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ABSTRACT

External environmental cues can have significant impacts on the timing and outcomes of animal development. For the swimming larvae of many marine invertebrates,
the presence of specific surface-bound bacteria are important cues that help larvae identify a suitable location on the sea floor for metamorphosis and adult life. While
metamorphosis in response to bacteria occurs in diverse animals from across the animal tree of life, we know little about the signal transduction cascades stimulated at
the onset of metamorphosis upon their interaction with bacteria. The metamorphosis of a model tubeworm, Hydroides elegans, is triggered by the bacterium Pseu-
doalteromonas luteoviolacea which produces a stimulatory protein called Mifl. In this work, we define three key nodes in a signaling cascade promoting Hydroides
metamorphosis in response to Mifl. Using metabolomic profiling, we find that the stimulation of Hydroides larvae by P. luteoviolacea leads to an increase in diac-
ylglycerol during the initiation of metamorphosis, and that Mifl is necessary for this upregulation. Genomic and pharmacological examination suggests that diac-
ylglycerol triggers a phosphotransferase signaling cascade involving Protein Kinase C (PKC) and Mitogen-Activated Protein Kinase (MAPK), to induce Hydroides
metamorphosis. Additionally, Mifl activates the expression of two nuclear hormone receptors, HeNHR1 and HeNHR2 in the cerebral ganglia of Hydroides larvae. Our

results define a post-translational signal transduction pathway mediating bacteria-stimulated metamorphosis in a model invertebrate animal.

1. Introduction

How a single-celled zygote develops into a multicellular organism has
fascinated scientists for centuries. While animal development was once
thought to occur in isolation of the environment, it is now becoming clear
that an animal's environmental context can dictate when, where, and
how an animal develops (Gilbert et al., 2015). A striking example of this
phenomenon is the induction of animal metamorphosis by bacteria
(Cavalcanti et al., 2020; Hadfield, 2011), wherein the free-swimming
larvae of many bottom-dwelling marine invertebrates use environ-
mental bacteria as an indicator of a preferable habitat before attaching to
the sea floor and undergoing metamorphosis (Hadfield et al., 2001).
Although the induction of metamorphosis by bacteria was first described
in the 1930s (Zobell and Allen, 1934), it remains unclear how animal
larvae sense and respond to bacterial cues to undergo this essential life
history transition.

Metamorphosis has been studied in detail in amphibians and insects,
where internal hormonal cues signal through nuclear hormone receptor
(NHR) transcription factors to orchestrate a prolonged, stage-specific,
developmental program based on a cascade of gene expression (Brown

and Cai, 2007; Hill et al., 2013; Lawrence et al., 1996; Tata, 1998). In
contrast, the free-swimming larvae of many bottom-dwelling marine
animals reach a metamorphic competence stage, where they possess the
developmental ability to undergo a rapid metamorphosis in response to
external cues (Hadfield et al., 2001). This rapid metamorphic transition
in response to external cues is thought to help the swimming animal
larvae identify a suitable location on the sea floor and transition quickly
for survival, growth and reproduction as a juvenile and adult (Hadfield,
2000).

Evidence suggests that the rapid metamorphic response of marine
animal larvae is initiated through post-translational signaling mecha-
nisms. In the tubeworm Hydroides elegans and the Bryozoan Bugula ner-
itina, metamorphosis can begin even in the presence of transcription and
translation inhibitors (Carpizo-ituarte and Hadfield, 2003; Thiyagarajan
et al., 2009). Comparative proteomics in B. neritina during meta-
morphosis identified a downregulation of two phosphorylated proteins:
the mitochondrial processing peptidase beta subunit, and the
calcium-dependent actin binding protein Severin, which suggests a role
for protein phosphorylation and not de novo protein synthesis during
metamorphosis initiation (Wong et al., 2010). These studies suggest that
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the machinery required for the initiation of metamorphosis is present
once the larvae reach competency.

A number of conserved post-translational signaling systems have been
shown to be involved in orchestrating metamorphosis in marine in-
vertebrates. These systems include the cyclic adenosine monophosphate
(cAMP) second messengers (Bryan et al., 1997; Liang et al., 2018; Strader
et al., 2018), the neurotransmitters serotonin and nitric oxide (NO) (Leise
et al., 2001; Li, 2011), alterations in membrane potential (Biggers and
Laufer, 1999; Carpizo-Ituarte and Hadfield, 1998; Leitz and Klingmann,
1990; Pearce and Scheibling, 1994; Yool et al., 1986), Mitogen Activated
Protein Kinase (MAPK) signaling (Chambon et al., 2007; Shikuma et al.,
2016), and the Protein Kinase C (PKC) signaling pathway (Amador-Cano
et al., 2006; Biggers and Laufer, 1999; Henningi et al., 1998; Leitz and
Klingmann, 1990; Yamamoto et al., 1995). The PKC pathway has been
identified within representatives of many major animal phyla, including
Hyractinia echinata, Mitrocomella polydiademata and Red Sea coral plan-
ulae (Cnidaria), Capitella sp. 1 (Annelida), the barnacle Balanus Amphitrite
(Arthropoda) and the sea urchin Strongylocentrotus purpuratus (Echino-
dermata) (Amador-Cano et al., 2006; Biggers and Laufer, 1999; Freeman
and Ridgway, 1990; Henningi et al., 1998; Leitz and Klingmann, 1990;
Yamamoto et al., 1995). Of the above-mentioned signaling systems, PKC
was activated in response to bacteria in the hydrozoans Hydractinia
echinata and Phialidium gregarium (McCauley, 1997; Schneider and Leitz,
1994), while serotonin, membrane potential and MAPK have been
implicated in mediating metamorphosis in response to bacteria in the
annelid, Hydroides elegans (Carpizo-Ituarte and Hadfield, 1998; Nedved,
2010; Shikuma et al., 2016).

To investigate the animal signaling systems mediating meta-
morphosis in response to bacteria, we study the metamorphosis of the
marine biofouling tubeworm Hydroides elegans (hereafter, Hydroides)
(Nedved and Hadfield, 2009). Hydroides was shown previously to un-
dergo metamorphosis in response to a marine bacterium Pseudoalter-
omonas luteoviolacea, providing a model system to better understand the
modes by which bacteria promote animal development (Huang and
Hadfield, 2003; Huang et al., 2012; Shikuma, 2021). To induce Hydroides
metamorphosis, P. luteoviolacea produces an array of bacteriophage
tail-like particles called Metamorphosis Associated Contractile structures
(MACs) that are necessary for the bacterium to stimulate metamorphosis
(Shikuma et al., 2014, 2016). MACs carry a protein effector called
Metamorphosis inducing factor 1 (Mifl) that is required for MACs to
induce Hydroides metamorphosis (Ericson et al., 2019). Upon stimulation
by MACs, we found previously that the inhibition of either the p38
Mitogen Activated Protein Kinase (p38 MAPK) or c-Jun N-terminal Ki-
nase (JNK) MAPK pathways are critical for Hydroides metamorphosis
(Shikuma et al., 2016). However, the other signal transduction events
that occur upon the stimulation of Hydroides metamorphosis by MACs
and the effector Mifl remain mysterious.

