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ABSTRACT OF THE THESIS

Antimicrobial Peptides as a Potential Mechanism for Bacterially Induced Metamorphosis of the
Sea Urchin Lytechinus pictus

by

Alexis Cody Hargadon

Master of Science in Marine Biology
University of California San Diego, 2023

Professor Amro Hamdoun, Chair

Metamorphosis is a radical morphological and environmental transition from a larval
phase to an adult. This process is utilized by ~80% of all animal species and is a particularly
common life history strategy among marine invertebrates. It has been well established that across
species developmentally competent marine larvae utilize bacterial cues to indicate a suitable

habitat conducive to adult survival and reproduction. Despite the high incidence of bacterially
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induced metamorphosis, the underlying mechanisms of how animals directly sense these signals
remain under-studied, especially in Echinoderms (e.g., sea urchins). This study aims to a
investigate component of the innate immune system, antimicrobial peptides (AMPs), as a
potential candidate for connecting bacterial presence to metamorphosis. To explore AMPs as a
player in bacterially induced metamorphosis, I utilized the rapid and synchronously developing
sea urchin Lytechnius pictus. 1 first identified a homolog of the Echinoderm specific AMP
Strongylocin 2 in L. pictus. | found that LpStrongylocin 2 (LpS2l) is only transcribed in early
larvae in the event of bacterial infection. In nascent late-stage larvae, LpS2! transcription is
upregulated and accumulates within cells in developing adult structures, likely a subtype of
blastocoelar cells. The spatiotemporal regulation of LpS2/ transcription in L. pictus larvae
suggests a role for AMPs in the development of new structures and recognizing metamorphosis-
inducing bacterial cues. Future experiments will be aimed at assessing functional role of LpS2/ in
metamorphosis by disrupting transcription using CRISPR/Cas9 sgRNA guides designed in this

study.



INTRODUCTION

Many marine invertebrates utilize a biphasic life cycle transitioning from a planktonic
larva to an adult on the benthos. This radical metamorphic transition is a matter of life or death—
committing to a favorable environment is paramount for the survival and reproductive success of
the adult. Larvae of many species utilize bacterial cues as indicators of a suitable habit
(Cavalcanti et al., 2020). While research has accumulated to identify inductive bacterial species
for many marine invertebrates, the underlying mechanisms of how animals directly sense these
morphogenic signals remain under-studied, especially in Echinoderms (e.g., sea urchins). One
growing avenue of research is how elements of the innate immune system may contribute to the
recognition of metamorphosis inducing bacterial cues. Antimicrobial peptides (AMPs) are novel
candidates for connecting bacteria to developmental events (Lee et al., 2019). A particularly
good model system for addressing how AMPs may be involved in metamorphosis is the
genetically enabled sea urchin Lytechinus pictus which develops quickly and synchronously, able
to undergo metamorphosis within 2-3 weeks allowing for greater access to later developmental
stages. By taking advantage of this system, I identified a homolog of an Echinoderm specific
AMP gene, Strongylocin 2, inL. pictus (LpStrongylocin 2) and evaluated the transcriptional
regulation during the larval immune response, development, and metamorphosis. I found that
LpStrongylocin 2 exhibits a pattern of spatiotemporal transcription implicative of a component

functioning in the process of metamorphosis.



Bacterially mediated metamorphosis of marine invertebrates

The timing of metamorphosis, an irreversible transition from a larva in the water column
to an adult on the benthos, is critical. The larval phase allows for the animal to disperse and
explore environments to select the location most promising to promote adult survival and
reproduction, and choosing an unsuitable habitat may be deadly. Marine larvae utilize external
cues to determine the sustainability of their potential settlement site, many of such cues come
from environmental bacteria. Marine biofilms are a consortium of microorganisms which form
complex communities on the surface of substrata. The use of microbial biofilms by benthic
marine invertebrates dates to the Neoproterozoic era, where filter feeding animals are thought to
have preferentially attached to a firm biofilm rather than soft substrata (Hadfield, 2011). The
presence of certain bacteria or microbial density is likely indicative of a nontoxic substrate or the

growth of a suitable food source for a newly metamorphosed juvenile (Doll et al., 2022).

Animals respond to bacterial cues for settlement and metamorphosis that are secreted
from or bound to biofilms, as well as from non-surface bound bacteria. Research has primarily
focused on identifying types of inductive bacteria preferred by specific marine invertebrate
species (Rischer et al., 2022). For example, strains of Pseudoalteromonas stimulate this process
in species of corals, Cnidarians, mussels, polychaetes, tube worms, and sea urchins (Rischer et
al., 2022). The same is true of Vibrio species, found to elicit metamorphosis of polychaetes,
corals, sea urchins, oysters, jellyfish, and barnacles (Rischer et al., 2022). Natural products
derived from bacteria have also been found have inductive capabilities. One example is the
compound tetrabromopyrrole (TBP) produced from Pseudoalteromona which stimulates

metamorphosis of many coral species (Alker et al., 2023). However, it is unknown whether TBP



is the primary stimulant for corals in vivo at ecologically relevant concentrations (Alker et al.,

2023).

Many species are relatively nonspecific with the bacterial species or products capable of
triggering their metamorphosis. Metamorphosis of the purple urchin Strongylocentrotus
purpuratus can be initiated in response to water-soluble cues from conspecifics, fleshy and
coralline algae, and biofilms (Doll et al., 2022). S. purpuratus also appears to have a relatively
low specificity for chemical cues able to trigger metamorphosis (Doll et al., 2022). The bacterial
species Pseudoalteromonas luteoviolacea, Shewanella, and many Vibrio species are known

metamorphic inducers for H. erythrogramma (Huggett et al., 2006).

Despite the large number of marine invertebrate species known to settle and
metamorphose in the response to bacterial presence, most of these interactions are understood
only at a surface level. The mechanistic basis of recognizing bacterial cues for metamorphosis
remain unknown for most species. One direct mechanism behind bacterial-cue signal
transduction and metamorphosis has recently been established for the marine tube worm
Hydroides elegans. Two induction mechanisms have been identified— Metamorphosis-
Associated Contractile structures (MACs) and Outer Membrane Vesicles (OMVs) (Freckelton et
al., 2017, Shikuma et al., 2014). Once in contact with a dense bacterial biofilm, MACs are
deployed from P. luteoviolacea bacterium that inject a metamorphosis inducing effector protein
called Miflinto the tube worm larvae, immediately stimulating metamorphosis (Shikuma et al.,
2014). OMVs of Cellulophaga lytica are hypothesized to stimulate metamorphosis through the
delivery of an unidentified molecule (Freckelton et al., 2017, Shikuma et al., 2014, Deatherage et

al., 2012). Although, this mechanism of stimulus is unique to H. elegans and has not yet been



found to occur in other animals. The induction mechanisms of echinoderm metamorphosis are

far less elucidated.

Metamorphosis-inducing factors are diverse in their biological and physical properties.
Likewise, the mechanisms of sensing and signal transduction utilized to initiate metamorphosis
within an animal are just as diverse. Genomic degeneracy, the ability of structurally different
elements to yield the same output (Edelman and Gally, 2001), seems particularly important when
it comes to critical transitions such as from a larva to a benthic adult. Given the variation in
metamorphosis inducing cues within a species it is predicted that multiple mechanisms are at
work to ensure a correct signal is recognized. This study proposes that components of the non-

self recognition system may serve as an avenue for larvae to recognize bacterial cues.

Larval development and metamorphosis of Lytechinus pictus

Sea urchin development begins through external fertilization as adult urchins release
gametes into the water column. Fertilized eggs develop through embryogenesis and into free-
swimming, filter feeding larvae. Larvae subside on microalgae and diatoms as they are carried
throughout the water column (Nesbit et al., 2019). They develop in this form from days to
months, depending on the species and influenced by environmental cues. L. pictus typically

spend 2-3 weeks a larva and progress through 6 developmental stages.

As the larvae grow, a distinct structure called the rudiment develops on the ventral half of
the urchin. The rudiment eventually develops into the ventral skeleton and water vascular system

of the juvenile sea urchin (Hinegardner, 1975). While the rudiment grows, the larval body serves



as a source of nutrients and protection as it explores potential settlement sites (Hinegardner,
1975). Coinciding with rudiment growth is the formation of external pincher-like structures
called pedicellariae. The primary pedicellaria is located on the posterior end of the larva, and two
smaller pedicellariae protrude from the right side of the body (Burke, 1980). These small

appendages consist of a movable jaw on a flexible stalk (Burke, 1980).

Once the rudiment is fully formed, the larva is competent to undergo metamorphosis. The
competent larva becomes negatively buoyant and descends to the sea floor, contacting the
substratum with an extended tube foot and opening the larval body (Hinegardner, 1969). If a
larva has settled in an unsuitable environment, but has not yet initiated metamorphosis, they have
been observed to reverse settlement and resuspend into the water column to search for a better
environment (Swanson et al., 2007). In the absence of an appropriate cue, the competent larva
may delay settlement and metamorphosis entirely, despite the increased risk of mortality and

detrimental carry-over effects on the juvenile and adult animal (Swanson et al.,2007).

