
PNAS  2025  Vol. 122  No. 23 e2505805122� https://doi.org/10.1073/pnas.2505805122 1 of 10

RESEARCH ARTICLE | 

Significance

 Metamorphosis is a critical 
life-history transition in many 
animals, yet its underlying 
molecular mechanisms, 
particularly in response to 
environmental bacteria, remain 
poorly understood. This study 
provides a functional link between 
the innate immune system and 
metamorphosis, demonstrating 
that the immune adaptor protein 
MyD88 (myeloid differentiation 
factor 88) is required for bacterial-
induced metamorphosis in the 
marine tubeworm Hydroides 
elegans . Using a newly developed 
bacterial-mediated RNA 
interference approach, we show 
that MyD88 is not only essential 
for metamorphosis in response to 
stimulatory bacteria but also for 
survival against a bacterial 
pathogen. These findings suggest 
that immune signaling pathways 
may regulate both development 
and host–microbe interactions 
across diverse animal species, 
expanding our understanding of 
how immunity contributes to 
fundamental biological transitions.
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Diverse animals across the tree of life undergo the life-history transition of metamorphosis 
in response to bacteria. Although immunity has been implicated in this metamorphosis 
in response to bacteria, no functional connection has yet been demonstrated between 
immunity and metamorphosis. We investigated a host–microbe interaction involving 
a marine tubeworm, Hydroides elegans, that undergoes metamorphosis in response to 
Pseudoalteromonas luteoviolacea, a metamorphosis-inducing marine bacterium. By creating 
a marine bacteria–mediated RNA interference approach, we show that myeloid differenti-
ation factor 88 (MyD88), a critical immune adaptor for Toll-like receptor and interleukin 
pathways, is necessary for the stimulation of metamorphosis in response to bacteria. In addi-
tion to a developmental role, we show that MyD88 is necessary for survival during exposure 
to the bacterial pathogen Pseudomonas aeruginosa, showing that Hydroides utilizes MyD88 
during both development and an immune response. These results provide a functional 
characterization of the innate immune system involved in an animal's metamorphosis.

MyD88 | metamorphosis | immunity | bacteria | development

 Life-history transitions in animals are significant developmental or behavioral shifts that 
occur throughout an organism’s life. Prominent examples include the emergence of an 
individual from an egg, the transition of a tadpole undergoing metamorphosis into a frog, 
or sexual maturation such as puberty in humans ( 1   – 3 ). Although microbes have been 
linked to cellular and tissue development of many animals, including humans ( 4   – 6 ), 
examples of how microbes play critical roles in major life-history transitions remain scarce.

 In the 1930s, Zobell and Allen first described a phenomenon whereby marine animals 
undergo the life-history transition of metamorphosis in response to bacteria ( 7 ). During 
this host–microbe interaction, swimming animal larvae identify a suitable location on the 
seafloor for settlement and metamorphosis by sensing and responding to surface-bound 
bacteria, transitioning from a planktonic to benthic lifestyle. Animals as diverse as sponges, 
corals, tubeworms, urchins, and ascidians have been shown to undergo metamorphosis 
in response to bacteria ( 8   – 10 ), suggesting that the linkage between metamorphic devel-
opment and bacterial sensing is ancient and conserved. While the upregulation of genes 
implicated in immune activation has been observed during metamorphosis across diverse 
phyla ( 11         – 16 ), the necessity of the immune system for mediating animal metamorphosis 
in response to bacteria has not been demonstrated for any animal.

 Toll-like receptors (TLRs) and myeloid differentiation factor 88 (MyD88) play impor-
tant roles during the development and/or immune response of many animals. For example, 
nine different TLRs are utilized for either embryonic development, dorsal ventral sym-
metry, heart and muscle formation, or bacterial defense in Drosophila melanogaster  ( 17 ). 
The TLR/MyD88 signaling pathway is required for pathogen defense and bacterial col-
onization in Hydra and Drosophila  ( 18 ,  19 ). The model annelid tubeworm, Hydroides 
elegans , undergoes metamorphosis in response to specific bacteria (e.g. Pseudoalteromonas 
luteoviolacea ) and is ideally suited to investigate whether innate immunity is critical for 
metamorphosis in response to bacteria ( 20   – 22 ). 