In this study, we hypothesized that post-translational signal trans-
duction contributes to the orchestration of metamorphosis of Hydroides in
response to the bacterial protein Mifl. We therefore leverage compara-
tive metabolomics to identify metabolites that are differentially pro-
duced during bacteria-stimulated metamorphosis. Our approach utilized
mutants of P. luteoviolacea that lack an essential component of MACs or
the effector Mifl to identify changes in lipid second messengers. From
these analyses, we demonstrate that MACs and Mifl stimulate three key
nodes of post-translational signaling. Mifl promotes diacylglycerol
(DAG) production in Hydroides, and we demonstrate that DAG alone is
sufficient to induce metamorphosis. Mifl promotes PKC and MAPK
signaling, which upregulates the production of two nuclear hormone
receptor genes.

2. Results and discussion
P. luteoviolacea Mif1 promotes broad changes in the lipid profile

of tubeworm larvae, including the production of diacylglycerol. To
identify the signaling pathways in Hydroides that are initiated by MACs
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and Mifl, tubeworm larvae were exposed to MACs extracts from
P. luteoviolacea wild type or mutants for 1 h to induce a response, as
observed previously (Shikuma et al., 2014). We employed a previously
developed protocol to isolate MACs from P. luteoviolacea cells, which has
been shown to strongly induce Hydroides metamorphosis (Ericson et al.,
2019; Shikuma et al., 2014). Larvae were then subjected to total lipid
extraction; samples were analyzed by high performance reverse phase
liquid chromatography-quadrupole time of flight mass spectrometry
(LC-QTOF-MS) and data were analyzed by comparative metabolomics
using XCMS (Fig. 1A). To determine the effect of MACs and Mifl on the
Hydroides larvae, we compared the total lipid profile of Hydroides larvae
when exposed to (1) MACs extraction buffer alone, (2) MACs extract from
wild type P. luteoviolacea, or MACs extract from two mutant
P. luteoviolacea strains: (3) a strain AmacB that lacks the baseplate gene
and does not form functional MACs or (4) a strain Amif1 that forms intact
MAGCs but lacks the Mifl effector required for metamorphosis (Ericson
et al., 2019; Shikuma et al., 2014). From these analyses, we identified a
total of 7683 unique metabolic features identified by m/z ratio.

When we performed comparative metabolomics in a multiple group
comparison of all four treatments, we identified 41 differentially regu-
lated lipid products (plotted based on retention time, intensity and sorted
by significance (p-value)). XCMS analysis is a preprocessing method that
sorts molecules based on a univariate analysis of variance by one-way
ANOVA based on relative intensities to identify differentially regulated
metabolites vs the baseline mean, and then sorts them based on p-value
(Gowda et al., 2014). Forty one significantly dysregulated lipids (p-value
<0.01) were visualized as a cloud plot based on their retention time
(relative hydrophobicity), intensity (relative abundance), m/z value
(mass to charge ratio) and p-value (significant difference) (Fig. 1B and
Table S1). Many significantly dysregulated products were identified as
small hydrophobic peptides (e.g. Asp, Ile, Asn, and Pro) with a short
retention time, eluting before the more hydrophobic lipid products
(Table S1). Additionally, we found compounds which had both m/z and
retention times consistent with the general membrane components
including phosphatidylcholine (PC), phosphatidyl serine (PS), and
phosphatidyl ethanolamine (PE). While PC, PS and PE were identified as
dysregulated, these components only increased in the Amifl mutant,
perhaps in response to sensing the bacterial products. Although this was
intriguing, we did not attribute these changes to the signaling required to
induce metamorphosis, as MACs lacking Mifl (Amifl) do not induce
metamorphosis (Ericson et al., 2019). We did, however, identify an in-
crease of compounds consistent with the class of lipids phosphatidyl-
choline (PC) and phosphatidylethanolamine (PE) in the wild type
condition. It is unclear whether these lipids play a role in the signaling of
metamorphosis induction or are perhaps upregulated to support mem-
brane breakdown and/or restructuring during metamorphosis.

Two species of diacylglycerol (DAG, m/z 654.5051, m/z 639.4936)
were identified in the multigroup comparison based on the m/z ratio and
a retention time and were of particular interest because of their known
role as signaling lipids in eukaryotes (Fig. 1B inset b and 1C). The
identified diacylglycerols were upregulated when wild type MACs were
added to Hydroides larvae and metamorphosis had been initiated
compared to treatments where extraction buffer, or MACs from AmacB or
Amif] were added to larvae and they did not undergo metamorphosis.