Once a larva confirms a location is suitable, several irreversible developmental pathways
are initiated. Metamorphosis is rapid and occurs within an hour after initiation. The animal loses
larval-specific structures and breaks down the majority of the larval body cells (Doll et al.,
2022). Hormonal regulation of programmed cell death (PCD) is the most well understood
developmental process behind this event (Wynen et al.,2022). The pedicellariae are shifted to the
aboral side of the juvenile and serve as the loci for the formation of the genital plates in the adult
test (Burke, 1980). The newly metamorphosed juvenile absorbs a portion of the larval biomass
and is decorated by the remanent blanket of cytoplasm on their aboral side for around 24 hours
(Hinegardner, 1975). The larval pedicellariae are shed by the juvenile within a week and

replaced by structurally identical adult pedicellariae, which are evenly dispersed across the



aboral surface and function in defense and clearance of debris (Hyman, 1955). Before the
juvenile urchin begins to feed, internal rearrangements must be completed such as the formation
of a complete gut, the anus, teeth, and dorsal skeleton (Hinegardner, 1975). These changes are
typically achieved within a week and allow for initial feeding on biofilms until larger jaws are

developed and their diet is shifted to kelp (Hinegardner, 1975).

Sea urchin metamorphosis can be induced by a variety of factors. These broadly include
gregarious cues from established urchin communities, chemical compounds extracted from
preferred algal species (e.g. coralline red algae), neurotransmitters (e.g. dopamine), ions (e.g.

potassium), and of particular focus in this study, bacteria (Doll et al., 2022).

Many studies on the factor inducing sea urchin metamorphosis have revealed a distinct
effect of bacterial biofilms. Cameron and Hinegardner (1974) detailed the effects of a sterile
environment on L. pictus and A. punctulata settlement and metamorphosis. 62% of larvae were
found to undergo metamorphosis when placed in fresh sea water (FSW) in biofilm coated glass
dishes, compared to those in sterile glass dishes which yielded no metamorphosis. Notably, when
“active” seawater (crude seawater generated through incubation with particulate matter and
sediment) was added to biofilm coated plates, the metamorphosis rate rose to 90%. Pearce and
Scheibling (1990) also noticed this metamorphic response to biofilms in the species S.
droebachiensus. Larvae placed in acrylic glass plates that had been incubated in sea water for
either 75 days or 40 days, a higher instance of larval metamorphosis was observed in the plates
with the older biofilm. Biofilm plates grown in light versus dark conditions showed larvae had an
increased percentage of metamorphosis in the light conditioned plates. Interestingly, ATP
measurements indicated that both light and dark conditioned plates contained equal bacterial

biomass, suggesting a larval preference for specific bacteria rather than its density (Pearce and



Scheibling, 1990). Larvae are likely attracted to bacterial species that become abundant once the

basis of biofilm has been established.

Various marine algae are also known to be potent inducers of sea urchin metamorphosis,
such as crustose coralline red algae and red algal turf (Pearce and Scheibling,1990). Recently, it
has been suggested that the algal cues are instead originating from specific metabolite complexes
or bacterial biofilms residing on their surface (Swanson et al., 2007, Dworjanyn and Pirozzi,

2008, Williamson et al., 2000).

How larvae are able recognize specific bacterial cues amidst billions of bacteria in the
benthic remains relatively unknown. One approach to identifying non-self recognition systems

involved in this transition is by looking within L. pictus larval innate immune system.

The larval innate immune system

A small filter feeding larva around 250um in size experiences a constant onslaught of
microbes, many of which hold the potential to be pathogenic. This requires a robust system
capable of detecting, calibrating, and initiating an appropriate response to the microbial
community it encounters. The innate immune system is a complex non-self recognition system
built to sense and respond microbes. Sea urchins encode an extraordinary repertoire of expanded
innate immune genes, first discovered with the full genome sequencing of the purple urchin
(Strongylocentrotus purpuratus) (Sodergren et al., 2006). The most notable expansions were
discovered within gene families encoding pattern recognition receptors (PRRs), specifically Toll-

like receptors (TLRs), NOD-like receptors (NLRs), and scavenger receptors (SRs) (Buckley and



Rast, 2012). These receptors all function to recognize pathogens either extracellularly (TLRs,
SRs) or intracellularly (NLRs). The expansions of these families imply an increased potential

capacity for microbial recognition (Buckley and Rast, 2012, Smith et al., 2018).

The larval innate immune system is composed of analogous but different cell types
(immunocytes) than that of the adult sea urchin (coelomocytes). Larval immunocytes originate
from two distinct waves of mesoderm differentiation during early embryonic development that
form pigment cell precursors and blastocoelar precursor cells (Lyons et al., 2011). Pigment cells
(PCs) are red granular cells involved in injury response, wound healing, and inflammation. In
nascent larvae, PCs are stellate shaped and evenly distributed throughout the larval ectoderm.
During an immune response PCs become rounded and migrate towards the site of infection (Ho
et al., 2016). These cells can be identified by the transcription of of polyketide synthase 1
(PKS1), which is part of the biochemical pathway that creates echinochrome A. Echinochrome A
is responsible for the red color of pigments cells and has demonstrated antimicrobial properties

in vitro (Hirano, 2016).

There are four morphological subtypes of blastocoelar cells (BCs): filopodial, ovoid,
globular, and amoeboid cells. These cells are related by origin but distinguished by morphology
and immune capabilities. Filopodial cells have two to five projections and form interconnected
syncytial networks throughout the blastocoel, basal surface of the ectoderm, and gut epithelium
(Ho et al., 2016). These phagocytic cells engulf foreign objects such as bacteria and express
immune effector genes (Ho et al., 2016). One potential marker of filopodial cells is by the
transcription of a collagen gene, colla(V)chain. Ovoid cells are phagocytic and only present in
the blastocoel following antigen stimulation (Hirano, 2016; Ho et al., 2016). Globular cells are

round cells that deploy short filopodial projection to interact with a variety of immune cells and



epithelial cells (Ho et al., 2016). Motile globular cells exhibit surveillance-like behavior
throughout the larvae, while sessile globular cells sit within the blastocoelar space of the larval
arms and apex (Ho et al., 2016). The fourth type of blastocoelar cell is the amoeboid cell. These
‘comma’ shaped cells are typically located throughout the blastocoel and able to migrate rapidly
to sites of bacterial exposure, as well as interact with the gut epithelium and immune cells,

particularly pigment cells (Ho et al., 2016).

Encoded in the sea urchin genome are a suite of immune effector molecules directly
involved in pathogen elimination. Of particular interest in this study are antimicrobial peptides
(AMPs). AMPs are small peptides with a critical role in the innate immune system in organisms
across a wide evolutionary spectrum. Two novel families of AMPs, Centrocins and
Strongylocins, were identified from immune cell isolates of the adult green sea urchin S.
droebaciensus (Li et al., 2008). Centrocins have an intramolecular heterodimeric structure with a
heavy chain and a light chain. This family of peptides elicits strong antimicrobial activities
against bacteria, fungi, and yeasts (Li et al., 2010). In S. purpuratus, Centrocin 1 was localized to
blastocoelar cells and stored in granular vesicles (Li et al., 2014). Strongylocins are cationic,
defensin like peptides containing a defining cysteine distribution pattern (Li et al., 2008). In adult
sea urchins, Strongylocin transcripts have been identified in red spherule cells and phagocytes
(Strongylocin 2), and colorless spherule cells/vibratile cells (Strongylocin 1) (Li et al., 2014).
While it is known that both Strongylocin 1 and 2 exhibit potent activity against both gram-
positive and gram-negative bacteria, their activity and expression in the larval immune response
is unknown. The transcriptional regulation of Strongylocin 2 throughout larval development and

metamorphosis is the focus of this study.



Antimicrobial peptide mechanisms of action

AMPs are one of the oldest known immune effector molecules, prevalent through
evolution and produced by all life forms. AMPs are extremely diverse and can elicit a variety of
specific inhibitory effects against bacteria, fungi, parasites, and viruses, as well as exhibit a broad
spectrum of immune activities including antibacterial, antiviral, and antitumor activities (Huan et
al., 2020). The vast diversity of antimicrobial families allows for different peptides to be
expressed contextually, enabling specific antimicrobial responses depending on the threat. AMPs
are traditionally known as potent pathogens killers and most often directly eliminating bacteria
via membrane binding and disruption (Wimley, 2010). Certain AMPs utilize intracellular
approaches by entering the bacterium without disrupting the membrane and inhibiting central
cellular functions (Wimley, 2010). Notably, AMPs are also strong immunomodulators, acting

through enhancing bacterial recognition and modulating downstream signaling (Lee et al., 2019).

