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Photodegradation of a bacterial
pigment and resulting hydrogen
peroxide release enable coral
settlement

Lars-Erik Petersen**, MatthiasY. Kellermann®>*, Laura J. Fiegel', Samuel Nietzer?,
UIf Bickmeyer?, Doris Abele?® & Peter J. Schupp®3**

The global degradation of coral reefs is steadily increasing with ongoing climate change. Yet

coral larvae settlement, a key mechanism of coral population rejuvenation and recovery, is

largely understudied. Here, we show how the lipophilic, settlement-inducing bacterial pigment
cycloprodigiosin (CYPRO) is actively harvested and subsequently enriched along the ectoderm of
larvae of the scleractinian coral Leptastrea purpura. A light-dependent reaction transforms the CYPRO
molecules through photolytic decomposition and provides a constant supply of hydrogen peroxide
(H,0,), leading to attachment on the substrate and metamorphosis into a coral recruit. Micromolar
concentrations of H,0, in seawater also resulted in rapid metamorphosis, but without prior larval
attachment. We propose that the morphogen CYPRO is responsible for initiating attachment while
simultaneously acting as a molecular generator for the comprehensive metamorphosis of pelagic
larvae. Ultimately, our approach opens a novel mechanistic dimension to the study of chemical
signaling in coral settlement and provides unprecedented insights into the role of infochemicals in
cross-kingdom interactions.

Profound changes in coral reef communities are recognized at increasing frequency and severity, often result-
ing in strong declines in biodiversity and ecosystem functioning. As climate change continues, the destruction
of coral reefs is expected to worsen, with serious consequences for the livelihoods of several hundred million
people'~’. Adult corals in particular have shown to be more vulnerable to climate change, while juveniles appear
to possess a broader physiological plasticity, in part due to their greater flexibility in exchanging beneficial sym-
biotic dinoflagellates®°. Thus, the solution for fighting coral decline may not be found in the parent population
but rather in the recruitment of juvenile coral generations, capable to adapt to constantly fluctuating conditions
in a rapidly changing Anthropocene. Sexual reproduction enables scleractinian corals to generate myriads of
pelagic larvae that must recruit onto suitable substrates to achieve their permanent sessile life stage. This process
- i.e, coral settlement - is characterized by the attachment to a desired surface followed by a rapid metamor-
phic event that transforms larvae into sessile, benthic recruits. Current research has intensified its focus on the
early life-stages of corals and highlights the idea of inductive cues as a requirement to induce the cascade of
attachment and subsequent metamorphosis in coral larvae. These cues can be of varying nature and include, for
example, light'!""3, reef sound'* and surface structure'>. However, many studies have proven the efficacy of live
crustose coralline algae (CCA) as biological, settlement-inducing substrate for larvae of various coral species!®!8.
Moreover, microbial mats, covering the surface of marine hard substrates such as CCA, but also monospecific
bacterial biofilms have received considerable attention as potent coral settlement inducers'®=*. Particularly the
genus Pseudoalteromonas features a variety of species capable of stimulating settlement in coral larvae and other
marine invertebrates'®?*?>-?°. These insights greatly improved todays understanding of coral settlement, but we
are still missing mechanistic insights into this morphogenic reaction on the molecular level. In rare cases, the
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inductive activity towards coral recruits was attributed to a mixture of chemical molecules produced by the
CCA holobiont®*2 Isolated coral settlement inducing compounds from CCA or associated microorganisms
often remain poorly described?®** and only a few have been fully characterized*-*. To date, there are only two
settlement inducing compounds derived from bacteria described in the literature: tetrabromopyrrole (TBP)
and cycloprodigiosin (CYPRO). TBP is a brominated secondary metabolite isolated from the CCA-associated
Pseudoalteromonas sp. PS5 strain, that induced metamorphosis (mostly without prior attachment) of Pacific
Acropora millepora larvae®, but complete settlement of Caribbean Porites astreoides, Orbicella franksi, A. palmata
and Pacific Leptastrea purpurea larvae at varying levels®*”. CYPRO is a reddish alkaloidal pigment that was
isolated along with other prodiginines from the CCA-associated bacterium Pseudoalteromonas rubra #1783. It
induced complete settlement of L. purpurea larvae in a light- and concentration dependent manner®. Although
TBP and CYPRO are chemically fully defined, both compounds lack further functional characterization in the
coral settlement process and their mode of action remains unknown. Thus, the present study sought to investi-
gate the interaction between the settlement cue CYPRO and coral larvae and, in particular, to decipher possible
molecular traits that explain the efficacy of CYPRO. Building on our previous work*?*37%, we here provide
an unprecedented visualization of the uptake of a chemical settlement inducer by coral larvae and reveal an
underlying molecular mechanism that promotes the complex transformation of pelagic larvae to sessile recruits.
Ultimately, our study provides unique insights into the role of infochemicals in coral reproductive biology and
opens a chemo-mechanistic element in the study of coral settlement.

Results

In our previous studies, we isolated the settlement inducing, Gram-negative, red-pigmented bacterial strain Pseu-
doalteromonas rubra #1783 from the CCA Hydrolithon reinboldii**. Subsequently, bioassay-guided fractionation
of the crude extract of P. rubra #1783 led to the identification of CYPRO as the responsible bioactive molecule
that triggered settlement in a light-dependent manner in less than 48 h at high success rates (approaching 90%
settlement)?. Here, we investigate the uptake mechanism of CYPRO in L. purpurea larvae and further reveal a
possible mode of action for the photosensitive morphogenic cue.

