave many questions open. For ex-
ample, the genes more abundantly expressed in the ST
are enriched with the GO terms “oxygen binding” and
“heme”, yet the relationship between these molecular
functions and the biology of the STs is still unclear.
Genes encoding RNAase, transcription factor binding
and ubiquitin-protein transferase activities are also
enriched in the ST, suggesting a constant dynamic re-
modeling of these tentacles, a process that has yet to be
studied in detail. In contrast, despite the clear differences
in cilia and flagella between the two tentacle types, no
differences were observed in the expression of their
structural genes. It is possible that post-translational
regulation plays a role in the regulation of the develop-
ment and function of these organelles. Finally, approxi-
mately 34% of the genes identified in the transcriptome
could not be functionally annotated, including 4% of the
genes differentially expressed between the CT and the
ST. This highlights the richness of molecular functions
still to be discovered that allow these corals to survive
and thrive on the coral reef.

Methods

Specimen collection and histology

Tentacle samples were obtained from the Underwater
Observatory Park, Eilat, Israel. Paired catch and sweeper
tentacles were collected from G. fascicularis colonies
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exhibiting the same morphotype (brown with a green
oral disc), all located in the same large aquarium. The
water in the aquarium is drawn directly from the Red
Sea at water depth of 42 m, and natural ambient light is
used. Thus, the aquarium reflects to some extent the
natural diel and seasonal changes in the Red Sea reef
ecocystem. Sweeper and catch tentacles for RNA extrac-
tion were collected from 4 different G. fascicularis col-
onies (1 =4 for each tentacle type) and from 5 different
G. fascicularis colonies for the bioassays analysis (n =5
for each tentacle type). Tentacles were cut from the col-
onies by a SCUBA diver, placed in 50 ml Falcon tubes
and immediately brought up to the surface. Excess water
was discarded, for RNA extraction TRIzol® Reagent was
added to the samples and the samples were snap-frozen
in liquid nitrogen and were maintained at —80°C till
further processing. For histological and microscopic ana-
lyses, tentacles were anesthetized in 0.3 M magnesium
chloride for 10 min, and either observed fresh (for
“squash assays”) or fixed in 2% forma-glutaraldehyde so-
lution for 72 h at 4°C and transferred to 70% ethanol at
4°C till histological processing was performed. Embed-
ding into paraffin blocks, sectioning into 4-um sections
and histological staining were all performed using the
Ventana BenchMark fully automated slide stainer system
at the Histology Service Center at Carmel Hospital,
Haifa Israel. Two staining techniques were used: H&E
(hematoxylin and eosin) for cell visualization and Alcian
blue for identifying acid mucopolysaccharides and acidic
mucins. Microscopic observations were performed using
a Nikon Eclipse Ti microscope, with nematocysts identi-
fied as previously described [69].

RNA extraction, transcriptome sequencing and quality
control

The tentacles for RNA extraction were collected at 17:00
on March 20th, 2017. Samples from the polyp body (n =
3) were also collected for this analysis, in order to allow
the assembly of a comprehensive transcriptome database
that includes additional polyp parts such as the body
column, the mesenteries and the basal disc. Total RNA
was extracted after thawing the tissues and electric
homogenization using TRIzol® followed by purification
with the Zymo Quick-RNA™ MiniPrep kit. Libraries
were prepared using the Genomics in house protocol at
the Weizmann Institute of Sciences Genome Center for
mRNA-seq. Briefly, the polyA fraction (mRNA) was
enriched from 500 ng of total RNA followed by fragmen-
tation and the generation of double-stranded cDNA.
Then, end repair, A base addition, adapter ligation and
PCR amplification steps were performed. Libraries were
evaluated by Qubit (Thermo fisher scientific) and
TapeStation (Agilent). Sequencing libraries were con-
structed with unique barcodes for each sample to allow
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multiplexing. Around 18-24 million 125-bp Paired-End
reads were sequenced per sample on an Illumina HiSeq
2500 High Output instrument (version 4). Paired End
(PE) reads were adapter-trimmed using cutadapt 1.15
(https://cutadapt.readthedocs.io), in  two  rounds
(—-times =2 parameter). Average low-quality (Phred <
25) regions were removed with Trimmomatic 3.0 using
a 10 bp sliding window [11]. Reads where less than 50 bp
were left after trimming were excluded. The resulting
trimmed reads were inspected using FastQC (www.bio-
informatics.babraham.ac.uk). Reads mapping to human
genes, NCBI UniVec databases, ribosomal RNA data-
bases [10], and Symbiodiniaceae genes (the genome-
based predicted transcripts of Symbiodinium microa-
driaticum  CCMP2467 -NCBI accession GCA_
001939145.1, Symbiodinium minutum from https://mar-
inegenomics.oist.jp, Symbiodinium kawagutii http://
symbs.reefgenomics.org/download and the transcrip-
tomes of Symbiodinium aenigmaticum, Symbiodinium
minutum, Symbiodinium pseudominutum, Symbiodi-
nium psygmophilum downloaded from http://www.reef-
genomics.org), were filtered out, using FastQ Screen
v0.4.4  (www.bioinformatics.babraham.ac.uk).  Since
FastQ Screen uses Bowtie2 mapper [53], which is only
designed to align highly similar sequences, not all Sym-
biodiniaceae species could be excluded at this step.
Therefore, additional detection methods were used to
exclude symbionts after assembly (see below).

