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Synopsis Sponges perceive and respond to a range of stimuli. How they do this is still difficult to pin down despite now
having transcriptomes and genomes of an array of species. Here we evaluate the current understanding of sponge
behavior and present new observations on sponge activity in situ. We also explore biosynthesis pathways available to
sponges from data in genomes/transcriptomes of sponges and other non-bilaterians with a focus on exploring the role of
chemical signaling pathways mediating sponge behavior and how such chemical signal pathways may have evolved.
Sponge larvae respond to light but opsins are not used, nor is there a common photoreceptor molecule or mechanism
used across sponge groups. Other cues are gravity and chemicals. In situ recordings of behavior show that both shallow
and deep-water sponges move a lot over minutes and hours, and correlation of behavior with temperature, pressure,
oxygen, and water movement suggests that at least one sponge responds to changes in atmospheric pressure. The sensors
for these cues as far as we know are individual cells and, except in the case of electrical signaling in Hexactinellida, these
most likely act as independent effectors, generating a whole-body reaction by the global reach of the stimulus to all parts
of the animal. We found no evidence for use of conventional neurotransmitters such as serotonin and dopamine.
Intriguingly, some chemicals synthesized by symbiont microbes could mean other more complex signaling occurs,
but how that interplay might happen is not understood. Our review suggests chemical signaling pathways found in
sponges do not reflect loss of a more complex set.

Introduction centuries. In the postgenomic era, in theory all the

Behavior fascinates us, both in its complexity (e.g.,
cooperative hunting by killer whales) and its appar-
ent simplicity (e.g., closing of the Venus flytrap
around an insect). How animals came to have com-
plex behaviors involving learning and motor coordi-
nation from the simple actions available to the
unicellular ancestor is a challenging problem that
has attracted philosophers and scientists for
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building blocks are known, and yet we still don’t
understand how complex chemical and neural sig-
naling arose. Why not?

One answer is that most studies are still focused
on vertebrates and even more so on mammals be-
cause of the goal of curing disorders of the human
nervous system. Far fewer studies focus on non-
conventional model animal systems (Russell et al.
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2017; Renard et al. 2018). There are many genomes
of dogs, and you can have your own exome se-
quenced for less than a thousand dollars (NIH
2019), however it still costs a lot more to sequence
a shrimp or a sponge. More relevant though is the
fact that a large proportion of genes in animals like
sponges have no ortholog in the bioinformatics’
databases, and a similar fraction lack an identifiable
PFAM domain (Ryan et al. 2013; Moroz et al. 2014;
Fernandez-Valverde et al. 2015). Typically, the pro-
portion of unique proteins found in sponges is
roughly 40% (e.g., Fernandez-Valverde et al. 2015;
Guzman and Conaco 2016). Fernandez-Valverde
et al. (2015) found that approximately 43% of the
genes in the demosponge Amphimedon queenslandica
neither possessed a conserved PFAM domain nor
produced a significant BLAST hit.

Two other handicaps are even bigger. One is that
we still have a very poor understanding of how be-
havior works in non-bilaterian animals. A survey of
chemical molecules in cnidarians concluded that “the
diversity of chemical transmitter systems in sea ane-
mones could not have been anticipated on the basis
of the small range of behaviors and effector activities
available to these animals” (Anctil 2009). Even less is
known of sponge behavior. The second major chal-
lenge today is the still undecided phylogenetic rela-
tionship of the four non-bilaterian groups: Porifera,
Ctenophora, Cnidaria, and Placozoa (Dunn et al.
2008; Philippe et al. 2009; Ryan et al. 2013; Moroz
et al. 2014; Feuda et al. 2017; Pett et al. 2019).
Understanding branching order is crucial to under-
standing events leading to the emergence of the
bilaterian nervous system.

The two groups that are proposed as sister to all
other metazoans, sponges (Porifera), and cteno-
phores (Ctenophora), have radically different mor-
phology and behavioral complexity. Ctenophores
develop through gastrulation by epiboly to form a
through-gut with anal pores through which wastes
are excreted (Martindale and Henry 1999; Presnell
et al. 2016). They have nervous systems and although
they lack obvious eyes they have many opsins and
other well-developed sensory organs (Schnitzler et al.
2012; Moroz et al. 2014; Tamm 2014; Moroz 2015)
that allow them to be agile swimmers and active
predators (Haddock 2007; Tiselius and Moller
2017). Sponges, in contrast, develop through a range
of cellular migrations to form bilayered larvae whose
tissues reorganize at metamorphosis to form a sessile
filter feeding animal (Maldonado and Bergquist
2002; Leys and Ereskovsky 2006; and references
therin). Sponges do not have a conventional nervous
system or muscle. Their larvae are short-lived,
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millimeter-long, ciliated propagules, which because
they are motile, have the most overt behavior (Leys
and Degnan 2001; Maldonado et al. 2003). But adult
sponges are remarkably sensitive to their surround-
ings. Their responses are simply in a different time
frame than ours (Nickel 2004; Elliott and Leys 2007).
In adult sponges, the sensory cells known so far are
specialized epithelia with tiny hair cells that strategi-
cally line the filtration system, and in particular, the
osculum (Nickel 2010; Hammel and Nickel 2014;
Ludeman et al. 2014).