AMPs bind with immune ligands such as bacterial dsSDNA, dsRNA, ssRNA, and LPS to
form nanocrystalline structures that amplify host receptor signaling (Lee et al., 2019). These
AMP: ligand complexes can increase signaling of bacterial presence by binding to bacterial
dsDNA to form a complex nanocrystalline structure able to bind directly to pattern recognition
receptors (PRRs), particularly Toll-like receptors (TLRs) (Lee et al., 2019), and lead to
activation signal transduction pathways. In the case of AMP- dsDNA, -dsRNA, -ssRNA, these
complexes can enter the endosomes of immune cells and bind to complex-specific TLRs (Lee et
al., 2019). This engagement with TLRs can lead to modulated pathways including the activation
of transcription factors, cytokine production, immune cell chemotaxis, and cellular
differentiation and proliferation (Lee et al., 2019). In mammals, AMPs are known to act through

this process in the coordinated response of the adaptive system through the activation of T cells
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and dendritic cells, stimulation of TLRs, elevation of phagocytosis, the chemoattraction of
neutrophils (Zhang et al., 2021). Certain marine invertebrate-derived AMPs have been shown to
modulate the human complement system, such as arenicin from the blow lugworm Arenicola

marina (Umnyakova et al., 2018).

The bacterial recognition and immunomodulatory properties of AMPs present a potential
mechanism for larval interpretion bacterial cues and activation developmental processes. To
begin validating the hypothesized role of AMPs in metamorphosis, this work investigates the
spatiotemporal transcription of the sea urchin specific AMP Strongylocin 2 throughout

development and bacterial exposure.
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METHODS

Animal Care and Spawning

Adult Lytechinus pictus were initially collected in San Diego, CA, USA and maintained
in flowthrough seawater tanks at 18-23°C. Adult animals were spawned by injecting 40uL
0.55M KCl into the peristomal membrane and gently shaken until the observation of gamete
release. Eggs were collected from the female continually submerged in FSW, and sperm was
pipetted off the male with no contact to water. Larval cultures were maintained in 4-liter beakers
at 23°C. Airlines were added at 1 day post fertilization (dpf). Larvae were fed 6,000 cells/mL per
day of Rhodomonas lens beginning at 2dpf. Cultures were diluted to ~1 larvae/mL at 4dpf and

rotated gently with a paddle through metamorphosis.

Strongylocin 2 Identification

A homolog of Strongylocin 2 was identified L. pictus using an NCBI BLASTn search
against SdStrongylocin 2 in Echinodermata (TaxID: 7586) (Altschul et al., 1990). For both
phylogenetic tree and protein alignment construction only results with an E value >0 were used
from a BLASTp search for LpStrongylocin 2-like (XP_054750701.1) against Echinodermata. A
multiple alignment was built using a Genious prime 2022.2.2 alignment (global alignment with
free end gaps, Biosum 62) with a 90% consensus threshold for conserved motifs

(https://www.geneious.com). The phylogenetic tree was visualized using NCBI distance tree

with BLASTp pairwise alignments. Molecular graphics and analyses of immature and mature
LpStrongylocin 2 peptide was performed with UCSF ChimeraX, developed by the Resource for

Biocomputing, Visualization, and Informatics (San Francisco, CA) (Petterson et al., 2021).

12
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Bacterial Exposure Assay

Vibrio diazotrophicus was cultured as described in Ho et al (2016). Briefly, bacteria were
grown to log phase at 15°C and washed 3 times in 0.22 pm FSW and counted in a Petroff—
Hauser counting chamber. Prior to exposure, larvae were starved for 12 hours to eliminate
transient bacteria within the gut. At 72 hours post fertilization (hpf), 107 ml-! Vibrio was added
to each experimental larval culture only as in Ho et al. (2016) and control cultures were
maintained with FSW alone. All cultures were maintained in beakers with 2L FSW. Three
experimental replicates were performed using sibling larvae from a unique mate pair for each.
Larvae were collected from both unexposed and exposed cultures at 0, 6, 12, and 24 hours post

infection (hpi) using a 70um mesh filter and rinsed 3x in FSW prior to fixation.

Sample fixation

Larval and juvenile samples were fixed using a stage-specific optimization protocol from
(Choi et al, 2018). Animals were transferred into 1.5 mL Eppendorf tubes and allowed to settle.
Samples were rinsed once with ImL FSW and returned to a volume of 0.5 mL FSW. A
deciliation step was included only for 72 hpf larvae, where 50 pL. 4.45M NaCl was added to the
samples and incubated for 10 minutes. Samples were then rinsed with FSW to a final volume of
1 mL. 72hpf larvae were transferred into a 2 mL cryogenic tube containing a 2 mL solution of
4% PFA, fixation buffer (22.5 mL FSW, 1 mL 5M NaCl, 1.5 mL 1M EPPS), and 1mL FSW.
Competent larvae and juveniles were added directly to a 2 mL cryogenic tube containing a 1.8
mL solution containing 100 pL fixation buffer, 400 uL. 16% PFA, 300 5M NaCl, 1 mL FSW. All
samples were immediately placed on a nutator for 24 hours at 4°C. After incubation, samples

were equilibrated to room temperature and 100 pL 1M glycine (ImM EDTA in CMFSW) was

13



added. Following a 5-minute incubation, samples were rinsed once a solution of 1 mL 1xPBST
and 100 pL glycine, twice with 1 mL 1xPBST, and three times with 1 mL 70% EtOH for 10

minutes each. Samples were stored in 1 mL 70% EtOH at -20°C until use as described below.

In situ hybridization chain reaction (HCR)

Probes were selected from a probe library containing HCR probe sets designed for all
predicted coding sequences for L. pictus. Probe sets were designed using a custom wrapper script
to automate insitu_probe generator (Null, 2019) for the design of all probe-hairpin combinations
for all coding sequences. Probes were purchased from Integrated DNA Technologies (IDT;
Coralville, Iowa, USA), and amplification hairpins were purchased from Molecular Instruments
(El Monte, California, USA). Target sequences and probe-hairpin sequences are available in the
supplement (Table S1).

HCR processing steps were adapted from the molecular instruments HCR™ RNA-FISH
protocol for whole-mount sea urchin embryos (Strongylocentrotus purpuratus), optimized for L.
pictus larvae >72 hpf (Choi et al., 2018). ~100-200 larvae from each fixed sample were
rehydrated gradually from 70% EtOH into 0.7mL Eppendorf tubes with 200 pL of 5xSSCT
through 3x10 min washes. 5xXSSCT was then aspirated and 50 pL of probe hybridization buffer
was added and the samples were prehybrized at 37°C for 30 minutes. Probe solution was
prepared with 1.5 pL of 1 uM stock probe set to 50 pL of probe hybridization buffer at 37°C.
Probe solution was added to the samples and gently mixed to reach a final hybridization volume

of 100 pL. Samples were incubated for 24 hours at 37°C.
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After incubation, 150 pL of preheated probe wash buffer (37°C) was added to each
sample tube and incubated at 37°C for 10 minutes. Excess probes were removed by washing the
samples with 200 pL of probe wash buffer for 2x10 minutes and 2x30 minutes remaining at
37°C. Samples were then rinsed into SxSSCT with 2x10 minute washes at room temperature
(RT). 6 pmol per sample of each hairpin (h1 and h2) was snap cooled in separate tubes by
heating at 95°C for 90 seconds and allowed to cool in a dark drawer for 30 minutes. Prepared
hairpins were then added to room temperature amplification buffer at a ratio of 6 pmol:50 pL.
5%SSCT was removed from the samples and 50 pL of hairpin amplification solution was added
and samples were incubated at RT in the dark for 24 hours for optimal amplification.

After amplification incubation, 150 pL of 5xXSSCT to each tube and incubated for 5
minutes at RT. Excess hairpins were removed by washing with 200 pL of 5xSSCT for 3x10
minutes followed by 2 x 30 minutes. DAPI nuclear stain was added to the second 30 minute
wash at a final concentration of 300uM DAPI 488 stain in 5XSSCT (Invitrogen, Waltham, MA).
Competent larvae and juveniles were additionally counterstained with Cell Mask Orange, a
plasma membrane stain (Invitrogen, Waltham, MA) by adding 0.01pL of Smg/mL CMO stock to
ImL of 5xSSCT, and incubating samples in 200uL of the solution for 15 minutes. Samples were

rinsed once more in 5XSSCT and stored at 4°C protected from light before imaging.