Results

Bacterial Feeding and RNA Interference (RNAi) for Gene Knockdown in Hydroides. 
Bacteria expressing double-stranded RNA (dsRNA) have been shown to be an effective 
delivery strategy for employing RNAi in model invertebrates such as bacterivorous 
nematodes and freshwater planarians (23–25). Similarly, Hydroides larvae and adults 
filter food from the water column and their growth has been shown to be supported by 
feeding on bacteria (26). We therefore sought to develop a strategy for performing RNAi 
with Hydroides by feeding them environmental bacteria producing dsRNA (Fig. 1A). By 
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searching the genome and transcriptome (14), we determined 
that Hydroides possesses and expresses the molecular machinery 
critical for RNAi (SI Appendix, Table S1) (23).

 To identify a strain of bacteria that serves as a food source with-
out stimulating metamorphosis, we exposed Hydroides  larvae to a 
series of five strains of marine bacteria. Of those bacteria tested, P. 
mandapamensis  4.11, P. mandapamensis  4.16, and V. harveyi  did 
not induce metamorphosis ( 27 ) ( Fig. 1B  ). When tested for their 
ability to sustain the growth of Hydroides  from zygote to mature 
(competent) larva, P. mandapamensis  4.11 supported larval growth 
to competency at a level comparable to the traditional algal food 
﻿Isochrysis galbana  ( 21 ,  28 ) (SI Appendix, Fig. S1A﻿ ). Hydroides  did 
not grow or survive when exposed to Escherichia coli  HT115, the 
strain used for RNAi through feeding in Caenorhabditis elegans  
nematodes ( 29 ). We found that P. mandapamensis  4.11 was amena-
ble to genetic engineering, and the growth of P. mandapamensis  
4.11 containing a broad-host-range plasmid (pDS-gfp) used for 
genetic manipulation was similar to the growth of P. mandapamen-
sis  4.11 wild type (SI Appendix, Fig. S1B﻿ ). When fluorescently 
tagged with an mRuby protein, P. mandapamensis  4.11 could be 
visualized within the Hydroides  larval gut ( Fig. 1C  ).

 To determine whether Hydroides  is amenable to RNAi gene knock-
down via bacterial feeding, we transformed P. mandapamensis  4.11 
with a plasmid ( 30   – 32 ) containing a 180 bp fragment of the Hydroides 
αtubulin  gene (TCONS_00033662, SI Appendix, Table S2 ) flanked 
by two constitutive CP25 promoters (pDS- αtubulin). Upon feeding 
﻿Hydroides  with P. mandapamensis  pDS- αtubulin, we observed a loss 
of the swimming ciliary band while Hydroides  larvae fed P. man-
dapamensis  expressing dsRNA targeting a 200 bp fragment of gfp  
(pDS-gfp), a gene that does not occur in the Hydroides  genome, 
showed no loss of the ciliary band ( Fig. 2 A  and B  ). Visualization and 
quantification of αtubulin  expression using hybridization chain reac-
tion (HCR) and qPCR confirmed the knockdown of αtubulin  along 

the Hydroides  ciliary band (prototroch) ( Fig. 2 D , E , and G  ). To test 
the specificity of RNAi knockdown, we fed Hydroides  larvae P. man-
dapamensis  with an RNAi plasmid targeting a second gene, a 270 bp 
fragment of the Hydroides  carbonic anhydrase 1 (CA1 ) gene 
(TCONS_00094394, pDS-CA1, SI Appendix, Table S2 ), which is 
involved in tube building and expressed in a distinct anatomical loca-
tion within the larval collar tissue, below the ciliary band ( 33 ). HCR 
and qPCR confirmed the knockdown of CA1  in larvae fed pDS-CA1 
while the expression in larvae fed pDS- αtubulin or pDS-gfp was 
unaffected ( Fig. 2 C , F , and H  ). Corresponding αtubulin immunos-
taining was reduced in larvae fed P. mandapamensis  pDS- αtubulin 
compared to larvae fed P. mandapamensis  pDS-gfp or pDS-CA1 
( Fig. 2I   and SI Appendix, Fig. S1 C –E ). These results indicate that 
﻿Hydroides  is amenable to gene-specific RNA interference via feeding 
of P. mandapamensis  expressing dsRNA.          