Active acquisition of CYPRO by L. purpurea larvae. Figure 1 illustrates the active uptake and alloca-
tion of CYPRO by L. purpurea larvae within 48 h. Since CYPRO is light sensitive, this experiment has been
conducted in complete darkness to prevent premature photobleaching of the pigment. After 12 h of exposure to
CYPRO (1 pgin 5 mL filtered artificial seawater (FASW); 0.2 uM PTFE filters, VWR International, Radnor, PA,
United States) the appearance of swimming or recently attached coral larvae changed from translucent (Fig. 1
I -a,b) to a prominent dark-red color (Fig. 1 II-a,b). Negative control larvae, i.e. no added CYPRO, remained
translucent and motile throughout the experiment and retained this property for longer than 1 month. Confo-
cal laser scanning fluorescence microscopy further surveyed the internal distribution of the fluorescent cue
CYPRO in L. purpurea larvae during settlement after 12, 36 and 48 h (Fig. 1 I-V). Single shots were taken from
the center of a stack (z-axis), whereas stacked pictures represent an overlay of approximately 50 single shots,
creating a projection image of the larva. Negative control larvae showed only weak signal intensity, representing
background noise (Fig. 1 I-c,d). The highly hydrophobic molecule CYPRO was at first collected from the well
bottom and subsequently enriched within the outer surface of coral larvae (Fig. 1 II-c,d). During metamorphosis
at 36 and 48 h post attachment, the morphogenic pigment was predominantly detected around the oral section
of transforming larvae (Fig. 1 IV-a,b and V-a,b). At the same time, a widening of the oral disk as well as first signs
of mesentery development were noticeable. Comparing the emission patterns of CYPRO with those of green
fluorescent proteins (GFPs), a protein regularly biosynthesized in many coral species®”*-*2, showed that both
compounds are located within the same tissue region after 12 h of cue exposure (Fig. 1 III -a,b,c,d). Noteworthy,
excitation of CYPRO at 514 nm did not excite GFP and thus allowed clear discrimination of emission spectra
for both compounds (cf. Figure S1).

Photolytic decomposition of CYPRO and subsequent H,0, production. As reported in our pre-
vious study®’, the pigment CYPRO is extremely unstable in the presence of oxygen and light. Here, we further
reveal that the light driven degradation of CYPRO? (cf. Figure S2) clearly corresponds with a constant and linear
production of the reactive oxygen species (ROS) hydrogen peroxide (H,0,) (Fig. 2A,B). Originally, applying a
12 h darkness-light cycle in combination with CYPRO yielded high settlement success rates (approaching 90
%) in L. purpurea larvae®. Thus, the production of H,O, by different amounts of CYPRO (10 and 20 pg) was
monitored in similar oscillating light regimes (Figure 2A). Concentrations of H,0, produced by 10 and 20 pg
CYPRO did not increase within the first 12 h of darkness. However, after 6 h of light exposure (18 h total experi-
ment time) H,0, concentrations rose up to 0.3 and 0.8 pM for 10 and 20 ug CYPRO, respectively. Continuing
light stress for another 3 and 6 h (i.e., 21 and 24 h total experiment time) did not enhance ROS production but
in fact lowered H,O, concentrations back to 0 uM due to complete photodegradation of CYPRO over time (cf.
Figure S2) and the general unstable character of H,0, in that system. The negative control (blank consisting of
MeOH without CYPRO) did not produce significant amounts of H,0O, over the entire duration of the experi-
ment. A second experiment was performed to follow H,0, production by CYPRO during the first crucial hours
of constant light exposure (Fig. 2B). Testing four different amounts of CYPRO (1, 1.5, 5 and 10 pg) in close
intervals for 3.5 h resulted in a linear increase of H,O, concentrations over time. This linearity in production was
most pronounced for 10 pg CYPRO that generated 0.8 uM H,0, after 3.5 h of light exposure. Lower CYPRO
amounts (i.e., 1, 1.5 and 5 pg) showed a linear increase in H,O, concentrations only for the first three time points
- likely, the pigment had fully decomposed at the final sampling point (Fig. 2B, Figure S2).
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Figure 1. Cycloprodigiosin (CYPRO) uptake by Leptastrea purpurea larvae examined for 48 h in the absence
of light. (I) Swimming larva without CYPRO (negative control), (II) metamorphosing larva 12 h after CYPRO
addition (0.2 pg mL™) and (III) a location-based comparison between CYPRO in red and green fluorescence
protein (GFP) in green, (IV) 36 h and (V) 48 h after CYPRO addition. Fluorescence emitted by larvae and their
symbionts was captured using light microscopy combined with blue light and yellow filters (I-a,b, II-a,b) and
confocal laser scanning fluorescence microscopy (I-c,d, II-c,d, ITI-V). Confocal pictures are displayed as stacked
(n=50) and single shots (n=1 taken from the center of larva). An excitation wavelength of 514 nm and an
emission window of 550-570 nm was used for CYPRO detection, while GFPs were visualized by an excitation
wavelength of 488 nm and an emission window of 500-520 nm. Scale bars: 250 pum.