Confocal microscopy

Prior to confocal imaging, ~75 larvae were transferred into 80% glycerol using a stepwise
rinse of 70/30 5xSSCT:100% Glycerol, 50/50, and 20/80. Larvae were gently plated into wells of
a Cellvis glass bottom 384-well plate (Mountain View, California, USA) at a density of ~30

larvae per well. Imaging was performed on a Molecular Devices ImageXpress HT.ai (San Jose,
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California, USA) using a 20X Nikon Plan Apochromatic objective. Laser channels used in this
study include 750, 647, 594, 488 and 405 nm, along with the appropriate emission filters. All 72-
96hpf larvae were imaged in 3um Z-stacks with a 100 ms exposure time and 50% laser power.
Competent larvae were imaged using a Leica TCS SP8 X White Light Laser Confocal
Microscope Image with identical parameters. Image processing was conducted using ImageJ to
create 2D projections of the appropriate range of stacks, adjustments to brightness and contrast,
scale bar generation (pixel ratio of 3.416 pixels/lum) and cropping of single larvae (Schindelin

et al. 2019). 3D renderings were generated with Imaris (https://imaris.oxinst.com/). Negative

controls for non-specific signal deriving from reagent chemistry include larvae which have been

processed without probes (Figure S1).

Developmental transcriptome analysis

Lytechinus pictus developmental transcriptome analysis was generated from RNA-seq
data accessible on Echinobase (Arshinoff et al., 2022) and NCBI (PRJINA952574). Transcripts
per million were averaged for each gene and plotted using R studio 2021.09.0

(http://www.rstudio.com/).

g¢DNA Primer and probe design

ChopChop v.2 (https://chopchop.cbu.uib.no) (Labun et al., 2016) was used to design

guide RNAs (gRNAs) against LpS2[. Guides were designed targeting Exons 1 and 2. Synthetic
sgRNAs (Ex1-93, GTGAAGCCATTGTTTGAGACAGG; Ex2+24,
CCAATGCGAGAGAAGAATCTTGG) were ordered from Synthego (Redwood City, CA). 1.5

nmol of each sgRNA was resuspended in 15 pl nuclease-free water and stored in aliquots at
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—80°C. Embryonic microinjections of one wild type mate pair were performed using a solution
of 150ng/ul of each sgRNA and 750ng/uLL of Cas9 mRNA to create mutations at both target
sites. Rhodamine B (RhoB; Thermo Scientific Chemicals) was co-injected at a concentration of
X as a positive injection control. Embryos were screened for RhoB red fluorescence on an Epi-

Fluorescence Stereoscope (Leica M165 FC) and non-fluorescent embryos were removed.

Genotyping/Mutation validation

Genotyping was conducted on individual injected larvae and wild type larvae from the
same mate pair at 7 dpf to validate guides. Genomic DNA was extracted using the Qiagen
QIAamp DNA micro kit according to the manufacturers' instructions. Primers flanking exon 1
(Amp_Int0 F2, CCACTTTCAACCATTCTCAACTATTCCA; Amp Intl R2,
GGGCGGAGTGGGAGAAAGAAAATAGAAG) and exon 2 (AMP1 _Int2 F1,
AAGTCCGGTATACTACTATGCAATGTTTTC; LpAMP1_Ex2 89R,
ACACGTCATTTTACCTGTTGTTTGAC) were used separately to amplify regions of Exons 1
and 2. Following initial amplification, nested primers were used for both exon 1 (AMP1-
Ex1 8Fml13, TAGGTGACACTATAGTGTAAAACGACGGCCAGTTCGTTCTTTCGTTTCTT
CTGTAGCATA; AMP1 _ExIRIm13, ACGACTCACTATAGGGCAGGAAACAGCTATGAC
AATATACATGCAGGCCTACTTACCA) and exon 2 (AMP1 _Int2 1Fm13, TAGGTGACACT
ATAGTGTAAAACGACGGCCAGTAAGTCCGGTATACTACTATGCAATGTT;
AMP1 Ex2 89Rm13, AATACGACTCACTATAGGGCAGGAAACAGCTATGACACAC
GTCATTTTACCTGTTGTTTG) containing m13 overhangs to allow for full exon sequencing.
Secondary PCR samples were cleaned using the Qiagen QIAquick PCR & Gel Cleanup Kit

according to the manufacturers’ instructions and sequenced through Eurofins Genomics
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(Louisville, KY). Indels generated were initially visualized using SnapGene® software (from
Dotmatics; available at snapgene.com) and further confirmed using the Synthego ICE tool

(https://ice.synthego.com/#/) to identify indel percentages within a mosaic individual.

Metamorphosis Assays

Culturing of CRISPR/Cas9 dual guide injected and wild type larvae was conducted as
previously described (Fleming, 2021; Vyas et al., 2022). Survivorship and larval morphology
were assessed by eye on a Leica M165 FC every 2 days leading up to metamorphosis. Larvae
were allowed to settle and metamorphose naturally within the beaker. Animals were scored as
metamorphosed after spines were fully visible from beneath the larval body. The number of fully
metamorphosed larvae was recorded each day starting with the first instance of metamorphosis

up until 50 dpf.
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RESULTS

I. Identification of the antimicrobial peptide Strongylocin2 in Lytechinus pictus.

Because antimicrobial peptides amplify innate immune signaling, I sought to identify
homologs of echinoderm specific AMPs in Lytechinus pictus. Two unique families, Centrocins
and Strongylocins, have been previously identified and characterized in the sea urchin species S.
droebaciensus, S. purpuratus, and E. esculentus, but have yet to be identified in L. pictus. An
NCBI BLASTn search within Echinodermata against AMPs within these families (Centrocin 1,
Centrocin 2, Strongylocin 1, and Strongylocin 2 from Strongylocentrotus droebaciensus)
revealed only one homolog to be present in the L. pictus genome, which has been termed
LpStrongylocin 2 (Figure 1A).

Genomic sequencing of L. pictus larvae confirmed the characteristically short 4-exon
structure consistent with that of SdStrongylocin 2. The nucleic acid coding sequence spans 4,271
base pairs (bp) with 4 small exon lengths in comparison to the 3 introns. The 4 exons are 97, 101,
79, and 17 bp respectively, with the fourth exon containing a long UTR region (Figure 2C). The
short peptide length is consistent across antimicrobial peptides (Mahlapuu et al., 2016).

Protein alignments revealed a significant conservation of residues across echinoids,
including the 6-cysteine (Figure 1A, B). The Strongylocin family, including LpStrongylocin 2,
protein sequence contains 6 cysteines with a unique distribution pattern of where cysteines four
and five are adjacent to each other (Li et al., 2008). These peptides are categorized as a
subfamily of defensins, one of the most diverse groups of AMPs within invertebrates that vary in
both genomic organization and sequence identity but grouped by their high number cysteine
residues (Li et al., 2008). The location of these residues is responsible for the disulfide bridges of

the peptide which stabilize the structure (Huan et al., 2020). LpStrongylocin 2 contains 96aa,
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with the signal peptide beginning at the 5’ end containing 22aa, followed by the 18aa
prosequence and the 56aa mature peptide coding region (Figure 1C”). Despite the characteristic
diversity of sequences within each AMP, even between species, the conserved preprosequence
within the precursor molecules remains categorizable (Zasloff, 2002). The immature peptide is
synthesized and stored in this inactive form until it is post-translationally modified and the
preprosequence is removed, altering the peptide conformation and charge (Figure 1D). Once
these modifications have been made the positively charged regions are exposed and the mature
peptide is able to exhibit antimicrobial activity (Figure 1D’).

Predicted secondary structures were generated with ChimeraX (San Francisco, CA)
(Petterson et al., 2021), confirming both the immature and mature LpS2I peptide contain the
defense-like signature beta sheet-alpha helix structure (Figure 1D, D). This structure is formed
by 3 disulfide bonds that influence antimicrobial activity and protect against degradation during

biosynthesis thorough the stabilization of its molecular structure (Li et al., 2010).
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A 1 20 4 60 80 9%
Strongylocin 2-like protein S. intermedius (QFZ79345.1) I I I
™ Strongylocin 1-like protein S. intermedius (QFZ79343.1) I I I
|I Strongylocin 1 precursor S. purpuratus (NP_001164288.1) I I I
Strongylocin-1a S. droebachiensis (ABW04863.1) I I I
] Strongylocin 2-like protein S. intermedius (QFZ79344.1) | I I
LpStrongylocin 2-like L. pictus (XP_054750701.1) | | | |
[ Strongylocin 2-like L. variegatus (XP_041461119.1) I I I I
e EeStrongylocin 2 Precursor E. esculentus (AOA144LVM3.1) I I I
e Strongylocin-2a S. droebachiensis (ABW04860.1) I I I
Strongylocin 2b-like protein S. intermedius (QFZ79346.1) I I I
Strongylocin 2-like S. purpuratus (XP_030839472.1) I I I
Strongylocin 2-like S. purpuratus (XP_003725077.1) I I I
Strongylocin-2b S. droebachiensis (ABW04861.1) I I I I
B 1 10 20 P 40 50 § 0 8 90 %
LpStrongylocin 2-like L. pictus M IRK SF LLIT VILSQ AS  DE AD D EW KK AHR C CTGE TC CC IVFGK T CTV S
Strongylocin 2-like L. variegatus M IRK SF LLIT VILSQ AS DE AD D E W KK AHR C CT GG TC CC IV FGK T cTv S
Strongylocin 2-like S. purpuratus M IRK SF LLIT VILSQ AS ~ DE AD D E W KK AHR C C TG TC CC IV FGK T CTV
Strongylocin 2b S. droebachiensis M IRK SF LLIT VILSQ AS  DE AD D EW KK AHR C CTGE TC CCIVFGK T CTV S
C e Stop D Immature LpStrongylocin 2 peptide
gDNA - ] ~ r\
Exon: 1 2 3 4 4,271 bp
97 bp 101 bp 79bp 17bp —
100 bp
C D’ Mature LpStrongylocin 2 peptide
mRNA
5:UTR 32 UTR + polyA
Signal peptide Prosequence Mature peptide 96 aa
22aa 18aa S56aa

