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Abstract

Quinones are one of the major pigment groups that provide such bright colors to feather stars (Echinodermata, Crinoidea).
These secondary metabolites also act as defensive molecules rendering crinoids unpalatable and repellent to other organisms.
However, feather stars are usually associated with numerous symbiotic organisms, amongst which the ectocommensal snap-
ping shrimp Synalpheus stimpsonii. We investigated the chemical stimulus allowing host selection in S. stimpsonii through
the combination of behavioral tests, chemical extractions, and mass spectrometry analyses. The individuals of S. stimpsonii
used in the experiments were sampled around the Great Reef of Toliara (Madagascar) where they are found in association
with two crinoid species: Comanthus wahlbergii and Phanogenia distincta. The chemical attractiveness of the two crinoid
hosts and a non-host species, Cenometra bella, was tested in an olfactometer. The three crinoids produced attractive kair-
omones allowing the snapping shrimp to recognize them. Mass spectrometry analyses on purified extracts of P. distincta
revealed the presence of three different anthraquinones (rhodoptilometrin, comantherin, and a new crinoid anthraquinone).
Compared to the existing literature, this anthraquinonic cocktail is specific to P. distincta. When these extracts were injected
in the olfactometer, they triggered similar attracting behavior suggesting that crinoid anthraquinones are kairomones allowing
host selection for S. stimpsonii. This hypothesis is also supported by the fact that shrimps were chemically attracted by pure
commercial anthraquinones. In addition to their traditional defensive role (allomones), anthraquinones would, therefore, also
function as kairomones, maintaining the symbiosis between S. stimpsonii and its crinoid hosts.
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Introduction

Quinones represent a major family of polyketides widely
distributed in the biosphere. More than 1200 quinones have
been described so far. They are composed of diones that
form diverse aromatic structures differing by the number
of aromatic cycles and their associated radicals (El-Najjar
et al. 2011). Quinones are essential to many biological
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processes: some derivatives of quinones serve as electron
acceptors in electron transport chains playing a role in
photosynthesis and aerobic respiration (Elling et al. 2016;
Lubitz 2003; Nohl et al. 1986); they play a role in the cel-
lular membrane stabilization (Rao et al. 2008) and in the
formation of vitamins and antioxidants (Beattie et al. 2007,
Gong et al. 2008). Quinone-related compounds are of high
interest for human health. For example, they constitute a
component of nearly every modern drug to cure cancer
(Asche 2005; Lu et al. 2013). Quinones are found in a wide
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variety of plants, bacteria, and fungi (El-Najjar et al. 2011;
Sunassee and Davies-Coleman 2012). Except for the ubiq-
uitous ubiquinones, these molecules are rare in the animal
kingdom and only found in small concentrations in marine
sponges, cnidarians, mollusks, arthropods, tunicates, and
echinoderms (Gordaliza 2010; Singh et al. 1967; Sunassee
and Davies-Coleman 2012; Thomson 2012). Concerning
echinoderms, naphthoquinones are produced exclusively
by echinoids while anthraquinones are specifics to crinoids
(i.e. feather stars) (Kornprobst 2005; Shikov et al. 2018).
In crinoids, neither the biogenesis nor the function of
quinones are well documented (Feng et al. 2017). Previous
literature has highlighted the presence of anthraquinones in
different organs, from the skeleton to the viscera of feather
stars (Bartolini et al. 1973; Ghaly et al. 2009; Kornprobst
2005; Thomson 2012). Also, numerous studies underline
their importance as natural pigments, partially causing the
colorful appearance of most species (Baker and Suther-
land 1968; Feng et al. 2017; Kent et al. 1970; Powell and
Sutherland 1967; Rideout and Sutherland 1981, 1985; Singh
et al. 1967; Smith and Sutherland 1971; Sutherland and
Wells 1967). Quinonic pigments were even detected in the

macrofossils crinoids Liliocrinus sp. dated from the Trias-
Jurassic period (Wolkenstein et al. 2006). It has also been
shown that polyketides such as anthraquinonic pigments,
especially when sulfated, have a feeding-deterrent activity
on fishes and could play the role of chemical defense to
deter predators and parasites (Kasumyan et al. 2020; Rideout
et al. 1979; Takahashi et al. 2002). Several studies also detail
the chemical defense mechanism provided by the secretion
of quinones in insects (Berenbaum 1995; Kittredge et al.
1974; Pasteels et al. 1988). Quinones cytotoxicity is mainly
attributed to their ease of reduction and therefore to their
ability to act as oxidizing or dehydrogenating agents (EI-
Najjar et al. 2011).