Diacylglycerols have previously been characterized as signaling lipids
and can be found in all eukaryotes. DAG is responsible for recruiting the
cysteine rich C1 domain containing proteins to the membrane and can
subsequently activate specific enzymatic functions (Nishizuka, 1992).
DAG is canonically produced when a phospholipase C type lipase binds to
the membrane and cleaves between the phosphate and the headgroup,
leaving behind the glycerol backbone with the two acyl chains (Titball,
1993). Consistent with our observation, previous studies in the
Cnidarian, H. echinata, showed that DAG was sufficient to stimulate
metamorphosis (Leitz and Miiller, 1987; Nishizuka, 1995). The C1
binding domain was first discovered in PKC isoforms and has since been
identified in many other proteins such as Chimerins, DAG kinases, PKD,
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Fig. 1. Lipidomics of Hydroides elegans metamorphosis in response to MACs and the role of DAG in metamorphosis initiation. (A) Experimental design
showing Hydroides larvae treated with extraction buffer, wild type MACs extract, AmacB MACs extract or Amif1 MACs extract for 1 h before total lipids were removed
by chloroform/methanol extraction, lipidomic analyses and data analyses using XCMS. (B) A cloud plot shows all significant features identified by univariate t-test (p
< 0.01), with more significant features in darker blue and relative intensity indicated by circle size. (b) The inset represents the relative intensity of two DAG
molecules across the varying conditions as displayed on the cloud plot. The y-axis represents mass to charge of individually identified compounds, and x-axis rep-
resents relative hydrophobicity as the retention time. (C) Relative intensity of signal from two diacylglycerols (m/z = 639.4936) and (m/z = 654.5051) after treatment
with extraction buffer, wild type MACs extract, AmacB MACs extract or Amifl MACs extract. Metabolomics data are represented as the mean signal intensity + SD of n
= 6 biological replicates. P-values by one-way ANOVA and Tukey's multiple comparison test between WT MACs and buffer, AmacB, or Amifl were p-value = 0.0705,
0.0626, and 0.1629 respectively for DAG m/z = 639.4936 and p-value of 0.0006, 0.0004, and 0.0004 for DAG m/z 654.5051. (D) Metamorphosis assay with Hydroides
larvae in Artificial Seawater (ASW), 1:1,000 acetonitrile solvent control, 100 pM 1,2-dioctanoyl-sn-glycerol (DAG), or 1:50 dilution of MACs extract. Data are rep-
resented as the mean + SD of 4 biological replicates. (E) Metamorphosis assay with competent larvae soaked in increasing concentrations of 1,2-dioctanoyl-sn-glycerol
(DAG) and assessed for metamorphosis after 24 h 1,2-dioctanoyl-sn-glycerol showed an EC50 of 3.156 x 10~® M. Data show a total of 3 biological replicates (n = 3),
where larvae were derived from different male and female individuals; each biological replicate was averaged from 3 technical replicates and plotted as a single point.
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RasGRPs and Muncl3s (Brose and Rosenmund, 2002). PKC has been
shown to be important for mediating signal transduction during meta-
morphosis in other marine invertebrates such as H. echinata and the
Annelid Capitella sp. 1 (Biggers and Laufer, 1999; Leitz and Wagner,
1993). Based on our observation that m/z 654.5051 and m/z 639.4936
DAG concentrations were greater in larvae treated with MACs from WT
when compared to other treatments and the prior literature connecting
DAG with metamorphosis in other animals, we investigated the role of
the PKC pathway and its importance for bacteria-stimulated meta-
morphosis in Hydroides.

2.1. The lipid second messenger diacylglycerol stimulates hydroides
metamorphosis

To further ascertain the potential role of DAG in the metamorphosis
signaling pathway, we tested whether DAG alone is sufficient to induce
metamorphosis by exogenously adding 1,2-dioctanoyl-sn-glycerol (a
putative PKC activator) to Hydroides larvae. We chose a form of DAG
possessing short 8 carbon acyl chains to promote its solubility in
seawater. Adding 1,2-dioctanoyl-sn-glycerol to competent Hydroides
larvae was sufficient to induce metamorphosis when compared to the
solvent controls (Fig. 1D). To determine the sensitivity of larvae to 1,2-
dioctanoyl-sn-glycerol a dose-response curve showed that Hydroides re-
sponds to 1,2-dioctanoyl-sn-glycerol with an EC50 of 3.156 pM
(log(3.156 x 10_6) = —5.501) (Fig. 1E). These data show that DAG
stimulates metamorphosis in Hydroides at comparable levels to
P. luteoviolacea MACs and Mifl. Our results are congruent with previous
finding in H. echinata where DAG has been shown to stimulate meta-
morphosis with similar effective concentrations ranging from 5 pM to
100 pM (Leitz and Miiller, 1987).

Hydroides possesses a conserved PKC signaling pathway. DAG
signals through several proteins with DAG-binding C1 domains,
including PKC. Because PKC signaling has been shown to be important
for mediating the metamorphosis in diverse marine animals, we focused
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our investigation on the stimulation of PKC by DAG in Hydroides. In
humans, PKC signaling output is heavily determined by cell type and cell
lineage, and different cell types are capable of divergent downstream
signaling resultant from the same initial stimulus. There are ten isoforms
of PKC in humans (nine not including splice variants), each thought to
regulate some distinct, and some overlapping signals (Black and Black,
2012).

To identify PKC isoforms in Hydroides and their expression prior to
metamorphosis, we searched the sequenced Hydroides genome (Shikuma
et al,, 2016) with each of the known human PKC isoforms. Using
PSI-BLAST, we identified seven genes encoding proteins with a PKC ki-
nase domain (Fig. 2, Table 1). We used a hidden Markov model domain
search (HMMER) to identify the following domains within each putative
PKC ortholog; the C2 Ca’* binding domain, the PB1 domain, the C1
DAG/phorbol ester binding domain, a ser/thr protein kinase domain, and
the PKC terminal domain (Finn et al., 2011) (Fig. 2, Table S2). A
maximum likelihood phylogenetic analysis showed that three Hydroides
PKC genes cluster with the Ca?-independent novel human PKC isoforms
(Fig. 2). Of the Hydroides genes that cluster with PKC isoforms,
XLOC_080992 (hereafter HePKC1) clusters with the novel PKC genes
theta and delta isoforms, while XLOC_012419 (hereafter HePKC2) and
XLOC_026127/XLOC_043332 (hereafter HePKC3) cluster with the novel
PKC genes eta and epsilon isoforms. Four of the Hydroides genes clustered
separately from the human PKC isoforms, potentially indicating they are
paralogs and may possess an alternative function not relating to PKC.
None of the Hydroides genes cluster with the conventional PKC genes and,
even though the HePKC1 gene possesses the C2 Ca®* binding domain, the
architecture of the gene is more similar to that of the Ca?* independent
PKC types theta and delta isoforms. When we searched the Hydroides
transcriptome during the competent stage and a timepoint 30-min after
the stimulation of metamorphosis by MACs (Shikuma et al., 2016), we
found that all isoforms were expressed in the competent larvae (Table 1).
Three isoforms increased their expression post induction and four
decreased their expression.

Fig. 2. The Hydroides genome pos-
sesses 3 PKC isoforms or homologs.
Seven Hydroides PKC isoforms or homo-
logs are represented by a maximum

likelihood phylogeny created using a
Mafft e-ins-i alignment and PhyML and
supported with 100 bootstraps, with
nine human PKC isoforms: sp|Q02156|
KPCE_HUMAN,  sp|Q05513|KPCZ HU-
MAN, sp|P41743|KPCI. HUMAN, sp|
P24723|KPCL_ HUMAN, sp|P17252|
KPCA_ HUMAN, sp|P05129|KPCG_HU-
MAN, sp|P05771|KPCB_HUMAN, sp|
Q04759|KPCT_ HUMAN,  sp|Q05655|
KPCD_HUMAN. The human PKC genes
are color coordinated based on class
(conventional, novel, or atypical). All
PKC-associated protein domains identi-
fied by Pfam and/or Gene3d are dis-
played beside each branch and color

—

—

XLOC_091043 — coordinated with accordance to the
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Table 1

Developmental Biology 487 (2022) 99-109

Homology and expression of Hydroides PKC and NHR proteins. Genes identified as PKC or NHR gene isoforms or homologs were identified using PSI-BLAST to
identify the closest human or animal homolog or until convergence in which case the top hit is represented. RNA seq Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) was identified for larvae at competency (6 days post fertilization) or larvae 30 min post-induction of metamorphosis with P. luteoviolacea from

previously published data (Shikuma et al., 2016).