H,0,-induced 'nonsense metamorphosis’. The linear relationship between CYPRO photodegradation
and H,0, production (cf. Fig. 2B) stimulated the idea of a follow-up experiment, investigating the direct effect of
uM-levels H,0O, on the settlement behavior of L. purpurea larvae and testing light as secondary cue in this setup.
Four concentrations of H,0, (1, 10, 100, 500 pM) were used to test its effect on coral larvae over 48 h under
oscillating light regimes (Figure 3A). In contrast to the positive control CYPRO (0.2 pg mL™), inducing settle-
ment at 88.9% + 15.7 (p = 0.025) within 48 h, larvae exposed to H,O, only performed morphological changes
similar to natural metamorphosis, but without prior attachment. This phenomenon was eventually fatal to float-
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Figure 2. Hydrogen peroxide (H,0,) production by cycloprodigiosin (CYPRO) over time in oscillating light
regimes. (A) Production of H,0, by photodegradation of CYPRO at 10 and 20 pug in 300 pL filtered artificial
seawater (FASW). H,0, concentrations were monitored for 36 h in 12 h-alternating phases of darkness (grey)
and light (yellow). (B) Light-dependent linear production of H,O, by 1, 1.5, 5 and 10 ug CYPRO in 300 pL
FASW within the first 3.5 h of exposure to light after darkness. The light driven degradation of CYPRO clearly
corresponds with a constant and linear production of H,0O,. Evaporated MeOH without CYPRO served as
blanks. In the boxplot, the dashed lines indicate the median, while X represents the mean H202 production at
each time point.

ing primary polyps - and therefore termed ‘nonsense metamorphosis’ After 12 h in darkness, 88.9% + 15.7 (p =
0.034) of coral larvae elicited ‘nonsense metamorphosis’ in response to 500 uM H,O, while it was 55.6% + 15.7
(p = 0.034) in response to 100 uM. Since light was completely absent during the initial 12 h of this experiment
and larvae still underwent ‘nonsense metamorphosis’ in response to 500 and 100 uM H,0O,, a possible role of
light as a secondary cue can be excluded in this process. ‘Nonsense metamorphosis’ rates increased to 100%
+ 0 (p = 0.025) and 66.7% + 0 (p = 0.025) for 500 and 100 uM H,O, after 24 h, respectively, and remained at
this level until the end of the experiment (48 h). The first signs of ‘nonsense metamorphosis’ for 10 uM H,0,
appeared after 24 h (11.1% + 15.7) and rose to significant levels (33.3% * 0, p = 0.025) after 36 h. 1 uM H,0, did
not cause ‘nonsense metamorphosis’ in L. purpurea larvae throughout the experimental duration. Larvae that
did not show any settlement behavior to the here tested H,O, concentrations remained unaffected and contin-
ued swimming. The different settlement behaviors induced by either CYPRO or H,O, (settlement vs. ‘nonsense
metamorphosis, respectively) were accompanied by distinct larval morphologies for both morphogens (Fig. 3B).
Coral larvae exposed to 0.2 pg mL™! CYPRO in oscillating light regimes attached within 12 h (Figure 3B-1, I’)
and developed their typical “flower-like” shape with pronounced oral disks, six constrictions as well as clear
signs of mesentery and tentacle development after 48 h (Fig. 3B-I1, IT'). In contrast, 100 pM H,O, elicited rapid
perceivable transformations in larval morphology within 12 h (Fig. 3B-III, IIT’). Coral larvae proceeded their
‘nonsense metamorphosis’ and 48 h after exposure to H,0, they had developed an irregular “flower-like” shape
while drifting in the water, rotating around their own axis (Fig. 3B-IV, IV’). Ultimately, ‘nonsense metamorpho-
sis’ led to death and disintegration of L. purpurea larvae after approximately 1 week of experimental time while
larvae exposed to CYPRO continued to develop into functional coral polyps (Figure S3).

Discussion

We have demonstrated that the lipophilic pigment CYPRO produced by the CCA-associated bacterium Pseu-
doalteromonas rubra #1783 triggers settlement in larvae of the stony coral Leptastrea purpurea. It does so by
being actively collected and subsequently enriched within the outer larval surface tissue. We further revealed
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Figure 3. Hydrogen peroxide (H,0,) induces ‘nonsense metamorphosis’ in Leptastrea purpurea larvae. (A)
Settlement behavior of larvae (n=3 wells) exposed to 1, 10, 100 and 500 uM H,O, during 12 h-alternating
phases of darkness and light. Percentages of swimming larvae are displayed in light grey, ‘nonsense
metamorphosis’ in light blue and settlement (i.e., attachment and metamorphosis) in dark blue. 0.2 pg mL™
cycloprodigiosin (CYPRO) served as settlement cue (positive control, Pos) and equivalent amounts of
evaporated MeOH as negative control (Neg). Error bars show standard deviations and asterisks represent
significant responses compared to negative control (p <0.05). (B) Different morphologies of L. purpurea larvae
exposed to either 0.2 uyg mL™' CYPRO (I, II) or 100 uM H,0, (III, IV) for 12 and 48 h. Fluorescence emitted by
larvae and their symbionts was captured using light microscopy combined with blue light and yellow filters (I}
IT; IIT) and confocal laser scanning fluorescence microscopy (IV’). Scale bars: 250 um.

that the light-driven degradation of CYPRO in attached larvae is accompanied by a steady production of uM
levels H,O,, resulting in metamorphosis of the larvae on the substrate. pM levels of H,0, added to seawater
induced only rapid ‘nonsense metamorphosis’ - a phenomenon bearing mild resemblance to natural meta-
morphosis, but without prior attachment and being eventually fatal to coral larvae. Furthermore, H,O, rapidly
induced ‘nonsense metamorphosis’ within 12 h of complete darkness, excluding light as a secondary cue in
this morphogenic reaction. The here presented results suggest that the physico-chemical properties of CYPRO
allow its active uptake and translocation along the outer tissue of coral larvae. Other prodiginines, a family of
highly bioactive pigmented alkaloids of which CYPRO is a member***, such as prodigiosin and 2-methyl-3-
hexyl prodiginine did not induce settlement in L. purpurea and in turn were toxic in a concentration-dependent
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Figure 4. Conceptual model of cycloprodigiosin (CYPRO) and H,0, induced settlement in coral larvae.
Microbial biofilms consisting of settlement-inducing bacteria such as Pseudoalteromonas rubra assemble on
marine hard substrates and continue to produce bioactive pigments like CYPRO (Step 1). During phases of
high light intensity, the photosensitive pigments bleach and establish an H,O, gradient that attracts coral larvae
(Step 2). Following the gradient, coral larvae encounter, accumulate and utilize intact lipophilic pigments for the
following transformation (Step 3). Eventually, the light-driven degradation of accumulated pigments releases
elevated intracellular levels of H,0, that seems to be crucial for the transformation into coral recruits (Step 4)
and eventually juvenile polyps.