Although they produce repellent chemicals (Tinkova et al.
2014), comatulids usually host various symbiotic metazoans
like crustaceans, fishes, gastropods, myzostomids, nema-
todes, ophiuroids, and polychaetes (Britayev and Mekhova
2011; Deheyn et al. 2006; Lanterbecq et al. 2010; Zmar-
zly 1984). Amongst them, the snapping shrimp Synalpheus
stimpsonii (Alpheidae) is an obligatory ectocommensal reg-
ularly found alone or in a heterosexual pair under the calix
of their crinoid host (Fig. 1a) where they are protected from

Fig.1 a The snapping shrimp Synalpheus stimpsonii under the calyx
of a crinoid host Phanogenia distincta. b The crinoid Phanogenia
distincta partially hidden in rock anfractuosity. ¢ The crinoid Coman-
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thus wahlbergii partially hidden in rock anfractuosity. d The crinoids
Cenometra bella attached to a whip black coral. The scale bar repre-
sents 6 mm in (a); 26 mm in (b); 28 mm in (¢) and 53 mm in (d)
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predators (VandenSpiegel et al. 1998). Shrimps sometimes
leave their host to reproduce with a mate located on another
host. This host-switching behavior has been well explored
in ectosymbiotic crustaceans (Baeza and Thiel 2007; De
Bruyn et al. 2016) and highlights the existence of a specific
sensory system allowing the symbiont to select its host. Our
team already performed host selection experiments testing
the visual and chemical recognition of crinoids by the snap-
ping shrimp S. stimpsonii in Hansa Bay, Papua New Guinea
(VandenSpiegel et al. 1998). The results suggested that the
shrimp uses both visual and chemical information to rec-
ognize its host at a distance. Chemical communication was
much more accurate than the visual one. However, to date,
no study has ever identified the kairomone (i.e. chemical
signal emitted by hosts when they elicit a commensal or a
parasitic symbiosis) released by crinoids that influence the
shrimp behavior.

In a previous study, we highlighted that the repellent,
holothuroid-specific saponins were the attractive kair-
omones allowing host selection by the holothuroid associ-
ate Harlequin crab Lissocarcinus orbicularis (Caulier et al.
2013). Recently, we also demonstrated that spinochromes
(naphthoquinones) produced by the sea urchins Echinometra
mathaei are recognized by its shrimp symbiont Tuleariocaris
holthuisi (Brasseur et al. 2018b). We hypothesize that many
other symbiotic organisms have diverted a natural chemical
defense to their advantage: these defensive molecules would
be used by symbionts to identify their hosts and to protect
themselves against their predators. The present study aims
to investigate whether crinoid anthraquinones could be the
kairomones attracting the snapping shrimp S. stimpsonii.
For this purpose, we carried out olfactometry behavioral
experiments, anthraquinone chemical extractions, and mass
spectrometry analyses.

Methods and materials

Samplings, chemical extractions, and behavioral experi-
ments were conducted during five scientific field missions in
the Fishery and Marine Science Institute of the University of
Toliara, southwest of Madagascar (January—February 2011
and 2012; November-December 2013, 2014 and 2019).
Chemical purification and mass spectrometry analyses were
performed at the University of Mons (Belgium).

Sampling procedure

Crinoids and their symbiotic shrimps were hand-collected
by scuba diving between 18 and 32 m depth on the north-
ern external slope of the Great Reef of Toliara (23° 20" 59"
S; 43°36' 45" E). Three crinoid species were commonly
found in this area: Phanogenia distincta (Carpenter 1888)

(Fig. 1b); Comanthus wahlbergii (Miiller 1843) (Fig. 1c)
and Cenometra bella (Hartlaub 1890) (Fig. 1d) (Marshall
and Rowe 1981). We noticed a modification in comatulid
distribution in the sampling area from one year to another,
with a rarefaction of C. bella and C. wahlbergii along with
an increase of the P. distincta population. Anthraquinonic
extractions (see here below) were then only performed on P.
distincta. Each sampled crinoid was carefully stored in her-
metic plastic bags to prevent the loss of symbiotic shrimps.
Once in the laboratory, the crinoid and symbiont species
were identified and the number of Synalpheus stimpsonii
(de Man 1888) recorded. Hosts and symbionts were then
kept separately in two semi-open water aquaria for at least
24 h before the behavioral experiments. The seawater used
in this study was 1 pm filtered natural seawater, 27 °C and
35 %o salinity, pumped directly from the sea. Animals used
in our experiments were maintained and treated in compli-
ance with the guidelines specified by the Belgian Ministry
of Trade and Agriculture.