Hydroides Requires MyD88 to Undergo Metamorphosis in 
Response to Bacteria. We next analyzed the genome and 
transcriptome of Hydroides (14) and identified a set of genes 
implicated in the MyD88/TLR and nuclear factor kappa B (NF-
κB) pathways (SI  Appendix, Table  S2). We found significant 
similarities among invertebrate and human genes, including a 
single myeloid differentiation primary response 88 (MyD88) 
gene, two TNF receptor-associated factor 3 (TRAF3) genes, five 
IkappaB (NF-κB inhibitor, IκB) genes, one IkappaB kinase (IKK) 
gene, two REL genes, and one NF-κB gene (SI Appendix, Fig. S2). 
All identified genes were found to be expressed in competent 
larval animals (SI Appendix, Table S2), suggesting that Hydroides 
possesses a functional MyD88/TLR pathway.

 Because of its role in both development and immunity in other 
organisms, we focused on the key adaptor protein MyD88. To test 
whether Hydroides  requires MyD88  to undergo metamorphosis in 
response to bacteria, we created pDS-MyD88 containing a 200 bp 
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Fig. 1.   Hydroides larvae feed on genetically modified marine bacteria. (A) Model of double-stranded RNA (dsRNA) delivery via bacterial feeding to Hydroides 
larvae. The RNA interference (RNAi) plasmid is carried by a feeder bacterium that serves as a food source but does not stimulate metamorphosis. The tubeworm’s 
RNA-Induced Silencing Complex (RISC) cleaves the dsRNA into small RNA fragments (siRNA), leading to targeted mRNA degradation. (B) Graph of Hydroides 
metamorphosis after 24 h bacterial exposure to MACs (Metamorphosis-Associated Contractile structures), artificial seawater (ASW), Photobacterium mandapamensis 
strains 4.11 and 4.16, Pseudoalteromonas piratica, Vibrio harveyi, and Vibrio fortis. Data are generated from three independent experiments (n = 3). Error bars 
represent SD. (C) Micrograph of Hydroides larvae fed P. mandapamensis 4.11 wild-type or P. mandapamensis 4.11 mRuby-tagged bacteria. Dashed line outlines 
stomach (st) and anal vesicle (av) in Hydroides larvae.
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fragment of the Hydroides MyD88  gene (TCONS_00085995, 
﻿SI Appendix, Fig. S3 ). We then fed Hydroides  larvae with P. man-
dapamensis  pDS-MyD88 for 24 h followed by stimulating the larvae 
to undergo metamorphosis with a known bacterial stimulant MACs 
(metamorphosis associated contractile structures) from P. luteoviolacea  
( 14 ,  20 ,  22 ). Upon stimulation by MACs, MyD88  knockdown 