Gene ID Psi-blast Species Name Query E-value % Competent larvae 30 min Post- Induction
Gene Identification cover Identity FPKM FPKM
XLOC_080992 HePKC1 Protein Kinase C delta a isoform X2~ Megalops 99% 0 51.65% 1.37262 1.51084
cyprinoides
XLOC_012419 Protein Kinase C epsilon type Homo sapiens 56% 0 77.22% 1.20571 1.12477
HePKC2
XLOC_026127/ Protein Kinase C epsilon type Homo sapiens 74% 0 62.89% 4.17854 4.9028
XLOC_043332
HePKC3
XLOC_064437 Protein Kinase C epsilon type Homo sapiens 73% 0 22.72% 0.0518709 0.0313017
XLOC_091043 Protein Kinase C delta-type Homo sapiens 77% 0 23.81% 2.04218 1.6393
XLOC_083546/ Protein Kinase C delta-type Homo sapiens 53% 2.00E- 33.77% 0.0620922 0.0159114
XLOC_137410 48
XLOC_037648 Protein Kinase C delta type Myripristis 94% 0 27.91% 1.29021 1.43314
murdjan
XLOC_089429 Ecdysone-induced protein Photinus pyralis 75% 0 21.63% 5.4852 22.6351
HeNHR1
XLOC_109682 Peroxisome proliferator-activated Thunnus maccovii 73% 0 22.83% 4.59586 17.6312
HeNHR2 receptor

Two PKC inhibitors abrogate Hydroides metamorphosis in
response to MACs and Mifl. Classical and novel PKC proteins are in the
cell cytosol and recruited to the membrane by the presence of DAG. Once
activated, they release their pseudo-substrate, a portion of the protein
which blocks the active site, and then phosphorylate downstream
signaling molecules via ATP cleavage (Nishizuka, 1995). To test whether
PKC is important in bacteria-stimulated metamorphosis, we examined
the ability of two PKC inhibitors to block Hydroides metamorphosis in
response to P. luteoviolacea MACs and Mifl. The first, Ro 32-0432 is a
potent active site competitive inhibitor that is highly selective for PKC
type kinases and with low affinity for non-PKC kinases (Wu-Zhang and
Newton, 2013). Ro 32-0432 exhibits a IC50 of 9-37 nM and 108 nM for
conventional PKCs and PKC epsilon, respectively (Fabre et al., 1993;
Wilkinson et al., 1993). Although less potent, the second inhibitor
bisindolylmaleimide IV (Bis IV) is an allosteric uncompetitive inhibitor
that shows a high selectivity for PKC over other kinases (IC50 of 0.55 pM)
(Davis et al., 1992; Wu-Zhang and Newton, 2013).

To test Ro 32-0432 and Bis IV on PKC in Hydroides, we pre-incubated
competent larvae with each inhibitor for 60 min and subsequently
exposed the larvae to MACs extracts from P. luteoviolacea. We found that
Ro 32-0432 inhibited metamorphosis in the presence of MACs in a dose-
dependent manner with an IC50 of 235 nM (log(2.35 x 1077) = —6.627)
(Fig. 3A and B) and Bis IV inhibited with an IC50 concentration of 1.259
pM (log (1.259 x 107% = —5.900) (Fig. 3A and C). We also tested
whether each inhibitor blocked metamorphosis in the presence of DAG as
the initiator of metamorphosis. We found that both Ro 32-0432 and Bis
IV were capable of inhibiting metamorphosis stimulated by either DAG or
MACs (Fig. 3A and D). While it is unclear whether Ro 32-0432 and Bis IV
PKC inhibitors block metamorphosis strictly by inhibiting PKC activity,
our data show that metamorphosis stimulated by either DAG or MACs is
blocked by Ro 32-0432 and Bis IV PKC inhibitors.

We cannot rule out the possibility that Ro 32-0432 and/or Bis IV
inhibit other proteins or processes besides the PKC pathway, leading to
the inhibition of Hydroides metamorphosis in response to Mifl. In a
screen of 300 kinases, Ro 32-0432 and Bis IV inhibited 9 and 4 non-PKC
kinases by more than 80%, respectively (Anastassiadis et al., 2011). In
addition to PKCs, Bis IV also inhibits Protein Kinase A at a higher con-
centration (IC50 of 11.8 uM) (Davis et al., 1992). Both Ro 32-0432 and
Bis IV strongly inhibit Ribosomal protein S6 Kinase alpha-2 (RSK3) and
Ro 32-0432 also inhibits other genes in the RSK family, likely because
the N-terminal kinase domain is part of the AGC family of kinases, which
include PKC's kinase domain (Anastassiadis et al., 2011). RSK kinases are
downstream of ERK1/2 and p38 (Anjum and Blenis, 2008), and because

ERK1/2 and p38 MAPKs are implicated in Hydroides metamorphosis
(Shikuma et al., 2016), it is plausible that Ro 32-0432 and/or Bis IV
inhibits metamorphosis through RSK. Other kinases that are inhibited by
both Bis IV and Ro 32-0432 are the Glycogen Synthase Kinase-3 (GSK-3)
o and p isoforms (Anastassiadis et al., 2011). GSK-3 is known to modulate
diverse processes including growth, differentiation and apoptosis in
human cells (Patel and Woodgett, 2017). These processes are all critical
for metamorphosis, although it is unknown whether and/or how inhi-
bition of GSK-3 could block metamorphosis in Hydroides. In humans the
inhibitor Ro 32-0432 and Bis VIII (the same class of compounds as Bis IV)
have been shown to promote the phosphorylation of p38 and JNK MAPK
proteins (Kamiguti et al., 2003; Ohtsuka and Zhou, 2002) and commer-
cial phospho-antibodies to p38 and JNK MAPK cross-react with Hydroides
homologs (Shikuma et al., 2016). When Hydroides larvae were exposed to
Bis IV we observed that p38 and JNK total protein and protein phos-
phorylation increased (Fig. S1A), while exposure to Ro 32-0432
marginally increased p38 phosphorylation (Fig. S1B). These results are
consistent with the effects of Ro 32-0432 and Bis VIII on p38 and JNK
MAPK phosphorylation responses in human cell lines.