There are several good reviews and new work that
cover sponge larval ecology and behavior
(Maldonado 2006; Wahab et al. 2014; Ueda et al.
2016), and so in this paper we focus in particular
on the chemical basis of behavior in larvae and adult
sponges.

Behavior in sponges
Larval behavior

There is a range of sponge larval types and with this
a range of behaviors (Maldonado and Bergquist
2002; Maldonado 2006). Most sponge larvae are gen-
erally short-lived, settling within days of release, al-
though a few can live up to a month (Maldonado
2006). Some larvae can respond to gravity
(Warburton 1966), and chemical and light cues
play a role in settlement and metamorphosis
(Bergquist and Sinclair 1968; Leys and Degnan
2001; Jackson et al. 2002; Leys et al. 2002;
Maldonado  2006; Jindrich et al. 2017).
Specializations for settlement in the right spot must
be highly selected for as explained by Bidder (1937)
who estimated that in the calcareous sponge
Leuconia on average only two of some 5 million lar-
vae would survive, and prosaically concluded, “this
elimination to the millionth ensures that of young
sponges, side by side ... only something approaching
the fittest larval form shall survive.”

Many larvae are polarized with either unciliated
poles, or with a tuft of longer cilia at one pole,
and these are commonly either negatively or posi-
tively phototactic, with the light response changing
over the larval life as the larva begins metamorphosis
(Leys and Degnan 2001; Maldonado et al. 2003;
Collin et al. 2010). In A. queenslandica the rapid
straightening and bending of the posterior cilia is a
shadow response that acts as a rudder, giving the
larvae the ability to turn quickly (Fig. 1A). Most
metazoan photoreceptors are based on opsins, but
so far no opsins have been found in sponge genomes
or transcriptomes (Srivastava et al. 2010; Fortunato
et al. 2012; Leininger et al. 2014). Instead spectral
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sensitivity curves for A. queenslandica larvae hinted
at a flavonoid or cryptochrome (Leys et al. 2002)
and Rivera et al. (2012) identified two crypto-
chromes, one of which (Cry2) was expressed at the
posterior pole of the larva, and showed sensitivity at
the same wavelength as the larval response, roughly
440 nm. We also now know Cry2 is upregulated in
dark conditions in both larva and adult (Jindrich
et al. 2017).

The amphiblastula of Sycon coactum is a tiny po-
larized larva that is negatively phototactic (Elliott
et al. 2004). The photoreceptor is probably involved
with curious cross cells, four cells placed in quad-
rants of the tiny larva. Bidder (1937) suggested the
light goes through the anterior cells as an eye and
probably stimulates more active beating of parts of
the larva to keep it oriented upward (Fig. 1B). Cross
cells do express multiple sensory—neural markers
(Fortunato et al. 2012), however since every sen-
sory—neural marker expressed by cross cells is also
expressed in oocytes (Mah and Leys 2017), it is im-
possible to draw conclusions regarding photorecep-
tor function from genes expressed. So far the
photoreceptor has not been identified and neither
the S. coactum transcriptome nor S. ciliatum genome
have opsin or cryptochrome genes (Fortunato et al.
2014), so the photoreceptor of Calcarea remains a

mystery.

Behavior in adult sponges

Sponges are quite active in a slow time-frame
(minutes), and while a small sponge can contract
its whole body, it is most often the canals and espe-
cially the osculum—the excurrent chimney which
vents all the water filtered by the sponge—that are
most responsive in larger animals (Parker 1910;
McNair 1923; Nickel 2004; Elliott and Leys 2007;
Ludeman et al. 2014; Kumala et al. 2017; Ludeman
et al. 2017; Strehlow et al. 2017). Early work gives a
good description of the types of responses of the
osculum. Parker (1910) found that the osculum of
Hymeniacidon (Stylotella) heliophilia, a marine
demosponge, contracted in 3 min when it touched
air as the water level dropped with the outgoing
tide; it expanded again as water covered it, but
that took 10min (Fig. 1C). McNair (1923) found
only the very tip of the osculum of Ephydatia fluvia-
tilis, a freshwater demosponge, was sensitive to
touch; the osculum contracted, also in about 3 min.
However, the rest of the osculum was fairly insensi-
tive to most contact, except that a sharp blow caused
it to “shrivel up immediately” for 20-30 min.
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Many researchers have since recorded contraction
rates and studied what the contractile cells are by
morphology and histochemical staining, studied
responses of ostia, oscula, and the whole sponge to
a range of chemical and mechanical stimuli
(Ellwanger and Nickel 2006; Elliott and Leys 2007;
Nickel et al. 2011; Ludeman et al. 2014, 2017;
Kumala et al. 2017). From these studies we know
that most demosponges are sensitive to mechanical
stimuli, responding with slow contractions (rates of
mm s~ ') and that many chemicals tested on sponges
cause contraction (reviewed in Nickel 2010; Leys
2015). Oxygen depletion also causes sponges to con-
tract and reduce excurrent flow (Parker 1910; Leys
and Kahn 2018), and inversely contraction causes re-
duction in oxygen in the sponge (Leys and Kahn
2018). Calcareous sponges and homoscleromorphs
also contract, and all three cellular sponge classes
have spontaneous contractions every few hours
(Nickel 2010). Contractions include “twitches” (a
highly localized contraction on one part of the
sponge), “ripples” (a set of sequential contractions
that run over a portion of a sponge), and “cringes”
(contractions of the whole sponge body) (Elliott and
Leys 2007). Some sponges have pacemaker-like rhyth-
mic contractions, while others have daily contractions
(Reiswig 1971; Nickel 2004). Often encrusting forms
close ostial pore fields (Reiswig 1979), but much
larger barrel- or vase-shaped sponges close atrial
openings (Reiswig 1971; Fig. 1D). Nothing is known
of specific triggers but recent work implicates a role of
photoreceptor and potentially clock genes in
Amphimedon adult and larval behavior (Jindrich
et al. 2017), and so these may also be activated in
other sponges and it would be especially interesting to
investigate their role in sponges with rhythmic
contractions.