Transcriptome assembly and annotations

The genome of Galaxea fascicularis has recently been
published [94]. We mapped the reads onto the published
genome using STAR, with 36—-64% of the reads uniquely
aligning. The fraction of mapped reads was higher in the
sweeper tentacles compared to the catch tentacles (52—
64% compared with 36-48%). In contrast, about two-
fold more reads mapped to the Symbiodiniaceae ge-
nomes in the catch compared to the sweeper tentacles,
in agreement with the histological observations pre-
sented in Figs. 1 and 2. Nevertheless, we chose to per-
form de-novo transcriptome assembly rather than use
the published genome as a reference, in order to avoid
mapping biases due to potential genomic diversity within
this species, as shown previously for another coral, Stylo-
phora pistillata [50]. The reads after quality control
were assembled using Trinity 2.4 [37] with default set-
tings, except for the addition of Slurm cluster manage-
ment setting (Trinity arguments: grid_exec, grid_conf).
For assembly diagnostics, PE reads were mapped back to
the assembly using Bowtie2 default PE settings. 78—85%
of all the PE reads were concordantly aligned to the
same contig, which are typical results for such de-novo
assembly using Trinity. The N10, and N50, of the largest
isoforms per Trinity genes is 4490bp and 1222bp
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respectively (e.g., N10 indicates that 10% of the assem-
bled bases are found in contigs with at least N10 value
of bp length). Trinity produces contigs (equivalent to
transcripts), which can be clustered into Trinity-genes.
For Trinity genes with open reading frames (ORFs)
>100aa long (github.com/TransDecoder/TransDecoder),
the largest ORF was compared to the NCBI nr database
version 2018-12 using BLASTX (v2.2.28). In addition,
we used the tools Trinotate 3.0.1 (https://trinotate.
github.io) and Blast2GO (https://www.blast2go.com) for
functional annotations.