Figure 1. Gene model and protein topology of LpStrongylocin 2 in Lytechnius pictus. (A)
Identification of LpStrongylocin 2 in Lytechinus pictus. Black bars of the protein sequence
alignment indicate a 90% consensus threshold among query sequences. (B) Amino acid sequence
alignment of Strongylocin 2 homologs in L. pictus, L. variegatus, S. purpuratus, and S.
drobachiensus. The signature 6 cysteine pattern of Stronglyocin 2 is highlighted in yellow. (C)
The genomic DNA sequence of LpStrongylocin 2 contains 4 exons and 3 introns. Colored
portions of exons correspond with the encoded signal peptide (dark blue), prosequence (light
blue), and mature peptide sequence (red) shown in the mRNA model (C’). (C’) The mRNA of
LpS2I consists of a signal peptide, prosequence, and mature peptide sequence. (D,D’) Predicted
protein structure of the immature and mature LpS21 peptide.
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ILI. LpStrongylocin 2 is transcribed by epithelial cells in response to bacterial challenge.

Antimicrobial peptide expression is regulated in many organisms. It is often synthesized
and released from epithelial cells or immune cells upon stimulation (Huttner and Berins, 1999,
Blyth et al., 2022). While the transcriptional response and antimicrobial capabilities of
Strongylocin 2 have been confirmed in vitro, the inducibility or activity of Strongylocin 2 within
live sea urchin larvae was previously unknown. To investigate the responsiveness of
LpStrongylocin 2 to bacteria, I used HCR RNA-FISH to localize transcript accumulation within
3 day old larvae over the course of a 24-hour immune challenge to the marine bacterium Vibrio

diazotrophicus.

Only a minority of 3dpf uninfected larvae displayed LpS2!/ signal, which was observed
near the midgut (Table 1A, Figure 2A, E). After 6 hours of exposure to Vibrio, LpS2! transcript
signal was observed within the gut, increasing by hour 12 (Figure 2 B, C). The signal
localization suggests LpS2! is being expressed by gut epithelial cells, consistent with AMP
responses of other marine invertebrates to bacterial challenges (Lv et al., 2020, Mitta et al.,
1999). About half of the exposed larvae at 24 hours post infection were observed to have ~1-2
cells with LpS2I transcript accumulation, often located near the foregut (Figure 2D). Variation in
responsiveness was evident both within and between mate pairs (Table 1). Mate pair 1 displayed
a robust response, whereas mate pairs 2 and 3 did not display a response of similar magnitude
(Table 1B- D). Throughout the 24-hour period an increase in the number of unexposed larvae
with LpS2[+ cells were observed (Table 1E-G). This is a probable effect of the starvation period
and subsequent exposure to decreasing bacterial levels, and LpS2/ transcripts are likely
accumulating within immune cells throughout the larva rather than being activated more rapidly.

Most observed cells containing LpS2/ transcript were present near the foregut or by the larval
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head (Figure 2D, F-H). Occasionally LpS2/+ cells were observed on the apex of the arms or by
the shoulder. These areas are typically exposed to higher concentrations of microbes, suggesting
LpS2l is transcribed in surveillance/motile cells able to migrate throughout larvae at this stage of

development, however life imaging is necessary to confirm this.
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Figure 2. LpStrongylocin 2 is transcribed in response to bacterial challenge in early-stage
larvae. (A-D). (A,E). LpS2/ signal is present in a small subset of 72hpf larvae within cells near
the foregut. (B,C) Cells within the midgut of exposed larvae have LpS2/ transcripts at 6hpi,
increasing in magnitude by 12 hpi. (D) At 24hpi, ~1-2 LpS2[ + cells are observed near foregut or
throughout the body. (F-H) Transcript localization patterns of LpS2/ in unexposed larvae
remained consistent throughout the trial. Box insets highlight the localization of LpS2/ + cells
both with DAPI overlay (A’-D’, E’-H’) and only the fluorescence channel (746mn) (A”’-D”’,
E”-H”). (A-H) Scale bar= 50um. (A’-H’, A”-H”) Scale bar = 25um.
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Table 1. HCR RNA-FISH reveals variation in larval LpS2/ transcriptional response during
bacterial exposure. Rows labeled MP 1, 2, and 3 indicate the localization patterns at each
timepoint within the corresponding mate pair (MP). +Vibrio (black) tables list observations from
exposed cultures. -Vibrio (grey) tables list observations from unexposed cultures. (A) The
majority of immunoquiescent larvae collected prior to exposure did not show LpS2I
transcriptional signal. Occasional LpS2I signal was observed within cells throughout the larval
body. (B, B’) Mate pair 1 was found to have a more larvae with LpS2/ gut transcription
compared to MP 2 and 3. Transcription within the gut of unexposed larvae was not observed. (C,
C’) Signal was more frequently present within the gut of exposed larvae at 12 hpi, whereas
transcription in more dispersed cells within the larva was observed when unexposed. (D, D’) The
distribution of LpS2/ localization patterns is similar between exposed and unexposed larvae at
24hpi.

A Ohpi
No signal w?lg?r??;lut 1-2 cells N=
MP 1 17 3 5 25
MP 2 24 1 0 25
MP 3 17 4 4 25
B 6hpi + Vibrio B’ 6hpi- Vibrio

No signal Signal 1-2 cells N= No signal Signal 1-2 cells N=
within gut within gut

MP 1 8 17 0 25 MP 1 1 1 3 15
MP 2 19 1 2 22 MP 2 14 2 9 25
MP 3 17 1 4 22 MP 3 12 6 2 25

C 12hpi + Vibrio C’ 12hpi - Vibrio

No signal Signal 1-2 cells N= No signal Signal 1-2 cells N=
within gut within gut

MP 1 6 18 1 25 MP 1 1 2 12 25
MP 2 23 1 1 25 MP 2 15 0 10 25
MP 3 20 2 3 25 MP 3 12 2 1 25

D 24hpi + Vibrio D’ 24hpi - Vibrio

No signal Signal 1-2 cells N= No signal Signal 1-2 cells N=
within gut within gut

13 1 1 25 MP 1 15 2 8 25
21 0 4 25 MP 2 16 0 9 25
19 0 6 25 MP 3 7 0 8 15
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II1. LpStrongylocin 2 transcription is upregulated immediately prior to metamorphosis.

Given the observed response of LpS2!/ to bacterial exposure, I next sought to characterize
its transcriptional regulation leading up to the time when bacterial cues are known to initiate
metamorphosis (Figure 3). In nascent larvae, LpS2!/ is not transcribed at detectable levels until
the early larval stage, where transcription is likely initiated with the onset of feeding and thus
increased exposure to natural/dietary sources of bacteria. A sharp increase in LpS2/ transcription
at the medium and large rudiment stage coincides with the achievement of metamorphic
competency, around 2-3 weeks post fertilization. To confirm this increase is not a result of
exposure to a denser bacterial population, transcriptional levels of other immune gene markers
were compared (Figure 3). Interleukin 17D (IL17D) is a cytokine involved in the activation and
mediation of the immune response, only activated during an active infection (Buckley et al.,
2017). This gene is not transcribed at a detectable level throughout larval development,
indicating the larvae sampled remained immunoquiescent. PKS/ and srcri42, expressed in
pigment cells, exhibit an increase in transcription at the late gastrula stage then remain at a lower
level throughout development. LpS2/ remains transcribed at this higher level at the juvenile stage
24 hours post metamorphosis. It should be noted that at this time the newly metamorphosed
juvenile is still partially covered by the decaying larval body, which may be contributing
transcripts. Strongylocin 2 is present in the coelomocytes of other sea urchin species (Li et al.,
2008, Li et al., 2010, Solstad et al., 2016), which are likely also a source of LpS2/ transcripts at

this stage.
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Figure 3. LpStrongylocin 2 transcription is upregulated prior to metamorphosis. Average
transcription levels (TPM) by developmental stage of target immune genes, /L17D (cyan), LpS2/
(yellow), PKS1 (green) and srcri42 (magenta). Developmental stages are listed from left to right
by sampled stages. Early larvae represent the four arm pluteus stage. Medium and large rudiment
represent stage 5 and stage 6 larvae, respectively. The juvenile stage was sampled 24 hours post
metamorphosis. Average transcripts per million reads were generated from the Echinobase
database of the Lytechinus pictus developmental transcriptome.
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IV. LpStrongylocin 2 is likely transcribed by ameboid cells.