A number of studies have concluded that sponge
contractions do not mean that the choanocyte
pumps must stop (Parker 1910; Reiswig 1971;
Kumala et al. 2017). Parker (1910) watched the in-
current and excurrent flow at the ostia and osculum
and concluded that the pump cells—the choano-
cytes—never stopped beating but that instead the
sponge controls flow through its body by constrict-
ing the smooth muscle-like cells on the epithelia,
such as ostia, sphincters in canals, or the osculum.
He calculated that the choanocytes only generated
pressure of 3.5-4mm H,0 (3.5—4kgm72), a third
less than he estimated would cause damage to the
ostia and a fraction of what might damage the os-
culum if it is closed. Therefore, constricting canals
can stop water flow through the sponge, even though
the flagella pumps do not stop.
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Fig. 1 Sponge behaviors: A) Straightening and bending of the ciliary tuft in response to changes in light intensity in the Amphimedon
queenslandica larva (from Leys et al. 2002). B) Amphiblastula larva drawing by Bidder (1937). C) Parker’s (1910) observation that the
osculum contracts in response to contact with air as the tide goes out. D) Upper panel, Reiswig’s (1971) photographs of Verongula spp.
showing open (left) and closed (right) excurrent canals into the atrial cavity (arrows); lower panel, flow sensor recordings from
Verongula showing reduction in excurrent flow that correlated with constriction of the excurrent canals.

Reiswig (1971) documented a range of behaviors
in situ using both flow sensors and photography and
concluded that reductions in flow were caused by
contraction of sphincters in canals. Some contrac-
tions lasted 1 h each day, and while some species
contracted episodically, one species had diurnal pat-
terns and others didn’t contract at all. He found that
all the sponges’ excurrent flow rate changed season-
ally, reducing during the fall and especially during
storms (Reiswig 1971). Recent work has found the
same results for other species. Cliona orientalis has
diurnal rhythms of excurrent flow and contractions,
and reduces excurrent flow and contracts in response
to sediment disturbance (Strehlow et al. 2017).

Based on Parker’s and Reiswig’s observations,
and in agreement with Bidder’s (1937) conclusions,
it seems likely that judiciously located sphincters are
able to reduce the flow through the whole canal
system. Observations of sensory cells in the osculum
and elsewhere in the canal system (Elliott and Leys
2007; Nickel 2010; Hammel and Nickel 2014;

Ludeman et al. 2014) strongly suggest that sponges
sense water movement around themselves, probably
at the tip of the osculum, and through themselves,
at various points in the pump system. Given the
sensitivity to water movement, it is likely sponges
also respond to pressure changes which compress
water.

New observations

In 2015 Ocean Networks Canada placed an undersea
observatory at a rocky outcrop 40m deep near
Bamfield, British Columbia, Canada. A fist-sized or-
ange demosponge, Suberites concinnus, happened to
colonize the spot under a camera and instrument
array so we could watch its behavior over several
years at the same time monitoring ambient current,
light, temperature, oxygen, and pressure. The sponge
(nicknamed “Belinda”) has a range of behaviors,
with twitches, ripples, and cringes (Fig. 2; Leys and
Hamonic 2019). Many movements of the sponge are
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Fig. 2 Response of the demosponge Suberites concinnus to a storm.
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A) The demosponge S. concinnus and a neighboring sea star in the

camera’s field of view at the Folger Node of the Ocean Networks Canada “Folger Platform.” B) A plot of the change in sponge size
and change in pressure over time. White square on example images indicates the region of interest that was monitored for changes in
sponge size. C) Plot of pressure (red, upper line) and pressure anomalies (lower line, 1 SD of pressure) over time. The region shown
in the box reflects the time period shown in B and D. The wave-form of the upper line reflects tidal changes. D) A plot of
temperature, oxygen, and current velocity at the Folger platform over time.

difficult to connect to a stimulus, but several large
cringes were clearly associated with a storm whose
arrival could be detected by changes in pressure.