manner®. In comparison, CYPRO lacks the hydrophobic alkyl chain and instead contains a six-membered ring,
fused to the alkyl pyrrole (Figure S2). We propose that this structural feature could affect the uptake and solu-
bility of CYPRO in the larval bilayer membrane - similarly to highly membranophilic quinones, carotenoids
and squalenes®. Yet, the dominant presence of CYPRO at the oral section of a settling larva could also be a side
effect of active tissue rearrangement during larval metamorphosis*. Nevertheless, our findings are intriguing
since CYPRO was detected in the same location as GFP, which recently has been identified to fine-tune the light
microclimate in corals*’ and reported to scavenge reactive oxygen species (ROS) such as H,0,*. Although it is
not trivial to investigate, possible interactions between both compounds cannot be excluded. In fact, interactions
between photosensitive ROS-producing pigments like CYPRO and ROS-scavenging GFPs are likely to occur
under certain light conditions and could correlate with the settlement success of coral larvae. We here suggest
that the distinct cascade of events, i.e., active uptake, translocation, molecular utilization and successive H,O,
production through photodegradation is a key factor for the effectiveness of CYPRO as a settlement inducer.
In comparison to water-soluble H,O,, CYPRO is highly hydrophobic and thus actively harvested by the larvae
from the well bottom (Fig. 1). Upon light exposure, the absorbed pigment is locally converted to H,O,, and
larval attachment and metamorphosis are carried out consecutively”. In contrast, directly applied H,O, can be
homogeneously encountered throughout the entire well volume. Thus, uM additions of H,O, (Fig. 3) induced
metamorphosis in coral larvae, but only in the water column and without prior attachment (‘nonsense meta-
morphosis’), likely, since larvae do not encounter high local H,0, concentrations as in the case of CYPRO. That
is, our results contrast recent studies that reported synergistic effects of multiple morphogens, often of lipid and
polysaccharide origin, in corals and other marine model organisms***->2. However, their mechanisms have not
been described and it is debatable if the latter compounds are general metamorphic cues for cnidarian larvae.
Conversely, there is supporting evidence for CYPRO-induced settlement via ROS production, since H,0, has
been shown to elicit settlement in various larvae of Caribbean scleractinian corals® and here in Pacific corals
as well. Since H,0, is involved in the regulation of many reproductive processes™ it is tempting to examine
whether the cascading photochemical production of ROS by chromophoric compounds such as CYPRO is a
phenomenon with widespread ecological significance in coral settlement. These considerations led us to propose a
conceptual model that incorporates insights from the current and past studies*>***** (Fig. 4). Microbial biofilms
composed of settlement-inducing bacteria such as Pseudoalteromonas assemble on marine hard substrates and
continue to produce photoactive chemicals such as the pigment CYPRO. During phases of high light intensity,
the photosensitive molecules degrade and may establish an H,0, gradient that attracts coral larvae. Following
the gradient, coral larvae encounter, accumulate and utilize intact lipophilic compounds such as CYPRO for the
subsequent transformation. Eventually, the light-driven degradation of accumulated pigments releases elevated
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intracellular levels of H,O, that likely energize the costly metamorphosis into coral recruits. In the reef environ-
ment, additional morphogens and environmental parameters such as light quality and intensity might further
diversify recruitment mechanisms and enhance settlement success rates of coral larvae. In summary, our findings
let us hypothesize that the metamorphic cue CYPRO may act as a molecular battery which, through successive
photodegradation, can facilitate a constant intracellular supply of elevated H,O, levels over an extended period
within the larval tissue, ultimately fueling the metamorphosis of L. purpurea larvae. If this chemical interaction
indeed happens in vivo remains yet to be tested, however, our data likely supports such a scenario and provides
a conceptual framework for future investigations. Accordingly, we substantiate the potential of bioactive settle-
ment cues and encourage future coral conservation efforts to be mindful of external physical factors. This study
has revealed the intricate interplay between organisms, biomolecules and abiotic factors, and has demonstrated
that the photodegradation of a reactive compound is indeed the driving force behind the rate-limiting conver-
sion of coral larvae to polyps. More research is needed to assess the ecological significance of CYPRO across
scleractinian diversity, but preliminary data with Acropora tenuis larvae indicated settlement with a broadcast
spawning species as well. Our approach is opening an unprecedented mechanistic element to the study of chemi-
cal signaling in coral larvae settlement and potentially other marine invertebrates.