Behavioral experiments

Because host fidelity implies host choice preferences by
olfactory imprinting (Hasler et al. 1978; VandenSpiegel
et al. 1998), we only used shrimps collected on P. distincta
for the behavioral experiments. The chemical communica-
tion between symbiotic shrimps and comatulids was tested
in a Y-tube olfactometer system (Davenport 1950), following
the methodology used in Brasseur et al. (2018b) and Caulier
et al. (2013). The system consisted of a 20 cm long unpaired
branch and two 10 cm paired branches that were each con-
nected to a 5-L aquarium. The tube diameter was 3 cm. One
of the aquaria (aquarium A) contained test seawater and the
other (aquarium B) was filled with control seawater (Fig.
SI1). Test water consisted of seawater conditioned either
with living crinoids (i.e. conditioned with 3 individuals in a
5-L aquarium for 20 min) or with purified anthraquinones.
Water flowed from these two aquaria through the olfactom-
eter and was evacuated at the base of the unpaired branch of
the Y-tube where the shrimp was introduced at the beginning
of each test. Flow laminarity inside the olfactometer was
controlled using fluorescein salt before the experiments and
the water flux was regulated to a speed of 2-3 cm s,

An attractive chemical communication was recorded
when a significant proportion of shrimps moved up the
flow and orientated towards the olfactory stimulus source.
During a typical trial, one snapping shrimp S. stimpsonii
was introduced at the base of the unpaired branch of the
Y tube. If it was not stimulated, the shrimp remained at
the base of the branch without moving and the run was
aborted and considered as null after 10 min. If the shrimp
was stimulated, it moved into the unpaired branch up to
the junction of the two-paired branches where it usually
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stopped moving, tested the water fluxes, and entered one
of the paired branches. Two types of behaviors were there-
fore recorded in the Y tube: the motion behavior, when
shrimps moved for at least 10 cm into the unpaired branch
towards the stimulation source, and the orientation behav-
ior, when shrimps entered one of the two paired branches
and reached the corresponding aquarium (Brasseur et al.
2018b; Caulier et al. 2013). Videos SI1 and SI2 illustrate
the motion and the orientation behaviors of the symbiont
S. stimpsonii in the Y-tube during the end of a test. Those
videos were recorded for illustration only as typical tests
were not filmed to avoid any bias (i.e. the shrimp could
visually detect the camera or the motion of the scientist
filming).

At least twenty different shrimps were tested for each
experiment and aquaria A and B were exchanged every
five runs. Each shrimp individual was only tested once to
avoid any potential habituation effect. The entire device
was washed after each trial (i.e. after each shrimp). To
test the significance of the motion behavior, the number of
times shrimps started to move under a chemical stimula-
tion (i.e. chemotaxis) was compared by a Pearson’s chi-
squared test with Yates continuity correction (x*=0.05,
df =1) to the number of times shrimps were moving when
control seawater filled both aquaria. The orientation
behavior was assessed using a binomial test by compar-
ing the percentage of shrimps that entered aquarium A to
a random distribution (Probability of success=0.5). All
statistical tests were performed with the R software (R
project, x64 3.2.3; R Core Team (2015)).