Larval immunocyte transcription of Strongylocins was previously unknown. Based on the
previous finding that Strongylocin 2 is present in red spherule cells of adult S. purpuratus (Li et
al., 2010), I hypothesized LpS2!/ transcripts would be localized to pigment cells in the larvae.
Using HCR RNA-FISH to co-staining PKS/, a molecular marker of pigment cells, and LpS2/, 1
found LpS2I transcription is not colocalized with PKS/ and instead was observed in comma
shaped cells often directly interacting with pigment cells near the rudiment (Figure 4A, B).
Considering that Strongylocins are found in larvae of other species to be transcribed by immune
cells (Li et al., 2010) it is likely being transcribed by subtype of blastocoelar cells. In S.
purpuratus globular and ameboid cells have been shown to engage with pigment cells as a form
of cellular communication (Ho et al., 2016). This interaction is visible between the pigment cells
and LpS2[+ cells in L. pictus larvae, suggesting the observed cells are either globular or ameboid,
The morphology of LpS2/+ cells (Figure 5C’) resembles ameboid cells (comma-shaped) rather

than globular cells (round).
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Figure 4. Cells with accumulated LpStronglyocin 2 transcripts interact with pigment cells.
(A,B) HCR RNA-FISH image of LpS2/+ cells (magenta) interacting with pigment cells (marked
by PKS1, cyan). (C,C’) 3D rendering of LpS2/+ cells nestled between pigment cells generated
with Imaris 3D image analysis software (https://imaris.oxinst.com/). Scale bars= 10pm.
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To investigate the possibility that LpS2/ is transcribed in a different or additional
blastocoelar subtype, I co-stained competent larvae for LpS2/ and colla(V)chain, a hypothesized
filopodial cell marker. No colocalization was observed between LpS2/+ and colla(V)chain+
cells, although these cells were often localized near the same regions (Figure 5 A-C). The
morphology and localization pattern shown in L. pictus (Figure 5 C”) supports the conclusion
that LpS21 is being actively transcribed or stored in amoeboid cells, however there are currently

no known genetic markers for this cell type.

M Colla(V)chain - Colla(V)chain
- CellMas g CellMas
il -t ~ e

Figure 5. Cells with accumulated LpStronglyocin 2 transcripts are found near potential
filopodial cells. (A,B) HCR-RNA FISH co-staining of LpS2/ and colla(V)chain shows these
genes are not transcribed within the same cells. Fluorescence within the gut in the bottom left
corner is autofluorescence and present in negative controls. (C) Imaris 3D rendering of
LpS2I:Colla(V)chain cellular interactions (https://imaris.oxinst.com/). C”) 3D rendering of
LpS2I+ cell. Scale bars= 10um.
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V. Cells with LpS2I transcripts are present within developing structures.

The localization of Strongylocin transcripts in larvae of any urchin species has not been
previously reported. HCR RNA-FISH was used to determine where LpS2/ is transcribed
immediately prior to metamorphosis. It was hypothesized that in competent larvae, around -3
weeks old, LpS2/ transcripts would be present in cells within the gap junction between the gut
and the rudiment. Accumulated LpS2/ transcriptional signal was instead observed in cells within

the tissue of the developing rudiment (Figure 6).

Surprisingly, signal was also evident in cells located within the epidermal tissue of both
the primary pedicellaria and two right pedicellaria (Figure 7). Cells with LpS2!/ transcripts are
localized to the epidermal tissue at the base and along the stalk of the pedicellariae, and notably
absent from the skeletal jaw. The localization of LpS2!/ transcripts suggests tissue resident

immune cells could be a player in the regulation and development of adult structures.
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CellMask

CellMask & & , CellMask

Figure 6. Rudiment tissue contains cells with accumulated LpStrongylocin 2 transcripts. (A)
Graphic of competent larval morphology. Rud. = rudiment, F. gut= foregut, M.gut = midgut, R.
ped= right pedicellariae, P.ped= primary pedicellaria. (B,B”) Z-stack of competent larval
rudiment and midgut region. LpS2/+ cells (magenta) within the rudiment tissue. (C) Z-slice of
the same larva as in (B,B’). LpS2[/+ cells are present in the top left corner at the edge of the
rudiment, as well as within the rudiment tissue in the center (D-E’) Insets of (C) with Cell Mask
overlay (D,E) and without (D’,E’). Dashed white lines outline the rudiment structure, and solid
white lines outline the midgut. Fluorescence in the upper right corner of the gut is
autofluorescence. (B-C) Scale bar = 10um, (D-E’) Scale bar= 10um.
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Figure 7. Cells with LpS2I transcripts are present within the epidermal tissue of
pedicellariae. (A) Graphic of pedicellaria morphology. Jaw = Jaw of pedicellaria head, Mus =
muscle of jaw, Stalk = stalk, ep. = epidermal cells, My. = mesenchymal cells, Sk = skeletal
tissue. Region under black lines above mesenchymal bulb is the larval hood. (B,B’) Whole view
of the primary pedicellaria. LpS2!/ transcripts (magenta) are often present in cells visibly white
from Cell Mask membrane stain. (C,C”) [LpS2/+ cells on the epidermal tissue of the stalk.
(D,D’) LpS2[+ cells are associated with three larval pedicellaria. Signal is evident on the
epidermis of the primary pedicellaria stalk. Epidermal cells are outlined in the solid white line,
and mesenchymal cells are outlines in dashed white lines. Scale bar= 50um.
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Immediately following metamorphosis, LpS2! transcript signal is present on both the
aboral and oral surface of the juvenile (Figure 8). The aboral signal is likely within the
cytoplasmic remains of the larval tissue. Fewer cells on the oral side are observed to be
transcribing LpS2/ compared to the aboral. Signal is localized to the oral tissue in a pentaradial
distribution. No signal was visible on either side of 1 week old juveniles. Visualization of
internal cellular mRNA using HCR RNA-FISH is limited by the juvenile tissue and skeleton.
However, based on RNA-seq transcriptional data (Figure 3) and previous work done in S.
purpuratus (Li et al., 2010) it is expected that adult coelomocytes are additionally transcribing

LpS2I[ at the juvenile stage.
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Figure 8. LpStronglyocin 2 transcripts are visible on the ectoderm of newly metamorphosed
juveniles. (A,A”) Aboral view of a juvenile 6 hours post metamorphosis (hpm). Cytoplasm
covering the aboral side of the juvenile shows LpS2! signal evenly distributed across the outer
ring of the body. (B, B’’) Signal is present on the oral side of the juvenile 6hpm. (C-D’). No
signal is observed on either the aboral or oral side of one week old juveniles. Scale bar = 50um.
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VI. Generation of CRISPR/Cas9 sgRNAs for LpS2/ knockdown.

To begin assessing the functional role of LpS2l in the initiation of metamorphosis,
CRISPR/Cas 9 gRNAs were generated and validated to functionally disrupt LpS2/ in L. pictus.
Two guide RNAs designed to target exon 1 (Exonl- 93) and exon 2 (Exon2+24) were
microinjected into L. pictus embryos (Figure 9A). The injection success was confirmed initially
through visualization of the fluorescent control marker RhoB. The indels generated were
confirmed with sequencing the genomic DNA sequencing of individual larvae. Both guides
yielded mosaic indels of single nucleotide polymorphisms or short deletions surrounding the

target cut sites (Figure 9B, C). No large deletions were detected in the larvae sampled.