Transcript quantitation and differential expression
analysis

PE reads abundance, at the Trinity gene level, was esti-
mated with RSEM v1.2.30 [56]. From all Trinity genes
quantified by RSEM, only genes with unambiguous
metazoan-origin were selected (excluding NCBI nr
2018-12 proteins mapped to Symbiodiniaceae or other
non-metazoa genes, as well as un-annotated genes). Spe-
cies origin was estimated by first finding the best NCBI
NR database hits for the longest ORFs using blastp, and
then detecting species origin based on the NCBI gi id to
taxonomy  database  (ftp://ftp.ncbi.nih.gov/pub/tax-
onomy). Overall, for the different samples, 77—-82% of all
quality-filtered reads were mapped with RSEM to 360,
065 Trinity contigs (most of these genes possibly repre-
sent non-coding transcripts). After selecting only anno-
tations matched exclusively to Metazoa, 24—37% of all
mapped reads remained (4.2—8.7 million reads remained
per sample, median 7.7 million, namely median of 32%
of all mapped reads), in 28,588 Trinity genes, consider-
ing the catch and sweeper samples. Additional 6.5-11
million reads were mapped to Alveolata and Bacteria
(median of 44% of mapped reads). It should also be
noted that Trinity assembler typically produces hun-
dreds of thousands of contigs, with a large proportion of
non-coding transcripts. Differential expression analysis
(DE) was conducted using Bioconductor DESeq2 (R
v3.4.2), using only the samples of the two tentacle types,
considering two factors in the DESeq2 GLM models: tis-
sue identity (catch, sweeper) and specimen (paired col-
onies number 3,7,8,9) [59]. The whole-body samples
were not included in the analysis of differential expres-
sion, as they were collected from additional colonies, for
the purpose of assembling a comprehensive transcrip-
tome. We further verified the general horizontal sym-
metry of the resulting MA plot in DEseq2 in catch vs.
sweeper samples (Supplementary Figure 1), and also
tested for comparable normalized count frequency dis-
tribution between samples. NMDS (non-metric multidi-
mensional scaling), and PCA (Principal component
analysis) ordinations by groups were conducted in R
using the Vegan package [24], and R prcomp function,
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respectively. Gene Ontology annotation and enrichment
analyses were performed using BLAST2GO [20]. The re-
sults were then narrowed down using the BLAST2GO
function “reduce to more specific’, which removes gen-
eric functions if their more specific child term is also
significant. For the identification of toxin and GPCR
genes, a reciprocal best-BLAST-hit (RBBH, [76]) ap-
proach was utilized, with an additional BLAST e-value
cutoff of 107°. The protein sequences of toxins from
[76], and of G-protein-coupled receptors (GPCRs) and
genes involved in cilia/flagella from [39], were searched
against the Trinity assembly using BLASTX. The BLAST
hits, as well as additional sequences identified as GPCRs
from the BLAST2GO annotation of the transcriptome,
were compared by reciprocal BLAST to the Swiss-Prot
database release 2018_02 to verify their annotation.

Bioassays

The tentacles were thawed, 1 ml of PBS (Phosphate Buff-
ered Saline) was added, homogenization was performed
using an electric homogenizer for 10 s, and the homogenate
was centrifuged for 5min at 5000 rpm. The supernatant
(crude water extract) was used for all bioassays. Paralytic
activity was assessed by injection to Sarcophaga faculata
blowfly larvae [96], average weight 110 + 20 mg) and a posi-
tive result was scored when full immobilization of the larva
was observed within 60 s. 5-10 pl was injected at each time,
with PBS serving as a negative control. PDs, (paralytic dose
- defined as the amount of protein needed to paralyze 50%
of the tested animals) was determined for every sample and
was calculated according to the estimation method of Reed
and Muench [77], with 3-5 larvae injected per concentra-
tion tested. Tests for hemolytic activity (the ability to lyse
human red blood cells) were performed as described in [9],
using O Rh positive human blood Type obtained from the
Yoseftal Hospital Blood Bank. One hemolytic unit (HU50)
was defined as the amount of protein sample required to
cause 50% hemolysis, with phosphate buffered saline serv-
ing as a negative control (0% hemolysis) and double-
distilled water as the 100% hemolysis point. Phospholipase
A2 (PLA?2) activity was measured using the EnzChek® Assay
Kit, using honey-bee venom PLA?2 as a positive control and
to produce a standard curve. The kits limit of detection was
0.05 Units/ml, with one PLA2 unit defined as the amount
of protein needed to hydrolyze of 1 pmole of L-
aphosphatidylcholine to L-a-lysophosphatidylcholine and a
fatty acid per minute at pH 8.0 at 37 °C. Protein concentra-
tion was measured using the BCA protein kit (Pierce BCA),
with Bovine Serum Albumin (BSA) used to produce a
standard curve ranging from 2 to 0.2 mg/ml protein. Statis-
tical tests for the bioassays were performed using paired
samples ¢-test using IBM SPSS Statistics software. All data
were normally distributed based on the Shapiro-Wilk nor-
mality test, and significance at a 0.05 level was used for all
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tests. Since no paralytic activity was detected in sweeper
tentacles, results could not be statistically analyzed but dif-
ferences were clear between tentacle types.
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