Shrimp behaviors were first recorded when only seawa-
ter filled the olfactometer (negative control). Then, chemi-
cally mediated host selection was tested with water condi-
tioned by each species of crinoid. Finally, anthraquinones
extracted from the host P. distincta and pure commercial
anthraquinones (Alfa Aesar; CAS 84-65-1) were tested for
their potential attractiveness to S. stimpsonii. The chemi-
cal structure of this commercial compound can be found
in supplementary material (Fig. SI2). All extracts were
diluted to 0.05 g L™! in artificial seawater (made by dis-
solving 26 g of NaCl, 6 g of MgCl,, 0.7 g of KCI, 1.47 g
of CaCl, and 0.2 g of NaHCOj; in 1 L ultrapure MilliQ
water) and introduced into one of the two aquaria of the
olfactometer at a flow rate of 10 ml min~" using a peristal-
tic pump (Amersham P-1). The natural concentration of
anthraquinones released in surrounding water by crinoids
is still unknown. Therefore, different anthraquinones con-
centration used in this study were tested while setting up
the protocol of this experiment and the most efficient dose
to induce the positive chemotaxis of the symbiotic shrimp
S. stimpsonii was 0.05 g L™! (data not shown due to low
replication). A second negative control was realized with
seawater injected by the peristaltic pump.
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Anthraquinone purification

Twenty-six entire P. distincta were used for anthraquinone
extraction. Each crinoid was briefly rinsed with distilled
water in order to remove the salt excess on their integument
and was then crushed with a mortar and macerated in 50 ml
of acetone for 6 h. The homogenate was then filtrated under
vacuum with a Buchner flask and the extract was evaporated
at low pressure at 60 °C (Zhu et al. 2008) using a rotary
evaporator (Laborota 4001 efficient, Heidolph) or an oven.
The dried crude extract was dissolved in 50 ml milliQ water
and was then partitioned against diethyl ether (v/v; 1:1). The
aqueous phase was recovered and dried. Anthraquinone con-
centrations were then calculated by dividing the dry weight
of the anthraquinone extracts by the wet weight of crinoids.

Twenty extracts from twenty different individuals P. dis-
tincta were combined, dissolved in artificial seawater and
tested in the Y-tube olfactometer. Combining the extracts
resulted in a homogenous chemical stimulus to be tested
in the olfactometer to potentially attract the shrimps. The
remaining six extracts were kept separately for mass spec-
trometry analyses: the aqueous phases were recovered,
evaporated to less than 2 ml and centrifuged at 10,000 g
for 10 min to remove potential solid residues. Finally, each
supernatant was evaporated to dryness using a Speed Vac
(RC 10.22, VWR international) and was re-dissolved in 80%
methanol.

Mass spectrometry analyses

For the LC-MS analyses, a Waters Alliance 2695 liquid
chromatography device (HPLC) was used. The system
comprises a quaternary pump, a vacuum degasser, and an
autosampler. The chromatography was carried out on a
reversed-phase column (Kinetex® 5 um Biphenyl 100 A,
50x 4.6 mm, Phenomenex) at 30 °C and with a sample vol-
ume injected of 10 ul and a constant flow (1.25 ml min~") of
a gradient of eluent A (water, 0.1% formic acid) and eluent
B (acetonitrile) (Table SI1).

Mass spectra of the purified extracts were first obtained
on a Waters Quattro Ultima in the negative ionization mode
by scanning between m/z 100 and 1,500 using Electrospray
ionization (ESI) source. The ESI conditions were capil-
lary voltage 3.1 kV; cone voltage 40 V; source temperature
120 °C; desolvation temperature 300 °C. Dry nitrogen was
used as the ESI gas with a flow rate of 70 L h™! for the
gas cone and 600 L h™! for the desolvation gas. Accurate
mass measurements were then performed on a Waters Q-Tof
Premier using ESI source, in the negative ionization mode
by scanning between m/z 50 and 600 with scan durations
of 1 s and an interscan time of 0.1 s. The ESI conditions
were capillary voltage 3.1 kV; cone voltage 40 V; source
temperature 120 °C; desolvation temperature 300 °C. Dry
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nitrogen was used as the ESI gas with a flow rate of 50 L h™!
for the gas cone and 600 L h™! for the desolvation gas. The
mass spectrometer was equipped with a lockspray source
to obtain high mass accuracy of anthraquinones. Sodium
iodide ([I-Na]™=126.9045), was used as a lock mass, being
continuously sprayed into a second ESI source and sampled
every 10 s.

Mass spectrum analyses were performed on MassLynx
4.1. mass spectrometry software (Waters). Chemical struc-
tures were determined from accurate mass databases and
from existing literature. Compositions were validated only
under a mass error of 10 ppm. Anthraquinone structures
were finally drawn using BKChem software.