The survivorship of LpS2/-perturbed larvae and wild type controls remained similar
throughout development. Both cultures experienced a decline in survivorship around day 7-10
(Figure 10A), but this observation was not considered abnormal at this particularly sensitive
stage of development and often occurs in laboratory cultures. The developmental rate of the mate
pair tested was notably longer (~3-4 weeks) than is typical for L. pictus (~2-3 weeks). This could
be an artifact of the mate pair, culturing conditions, food availability, or season. Larvae from
both groups attained metamorphic competency synchronously at around 4 weeks, suggesting an
external cause for the delay in development. Despite being metamorphically competent, LpS2/-
perturbed larvae demonstrated delayed initiation of metamorphosis by around 5 days compared
to the sibling-matched wild type controls (Figure 10B). Of the larvae that were able to complete
metamorphosis, only 30% of the LpS2/-disrupted animals metamorphosed compared to 66% of
WT. To further validate these results, additional trial replicates are required for at least two mate

pairs.
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+16 % TTCAGATT AATGCGAGAGAAGAAI NNNNNNNNNNNNNNNNTCTTGGGGCBCGTTAACAAAGCT
-3 % TTCAGATTCCAATGCGABAGAA---1 TCTTGGBGCECGTTAACAAAGCTTCGCAAAAAGGTAGCA

Figure 9. CRISPR/Cas9 guide design and validation. (A) Genomic model of LpStrongylocin
2. Red arrows mark the single guide RNA target region. Guides were generated to target Exon 1
and 2. (B,C) Example of indels generated within a single larva from sgRNA Exon 1-93 and Exon
2+24. (B) and (C) are sequences from different individuals. + indicates the wild type sequence.
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Figure 10. Survivorship and metamorphosis rates of LpS2/-disrupted and wild type larvae.
(A) Survivorship rates of LpS2/- (red) and WT larvae (black). (B) Metamorphosis rates in WT
(black, left image) and LpS2I- larvae (red, right image). Day 0 marks the first observation of
metamorphosis. Day 15 marks the end of the observation period.
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DISCUSSION

A homolog of Strongylocin 2 is present in the Lytechinus pictus genome and is transcribed

in response to bacterial challenge in early larvae.

Only one sea urchin specific antimicrobial peptide gene, LpStrongylocin 2, was found in
the genome of Lytechinus pictus. The genome of L. pictus is slightly less expanded in
comparison to species such as S. purpuratus which has both Centrocins (1 and 2) and
Strongylocins (1 and 2) (Li et al., 2010), so this finding is not particularly surprising.
Alternatively, there may be more divergent AMPs present in the genome that preclude discovery
with the utilized BLAST approach. Domain-based searches (Buckley et al., 2019), as well as
more improved whole genome sequencing updates, may yield more results in the future.

The predicted protein product of LpS2/ is 98 aa. The conserved protospacer and cleavage
regions found in LpStrongylocin 2 indicate this peptide likely functions as an AMP. To test if
LpS2l is transcribed during infection in a similar pattern to defensin-like AMPs in other
organisms, a bacterial exposure assay was utilized. Prior to this study, the activity of
Strongylocin 2 transcription during a larval immune response was unknown in any sea urchin.
This study found that LpStrongylocin 2 transcription in L. pictus larvae is inducible with
exposure to high concentrations of Vibrio diazotrophicus. This response is in line with the
upregulation of many AMPs in other marine invertebrates following bacterial stimulation, such
as with the manila clam Ruditapes philippinarum, which upregulates transcription of a defensin
isophorm Rpdefla upon stimulation with bacteria (Lv et al., 2020). The blue mussel Mytilus
galloprovincialis was shown to synthesize and process Mytilus galloprovincialis defensin 1
(MGD1) in granulocytes, which are released into the protoplasm after bacterial stimulation

(Mitta et al., 1999). The activation of LpStrongylocin 2 transcription during bacterial exposure
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implies a role in bacterial clearance within the gut as an active player in the larval immune
system. Based on the known expression patterns of AMPs, I predict that larval L. pictus gut
epithelial cells are being stimulated transcription and release LpStrongylocin 2 into gut lumen to
interact with invading bacteria. More specific co-stains with HCR could confirm the cell type
transcribing LpS2/ during infection. Further research should also explore the effectiveness and
mechanisms of this peptide in vivo to clarify the role of this antimicrobial peptide during

infection.

LpStrongylocin 2 transcription is upregulated immediately prior to metamorphosis.

Many AMPs in nature have pleiotropic roles in development that are less understood than
their immune effector functions. Certain AMPs have been found to be developmentally regulated
in some animals (Bruno et al., 2023, Fraune et al, 2010, Tapadia and Verma, 2012). In
Drosophila melanogaster, multiple AMPs such as diptercin, cecropinA, drosocin, and attacinA
only commence expression at the third instar stage— immediately prior to pupa stage and
subsequent metamorphosis (Tapadia and Verma, 2012). This study found that in nascent larvae
LpStrongylocin 2 is not transcribed constitutively until the onset of developing rudiment
structures in the final two stages of larval development. Given that other immune genes (pks/,
srcrl42, IL17D) are not upregulated in a similar pattern, I predict LpS2/ is developmentally
regulated as opposed to being transcribed in response to bacterial exposure at this stage. The later
onset of LpStrongylocin 2 immunocyte transcription is most likely employed in a developmental
context rather than an immune response to increasing bacterial, however more specific studies

should be conducted to explore the effect of various bacterial levels in laboratory cultures.
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LpStrongylocin 2 transcripts accumulate in predicted ameboid cells.

Research has yet to adequately describe how the larval immune system changes
throughout development as it approaches metamorphosis. The onset of LpS2/ transcription as the
larvae approaches the transition to the adult form presents an avenue for understanding the shift
between the larval and adult immune system (Li et al., 2008). This work identified LpS2/
transcripts accumulated in a subtype of blastocoelar cell. Based on the morphological
resemblance and interactions with pigment cells, these LpS2/+ cells are likely ameboid cells.
AMPs in other organisms are often transcribed in circulating phagocytic immune cells to clear
engulfed bacteria (Bevins, 2007, Johnstone and Herzberg, 2012, Huttner and Berins, 1999).
Interestingly, amoeboid cells have not been observed to phagocytose and the exact role of
amoeboid cells in the larval immune response has yet to be defined. The presence of dense LpS2/
transcripts in these cells implies the capability of amoeboid cells to indeed be phagocytic, or
alternatively utilize AMPs for an alternative function such as immunomodulatory processes. In
adults, Strongylocin 2 peptides are found in S. droebachiensus in red spherule cells, the adult
counterpart of pigment cells, and phagocytes (Li et al., 2014). This disconnect in cell type
specific expression is unexpected despite being in different species of urchin and further research
should be done to isolate active LpStrongylocin 2 peptides from adult L. pictus coelomocytes.
These results reveal the potential for different capabilities of larval and adult specific immune
cells given stark differences in developmental processes and environmental requirements.
Supported by developmental transcriptomic evidence of upregulation, LpStrongylocin 2 may be
transcribed prior to metamorphosis for its immunomodulatory abilities, utilized as a mechanism

for amplifying signaling of certain bacterial presence or density.

44



LpS2l + cells are located within the tissue of developing structures in competent larvae.

The localization patterns of LpS2! transcription in the rudiment and pedicellaria bring up
an intriguing potential connection about the role of antimicrobial peptide signaling, stem cell
differentiation, and tissue regeneration. In both vertebrates and invertebrates, immune cells play
a key role in tissue regeneration and contribute to modulation of stem cell activation (Ballarin et
al., 2021). Tissue resident macrophages in humans, for example, can regulate hemopoietic stem
cell differentiation (Naik et al., 2018). Regeneration of the zebrafish brain is reliant on
inflammation to stimulate neurogenesis through progenitor cell activation (Ballarin et al., 2021)
The immunomodulatory capabilities of AMPs may be employed for signal amplification of
bacterial presence to immune or surrounding cells, which may then interact with surrounding
stem cells to initiate metamorphic processes. In the rudiment, developing tissue was shown to
contain cells with accumulated LpS2/ transcripts. These cells are predicted to be tissue resident
ameboid cells and may utilize immune recognition processes to initiate developmental processes

such as metamorphosis.

The presence of LpS2/ in cells within the epidermal the tissue of the pedicellaria present a
similar circumstance. As the pedicellariae develop, mesenchymal and skeletal cells migrate to
the side of the soon to be pedicellaria and begin skeletal secretion (Burke, 1980). It is
conceivable that cells with LpS2/ transcripts are involved in the recruitment of cells for the
development of new structures through signal recognition and cell-cell communication. Given
that pedicellaria are external structures, an enticing hypothesis is that these cells may be involved
in recognizing environmental bacteria and activating downstream processes initiating
metamorphosis, potentially through the complement of neural and sensory cells on each jaw and

base muscles (Burke et al., 2006). This potential relationship may be a link between
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antimicrobial peptide signaling and nervous system pathways, although additional research is

needed to explore this connection.

Immediately after metamorphosis, juveniles have transcriptional accumulation of LpS2!/
in cells on both the aboral and oral surfaces. The presence of antimicrobial peptides on the aboral
decaying tissue has been observed in many species as a mechanism of preventing bacterial and
fungal growth (Johnstone and Herzberg, 2022). Transcription on the oral surface is within the
juvenile tissue may serve as a defense against infection during this morphological and ecological
transition. Coelomocyte LpS2/ transcription in juveniles can be assessed in the future by

removing coelomic fluid and testing for transcripts within isolated coelomocytes.