Methods

Bacterial cultivation and compound isolation.  Pseudoalteromonas rubra #1783 was originally isolated
from the CCA Hydrolithon reinboldii that was collected between April and July 2010 in Luminao Reef, Guam,
USA (13°27'53.57" N, 144°38'54" E). Isolation and phylogenetic identification of strain #1783 were conducted
as described in Petersen and colleagues®. The settlement assay-guided purification and identification of CYPRO
from P, rubra #1783 was performed as described in Petersen et al®’. Briefly, P. rubra #1783 was grown on marine
broth agar plates for 24 h at 27 °C, followed by scraping of the resulting bacterial lawn and extraction of the cell
paste with ethanol (EtOH). The resulting, settlement inducing crude extract was initially separated by liquid-lig-
uid partitioning using hexane, dichloromethane (DCM), ethyl acetate, and water (H,0). The active DCM frac-
tion was further subjected to solid-phase extraction (reverse-phase, using a C,3 SPE column) and sequentially
eluted with a gradient of H,O and acetonitrile (ACN). The active fraction eluted with 100% ACN and was further
purified on a preparative HPLC-DAD system (Agilent Technologies, Inc., Santa Clara, United States) using a
semi-preparative reverse-phase C;3 column to obtain pure CYPRO. High resolution single mass and MS/MS
spectral data of CYPRO were measured on an ACQUITY Ultra Performance Liquid Chromatography (UPLC)
H-Class System (Waters Co., Milford, MA, United States) coupled to a Synapt G2-Si HDMS high-resolution
Q-ToF-MS (Waters Co., Manchester, United Kingdom) equipped with a LockSpray dual electrospray ion source
operated in positive (POS) ionization mode. The mass spectrometer system was controlled by MassLynx™ soft-
ware (version 4.2, Waters Corporation, Milford, MA, United States). Chromatographic separation was achieved
on a Waters Acquity BEH C,4 column (1.7 um, 2.1 mm x 50 mm).

Acquisition of coral larvae. Adult colonies of the brooding coral L. purpurea were used to obtain larvae.
Initial brood stock of L. purpurea were collected from Luminao reef, Guam, in 2013. Released larvae settled on
CCA (H. reinboldii) chips at the University of Guam Marine Laboratory. The resulting recruits were reared for
4 months and subsequently transported to the aquarium facilities of ICBM in Wilhelmshaven, Germany (CITES
13US06569B/9). The research aquarium is run with artificial seawater (Tropic Marin Pro Reef salt, Prof. Dr.
Biener GmbH, Wartenberg, Germany). Reaching maturity at the age of approx. 2 years, these colonies started to
release planulae and allowed a steady and daily collection of larvae in our aquarium facilities”. These planulae
contain a green fluorescent protein (GFP) that allows easy detection using blue light (460-480 nm wavelengths)
and yellow barrier filters (BlueStar, NIGHTSEA, Lexington, MA, United States)*. Since L. purpurea larvae are
up to 1 mm in length, they were picked with a plastic pipette without further magnification. Larvae were col-
lected in small glass flasks and could be kept in FASW for several weeks if water exchange was conducted weekly.

Hydrogen peroxide (H,0,) settlement assays. In a previous study, we demonstrated that the combi-
nation of CYPRO at a concentration of 0.2 ug mL™! and a dark-light rhythm (12 h per light phase, starting with
darkness) lead to settlement rates in L. purpurea larvae approaching 90%. Here, settlement assays were con-
ducted in flat-bottom 12-well plates (TPP Techno Plastic Products AG, Trasadingen, Switzerland) and CYPRO
was used as positive control. For this purpose, a methanol (MeOH) stock solution of 0.1 mg/mL solution of the
morphogen was applied to the well bottoms using a target concentration of 0.2 pg mL™ per each added mL of
FASW (filtered artificial seawater, 0.2 uM PTFE filters, VWR International, Radnor, PA, United States). A com-
parable amount of the solvent MeOH was added as a negative control. After evaporation of MeOH with a gentle
stream of nitrogen CYPRO remained as oily film on the bottom of the well plate. Finally, 5 mL FASW were added
to each well of the controls.

For the H,O, settlement experiments, a stock solution of 20 mM H,0, in FASW was created from 30% stabi-
lized H,0, (Sigma-Aldrich, St-Louis, MO, United States). Four concentrations of H,0, (1, 10, 100 and 500 pM)
in 5 mL filtered artificial seawater were tested for their potential to induce settlement in L. purpurea larvae. For
each of the three replicated controls and H,O, treatments, three coral larvae were added to each well. Larval
settlement behavior was examined under a dissecting microscope at the beginning of each experiment and after
12, 24, 36 and 48 h. All assays were performed under a 12 h alternating dark-light rhythm (starting in com-
plete darkness) and kept at 27 °C over the entire length of the experiments using an incubator (Certomat BS-1,
Sartorius AG, Goéttingen, Germany). Larval behavior was differentiated into five categories: (i) swimming, (ii)
attachment, (iii) ‘nonsense metamorphosis, (iv) settlement (attachment and metamorphosis) and (v) mortality
(disintegration). Larvae were designated “attached” if water movements created by a pipette motion (ca. 0.5 mL
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s71, 1 mm diameter opening, 5 mm distance to the larvae) could not detach them. ‘Nonsense metamorphosis’
was indicated if an oral disk and mesenteries were clearly visible (typical flower shape), while settlement was
determined if the flower-like recruits were also attached to the well or substrate.

Confocal imaging. A Leica SP5 equipped with several lasers (argon, helium neon and 405 nm diode)
including a multiphoton laser was used for obtaining confocal laser fluorescence microscopy images. To docu-
ment CYPRO uptake, free-swimming coral larvae (negative control) and coral larvae exposed to CYPRO in the
dark and collected at different settlement stages (12 h: attachment, 24-48 h: different stages of metamorphosis)
were examined. Single and stacked shots (n = 50 slides) were taken using an excitation of 514 nm and an emis-
sion window of 550-570 nm for CYPRO detection (Figure S1). For the identification of GFPs, an excitation
wavelength of 488 nm and an emission window of 500-520 nm was applied (Figure S1). Free-swimming coral
larvae were supplemented with magnesium chloride (MgCl,), an additive that reduced movement and enabled
clear examination under the microscope.