Results
Occurrence of shrimps on crinoids

Table 1 describes the number of collected individuals for
each species of crinoids and the occurrence of the snapping
shrimps Synalpheus stimpsonii. In total, 245 crinoids from
three species, Cenometra bella, Comanthus wahlbergii, and
Phanogenia distincta were collected. They were associated
with 247 S. stimpsonii. Only the two species C. wahlbergii
and P. distincta hosted this shrimp species with the preva-
lence of 84 and 68%, respectively. No snapping shrimp was
found on C. bella. Shrimps presented mimetic colors corre-
sponding to their hosts; individuals collected on C. wahlber-
gii were darker than the individuals collected on P. distincta.
Sometimes, after several days in an aquarium without hosts,
the symbiotic shrimps lost their colors, becoming trans-
parent. Comatulids never hosted more than two snapping
shrimps but other symbionts such as myzostomids, eulimids,
clingfishes Discotrema crinophilum, squat lobsters Allogala-
thea elegans and shrimps Laomenes sp. and Periclimenes
sp. were regularly found on the same host. Most organisms
were finally released in different diving sites near the coral
reef after behavioral experiments.

Table 1 Occurrence of Synalpheus stimpsonii on three comatulid
species in Toliara Bay, Madagascar

Crinoids Shrimps S. stimpsonii
Species Observed Colonized Hetero- Single Total
specimens specimens sexual
pairs
Cenometra bella 38 0 / / 0
Comanthus wahl- 36 30 24 6 54
bergii
Phanogenia 171 116 77 39 193
distincta
Total 245 146 101 45 247

Host selection behavioral experiments

Most S. stimpsonii did not move in the olfactometer only
filled with seawater (P >0.05) (Fig. 2_1). Therefore, there
is no attractive chemical or rheological stimulus in regular
seawater. On the contrary, water conditioned by C. wahl-
bergii or P. distincta triggered specific crustacean chemo-
detection behaviors (i.e. flicking of the antennae and the
antennules) that subsequently initiated movements of the
shrimps towards their host by chemotaxis. Shrimps signifi-
cantly (P <0.01) performed the “motion behavior” (i.e. they
moved up-flow in the unpaired branch of the olfactometer)
and 80-90% of them significantly (P <0.01) performed
the “orientation behavior” (i.e. they chose the branch cor-
responding to their host conditioned water) (Fig. 2_2-3;
Video SI1). The mean time (+ SD) required to enter the
conditioned aquarium was 1.8 (£ 1.1) min. Similar results
were obtained with the non-host species C. bella (Fig. 2_4)
with a mean time of 2.3 (+0.8) min. When given the choice
between P. distincta and C. bella, 18 shrimps out of 20 pre-
ferred the water conditioned by their host (Fig. 2_5) in 2.1

Trial Shrimp choice (%) Motion Orientation
(A) Seawater )
Vs (85) / 1
(B) Seawater (10)
(A) C. whalbergii (90)
& Vs (0) 3.1107 410°
(B) Seawater (10) e b
(A) P. distincta (80)
vs © 3.110° 41103
(B) Seawater (20) ok o
(A) C. bella &)
Vs (0) 31107 26103
(B) Seawater (15) _— *x
(A) P. distincta (90)
vs © 31107  410¢
(B) C. bella (10) . P
(A) C. whalbergii (60)
Vs © 31107 05
(B) P. distincta (a0) o

I S!:imps that orientated adequately towards the aquarium A
Shrimps that remained stationary in the impaired branch after 10 minutes

7777 Shrimps that orientated adequately towards the aquarium B

Fig.2 Results of the behavioral experiments conducted with a Y-tube
olfactometer on the symbiotic shrimp Synalpheus stimpsonii with cri-
noid conditioned water. The horizontal bar charts represent the per-
centage of shrimps (value in brackets) that remained stationary in the
impaired branch after 10 min (white bars), that orientated adequately
towards the aquarium A (black bars), or orientated towards the con-
trol aquarium B (striped bars). The P value of the statistic results
for motion (Pearson’s chi-squared test with Yates continuity correc-
tion, X2=0.05, df=1) and orientation (binomial test, 0.5 proportion)
behaviors can be found in the corresponding columns. Significant
results are in bold and characterized by asterisks (*for p <0.05; ** for
p<0.01 or *** for p<0.001). N=20 replicates for each test except
for test n° 3 that was realized on 25 replicates. “vs” stands for versus
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Table 2 Anthraquinones extracted from the crinoid Phanogenia distincta