For one storm event in 2013 we plotted change in
area of the sponge together with pressure, oxygen,
temperature, and current, and found that a massive
pressure anomaly preceded several contractions of
the sponge (Fig. 2C,D). The anomaly gave rise to a
change in oxygen/temperature over the next 2 days,
and after 3 days there were two pulses of increased
current, from 0 to 30cms ' (Fig. 2D). Importantly
two large cringes by the sponge preceded the pulses
of current. The sponge reduced its whole size before
being hit by the first wave of current. It is possible
that the sum of changes in water properties caused a
threshold in sensitivity to be reached, but it is also
possible that the sponge responded to the pressure
wave and reduced its size before the current in-
creased. Another possibility is that fish shelter be-
hind the sponge, disturbing the sponge
mechanically. More storm responses have been
recorded and must still be analyzed.

Another sponge watched by cameras is at Station
M, a long-term study site 4000 m deep that is mon-
itored by the Monterey Bay Aquarium Research

Institute (Fig. 3A-D). There, a field of view includes
a white blob that seems to be a sponge on a stalk—
no specimen has been collected to date so it is re-
ferred to by the MBARI Deep-Sea Guide as
“Hexactinellida sp. 2” and described as being a
ball-shaped sponge with multiple stalks of non-
twisted spicule columns that project into the sedi-
ments (MBARI 2019). This sponge may be a rossellid
hexactinellid because its contractions are extremely
slow. Simply plotting change in size over time shows
that the sponge contracts and expands several times
over 5months (Fig. 3A). Contractions can take sev-
eral days—just the start of a contraction is 4h
(Fig. 3B)—and the sponge remains contracted for
over a week. It is mystifying what use that long a
contraction is—presumably there is no feeding while
contracted. Some objects (perhaps pyrosomes, hag-
fish, or large detrital aggregates that reach the sea-
floor as marine snow) appear to hit the base of the
sponge, but these interactions are not obviously cor-
related with times the sponge contracts (Fig. 3C).
In summary sponges carry out a range of behav-
iors and respond to a range of stimuli in various
ways—some responses are local and others are
global; global behavior appears coordinated but
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Fig. 3 Behavior of “Hexactinellida sp. 2,” a deep-sea sponge imaged by MBARI at 4000 m at Station M off the coast of California. A) A
plot of pixel density as a proxy for change in size of the sponge over time. Images were captured hourly for nearly 5months. The
boxed region is shown in (B). B) Expansion of the sponge takes nearly 75h and full contraction, at least 25 h. The inset provides an
expanded view of the boxed region in (B) showing that a small reduction in area of the sponge takes 8 h, indicating that contraction of
the whole sponge is extremely slow. C) Analysis using pixel density changes to plot a single “event” which was an object intersecting
with the sponge, at roughly 2000 h. Objects linger around the sponge for long periods. D) The camera’s view with Hexactinellida sp. 2

as the white object on the right. Image copyright MBARI 2012.

how that would happen is not yet understood. Some
stimuli are chemical in nature, many are mechanical.
The contractions are all slow, at least an order of
magnitude slower than electrical signaling in glass
sponges (see Leys [2015] for a comparison of signal-
ing rates), and more than three orders of magnitude
slower than electrical signaling in cnidarians. The
MBARI sponge is curious because it is particularly
slow. If that sponge is indeed a hexactinellid glass
sponge, then it suggests hexactinellids are able to
have two types of response: fast responses to irritants
that immediately arrest the flagella using electrical
signals (Leys and Mackie 1997; Leys et al. 1999,
reviewed in Leys 2015), as well as extremely slow
contractions—a remarkably slow contraction might
be due to the very unusual syncytial tissue.
Contractions have so far not been seen in any glass
sponge, so identifying the sponge in the MBARI
video is a priority.

Cellular sponges have a number of tissues that
might be contractile. One is the epithelium

(pinacocytes), another is a smooth muscle-like cell
in the mesohyl (myocytes). Both have been together
termed “actinocytes” (Boury-Esnault and Rutzler
1997; Nickel 2010), however because lots of sponge
cells have actin, the term actinocyte does not seem a
distinct enough character. Given the large amount of
collagen in many sponges it is hard to believe that
cells in the mesohyl do not have a role especially
since we know that collagen can change stiffness in
Chondrosia reniformis (Wilkie et al. 2006). But re-
gardless of the cell type involved, the signal must
be chemical, between cells or, as in the case of C.
reniformis, between cells and mesohyl.