animals were unable to undergo metamorphosis in response to MACs 
in comparison to larvae fed P. mandapamensis  pDS-gfp ( Fig. 3 A , B , 
and D  ). Larvae exposed to a MyD88 inhibitor (TJ-M2010-5) ( 34 ) 
were similarly unable to undergo metamorphosis ( Fig. 3 C  and D  ). 
﻿MyD88  expression quantified using HCR counts and qPCR 
decreased in larvae fed P. mandapamensis  pDS-MyD88 for 24 h and 
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Fig. 2.   Gene-specific knockdown in Hydroides via bacteria feeding and RNA interference. (A) DIC micrographs of Hydroides larvae after 24-h feeding  
P. mandapamensis 4.11 with pDS-gfp, pDS-αtubulin, or pDS-CA1. The white arrow indicates the location of ciliary band loss. (B) Percent larvae fed P. mandapamensis 
pDS-gfp or pDS-αtubulin with ciliary band after 24 h. Data are generated from three independent experiments (n = 3) with an average of 300 larvae scored for 
each treatment (****P < 0.0001, calculated using a chi-square test with Yates’ correction). Error bars represent SD. (C) Counts of larvae with CA1 HCR expression 
24 h after feeding P. mandapamensis pDS-gfp or pDS-CA1. Data are generated from an average of 30 larvae scored for each of three independent experiments 
(n = 3) (****P < 0.0001, calculated using a chi-square test with Yates’ correction). Error bars represent SD. (D) HCR of αtubulin (turquoise), CA1 (magenta), and 
DNA (DAPI, gray) in larvae fed P. mandapamensis pDS-gfp after 24 h. Lower Left 3.4× zoomed in panel of ciliary band and Lower Right 3.4× zoomed in panel of CA1 
gland for pDS-gfp exposed larvae. (E) HCR of αtubulin (turquoise), CA1 (magenta), and DNA (DAPI, gray) in larvae fed P. mandapamensis pDS-αtubulin after 24 h. 
Lower Left 3.4× zoomed in panel of ciliary band and Lower Right 3.4× zoomed in panel of CA1 gland for pDS-αtubulin exposed larvae. (F) HCR of αtubulin (turquoise), 
CA1 (magenta), and DNA (DAPI, gray) in larvae fed P. mandapamensis pDS-CA1 after 24 h. Lower Left 3.4× zoomed in panel of ciliary band and Lower Right 3.4× 
zoomed in panel of CA1 gland for pDS-CA1 exposed larvae. (G) qPCR of the Hydroides αtubulin gene in larvae fed P. mandapamensis pDS-gfp, pDS-αtubulin, or 
pDS-CA1 after 24 h. Data are generated from ~500 larvae in each of three technical replicates for each of three independent experiments (n = 3). Fold change 
values calculated using the DDCT method (Letters represent one-way ANOVA and Tukey post hoc test results, P < 0.001). Error bars represent SD. (H) qPCR of 
the Hydroides CA1 gene in larvae fed P. mandapamensis pDS-gfp, pDS-αtubulin, or pDS-CA1 after 24 h. Data are generated from ~500 larvae in each of three 
technical replicates for each of three independent experiments (n = 3). Log2 fold change values calculated using the DDCT method (Letters represent one-way 
ANOVA and Tukey post hoc test results, P < 0.001). Error bars represent SD. (I) Counts of larvae with anti-αtubulin staining after feeding P. mandapamensis pDS-
gfp, pDS-αtubulin, or pDS-CA1 for 24 h. The graph is an average of three biological replicates (n = 3) with 30 larvae per replicate per treatment (chi-square test 
with Yates’ correction, ****P < 0.0001 comparing pDS-gfp to pDS-αtubulin, n.s. comparing pDS-gfp to pDS-CA1). Error bars represent SD.
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subsequently exposed to MACs ( Fig. 3 E , F , and H  ), while animals 
fed P. mandapamensis  pDS-gfp showed expression of MyD88  beneath 
the swimming ciliated band, ventral nerve cord, and cerebral ganglia 
of the nervous system ( Fig. 3G  ). These results demonstrate that 
MyD88 is critical for Hydroides  to undergo metamorphosis in 
response to bacteria.          

MyD88 Regulates Genes Implicated in Immunity and Development. 
To determine the effect of MyD88 knockdown on gene network 
regulation, we identified a set of four genes implicated in immunity 
and development, including interleukin 17 (IL17), Runt-related 