Hydrogen peroxide production assays. The Amplex UltraRed hydrogen peroxide/peroxidase assay kit
and the included Amplex UltraRed reagent (10-acetyl-3,7-dihydroxyphenoxazine) were used to measure the
production of hydrogen peroxide (H,0,). A stock solution of 20 mM H,0, was created from 30% stabilized
H,0, (Sigma-Aldrich, St-Louis, MO, United States) and used to develop a calibration curve (0, 0.01, 0.1, 0.25,
0.5, 1, 5, 10 and 20 uM H,O,; cf. Figure S4). For this purpose, 50 pL of an Amplex UltraRed working solution,
consisting of 4.85 mL citric acid buffer (24.087 g sodium citrate dehydrate, 3.471 g citric acid, 1 L Milli-Q water,
pH 6.0), 100 pL horseradish peroxidase (0.2 U mL™") and 50 pL. Amplex UltraRed (100 uM Amplex UltraRed),
was mixed with 50 uL of each H,0, dilution step. The calibration and the assays were performed in transpar-
ent 96-well plates (BRAND GmbH & Co. KG, Wertheim, Germany) using a Synergy H1 microplate reader
(BioTek Instruments, Inc., Winooski, VT, United States) with the excitation wavelength set to 530 nm and the
fluorescence emission wavelength recorded at 590 nm. In this context, fluorescent resorufin was produced in a
1:1 stoichiometry reaction between Amplex UltraRed and H,0, in the presence of horseradish peroxidase. After
calibration, different concentrations of CYPRO were tested for their potential to produce H,O,: (i) two concen-
trations of CYPRO (10 and 20 pg in 300 uL. FASW) recorded for 36 h while applying a 12 h dark-light cycle (12
h each, starting with darkness); and (ii) four concentrations of CYPRO (1, 1.5, 5 and 10 pg in 300 L FASW)
recorded over a time period of 4 h under full white light. For this purpose, CYPRO was dissolved in UHPLC-
grade MeOH and applied to the well bottoms at the respective concentrations. MeOH without CYPRO was used
as blanks. After evaporation of the MeOH, 300 uL FASW was added to each well. All experiments and blanks
were tested in triplicates. For H,0, analysis, 50 pL Amplex UltraRed working solution were added to 50 pL of
the respective sample/blank and the mixture was analyzed using the microplate reader with settings applied as
mentioned above.

Statistical analysis. Settlement behavior data were not normally distributed, thus all data points were
tested together against the negative controls for significance (with the exception of those whose three replicates
of one treatment were all 0) using a non-parametric Kruskal-Wallis test followed by a pairwise Dunn’s test with
Bonferroni correction to perform multiple comparisons. Thus, the p-values indicate the difference between all
three replicates of the different treatments (i.e., compound concentration) compared to the negative control,
resulting in multiple p-values for the settlement behavior experiments. Statistical analysis was conducted with
SPSS Statistics 26 (IBM, version 26).

Data availability

All data are available in the main text or the supplementary materials.

Received: 25 October 2022; Accepted: 23 February 2023
Published online: 02 March 2023

References
. Knowlton, N. The future of coral reefs. Proc. Natl. Acad. Sci. 98, 5419-5425 (2001).
. Hughes, T. P. et al. Climate change, human impacts, and the resilience of coral reefs. Science 1979(301), 929-933 (2003).
. Hoegh-Guldberg, O. et al. Coral reefs under rapid climate change and ocean acidification. Science 1979(318), 1737-1742 (2007).
. Eakin, C. M. et al. Monitoring coral reefs from space. Oceanography 23, 118-133 (2010).
. Hughes, T. P. et al. Global warming transforms coral reef assemblages. Nature 556, 492-496 (2018).
. Baker, D. M, Freeman, C. J., Wong, J. C. Y., Fogel, M. L. & Knowlton, N. Climate change promotes parasitism in a coral symbiosis.
ISME J. 12,921-930 (2018).
. Hughes, T. P. et al. Global warming and recurrent mass bleaching of corals. Nature 543, 373-377 (2017).
8. Berkelmans, R. & van Oppen, M. J. H. The role of zooxanthellae in the thermal tolerance of corals: a ‘nugget of hope’ for coral reefs
in an era of climate change. Proc. R. Soc. B Biol. Sci. 273, 2305-2312 (2006).
9. Byler, K. A,, Carmi-Veal, M., Fine, M. & Goulet, T. L. Multiple symbiont acquisition strategies as an adaptive mechanism in the
coral Stylophora pistillata. PLoS One 8, 59596 (2013).
10. Cumbo, V., van Oppen, M. & Baird, A. Temperature and Symbiodinium physiology affect the establishment and development of
symbiosis in corals. Mar. Ecol. Prog. Ser. 587, 117-127 (2018).
11. Mundy, C. N. & Babcock, R. C. Role of light intensity and spectral quality in coral settlement: Implications for depth-dependent
settlement?. J. Exp. Mar Biol. Ecol. 223, 235-255 (1998).
12. Gleason, D. E, Edmunds, P. J. & Gates, R. D. Ultraviolet radiation effects on the behavior and recruitment of larvae from the reef
coral Porites astreoides. Mar. Biol. 148, 503-512 (2006).
13. Yusuf, S., Zamani, N. P,, Jompa, J. & Junior, M. Z. Larvae of the coral Acropora tenuis (Dana 1846) settle under controlled light
intensity. IOP Conf. Ser. Earth Environ. Sci. 253, 012023 (2019).

AU WD

~

Scientific Reports |

(2023) 13:3562 | https://doi.org/10.1038/s41598-023-30470-w nature portfolio



www.nature.com/scientificreports/

14. Vermeij, M. J. A., Marhaver, K. L., Huijbers, C. M., Nagelkerken, I. & Simpson, S. D. Coral larvae move toward reef sounds. PLoS
One 5, €10660 (2010).