Our observation that PKC inhibitors block Hydroides metamorphosis
are consistent with other studies implicating PKC in the metamorphosis
of other marine invertebrates. Larvae of the Annelid, Capitella sp. 1,
undergo metamorphosis in response to arachidonic acid and the known
morphogen, juvenile hormone (JH), a hormone which stimulates the PKC
pathway in insects (Biggers and Laufer, 1996, 1999; Liu et al., 2015).
Additionally, diacylglycerol promotes the metamorphosis of the
Cnidarian, Hydractinia echinata, and metamorphosis is inhibited by a
kinase inhibitor, staurosporine, which inactivates the PKC pathway (Leitz
and Klingmann, 1990). In the Cnidarian, Cassiopea andromeda, Thieme
et al. use the inhibitor Ro 32-0432 to implicate PKC in head morpho-
genesis from larvae-like buds (Thieme and Hofmann, 2003). Meta-
morphosis in insects, which are not known to require an external cue to
undergo metamorphosis, also utilize PKC signaling in regulating meta-
morphosis. The mosquito Aedes aegypti utilizes the metamorphosis
regulating chemical juvenile hormone-III to stimulate PKC via the
phospholipase C pathway (Liu et al., 2015). With the addition of the data
presented here, we can hypothesize that PKC has been adapted by
Hydroides as a signaling pathway used to respond to bacteria and stim-
ulate metamorphosis.

MACs stimulate the expression and localization of two nuclear
hormone receptor genes. Nuclear hormone receptors play key roles in
regulating gene expression in response to hormonal signals during
metamorphosis in insects and amphibians, and PKC has been shown
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Fig. 3. Hydroides requires PKC and MAPK

+ + signaling to undergo metamorphosis in response
- - to Mifl and DAG. (A) Treatment combinations and
+ - representative images of larvae after 24 h of treatment
- + with each condition, the IC50 was used for inhibitors

and 100 pM DAG was used to strongly stimulate
metamorphosis. (B and C) Hydroides metamorphosis
in response to MACs, with a 1-h pre-treatment of
increasing concentrations of the PKC inhibitors Ro
32-0432 IC50 = 235 nM (B), or bisindolylmaleimide
IV (Bis IV) IC50 = 1.259 pM (C). Data points indicate
individual biological replicates (n = 3). Each biolog-
ical replicate plotted is the average of 4 technical

replicates, where larvae from each replicate were
derived from different male and female individuals.
(D) Metamorphosis assay with wild type MACs or 1,2-
dioctanoyl-sn-glycerol (DAG) as the larvae inducer and
1-h pre-treatment with PKC inhibitors. (E) Meta-
morphosis assay with MAPK inhibitors in the presence
of 1,2-dioctanoyl-sn-glycerol. Data are presented as
mean of 3 biological replicates, where larvae from
each replicate were derived from different male and
female individuals, with error bars indicating standard
deviation. Significance was determined by a one-way
ANOVA with Tukey's multiple comparisons test.
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previously to regulate nuclear hormone receptor activity and/or
expression during metamorphosis (Laudet, 2011; Riddiford et al., 2003).
For example, in the insects Helicoverpa armigera and Drosophila mela-
nogaster, PKC phosphorylates the ecdysone receptor (EcR), modulating
EcR activity during metamorphosis (Chen et al., 2017; Sun et al., 2007).
Additionally, EcR expression has been shown to be localized to the brain
during silk moth metamorphosis (Hossain et al., 2006). We therefore
hypothesized that Hydroides possesses one or more nuclear hormone
receptors that are regulated by PKC in the larval brain, and that Ro
32-0432 and Bis IV would inhibit this regulation.

We identified two putative nuclear hormone receptors in Hydroides
located on different genomic contigs (hereafter, HENHR1 and HeNHR2)
that were upregulated 4.09 fold and 4.15 fold 30-min after bacteria-
stimulated metamorphosis, respectively (Table 1) (Shikuma et al,
2016). Both HeNHR1 and HeNHR2 contain the putative Zinc finger C4
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type domain (e-value 7.5e-26 and 7.5e-26, respectively) and the ligand
binding domain of nuclear hormone receptors (e-value 1.8e-15 and
1.8e-15, respectively) (Fig. 4A), and both domains together are indicative
of nuclear hormone receptor transcription factors.

To observe the expression and localization of HeNHR1 and HeNHR2
transcripts within Hydroides larvae with or without MACs and PKC in-
hibitors Ro 32-0432 and Bis IV, we performed Whole Mount In Situ
Hybridization (WMISH). To this end, seven-day old larvae were treated
for 1 h with 1 pM Ro 32-0432, 10 pM Bis IV or DMSO solvent control and
then subjected to WT MACs or buffer for 1 h prior to fixation. WMISH
using HeNHR1 and HeNHR2-specific probes were stained for an equiv-
alent time between compared groups (Buffer, MACs, MACs with Ro
32-0432, and MACs with Bisindolylmaleimide IV). In larvae treated with
MACs, HeNHR1 and HeNHR2 staining occurred in the larval cerebral
ganglia (Figs. 4C, 4G, S2C and S2D), while buffer-treated larvae did not
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A Fig. 4. Mifl induces HeNHR1 and
HeNHR1 m— ) —D= Zinc finger C4-type HeNHR2 expression through PKC
—— @ @ . . . . s1gnal.mg. (A) Domain architecture of

HeNHR2 NH Ilgand blndlng domain Hydroides Nuclear Hormone Receptors,
HeNHR1 and HeNHR2 (B-K) Competent

larvae were pretreated for 1 h with 1 yM

Buffer + + + + Ro 32-0432 or 10 pM bisindolylmalei-

mide IV or solvent, and then subse-

WT MACs B * * * quently exposed to WT MACs to induce
Ro 32-0432 - b + b metamorphosis for an additional hour.
Bis IV - - - + The larvae were then probed with

Probe HeNHR1

Probe HeNHR2

Digoxigenin-11-UTP labeled RNA for
nuclear hormone receptors HeNHR1 (B-
E) and HeNHR2 (F-I), beta tubulin (J) or
a negative control (K) and visualized by
NBT/BCIP staining. Anatomical struc-
tures indicated, (ASO) apical sensory
organ, (CG) cerebral ganglia, and (Pro)
prototroch. An image of a live larva is
shown for reference (L). Representative
images are shown from three biological
replicates (See Fig. S2 for representative
images from each biological replicate).

Probe Beta Tubulin
Probe negative control

show localization or high expression of either nuclear hormone receptor
in the same anatomical location (Figs. 4B, 4F, S2A and S2B). When the
larvae were treated with either Ro 32-0432 or Bis IV before subjection to
MACGCs, the larvae did not show localization or upregulation of HeNHR1
and HeNHR2 to the cerebral ganglia (Fig. 4D, E, 4H, 41, and S2E-H). Our
results show that Hydroides upregulates two nuclear hormone receptors
in the cerebral ganglia during metamorphosis, resembling the regulation
of EcR during insect metamorphosis. Further, our results show that Ro
32-0432 and Bis IV inhibitors block HeNHR1 and HeNHR2 localization
or upregulation. The full characterization of HeNHR1 and HeNHR2 and
their role of in Hydroides metamorphosis will be the subject of a future
work.