Chemical signaling

Neurotransmitters, their enzymes and synaptic struc-
tural proteins, significantly pre-date the origin of
neural tissues (Ryan and Grant 2009; Alie and
Manuel 2010; Burkhardt et al. 2014). Compounds
we associate with electrochemical signaling are found
in bacteria, fungi, protists, and sponges, all creatures
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without conventional nervous systems (e.g., Plugge
et al. 2000; Ren et al. 2001; Liebeskind et al. 2011).
The question is when did the functional biochemical
signaling pathways arise? Possibly we should be look-
ing for very different biochemical signaling systems
in the different non-bilaterians. Animals probably
experimented with different combinations of mole-
cules and enzymes before settling on what we con-
sider conventional chemical signaling in vertebrates.
But what is conventional? Most knowledge about
how neurotransmitters interact comes from studies
on rat and mouse, but studies on invertebrates show
that those same neurotransmitters may respond to
different inhibitors (Tierney 2018). Work on the an-
nelid Platynereis dumerilii shows that a broad range
of neuropeptides are involved (Conzelmann et al.
2013; Bauknecht and Jékely 2015). Clearly neural
chemistry in invertebrates is highly varied, and stud-
ies on non-bilaterians with neurons show an even
greater range of peptidergic and small molecule
chemical signals (Putnam et al. 2007; Anctil 2009;
Moroz et al. 2014; Moroz 2015; Bosch et al. 2017).

Conventional neurotransmitters in vertebrate ner-
vous systems include monoamines (serotonin, hista-
mines, and catecholamines [noradrenalin/
adrenalin]), acetylcholine (Ach), and amino acid sig-
naling molecules (e.g., glutamate/GABA) (Krnjevié
1974). A range of data are used to evaluate their
presence and absence in animal tissues. To under-
stand the mechanisms of behavior, first approaches
are often application of neurotransmitter substances
onto a tissue and recording of response, either by
behavior (movement) or electrical impulses, and
also to use pharmacology by adding known inhibi-
tors of the receptors. In early days enzyme assays
were used to test for substrates produced, more
modern approaches involve antibody labeling, but
often using non-specific antibodies (i.e., using anti-
bodies raised in mammals on cnidarians or sponges).
A third approach is to search transcriptomes and
genomes for the genes as they are known from
bilaterians.

The challenge in interpreting the collective data is
that almost all views are from the bilaterian perspec-
tive because what we know of the enzyme interac-
tions, antibody specificity, and gene sequences comes
from bilaterians. In short, we are looking for classical
bilaterian type molecules and pathways in non-
bilaterians.

We searched genomes and transcriptomes for a
wide range of signaling molecules and their synthe-
sis pathways (Fig. 4). What we found is good evi-
dence for  everything except conventional
serotonergic and adrenergic signaling, and each of
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the four non-bilaterian groups seems to have spe-
cialized in use of a subset of signaling molecules.
These data agree with work by others (Moroz et al.
2014; Bosch et al. 2017; Francis et al. 2017; Senatore
et al. 2017).

Neurotransmitter small molecules in
sponges and other non-bilaterians

Several reviews summarize the behavioral and histo-
logical evidence for neurotransmitter molecules in
sponges (Renard et al. 2009; Nickel 2010; Leys
2015; Leys and Farrar 2016). From these, we know
that sponges show histochemical staining for acetyl-
cholinesterase, monoamine oxidase, serotonin, epi-
nephrine, and that some staining patterns are
blocked by inhibitors (e.g., Lentz 1966). Also many
substances including serotonin, epinephrine, Ach, ni-
tric oxide donors, and amino acids such as glutamate
and GABA elicit contractions of ostia, oscula, or the
whole body (Ellwanger et al. 2004; Ellwanger and
Nickel 2006; Elliott and Leys 2010). Antibody work
is limited because generally cross-reactivity between
vertebrate-derived antibodies and sponge tissues is
extremely poor. One report showed the whole of a
larva labeled for serotonin (Weyrer et al. 1999) and
another suggested rabbit anti-GABA and GAD label
a range of cells from epithelia to choanocytes and
mesohyl cells in the demosponge Chondrilla nucula
(Ramoino et al. 2007).

However genes and transcriptomes tell a different
story, and our genome and transcriptome searches
(Fig. 4) simply confirm those findings of others
(Srivastava et al. 2010; Ryan et al. 2013; Riesgo
et al. 2014; Moroz 2015; Francis et al. 2017). Not
only are the genes coding for serotonin and dopamine
receptors missing from transcriptomes and genomes
currently available for a range of sponges from all
classes, but the key enzymes involved in synthesizing
these molecules are also absent (Fig. 4). Although a
number of enzymes used in the serotonergic and
adrenergic biosynthesis pathways are present, key
molecules are absent from sponge genomes and tran-
scriptomes. These include serotonin (5HT)-receptors
and the enzyme tryptophan hydroxylase (TpH),
which would convert tryptophan to serotonin. Also
missing are conventional adrenergic receptors and
strong orthologs of the enzymes phenylethanolamine
N-methyltransferase (PNMT) and tyrosine hydroxy-
lase (Th), which convert norepinephrine to epineph-
rine, and tyrosine to dopamine, respectively (Fig. 4).