Anthraquinone identification Retention time  Elemental composi- Theoretical mass Measured mass Error (ppm)
(min) tion (Neutral) [M-H]™ (m/z) [M-H]™ (m/z)

(a) 1,3,8-Trihydroxy-6-[(1S)-1-hydroxy- 2.7-3.5 C,7H,,0¢ 313.0712 313.0700 -3.8
propyl] anthracene-9,10-dione also
known as rhodoptilometrin

(b) 4-Hydroxy-5,6 dimethoxy- 8.3-9.0 C,6H,405 285.0763 285.0742 -7.4
2-methylbenzo[g]chromen-8-one also
known as comantherin

(c) Unknown 1 6.0-6.7 C,0H5,0, 291.1385 291.1366 -6.5

Corresponding chemical structures for (a) and (b) can be found in Fig. 3. Chemical names are provided following the International Union of
Pure and Applied Chemistry (IUPAC) nomenclature standard

~0 0~ OH

ood
O O

and b 4-hydroxy-5,6 dimethoxy-2-methylbenzo[g]chromen-8-one or
comantherin. The chemical structure of the new anthraquinone c¢ is
not shown as it cannot be confirmed only by mass spectrometry

@ OoH o OH (b)

HO
O

Fig.3 Presumptive molecular structures of the anthraquinones
detected in the crinoid Phanogenia distincta. a 1,3,8-Trihydroxy-
6-[(1S)-1-hydroxypropyl] anthracene-9,10-dione or rhodoptilometrin

(£0.4) min. Finally, when confronted with odors issued
from the two host species C. wahlbergii and P. distincta, @
shrimps were attracted by the conditioned water (P <0.01)
(no symbiont remained at the origin of the olfactometer) but
they did not orientate significantly towards one aquarium o
(P>0.05) (Fig. 2-6). In this last test, the mean time of an
assay was 3.9 (+1.6) min.

9

S os-
. %
Anthraquinone mass spectrometry analyses 5
E

2 o4
Mass spectrometry analyses and accurate mass measure- &
a0

ments on the final extracts revealed a cocktail of three
anthraquinones (Table 2). Two of them had already been 0.2
described in crinoids (Bartolini et al. 1973): 1,3,8-tri-

hydroxy-6-[(1S)-1-hydroxypropyl] anthracene-9,10-di-

one (Fig. 3a)—also known as rhodoptilometrin-, and o 2 4
4-hydroxy-5,6 dimethoxy-2-methylbenzo[g]chromen-8-
one (Fig. 3b)—also known as comantherin. The third one
is a new anthraquinone congener bearing one or a few

Retention time (minutes)

Fig.4 LC-MS consensus chromatogram of Phanogenia distincta

alkyl side chains with a total of 6 carbons. The distribution
of the relative intensity of the three ion peaks is well con-
served across all replicates (n=6) with rhodoptilometrin
as the major ion peak (around 50 times more intense than
the other anthraquinone ion peaks) (Fig. 4). Other ion

@ Springer

anthraquinone extracts from all individuals. a 1,3,8-Trihydroxy-
6-[(1S)-1-hydroxypropyl] anthracene-9,10-dione or rhodoptilometrin;
b 4-hydroxy-5,6 dimethoxy-2-methylbenzo[g]chromen-8-one or
comantherin; ¢ unknown 1. Corresponding MS results can be seen
in Table 2 and corresponding chemical structures for (a) and (b) in
Fig. 3
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peaks were observed in the spectra but their composition,
derived from their accurate masses, suggests they are not
anthraquinone derivatives. Even if the anthraquinonic
extracts are not 100% pure, we provide a first attempt to
quantify the concentration of these molecules in crinoids.
Concentration was calculated as the ratio of the extract dry
weight (11.36 (£ 3.33) mg) to the entire crinoid wet weight
(4.95 (£1.34) g). The mean concentration of the extract

was therefore 3.63 (x1.2) mg g ~'.