15. Doropoulos, C. et al. Characterizing the ecological trade-offs throughout the early ontogeny of coral recruitment. Ecol. Monogr.
86, 20-44 (2016).

16. Morse, D. E., Hooker, N., Morse, A. N. C. & Jensen, R. A. Control of larval metamorphosis and recruitment in sympatric agariciid
corals. J. Exp. Mar. Biol. Ecol. 116, 193-217 (1988).

17. Price, N. Habitat selection, facilitation, and biotic settlement cues affect distribution and performance of coral recruits in French
Polynesia. Oecologia 163, 747-758 (2010).

18. Ritson-Williams, R., Arnold, S. N., Paul, V.. & Steneck, R. S. Larval settlement preferences of Acropora palmata and Montastraea
faveolata in response to diverse red algae. Coral Reefs 33, 59-66 (2014).

19. Negri, A., Webster, N., Hill, R. & Heyward, A. Metamorphosis of broadcast spawning corals in response to bacteria isolated from
crustose algae. Mar. Ecol. Prog. Ser. 223, 121-131 (2001).

20. Webster, N. S. et al. Metamorphosis of a scleractinian coral in response to microbial biofilms. Appl. Environ. Microbiol. 70,
1213-1221 (2004).

21. Erwin, P. M, Song, B. & Szmant, A. M. Settlement behavior of Acropora palmata planulae: effects of biofilm age and crustose
coralline algal cover. In Proceedings of 11th International Coral Reef Symposium 24, (2008).

22. Siboni, N. et al. Crustose coralline algae that promote coral larval settlement harbor distinct surface bacterial communities. Coral
Reefs 39, 1703-1713 (2020).

23. Petersen, L.-E. et al. Mono- and multispecies biofilms from a crustose coralline alga induce settlement in the scleractinian coral
Leptastrea purpurea. Coral Reefs 40, 381-394 (2021).

24. Jorissen, H. et al. Coral larval settlement preferences linked to crustose coralline algae with distinct chemical and microbial sig-
natures. Sci. Rep. 11, 14610 (2021).

25. Tebben, J. et al. Induction of larval metamorphosis of the coral Acropora millepora by tetrabromopyrrole isolated from a pseu-
doalteromonas bacterium. PLoS One 6, €19082 (2011).

26. Tebben, J. et al. Chemical mediation of coral larval settlement by crustose coralline algae. Sci. Rep. 5, 10803 (2015).

27. Tran, C. & Hadfield, M. Larvae of Pocillopora damicornis (Anthozoa) settle and metamorphose in response to surface-biofilm
bacteria. Mar. Ecol. Prog. Ser. 433, 85-96 (2011).

28. Sneed, J. M., Sharp, K. H.,, Ritchie, K. B. & Paul, V. ]. The chemical cue tetrabromopyrrole from a biofilm bacterium induces set-
tlement of multiple Caribbean corals. Proc. R. Soc. B Biol. Sci. 281, 20133086 (2014).

29. Petersen, L.-E., Kellermann, M. Y., Nietzer, S. & Schupp, P. J. Photosensitivity of the bacterial pigment cycloprodigiosin enables
settlement in coral larvae—light as an understudied environmental factor. Front. Mar. Sci. 8, 749070 (2021).

30. Heyward, A. . & Negri, A. P. Natural inducers for coral larval metamorphosis. Coral Reefs 18, 273-279 (1999).

31. Harrington, L., Fabricius, K., Death, G. & Negri, A. Recognition and selection of settlement substrata determine post-settlement
survival in corals. Ecology 85, 3428-3437 (2004).

32. Da-Anoy, J. P, Villanueva, R. D., Cabaitan, P. C. & Conaco, C. Effects of coral extracts on survivorship, swimming behavior, and
settlement of Pocillopora damicornis larvae. J. Exp. Mar. Biol. Ecol. 486, 93-97 (2017).

33. Morse, D. E. & Morse, A. N. C. Enzymatic characterization of the morphogen recognized by Agaricia humilis (Scleractinian Coral)
larvae. Biol. Bull. 181, 104-122 (1991).

34. Kitamura, M., Koyama, T., Nakano, Y. & Uemura, D. Characterization of a natural inducer of coral larval metamorphosis. J. Exp.
Mar. Biol. Ecol. 340, 96-102 (2007).

35. Kitamura, M., Schupp, P. ]., Nakano, Y. & Uemura, D. Luminaolide, a novel metamorphosis-enhancing macrodiolide for scleractin-
ian coral larvae from crustose coralline algae. Tetrahedron Lett. 50, 6606—-6609 (2009).

36. Maru, N. et al. Relative configuration of luminaolide. Tetrahedron Lett. 54, 4385-4387 (2013).

37. Nietzer, S., Moeller, M., Kitamura, M. & Schupp, P. J. Coral larvae every day: Leptastrea purpurea, a brooding species that could
accelerate coral research. Front. Mar. Sci. 5, 466 (2018).

38. Moeller, M., Nietzer, S. & Schupp, P. J. Neuroactive compounds induce larval settlement in the scleractinian coral Leptastrea
purpurea. Sci. Rep. 9, 2291 (2019).

39. Petersen, L.-E., Kellermann, M. Y. & Schupp, P. J. Secondary metabolites of marine microbes: from natural products chemistry to
chemical ecology. In YOUMARES 9 - The Oceans: Our Research, Our Future: Proceedings of the 2018 Conference for Young Marine
Researcher in Oldenburg, Germany (eds Jungblut, S. et al.) 159-180 (Springer International Publishing, 2020). https://doi.org/10.
1007/978-3-030-20389-4_8.

40. Fiegel, L.]J. et al. A detailed visualization of the early development stages of Leptastrea purpurea reveals distinct bio-optical features.
Front. Mar. Sci. 10, 1-10 (2023).