More surprisingly perhaps, the same is found for
other non-bilaterians (cnidarians, ctenophores, and
placozoans) (see Supplementary Data Files from
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Chordata Cnidaria Placozoa Porifera Ctenophora Choanoflagellata Filasterea
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Fig. 4 Presence of bilaterian (human, mouse, or rat) genes involved in the biosynthetic pathways which form signaling molecules,
searched from genomes and transcriptomes of human (Homo sapiens, Hsa), Cnidaria (Nematostella vectensis, Nve), Placozoa (Trichoplax
adhaerens, Tad), Porifera (Ephydatia muelleri Emu, Tethya wilhelma Twi, Amphimedon queenslandica, Aqu), Ctenophora (Mnemiopsis leidyi
Mlei, Pleurobrachia bachei Pba), Choanoflagellata (Monosiga brevicollis Mbr, Salpingoeca rosetta Sro), and Filasterea (Capsaspora owczarzaki
Cow). Genes are categorized by the particular signaling molecules they are involved in producing (highlighted in beige). Filled indicates
presence, empty indicates absence, blank indicates inconclusive due to poor availability of genome or transcriptome data. Presence
indicated by e-value cut-off e '°. Legend to abbreviations is in Supplementary File S3.

Ryan et al. 2013; Moroz et al. 2014). Each of these
groups lacks strong orthologs for serotonin and do-
pamine receptors, and also lacks PNMT and Th
(Fig. 4). Anctil (2009) found that although many
transcripts from the anemone Nematostella vectensis
show similarity to histamines none clearly group
with serotonin or dopamine/adrenergic receptors;
in phylogenetic analysis, these genes grouped most
strongly with GPCR rhodopsin family proteins. One
review concluded “while there are tantalizing hints of
transmitter pathways [in cnidarians], in almost all
cases the evidence is ambiguous” (Anderson 2004).
Despite data showing anti-serotonin labeling in tis-
sues of different anthozoans (Westfall et al. 2000;

Kass-Simon and Pierobon 2007), unequivocal evi-
dence for conventional serotonin and epinephrine
signaling is missing (Bosch et al. 2017). Similarly,
Moroz et al. (2014) concluded that the ctenophore
Pleurobrachia genome and other ctenophore species’
transcriptomes “lack all but one (glutamate/GABA)
of the enzymes to synthesize any of the conventional
low molecular weight neurotransmitters.” It is fairly
safe to conclude therefore, that sponges also do not
use classical serotonin, epinephrine, or histamine
chemical signaling.

Sponges have acetylcholinesterase, suggesting they
are able to break down Ach (Fig. 4), which suggests
Ach might be wused in signaling. However
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acetylcholinesterase is also present in ctenophores,
cnidarians, choanoflagellates, as well as a range of
plants, and its non-neuronal role in humans indi-
cates this is an ancient signaling system that is
used for cellular responses in growth, regeneration,
and tissue homeostasis (Wessler et al. 2001).

Where the non-bilaterian groups differ is in the type
of glutamate signaling and use of peptides. Sponges
have a number of metabotropic glutamate (mGluR)
and GABA receptors (Perovic et al. 1999; Srivastava
et al. 2010; Krishnan et al. 2014; Guzman and Conaco
2016; Francis et al. 2017), as well as a full complement of
the enzymes necessary for their biosynthesis. These are
G-protein coupled receptors that mediate slow
responses. In Geodia cydonium Perovic et al. (1999)
found a hybrid GABA-mGIuR receptor that is structur-
ally similar to vertebrate mGluR4 and mGIuR5 recep-
tors. A hybrid type might be more common across
other sponge groups because functional work shows
different responses to glutamate and GABA. In some
sponges both glutamate and GABA can cause contrac-
tions (e.g., Tethya wilhelma, Ellwanger et al. 2007),
while in others GABA works antagonistically to gluta-
mate (e.g., Ephydatia muelleri, Elliott and Leys 2010), as
in the vertebrate nervous system. The competitive
inhibitors AP3 and KYN also block glutamate-
triggered contractions (Elliott and Leys 2010) and given
the similarity of contractions in sponges it seems likely
that glutamatergic signaling is common in many
sponge species. Faster acting ionotropic glutamate
receptors (iGluRs) have been found in a couple of
sponge transcriptomes (Riesgo et al. 2014), but it is
unknown if they are functional. In contrast while cte-
nophores do have mGluRs they also have a surprisingly
large number of iGluRs which show distinct expression
patterns (Moroz et al. 2014; Moroz 2015). Ctenophores
also have neurons and millisecond responses for pred-
atory behavior (Moroz et al. 2014).

Peptides are so far not known from sponges
(Srivastava et al. 2010). In ctenophores prohormone
precursors for peptides were found in Pleurobrachia
bachei, although no work has tested their function-
ality (Moroz et al. 2014). In contrast peptides seem
to be the dominant chemical signaling molecule in
both cnidarians and placozoans (Srivastava et al.
2008; Anctil 2009; Senatore et al. 2017; Varoqueaux
et al. 2018).