PKC has been proposed previously to act as a node in a multi-step
signal transduction process during bacteria-stimulated metamorphosis
in the hydrozoan Phialidium gregarium (McCauley, 1997). In the proposed
model, serotonin (5-HT) is released by producing cells, which binds
nearby cells causing membrane depolarization and Ca2+ influx, acti-
vating PKC signaling and subsequent metamorphic events. The proposed
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model of 5-HT action was suggested to be different in Hydroides (Nedved,
2010), in part, because the known PKC activator, 12-O-Tetradecanoyl-
phorbol-13-Acetate (TPA), a phorbol ester, was insufficient to stimulate
Hydroides metamorphosis (Holm et al., 1998). It is unclear why 1,2-dio-
ctanoyl-sn-glycerol stimulates metamorphosis in Hydroides (Fig. 1D),
while TPA does not. However, it has been proposed that the activation of
PKC by DAG and TPA is not equivalent (Slater et al., 1996), and the
pathways stimulated by TPA in Hydroides might differ from those of
activated by DAG, as seen by our data. Our observation that HeNHR1/2
are expressed in the larval cerebral ganglia is consistent with a model
where 5-HT positive cells activate PKC and HeNHR1/2 expression during
Hydroides metamorphosis.

MAGCs and Mifl activate Hydroides metamorphosis through DAG
production, PKC and MAPK. We previously reported that the p38 and
JNK MAPKs are required for the stimulation of Hydroides metamorphosis
by MACs (Shikuma et al., 2016). To further define the signaling pathway
involving DAG during the metamorphosis of Hydroides, we pre-exposed
larvae to the p38 inhibitor SB203580 or the JNK inhibitor SP600125,
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at the same effective concentrations established previously, 10 pM and
2.5 pM, respectively (Shikuma et al., 2016), and stimulated meta-
morphosis using DAG (Fig. 3D). We found that DAG is unable to stimulate
metamorphosis when larvae are exposed to either SB203580 or
SP600125 MAPK inhibitors. These data suggest that MAPK signaling is
downstream of DAG signaling during Hydroides metamorphosis and
suggest that both the PKC and MAPK pathways are required for
metamorphosis.

There are discernible parallels between bacteria-stimulated meta-
morphosis in Hydroides and other PKC-, MAPK- and nuclear hormone
receptor-mediated host-microbe interactions in other model organisms.
For example, PKC delta and p38 MAPK were shown previously to regu-
late innate immunity in the roundworm Caenorhabditis elegans, by
mediating the production of antimicrobial peptides in response to a
fungal pathogen (Ziegler et al., 2009). These innate immune responses
allowed for non-redundant signaling of another PKC isozyme and release
of an antimicrobial peptide. PKC control of the MAPK pathway has very
dramatic implications for the response of the cell to a given stimulus from
simple heat shock response in Saccharomyces cerevisiae, and to the control
of mechanosensory response in C. elegans (Hyde et al., 2011; Kamada
etal., 1995). In C. elegans, the nuclear hormone receptor NHR-86 and p38
MAPK drive immune effector gene expression that provide protection
against Pseudomonas aeruginosa (Peterson et al., 2019). In Drosophila,
juvenile hormone and the ecdysone receptor (EcR), which play key roles
in metamorphosis, have also been shown to induce and potentiate anti-
microbial peptide gene expression (Flatt et al., 2008). Our future work
into the function(s) of Mifl that stimulate metamorphosis may provide
insight into how P. luteoviolacea stimulates DAG production, and
PKC/MAPK/NHR signal transduction. Understanding the cell signaling
pathways that are regulated by P. luteoviolacea and its Mif1 effector in-
forms our growing understanding of how bacteria can promote devel-
opment in eukaryotic organisms.

Conclusion. Diacylglycerol, PKC and MAPK are highly conserved
signaling systems found in diverse metazoans. The present work defines a
working model of how P. luteoviolacea stimulates Hydroides meta-
morphosis. In this model pathway, MACs and Mifl produced by bacteria
stimulate an increase in DAG. DAG then signals the downstream path-
ways of PKC and MAPK signaling and activates the expression of two
nuclear hormone receptors, HeNHR1 and HeNHR2 to promote meta-
morphosis. Defining these cascades are important for understanding
bacteria-stimulated metamorphosis in Hydroides and provides a step to-
ward our broader understanding of how bacteria promote animal
development. Defining the signaling systems responsible for meta-
morphosis in Hydroides provides insight that may inform efforts to pro-
mote ecosystem remediation or antifouling technologies.

3. Materials and methods

Hydroides Collection and Maintenance. Specimens of Hydroides
elegans were collected from Quivira Basin, San Diego, CA and propagated
as described previously (Shikuma et al., 2014). Briefly, gametes were
harvested from adult animals. Fertilized embryos were mixed and moved
to a 1 L beaker containing 0.45 pm filtered artificial seawater with Iso-
chrysis algae (6 x 10* cells/mL). On the second day, larvae were diluted
to 5 larvae/mL. Water changes were performed, and new algae was
added daily until reaching competence (6-8 days).

Production of MACs Extract. Purification of MACs was carried out
as previously described (Rocchi et al., 2019). Briefly, from frozen stock,
Pseudoalteromonas luteoviolacea HI1 and genetic derivatives were struck
out to single colonies on to Sea Water Tryptone (SWT) media (35.9 g/L
Instant Ocean, 2.5 g/L tryptone, 1.5 g/L yeast extract, 1.5 mL/L glycerol,
15 g/L agar for solid media) and grown overnight at 30 °C. A single
colony was inoculated into 5 mL SWT culture and grown overnight at 30
°C, 200 rpm. The overnight culture was inoculated at 1:100 into a 50 mL
flask and grown for 10 h at 30 °C, 200 rpm. The 50 mL overnight culture
was then centrifuged at 4,800 rcf for 20 min at 4 °C. The supernatant was
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removed, and the pellet was gently suspended in 5 mL of extraction
buffer (20 mM Tris Base, 1 M NaCl, pH 7.5) with aid of a serological
pipette. The suspended pellet was then centrifuged again at 4,800 rcf for
20 min at 4 °C. The supernatant was then removed and again centrifuged
at 4,800 rcf for 20 min at 4 °C to remove any remaining cells. After
centrifugation only the top 3 mL of supernatant was removed. MAC
extract up to 2 days old was used for metamorphosis assays.