The observed transcript accumulation of LpS2/ in immune cells within developing
structures opens the door to many questions regarding the role of tissue resident immune cells in
developmental processes. The localization pattern observed in this study supports the role for this
AMP in the metamorphic process. To further validate this candidate, future work should focus on
understanding the interactions between active Strongylocin 2 and bacterial dsDNA, exploring the
signal amplification and downstream pathway modulation capabilities of AMPs in the sea

urchin.
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FUTURE RESEARCH

Use of CRISPR/Cas9 guides for evaluating the role of LpStronglyocin 2 in the initiation of

metamorphosis.

Using the CRISPR/Cas9 guides developed within this project, future experiments will be
conducted to investigate the role of LpS2/ in larval developmental processes. Given the results of
this study and preliminary metamorphotic efficiency data, I hypothesize that larvae with
functionally disrupted LpS2/ will stall at metamorphic competency and fail to undergo
metamorphosis. If this proves correct, exogenous rescue assays will be conducted to confirm the
result is in fact evidence of LpS2/ involvement in this process. However, genomic redundancy
should always be considered when evaluating the effects of gene perturbation. If no decline in
metamorphic efficiency is observed, other possible mechanisms of sensing bacterial cues should
be investigated using techniques such as RNA-seq and qPCR to identify differentially
transcribed genes in LpS2/-perturbed larvae. This research would potentially identify novel

pathways involved in larval metamorphosis.
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APPENDIX

Table S1. HCR probe sequences used in this study.

Probe name is the hairpin number followed by the Accession number of the top BLAST hit S.

purpuratus sequence.

LOC129256550, XP_054750701.1, PREDICTED: Lytechinus pictus strongylocin 2-like

Pool name

Sequence

B2_XM_003725029.3
B2 XM 003725029.4

B2_ XM_003725029.5

B2_ XM_003725029.6

B2_ XM_003725029.7

B2_XM_003725029.8

B2_ XM_003725029.9

B2_ XM_003725029.10
B2 XM 003725029.11
B2 XM _003725029.12
B2_ XM_003725029.13
B2 XM 003725029.14
B2_ XM_003725029.15
B2_ XM_003725029.16
B2_XM_003725029.17
B2_XM_003725029.18
B2_ XM_003725029.19
B2_ XM_003725029.20
B2 XM 003725029.21
B2 XM 003725029.22
B2_ XM_003725029.23
B2 XM 003725029.24

CCTCGTAAATCCTCATCAaaACTCATGTTGATATTTGCACAATAT
AAATGTAATTTGTGTATATGAAATAaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaAGATTTAGCAAGAACGCAATTTAAT
AAATAATCGTCTTTATTAATTAATCaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaCCTATCAATCGGACTTCTCTAATTT
AAACTGTTATACCTCAATTATTATCaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaACTGCAGTTCAATAATTAGATTAAA
TTTCATTAGGTTTACCGATTGTACCaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaGTTCGCCATCACCATCCATCATCGT
AAAGATCCAAGGAGCATGTTACTGCaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaTGATACACGTACAAGCGATCTTGGT
ATTACGAAACAAATTTCCTTCACTTaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaGGTGTGGTATTCTTCCCAAACACGA
TAACTTGAAGTAACAGCTGTGCACGaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaTTTCATGCCCTCCTGTTGTTTGACA
TATGACAGCAGATGTAATTTGCGCAaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaCATCATCCGCTAATTCATCAAAGAG
CCCAAGATTCTTCTCTCGCATTGGAaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaCAAAGTGATGAGAAGAATGAAAGAT
TGAAGCCATTGTTTGAGACAGGATCaaATCATCCAGTAAACCGCC
CCTCGTAAATCCTCATCAaaTATCCAGGCACTGTCAGCTCTCTTA
TTTGATGATATGCTTATTCTTGTTAaaATCATCCAGTAAACCGCC
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Table S1. HCR probe sequences used in this study.

Probe name is the hairpin number followed by the Accession number of the top BLAST hit S.
purpuratus sequence, continued.

LOC129277782, XP_054769928.1, PREDICTED: Lytechinus pictus uncharacterized

Pool name

Sequence

B5_XM_788471.5
B5_XM_788471.6

B5_XM_788471.7

B5_XM_788471.8

B5_XM_788471.9

B5_XM_788471.10
B5 XM _788471.11
B5 XM 788471.12
B5_XM _788471.13
B5 XM 788471.14
B5_XM_788471.15
B5_XM_788471.16
B5_ XM _788471.17
B5_ XM _788471.18
B5_XM_788471.19
B5_XM_788471.20
B5 XM _788471.21
B5 XM 788471.22
B5_XM_788471.23
B5 XM _788471.24
B5_XM_788471.25
B5_XM_788471.26
B5_XM_788471.27
B5_XM_788471.28
B5_XM_788471.29
B5_XM_788471.30
B5_XM_788471.31

CTCACTCCCAATCTCTATaaCTTCTCCAAGAGGAGGCCAGTGGTG
TCAGATGCAGACGTTATTGTCGATAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaCAAGCACCATCAAGAACTCTTCAAC
GGGTATCAGGAGATAGAAGAAGTTTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaCCGGACGAATCTTCGCAGAGAGCAT
TTTCTGACATGACGTGTGACAGCTTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaGACTTTGTTTGGTTTGAATGCTGAT
TTTCTTGAAGAGTTGTGTCGTTGAGaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaAGTCGGTGATTGAACAGAAGCGTCC
TCTGTAGTTTGAAATTGATAGCATTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaCAGGCTGTAGTATGTAGTTGCAAAG
CCCATTTGTGATGTTAGCTCTTTCAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTCCTCTACTGACGACTCTGTCTTGA
AACCCATCTTGGTATGCGATGCCCAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaCCATCCATAGCTTGCAAACGTTCTC
TTGGTCCCGAAGTGGCAGCAAAGGTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaGCTTTGGGATTTATGCAAGCATCAT
CATTGCTTGCGTGTGGTGACTGGTGaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaATGTCGACTGATCCTGGGACGAACC
GAGTGGAGTGTGTCCAAGCAGATCAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaCATCTCTGCTCCAGCCTTATAGTAG
GAGAGCCTTGAGGACTGCCTGTCGTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTGCAAGACAGATTGCTCCCATGTTT
TACCTGTCCCAAACCATGCTTGATGaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaGTGCCCAGCTGTCGCAATCAATGAT
TCAAAGTAATCATGACATTTCCTCTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaCCCATTTCTTGCATGTATCCATAGA
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Table S1. HCR probe sequences used in this study.

Probe name is the hairpin number followed by the Accession number of the top BLAST hit S.
purpuratus sequence, continued.

LOC129277782, XP_054769928.1, PREDICTED: Lytechinus pictus uncharacterized

Pool name

Sequence

B5_XM_788471.32
B5_XM_788471.33
B5_XM_788471.34
B5_XM_788471.35
B5_XM_788471.36
B5_XM_788471.37
B5_XM_788471.38
B5_XM_788471.39
B5_XM_788471.40
B5 XM 788471.41
B5 XM 788471.42
B5_XM_788471.43
B5 XM 788471.44
B5_XM_788471.45
B5_XM_788471.46
B5_XM_788471.47
B5_XM_788471.48
B5_XM_788471.49
B5_XM_788471.50
B5_XM_788471.51
B5_XM_788471.52
B5_XM_788471.53
B5_XM_788471.54

ACCTGGAACTTGGCACCATATTCGAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaACTCGACATATCCAGACTCTGGAAA
TTTCACCACTGGTGGCTTCCATGATaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaGCACACATGCGGTCATCCTGGTTTC
TTGTGCATGTTACCAAGGGATCGAAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaACGCAGTTGTTTGGCAATGGTTGGG
GTCTGGTGTATGGAAGGCACACTGGaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTCAACCGCTTCTTCAAGGGTCATCC
TGCTCCACGCTCCTGATGTAGATGGaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTCTTCTTAAAGATGGCATCGCATTC
TTTCTTCGAGGACGGACCAACCACTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTCCAGGAGACTACACTCATGGCATC
TTTCATGAAGTCGACGTCTGGTGGAaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaGGCAAACCCAAAGGAGTTGAGGCCG
CTCGAAGATACAATGGGCCAGTGCTaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTCTGCTTCTAGAGGATCACCAACCA
GGGCGGTCGAATGCCTTGGAGATGGaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTAGCGGTACTTGAGAAGGGACTGCA
CCCATCCTTCACTGCGCACGTATCCaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaATAAGAGATACGATTAGCCGACACA
AAAGGATGGACCTTTGAGGTTGAATaaCTACCCTACAAATCCAAT
CTCACTCCCAATCTCTATaaTCAAAGCCATCCATGTCCTCGATGA
CGAGGTGAAATCTTGAAGAAGAGGTaaCTACCCTACAAATCCAAT
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n=25/25 | 647

Figure S1. Negative controls of 3dpf larvae. (A-C) Fluorescent channels of the same no-probe
larval sample with only hairpins added. Non-specific signal was present only in the 546 nm
channel. (D) Merged fluorescent channels with DAPI nuclear stain overlay. Scale bar= 50pum.
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