Chemical synapses: synaptic proteins
and vesicle exocytosis

Another often sought set of proteins involved in
chemical signaling are those involved in the formation
and function of synapses. Neurons package chemicals

759

into vesicles for localized release and many of the
molecules required for vesicle exocytosis are present
in sponges (Riesgo et al. 2014; Francis et al. 2017).
Indeed, many synaptic proteins are pre-metazoan
(Supplementary File S1) (Ryan and Grant 2009;
Burkhardt et al. 2014; Yang et al. 2015). For instance,
fungi possess some postsynaptic density proteins,
while choanoflagellates possess presynaptic proteins
that localize to the apical pole (Alie and Manuel
2010; Burkhardt 2015). However, this does not nec-
essarily suggest that synapse-like secretory mecha-
nisms arose long before the bilaterian nervous
system. Synaptic complexes are mechanistically
complex—many proteins must be co-expressed in
space and time. Sponges possess a near-complete cat-
alog of postsynaptic density genes (Riesgo et al. 2014).
In the sponge A. queenslandica, seven genes otherwise
known to be involved in the postsynaptic density are
co-expressed in larval globular cells (Sakaraya et al.
2007; Ueda et al. 2016). However, although some
modules are co-expressed, the majority of these genes
are not co-expressed at various stages of the life cycle
(Conaco et al. 2012) or within the same cell type
(Sebé-Pedros et al. 2018). We should not expect the
secretory apparatuses of sponges to resemble
bilaterian-like synapses because even in non-
bilaterians that do possess nerves the organization of
synaptic components can be distinct, as exemplified
by the ctenophore presynaptic triad (Hernandez-
Nicaise 1973).

A non-bilaterian view of chemical
signaling molecules

Our biggest challenge is thinking outside of the bilat-
erian box. When we see a lot of the same enzymes
and receptor molecules we expect to find, it is easy
to assume the signaling pathway is there. And it
might be, but functioning slightly differently.
Several reviews have concluded that there are prob-
ably cnidarian-specific molecules that interact with
the serotonin-like (melatonin GPCR) receptors
(Anderson 2004; Anctil 2009; Moroz 2015; Bosch
et al. 2017). Functional studies in cnidarians suggest
that some enzymes might substitute for one another.
In mammals tyrosinase is found in epidermal tissues
and Th in nervous tissues, and they have different
targets (Esposito et al. 2012; Lai et al. 2018). The sea
anemone Metridium senile lacks Th. However,
Carlberg et al. (1984) extracted a tyrosinase from
Metridium tentacles and found that the Metridium
tyrosinase had broad enough activity to hydroxylate
L-DOPA (dopamine). However, there are conflicting
views on whether PNMT, needed to make dopamine,
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occurs in cnidarians (Marlow et al. 2009; Moroz
et al. 2014; Krishnan and Schioth 2015; Moroz
2015; Francis et al. 2017). In P. bachei, .-DOPA-
like molecules may play a role in the adhesive prop-
erties of colloblasts (Townsend and Sweeney 2019).
It is therefore not certain that cnidarians use con-
ventional serotonergic or adrenergic signaling, and
fairly well agreed that other non-bilaterians do not.

What neurotransmitter-type molecules actually do
in animals without a nervous system is a good ques-
tion. In placozoans peptides are thought to be used to
signal to other individuals that there is food (Senatore
et al. 2017; Varoqueaux et al. 2018). In the calcareous
sponge Leucandra aspera GABA is suggested to regu-
late feeding, and experiments using dissociated cells
showed enhanced uptake of dextrans (used as a food
analog) in the presence of GABA (Ramoino et al
2011). Antibodies to mammalian GABAg receptors
labeled choanocytes, the cells that generate flow
through the sponge, and which typically phagocytose
food (Ramoino et al. 2011). Nitric oxide is a short-
lived gaseous signaling molecule that functions in
bilaterians in relaxation of smooth muscle during
peristalsis. Nitric oxide synthase is present in sponges
and other non-bilaterians, and while nitric oxide was
found to modulate peristalsis in the sponge T. wil-
helma as it does in the cnidarian Renilla koellikeri
(Anctil et al. 2005; Ellwanger and Nickel 2006), it is
also suggested to be an important signal triggering the
metamorphosis of sponge larvae (Ueda et al. 2016).
One hypothesis is that A. queenslandica larval flask
cells are both required for metamorphosis and may
also be neurosecretory (Nakanishi et al. 2015).
Secretory cells occur in many invertebrates and in
some they may be simply involved in mucus secretion,
but in others like Platynereis and cnidarians they re-
lease peptides to induce metamorphosis (Erwin and
Szmant 2010; Conzelmann et al. 2013).