Metamorphic induction of larvae and extraction of total lipids.
Larvae were grown for 7 days until reaching competency, as described
above. Larvae were then exposed to extraction buffer (20 mM Tris, 1M
NacCl, pH 7.5), or extracted MACs from P. luteoviolacea wild type, AmacB
or Amifl. The larvae were incubated with the MACs or buffer control at a
1:50 concentration for 1 h. After incubation, larvae were then subjected
to lipid extraction following the previously established Bligh Dyer pro-
tocol (Bligh and Dyer, 1959). In brief, ASW was removed and the larvae
were resuspended in 300 pL of 1:2 mixture of chloroform:methanol and
vortexed vigorously for 2 min. An additional 100 pL of chloroform was
added and the sample vortexed for another 30 sec. 100 pL of water was
then added to separate the organic and aqueous layers and briefly vor-
texed. The sample was then centrifuged at >10,000 G for 10 min to
further clarify the layers. The aqueous phase was then subject to UV 280
nm protein concentration analysis to determine relative quantities of
larval protein extract and to normalize the total lipid concentrations. The
chloroform phase was removed and dried under nitrogen stream. Sam-
ples were resuspended with 100% acetonitrile normalized by protein
concentration to a total concentration of 4.94 mg/mL. The sample was
resuspended via repeated water bath sonication for 5 min and vortexing
for 30 s totaling 5 times.

Metabolomics analyses of Hydroides larvae exposed to MACs.
Untargeted LCMS analyses were performed on the tubeworm extracts
using a Bruker Elute UHPLC coupled with an Impact II QTOF mass
spectrometer. The first analysis was performed on a 2 mm Dacapo DX-
C18 column (Imtakt, Portland OR, USA) in reverse phase. A gradient
elution was used from 40% channel A (0.1% formic acid in 98% water
and 2% acetonitrile) to 100% channel B (0.1% formic acid in 98%
acetonitrile and 2% water) over 22 min with a hold of 100% channel B
over 10 min using a flow rate of 200 pL/min and a 5 pL injection volume.
The mass spectrometer was operated in positive mode using a mass range
of 50-1000 m/z at a scan rate of 8 Hz. The end plate offset was set to
500V, the capillary voltage was set to 4200 V with nebulizer gas pressure
set at 1.0 bar, the dry gas flow rate at 5.0 L/min and the dry gas tem-
perature at 250 °C. Ion funnels 1 and 2 were set to 200 and 400 V
respectively. The hexapole was set to 90 V. The quadrupole ion energy
was set to 3.0 eV and low mass set to 50 m/z. The collision cell collision
energy was set to 7 eV, and a pre-pulse storage time of 7.5 ps. Stepping
was used with the mode on basic, the always collision RF went from
900.0 to 2500.0 V with a transfer time from 27.0 to 90.0 ps and timing
from 10 to 90%. The MS/MS only collision energy went from 50 to 125%
and the timing went from 50 to 50%. The Scan mode was on MRM with
the number of precursors as 5. The threshold absolute threshold (per
1000 sum.) was 31 cts. Smart Exclusion with 5x. Active exclusion
excluded after 3 Spectra, released after 1.00 min, with a Reconsidered
Precursor, if the current intensity/previous intensity is at 5.0. Untargeted
data was analyzed using XCMS Online (Gowda et al., 2014), using a
multigroup job to identify lipid metabolites significantly different (p <
0.01, fold change >0.05) between larvae extracts exposed to buffer,
MACs extracted from P. luteoviolacea, wild type, AmacB and Amifl. The
data are publicly available at XCMS (https://xcmsonline.scripps.edu/la
nding_page.php?pgcontent=listPublicShares) public job id #1502723.

Identification of PKC homologs in the Hydroides genome. Seven
Hydroides PKC genes and gene homologs were found by BLASTn using the
ten known human PKC isoforms as queries against the translated genome
of Hydroides elegans (Shikuma et al., 2016). Once identified, the selected
genes and isoforms of those genes were then searched against the NCBI
non-redundant database using a PSI-BLAST and performing 5 iterations
with a E-value cutoff of 0.05 and 500 sequences per iteration (Schaffer
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et al., 2001). PKC proteins were searched for known domains by HMMER
biosequence analysis using hidden Markov models (Finn et al., 2011),
where significant hits to Pfam or Gene3d were identified (Table S2). A
maximum likelihood phylogeny was generated using the human PKC
isoforms and the seven identified Hydroides PKC genes. An alignment was
first performed using Mafft e-ins-i alignment with default parameters
(Katoh and Standley, 2013). Aligned amino acid sequences were used to
generate a maximum likelihood tree using PhyML through the ATGC
Montpellier Bioinformatics Platform (Guindon and Gascuel, 2003). The
Smart Model Selection (Guindon et al., 2010; Lefort et al., 2017) option
was used to calculate the best substitution model for the data, in which
LG + G + I + F was selected. The branches are supported by 100
resamples. A previously published transcriptome of Hydroides (Shikuma
et al., 2016) was mined to identify expression levels of larval transcripts
at 6 d and at 30 min post exposure to MACs (Table 1).

Hydroides metamorphosis assays. Competent Hydroides larvae were
concentrated to 40 larvae/mL and incubated for 1 h with penicillin and
streptomycin. The larvae and antibiotics were then transferred into 24-
well plates at 1 mL per well for a final concentration of ~40 larvae/
well. Inhibitors and activators used in this work include Ro 32-0432
hydrochloride, Tocris Bioscience, Cat# 1587. 1,2-Dioctanoyl-sn-glycerol,
Cayman Chemical, Cat# 62225. Bisindolylmaleimide IV, Cayman
Chemical, Cat # 13299. SB 203580 hydrochloride, Tocris Bioscience,
Cat# 1402. SP 600125, Sigma-Aldrich, Cat# w5567. Inhibitors were
dissolved in acetonitrile, or DMSO according to manufacturer recom-
mendation. All assays included the appropriate solvent controls for the
given inhibitor tested, solvent volume was equal across all inhibitor
concentrations and control wells. Inhibitors were added 1 h prior to
addition of either MACs or candidate inducers. The range of the con-
centration tested was determined by larval sensitivity and toxicity,
ranging from 100 nM to 100 pM. Larval metamorphosis was scored
visually 24 h after addition of MACs extracts or DAG. Metamorphosis was
scored as positive for larvae observed to possess an elongated body, loss
of cilia, formation of branchial rudiments and the formation of a
calcareous tube. Assays were performed with at least 3 biological repli-
cates (n = 3), where larvae were derived from different male and female
individuals.