transcription factor (RUNX), Fos, and Nuclear Hormone Receptor 2 
(NHR2) (SI Appendix, Table S2). We focused on these genes because 
all four are expressed in Hydroides larvae undergoing metamorphosis 
(14). Moreover, the promoters of IL17, Fos, and RUNX contain 
predicted NF-κB binding sites and RUNX contains an AP-1 binding 
site (SI Appendix, Table S3). When qPCR and HCR were performed 
on larvae fed P. mandapamensis pDS-gfp or pDS-MyD88 for 24 
h and subsequently exposed to MACs for 30 min, we found that 
the expression of IL17, RUNX, Fos, and NHR2 was significantly 
downregulated in MyD88 knockdown larvae when compared to 
gfp knockdown larvae (Fig. 4A), and counts of larvae with HCR 
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Fig. 3.   MyD88 knockdown inhibits metamorphosis. (A–C) DIC micrographs of Hydroides larvae after 24-h feeding on P. mandapamensis (A) pDS-gfp or (B) pDS-
MyD88 or (C) exposure to a MyD88 inhibitor (TJ-M2010-5) and subsequent 24 h exposure to MACs. (D) Percent metamorphosis after 24-h feeding P. mandapamensis 
pDS-gfp, P. mandapamensis pDS-MyD88, DMSO solvent (0.05%) or exposure to a MyD88 inhibitor (TJ-M2010-5) and subsequent 24 h exposure to MACs. Data are 
generated from three independent experiments (n = 3) with an average of 300 larvae scored for each treatment. Data are analyzed using a chi-square test with 
Yates’ correction (****P < 0.0001). Error bars represent SD. (E) Counts of larvae showing MyD88 HCR expression after 24-h feeding P. mandapamensis pDS-gfp or 
P. mandapamensis pDS-MyD88 and subsequent 5 min exposure to MACs. The graph is an average of three biological replicates (n = 3) with 30 larvae per replicate 
per treatment. Data are analyzed using a chi-square test with Yates’ correction (***P < 0.001). Error bars represent SD. (F) qPCR log2 fold change values of MyD88 
after 24-h feeding P. mandapamensis pDS-gfp or P. mandapamensis pDS-MyD88 and subsequent 30 min exposure to MACs. Results were calculated using the 
DDCT method across four biological replicates (n = 4) with ~500 larvae per replicate per treatment. Error bars represent SD. (G) HCR of MyD88 (turquoise) and 
DNA (DAPI, gray) in larvae after 24-h feeding P. mandapamensis pDS-gfp and subsequent exposure to MACs for 5 min. Images were taken with an oil objective at 
63x. (G1) 2.85× zoom. (H) HCR of MyD88 (turquoise) and DNA (DAPI, gray) in larvae after 24-h feeding P. mandapamensis pDS-MyD88 and subsequent exposure 
to MACs for 5 min. Images were taken with an oil objective at 63x. (H1) 2.85× zoom.
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expression corroborated these observations (Fig. 4B). When HCR 
expression was observed with fluorescence microscopy, the anatomical 
location of expression was different for each gene and less expression 
was observed in the MyD88 knockdown animals. IL17 expression 
localized to the swimming cilia of the prototroch (Fig. 4 C and D). 
RUNX expression was present in the gut, beneath the ciliary band 
and cerebral ganglia (Fig. 4 E and F). Fos expression was observed 
throughout the larval body and was concentrated near the anterior 
region of the head (Fig. 4 G and H). NHR2 expression localized 
to the larval head and beneath the ciliary band (Fig. 4 I and J).  

These results indicate that MyD88 plays a role in regulating genes 
implicated in development and immunity during the stimulation 
of metamorphosis.

MyD88 Plays Dual Roles in Pathogen Response and Meta­
morphosis. To determine whether MyD88 plays a canonical 
role in immune pathway activation, we exposed larvae fed P. 
mandapamensis with pDS-gfp or pDS-MyD88 to the bacterial 
pathogen, Pseudomonas aeruginosa PA14, which has been 
reported to cause disease in plants, nematodes, insects, mice, and 
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exposure to MACs for 30 min. Images were taken with an oil objective at 63x. (I1 and J1) 2.85× zoom.
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humans (35–37). When exposed to four of six densities (OD600 
of 0.19, 0.38, 0.75, 1.5) of P. aeruginosa PA14, the survival of 
Hydroides fed P. mandapamensis pDS-MyD88 was significantly 
reduced (Fig. 5). In contrast, the survival of Hydroides fed P. 
mandapamensis pDS-gfp showed no difference with larvae 
exposed to artificial seawater alone. These results demonstrate 
that MyD88 is critical for survival of Hydroides in response to 
a bacterial pathogen.

Discussion

Connecting MyD88 with Animal Metamorphosis. Invertebrates 
from across the animal tree of life undergo metamorphosis in 
response to bacteria (e.g., sponges, corals, tubeworms, urchins, 
tunicates), suggesting that metamorphosis in response to bacteria 
sensing is an ancient and conserved process (8, 14, 38). In mussels, 
ascidians, and frogs, genes often associated with immunity are 
modulated during metamorphosis and the immune system has 
been hypothesized previously to be critical for metamorphosis 
(11, 12, 39–41). The conservation of metamorphosis in response 
to bacteria sensing in diverse animals prompted us to search for a 
connection between immunity and metamorphosis.