Another non-bilaterian perspective is that the
metabolites that sponge GPCRs may be receptive to
could be produced by symbionts. For example, trypt-
amine alkaloids (serotonin metabolites) and dopa-
mine have been extracted from demosponges
(Salmoun et al. 2002; Liu et al. 2004), but both are
suggested to be produced by microbial symbionts, not
the sponge. Dopamine was isolated from Neopetrosia
exigua along with several other novel chemicals, and
was suggested to be produced by a Synechococcus-like
cyanobacterium; 5-hydroxytryptamine-derived alka-
loids were extracted from two Hpyrtios spp. demo-
sponges, and were also considered produced by
symbionts (Liu et al. 2004). No research has examined
whether these molecules have a role in sponge tissue
growth, repair, feeding, or other aspects of

S.P Leysetal

homeostasis. However, there are hints that microbial
metabolites may be involved in controlling canal for-
mation. In Suberites domuncula CD36/LIMPII recep-
tors are expressed on pinacocytes during canal
formation, and their expression is suppressed by the
bacterial metabolite 2-methylthio-1,4-naphthoqui-
none (MTN) (Miiller et al. 2004). If some chemicals
are synthesized by microbial symbionts it is conceiv-
able the sponge recognizes and uses them, possibly to
the microbes’ advantage, to dilate canals to flush tis-
sues with more oxygen, or to take in more dissolved
carbon at different tide cycles, or to direct chambers
where to join canals during the ongoing process of
adjusting canal morphology during homeostasis. In
Hpydra the nervous system is tightly coupled to micro-
bial symbionts and to previously considered non-
neural roles that are involved in the tight relationship
between symbiont and host (Klimovich and Bosch
2018). Clearly it is important to think broadly about
how chemical signaling might work in an animal that
does not use neurons.

Summary and conclusions

Sponges show extensive behavior, but sponge behav-
ior is slow: contractions propagate locally at 2—
300 u s~ '—the slowest is in regions of canals around
the sponge, the fastest is the contraction of the os-
culum recorded by McNair (1923). These rates of
propagation are at least an order of magnitude
slower than in nervous systems (reviewed in Leys
2015). Effectors are sphincters in canals, canal epi-
thelia, and we cannot rule out contractile cells in the
collagenous mesohyl (Elliott and Leys 2007). Stimuli
in the natural environment are low tides (water level
dropping) and storms (including waves but also
stirred up sediments and possibly pressure waves).
Diurnal rhythms also exist, and so light is sensed
(Nickel 2004; Jindrich et al. 2017).

It is tempting to think there is an overall coordi-
nation of behavior, but years of research indicate
that the spread of stimuli is local (Parker 1910;
Bidder 1937; Mackie 1979; Elliott and Leys 2007;
Nickel 2010, reviewed in Leys and Farrar 2016).
Massive effects on one osculum have no effect on
a neighboring osculum. Global responses are most
likely cumulative responses to the same stimulus.

Sponges have no neurons and lack conventional
neurotransmitters (serotonin, epinephrine, hista-
mine), but so do other non-bilaterians despite hav-
ing neurons (e.g., Moroz et al. 2014). In sponges
there are slow acting G-protein coupled receptor
pathways using glutamate (mGluRs/GABA) and
there is evidence they use other commonly used
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small signaling molecules like nitric oxide (Ellwanger
et al. 2007; Elliott and Leys 2010; Ueda et al. 2016).
It seems that each non-bilaterian phylum has a spe-
cialized chemical signaling complement: sponges,
mGluRs/GABA (Elliott and Leys 2010; Francis et al.
2017), ctenophores, iGluRs (Moroz et al. 2014), pla-
cozoans, peptides (Schuchert 1993; Senatore et al.
2017; Varoqueaux et al. 2018), cnidarians, neuropep-
tides and histamines (Bosch et al. 2017; Satterlie
2019). In bilaterians small amine neurotransmitters
become established, in addition to a rich range of
neuropeptide and ion channel signaling systems
(Liebeskind et al. 2011, 2015; Paps and Holland
2018) (Supplementary File S2).

The adult sponge responsive system is most similar
to that used for smooth muscle in bilaterians.
Biosynthesis pathways used for local signaling may
have been re-tooled for faster signaling in other ani-
mals. In sponges the most obvious use of chemical
signaling is to control water flow through the animal
in response to a range of short and long-term envi-
ronmental stimuli. However, we might also expect
cells to use chemical signaling in guiding cell migra-
tion in growth and regeneration, and also in respond-
ing to temperature, daylight, etc. There are not
enough pieces of the biosynthesis pathways to hint
at loss of a more complex system. Although some
responses and the chemical signals involved could be
very similar to those used to control smooth muscle in
other invertebrates, the overall picture of chemical
signaling in sponges seems to reflect a sponge-
specific system. What is needed for future work on
chemical signaling in non-bilaterians is physiological
approaches to test specific hypotheses. In the postge-
nomic world we now need to return to the types of
experimentation that gave such a wealth of data in
bilaterians before genomes were available. Using ge-
nomic data to guide the choice of molecules and
inhibitors promises massive leaps in understanding
signaling in non-bilaterians.
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