Pretreatment of larvae for Western blot and whole mount in situ
hybridization. Larvae were first grown for 7 days following the collec-
tion and maintenance protocols. 1,000 larvae were then separated and
concentrated into 2 mL of artificial sea water. Larvae were then treated
with penicillin 100 pg/mL and streptomycin 100 pg/mL for 1 h. In-
hibitors Ro-32-0432 1 pM and Bis IV 10 pM and solvent controls (ACN/
DMSO) were then added to the larvae for another hour. MACs 1:75
dilution or 1,2-dioctanoyl-sn-glycerol was added to the larvae for a final
hour before takedown.

Whole mount in situ hybridization. The WMISH procedure was
modified from methods by Seaver and Kaneshige (2006). Sequences for
HeNHR1 and HeNHR2 (Table S4) were identified from a previously
performed Hydroides elegans transcriptome analysis (Shikuma et al.,
2016). WMISH RNA probes were generated using the protocol outlined
in (Hua et al., 2018). In short, total RNA was isolated from treated larvae
via TRIzol (Thermo fisher CAT#15596018) and cDNA was created using
oligo d(T)23VN primers (New England Biolabs CAT#E6300s). From the
cDNA the 1st PCR product was produced and validated for size
(Table S5). A second PCR with T7 RNA polymerase engineered reverse
primers were used to make the template for the probes and were vali-
dated by sanger sequencing (Table S5). Probes were made using T7 RNA
polymerase (Lucigen CAT#30223-1) with dioxigenin-UTP (Sigma
Aldrich CAT#11209256910). The negative control probe was made
using ascidian cDNA for a gene which is not present on the Hydroides
genome. WMISH was performed by first relaxing larvae by adding 1
volume of 6.5% MgCl for 2 min. The larvae were fixed in 4% para-
formaldehyde in 0.5M NaCl, 0.1M MOPS pH 7.5 overnight at 4 °C. The
larvae were then dehydrated by washing in 25% EtOH in 1xPBS tween
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(1.86 mM NaH,PO4 8.41 mM NayHPO4 175 mM NaCl pH 7.4 0.1%
tween-20), 50% EtOH PBS tween, and 75% EtOH PBS tween before
storing them in 100% EtOH at —80 °C. The larvae were rehydrated by
subsequent washes in 75%, 50%, 25%, 0% EtOH in PBS tween. Larvae
were then digested with proteinase K 0.01 mg/mL in PBS tween for 5
min. The reaction was stopped with 3 washes in PBS tween plus 2 mg/mL
glycine. The larvae were then washed in 1% triethanolamine with 1.5
pL/500 pL acetic anhydride twice. Then washed twice in PBS tween. The
larvae were then refixed in 4% paraformaldehyde in PBS tween for 1 h at
room temperature followed by five washes in PBS tween. To kill
endogenous alkaline phosphatase the larvae were heated to 80 °C for 10
min in PBS tween. The larvae were then washed in hybridization buffer
(50% formamide, 0.075 Na citrate, 750 mM NacCl, 50 pg/mL heparin
sodium (Selleck chemicals CAT#70288-86-7), 0.1% tween, 1% SDS, 50
pg/mL herring sperm DNA, pH 4.5), and after the first wash was left in
the hybridization buffer overnight at 60 °C. The probes were diluted to
3.0 ng/pL in hybridization buffer and boiled at 80 °C before being added
to the larvae where they were allowed to hybridize for at least 48 h at 60
°C. The probe was removed, and the larvae were washed with 75% hy-
bridization buffer and 25% 2X SSC (20x SSC 0.3M Na citrate and 3M
NaCl). Followed by 50% hybridization buffer and 50% 2X SSC, then 25%
hybridization buffer and 75% 2X SSC, finally by two washes with 2x SSC
buffer. The larvae were then exchanged into PBS tween by washing with
0.05X SSC twice followed by, 75% 0.05X SSC and 25% PBS tween, then,
50% 0.05X SSC and 50% PBS tween, 25% 0.05X SSC and 75% PBS tween,
finally by washing with 100% PBS tween five more times. The larvae
were then blocked in 0.5% Roche blocking solution (Sigma Aldrich
CAT#9000-7-1-9) in 0.1M Tris pH 7.5, 0.15M NacCl for 1 h. The blocking
solution was washed and then the anti-DIG antibody (Sigma CAT#
11093274910) was added to the blocking buffer at 1:5000 dilution and
the larvae were incubated at 4 °C overnight. The larvae were then
washed 5 times in PBT (1xPBS, 0.2% Triton x-100 and 0.1% BSA, Thermo
fisher CAT# AAJ6465522). The larvae were then washed in the alkaline
phosphatase reaction buffer without MgCl, AP buffer (100 mM NacCl, 50
mM MgCl, 100 mM Tris pH 9.5, 0.5% tween-20). Then washed twice
with the AP buffer to equilibrate the pH and prevent precipitation. The
larvae were developed in AP buffer plus 200 pL/10 mL NBT/BCIP stock
solution (Millapore sigma CAT# 11681451001) in the dark until purple
staining appeared (1hr for Beta tubulin prove, 2 h for HeNHR1, HeNHR2
and scramble probe). NBT/BCIP incubation was performed for the same
amount of time for treatments exposed to each HeNHR1 or HeNHR2
probe. Larvae were then washed 5 times in PBS tween before mounting
on slides in 80% glycerol.

Western blot. Protein was recovered on ice by first centrifuging
larvae at 4000rpm for 5min and removing ~1950 pL of sea water and
resuspending by vortexing larvae in a lysis solution of 50 mM tris pH 7.6,
1% Triton X-100, 150 mM NaCl. Larvae were then frozen at —80 °C to aid
in lysis. After thawing, the sample was centrifuged at 21,000g for 20min
and the pellet was discarded. Protein was quantified by Bio-Rad protein
assay (CAT #5000001). 15 pg of protein was loaded onto a 4-12% SDS-
polyacrylamide gel and run for 60 min at 110V. The protein was then
transferred onto a PVDF membrane. The membrane was dried and
recharged with methanol. Membrane was washed with TBS tween 1%
(TBST), 3 times and primary antibodies were added at a 1:1000 dilution
and rocked in a 10% BSA TBST solution overnight (Cell Signaling
Technologies CAT #s 9212, 9252, 9912, 9913). Membrane was washed
3x with TBST for 10 min each and incubated with secondary-HRP (Novus
Biological CAT#BP1-75306) conjugated antibody at 1:10,000 for 1 h 3x
final washes with TBST for 15 min were performed before final visuali-
zation with West Femto substrate (Thermo Fisher CAT#34095) on a Bio-
Rad Gel Doc XR.
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