Snapping shrimp chemotaxis
towards anthraquinone-conditioned water

The use of the peristaltic pump in the olfactometer had no
impact on the behavior of S. stimpsonii (P> 0.05) (nega-
tive control; Fig. 5_1). Purified anthraquinone extracts
from P. distincta triggered the same behavior pattern as
seawater conditioned by live comatulids. Several shrimp
individuals were even found closely in contact with the
distal tube of the peristaltic pump. Seventeen individu-
als out of 20 were chemically attracted by the purified
anthraquinones (Fig. 5_2; Video SI2). Commercial anth-
raquinones were also attractive to the symbiotic shrimps
(Fig. 5_3). The mean time shrimps required to enter the
conditioned aquarium was 2.3 (+0.8) min with P. distincta
extracts and 3.5 (+ 1.7) min for synthetic anthraquinones.

Discussion

In addition to the present work, two other studies, those
of VandenSpiegel et al. (1998) and Eeckhaut et al. (2001)
focused on the chemical attractiveness of crinoids on symbi-
onts. The Papuan Synalpheus stimpsonii studied by Vanden-
Spiegel et al. (1998) were observed on 4 crinoid species out
of the 25 recorded in the research area (Hansa Bay) (Deheyn
et al. 2006). The crab Harrovia longipes, also studied in
Papua New Guinea by Eeckhaut et al. (2001), was observed
on 9 crinoid species out of 25 (Deheyn et al. 2006). In the
two cases, olfactory experiments highlighted some general
rules about the chemoattraction exerted by crinoids on crus-
tacean symbionts: (i) symbionts are chemically attracted by
their crinoid hosts, (ii) they also are chemically attracted
by non-host crinoids and (iii) they can chemically distin-
guish host crinoids from non-host crinoids. Eeckhaut et al.
(2001) also demonstrated that the crabs H. longipes are not
attracted by other echinoderms (holothuroids and echinoids).
From an ecological point of view, the ability to detect the
proper host is an advantage that ensures the obligatory and
specific symbiont to live at the safest place: they can hide
on crinoids and be protected by their repellent semiochemi-
cals. In nature, the crinoid semiochemicals allow shrimps to
discriminate hosts from non-hosts with a significant prefer-
ence for the hosts although the specificity of the observed
associations is due to multiple factors. In Madagascar, the

Trial Shrimp choice (%) Motion Orientation
(A) Seawater pumped (15)
! vs (75) | / 1
(B) Scawater (10)
g 85
5 (A) Anthraquinones extracts 5
e Vs (0) 4.810°¢ 2.610°3
(B) Seawater (15) e "
(A) Artificial anthraquinones (75)
3 Ve () 2.710° 19102
(B) Seawater (20) e *

I Shrimps that orientated adequately towards the aquarium A

Fig.5 Results of the behavioral experiments conducted with a Y-tube
olfactometer on the symbiotic shrimp Synalpheus stimpsonii with
water conditioned by anthraquinones extracted from Phanogenia dis-
tincta or by commercial anthraquinones. The horizontal bar charts
represent the percentage of shrimps (values in brackets) that remained
stationary in the impaired branch after 10 min (white bars), orientated
adequately towards aquarium A (black bars) or orientated towards the

Shrimps that remained stationary in the impaired branch after 10 minutes
p77777 Shrimps that orientated adequately towards the aquarium B

control aquarium B (striped bars). The P value of the statistic results
for motion (Pearson’s chi-squared test with Yates continuity correc-
tion, X2=0.05, df=1) and orientation (binomial test, 0.5 proportion)
behaviors can be found in the corresponding columns. Significant
results are in bold and characterized by asterisks (*for p <0.05; **
for p<0.01 or *** for p<0.001). N=20 replicates for each test. “vs”
stands for versus
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crinoid specificity shown by S. stimpsonii, recorded on the
crinoids Phanogenia distincta and Comanthus wahlbergii
but not on Cenometra bella, can be explained by ecological
factors. The way of life of the first two species is very dif-
ferent from the one of the last species: C. bella lives mainly
tied on the top of black coral branches, always exposing
their whole body to water current, whereas the two hosts are
usually hidden in crevices of the coral reef (Tinkova et al.
2014). The shrimps settling on C. bella would be much less
protected than those on the hosts and would potentially be
eliminated through predation.