41. Strader, M. E., Aglyamova, G. V. & Matz, M. V. Molecular characterization of larval development from fertilization to metamor-
phosis in a reef-building coral. BMC Genom. 19, 17 (2018).

42. Puisay, A. et al. Parental bleaching susceptibility leads to differences in larval fluorescence and dispersal potential in Pocillopora
acuta corals. Mar. Environ. Res. 163, 105200 (2021).

43. Perez-Tomas, R. & Vinas, M. New insights on the antitumoral properties of prodiginines. Curr. Med. Chem. 17,2222-2231 (2010).

44. You, Z. et al. Insights into the anti-infective properties of prodiginines. Appl. Microbiol. Biotechnol. 103, 2873-2887 (2019).

45. Kellermann, M. Y., Yoshinaga, M. Y., Valentine, R. C., Wormer, L. & Valentine, D. L. Important roles for membrane lipids in
haloarchaeal bioenergetics. Biochim. Biophys. Acta (BBA) Biomembr. 1858, 2940-2956 (2016).

46. Hirose, M., Yamamoto, H. & Nonaka, M. Metamorphosis and acquisition of symbiotic algae in planula larvae and primary polyps
of Acropora spp.. Coral Reefs 27, 247-254 (2008).

47. Bollati, E. et al. Green fluorescent protein-like pigments optimize the internal light environment in symbiotic reef building corals.
Elife 11, 73521 (2022).

48. Palmer, C. V., Modi, C. K. & Mydlarz, L. D. Coral fluorescent proteins as antioxidants. PLoS One 4, 7298 (2009).

49. Alegado, R. A. et al. A bacterial sulfonolipid triggers multicellular development in the closest living relatives of animals. Elife 1,
00013 (2012).

50. Woznica, A. et al. Bacterial lipids activate, synergize, and inhibit a developmental switch in choanoflagellates. Proc. Natl. Acad.
Sci. 113, 7894-7899 (2016).

51. He, J. et al. Bacterial nucleobases synergistically induce larval settlement and metamorphosis in the invasive mussel Mytilopsis
sallei. Appl. Environ. Microbiol. 85, 01039 (2019).

52. Guo, H,, Rischer, M., Westermann, M. & Beemelmanns, C. Two distinct bacterial biofilm components trigger metamorphosis in
the colonial hydrozoan Hydractinia echinata. MBio 12, €00401 (2021).

53. Ross, C., Fogarty, N. D., Ritson-Williams, R. & Paul, V. J. Interspecific variation in coral settlement and fertilization success in
response to hydrogen peroxide exposure. Biol. Bull. 233,206-218 (2017).

54. Boettcher, A. A, Dyer, C,, Casey, J. & Targett, N. M. Hydrogen peroxide induced metamorphosis of queen conch, Strombus gigas:
tests at the commercial scale. Aquaculture 148, 247-258 (1997).

55. Covarrubias, L., Hernandez-Garcia, D., Schnabel, D., Salas-Vidal, E. & Castro-Obregon, S. Function of reactive oxygen species
during animal development: Passive or active?. Dev. Biol. 320, 1-11 (2008).

Scientific Reports | (2023) 13:3562 | https://doi.org/10.1038/s41598-023-30470-w nature portfolio


https://doi.org/10.1007/978-3-030-20389-4_8
https://doi.org/10.1007/978-3-030-20389-4_8

www.nature.com/scientificreports/

56. Gauron, C. et al. Hydrogen peroxide (H,0,) controls axon pathfinding during zebrafish development. Dev. Biol. 414, 133-141
(2016).

Acknowledgements
We thank Mike Smykala for helping us imaging the coral larvae and recruits using the confocal microscope. Also,
we are grateful to Stefanie Meyer for introducing us to the plate reader-based quantification of hydrogen peroxide.

Author contributions

Conceptualization: M.Y.K,, L.-E.P, D.A., PJ.S.Methodology: M.Y.K,, L.-E.P, L.J.E, U.B., D.A Larval acquisi-
tion: L.-E.P,, S.N.Maintained aquarium facilities: S.N.Investigation: M.Y.K,, L.-E.P,, L.J.E,, S.N.,Visualization:
M.Y.K.Supervision: M.Y.K., PJ.S.Writing—original draft: M.Y.K., L.-E.P.Writing—review & editing: M.Y.K., L.-
E.P,L]J.E,S.N,, UB, D.A,, PJ.S.

Fundin

Open Accgess funding enabled and organized by Projekt DEAL. This study was carried out in the framework of
the Ph.D. research training group “The Ecology of Molecules” (EcoMol) supported by the Lower Saxony Ministry
for Science and Culture. PJS also acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG) for the
last instrument Grant INST 184/147-1FUGG for the high-resolution mass spectrometer Waters Synapt G2-Si.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-30470-w.

Correspondence and requests for materials should be addressed to M.Y.K. or PJ.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:3562 | https://doi.org/10.1038/s41598-023-30470-w nature portfolio


https://doi.org/10.1038/s41598-023-30470-w
https://doi.org/10.1038/s41598-023-30470-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Photodegradation of a bacterial pigment and resulting hydrogen peroxide release enable coral settlement
	Results
	Active acquisition of CYPRO by L. purpurea larvae. 
	Photolytic decomposition of CYPRO and subsequent H2O2 production. 
	H2O2-induced `nonsense metamorphosis’. 

	Discussion
	Methods
	Bacterial cultivation and compound isolation. 
	Acquisition of coral larvae. 
	Hydrogen peroxide (H2O2) settlement assays. 
	Confocal imaging. 
	Hydrogen peroxide production assays. 
	Statistical analysis. 

	References
	Acknowledgements