The anthraquinonic content of crinoids has been reported
for several species (Bartolini et al. 1973; Feng et al. 2017;
Kemami Wangun et al. 2010; Kent et al. 1970; Lee and Kim
1995; Rideout et al. 1979; Thomson 2012; Tseng et al. 2019;
Wolkenstein et al. 2018, 2009). As in other studies, only
a few different anthraquinones molecular structures were
detected in P. distincta. Indeed, in general, only two or three
congeners have been found in each species investigated, and
even though Bartolini et al. (1973) found five different pig-
ments in Comanthus bennetti, four were very close and only
differed in their degree of oxidation. However, one anth-
raquinonic pigment, rhodoptilometrin, was found across all
species studied until now. This particular molecule could
play an important metabolic/ecological role or could have a
major function in the biosynthesis of other anthraquinones.

As an obligatory symbiont, the snapping shrimp could
have adapted its chemosensory system to detect preferen-
tially anthraquinones specific to crinoids. However, since
they are also attracted by synthetic anthraquinones, a broad
range of anthraquinones may attract S. stimpsonii. It can also
discriminate the chemical signals between a host and non-
host feather star what could be explained by different anth-
raquinonic cocktails or the presence of other semiochemicals
than anthraquinones acting as attracting kairomones. In vivo,
host selection by snapping shrimps is not only performed
by chemical detection of anthraquinones but also by visual
stimuli perception (Huang et al. 2005; VandenSpiegel et al.
1998). Therefore, visual communication probably also plays
a role to avoid non-hidden or colorful feather stars like C.
bella (Huang et al. 2005; VandenSpiegel et al. 1998).

Mimetic colors of the shrimps could be caused by the
accumulation of anthraquinonic pigments in the symbiont
tissues (see Brasseur et al. 2018b). Comparison of our
results with those of the literature shows that P. distincta
has its own cocktail of three different anthraquinone pig-
ments, giving it a proper chemical signature. Two of these
anthraquinones are well known in the literature (Feng et al.
2017; Kent et al. 1970; Rideout et al. 1979) and the third
one is a potentially new anthraquinone. Although mass
spectrometry can only provide accurate mass information
and so potential composition, we can estimate that this
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new molecule is organized as an anthraquinone deriva-
tive with one or a few alkyl sidechains (with 6 carbons in
total). Future works may concentrate on the anthraquinone
extraction method detailed in this study to obtain enough
pure dry extract to conduct NMR-spectroscopy analyses
that could reveal the precise chemical structure of this new
anthraquinone and its name. The relative intensity of ion
peaks showed a large overabundance of rhodoptilometrin
compared to the other anthraquinones. This result can be
directly related to the molecule abundance in the crinoid
extract but maybe also to its higher ionization potential.
Only additional analyses with internal referents could
allow quantifying the relative proportion of each congener
in the anthraquinone cocktail. The natural concentration of
anthraquinones contained in the tissues of crinoids is not
currently known. A similar question concerns the amount
of kairomones released in surrounding water by crinoids.

So far, only three host chemical factors involved in
marine symbiotic associations have been identified in
comparison to the thousands of molecules highlighted
in plant—insect interactions, which underlines the signifi-
cant lack of knowledge existing in marine chemical ecol-
ogy. The first group of molecules is the amphikuemins
(Murata et al. 1986) which acts in the symbiosis between
sea anemones and anemonefishes (Konno et al. 1990). The
second involves the saponins (Caulier et al. 2013) which
mediates partner-recognition between the Harlequin crabs
Lissocarcinus orbicularis and their holothuroid hosts. The
kairomonal function of holothuroid saponins has also been
confirmed in another symbiotic interaction, these mol-
ecules being chemoattractant for the symbiotic pearlfish
Encheliophis vermicularis (Miyazaki et al. 2014). The
third group of molecules is spinochromes (naphthoqui-
nones) (Brasseur et al. 2017, 2018a) which are produced
by the sea urchins Echinometra mathaei and recognized by
its shrimp symbiont Tuleariocaris holtuisi (Brasseur et al.
2018b). We here demonstrate that crinoid anthraquinones
are attractive to a symbiotic shrimp. In addition to their
traditional defensive role (repellent allomones), quinones,
therefore, would also function as attracting kairomones,
maintaining the symbiosis between S. stimpsonii and its
crinoid hosts.
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