 Immunity has historically been studied in the context of elim-
inating pathogens and controlling commensal colonization. 
However, MyD88 is a critical adaptor protein for multiple 
immune pathways and has also been shown to mediate animal 
development. In D. melanogaster , MyD88 drives dorsoventral 
patterning during embryogenesis ( 42 ), in addition to its role in 
fighting fungal and bacterial infections ( 19 ). In mice, MyD88 
deficiency causes abnormal brain development, including altered 
neuronal branching, and behavior changes ( 43 ).

﻿Hydroides  possesses an intact innate immune system ( Fig. 6  
and SI Appendix, Table S2 ) and we show via RNAi knockdown 
that the MyD88 adaptor protein is required for metamorphosis 
in response to bacteria. Furthermore, MyD88 regulates genes 
implicated in both immunity and development during meta-
morphosis in response to bacteria ( Fig. 4 ). Specifically, MyD88 
regulates a Hydroides IL17  homolog, which has been shown to 
play central roles in immune inflammation in response to path-
ogens by regulating inflammation in invertebrates as well as 
specific immune cell type responses in vertebrates ( 44     – 47 ). 
MyD88 regulates Fos , which forms a portion of the AP-1 com-
plex and is activated by MAPK in the MyD88-dependent sig-
naling pathway ( 48 ). During development and immune 
response, Fos is utilized to regulate differentiation, proliferation, 
and apoptosis ( 49 ,  50 ). In Hydroides , Fos  is activated during 
﻿Hydroides  metamorphosis in response to MACs ( 14 ), and our 
results here demonstrate the regulation of Fos  by MyD88. 
MyD88 also regulates two developmental genes RUNX  and 
﻿NHR2  ( Fig. 4 ). In Drosophila , Runt functions as a pair rule 
transcription factor for both embryonic pattern formation 
development and neuronal development ( 51 ), and in mammals, 
the mammalian RUNX domain plays a central role in develop-
ment of blood and bone ( 52 ). Here, we found that Hydroides 
RUNX  may be expressed in the nervous system. NHR2  is a 
nuclear hormone receptor gene previously described to be acti-
vated during Hydroides  metamorphosis ( 53 ), which fits with the 
canonical role of nuclear hormone receptors in growth, differ-
entiation, reproduction, and morphogenesis of vertebrates ( 54 ). 
Overall, our results demonstrate that genes implicated in both 
immunity and development play a central role in Hydroides  
metamorphosis.          
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Fig. 5.   Hydroides require MyD88 for bacterial pathogen defense. Hydroides larvae were exposed to ASW, P. mandapamensis pDS-gfp, or P. mandapamensis pDS-
MyD88 for 24 h. Subsequently, larvae were exposed to P. aeruginosa PA14 and scored for survival over 8 h. The Y-axis represents % survival at each timepoint 
on the x-axis (0, 2, 4, 6, and 8 h). The graph is an average of three biological replicates (n = 3) with 30 larvae per replicate per treatment. One-way ANOVA was 
performed against all six treatments at each individual optical density averaged across the 8 h. A Tukey post hoc test was performed to test for differences 
between each treatment. Letters denote statistically different treatments. Error bars represent SD.
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Bacteria Sensing and Metamorphosis Response. For all animals, 
the sensing of bacteria is critical for mounting an appropriate 
response. For Hydroides larvae, environmental bacteria are 
hypothesized to serve as environmental indicators of a preferable 
habitat (38). We observed that MyD88 is expressed in the ciliated 
band and cerebral ganglia of Hydroides larvae (Fig. 3G) and MyD88 
regulates the expression of IL17, RUNX, Fos, and NHR2, which 
localize to the cilia, cerebral ganglia, and nervous system of the larval 
animal (Fig. 4). Using HCR, we detected IL17 mRNA signal in the 
swimming cilia of the prototroch—an unexpected localization given 
that cilia are not typically considered sites of mRNA accumulation. 
Although this pattern could result from technical artifacts—such as 
nonspecific probe binding, accumulation of amplification products 
within the glycocalyx, or mRNA leakage from compromised cells—
the absence of signal in negative controls, along with the distinct 
staining profiles of other HCR probes, suggests that the observed 
localization may warrant further investigation. Interestingly, mRNA 
localization to cilia has been documented in other systems, where it 
may facilitate localized translation or signaling (56). We observed 
that the primary anatomical location of interaction between larvae 
and the bacterial stimulant MACs is at the larval ciliated band 
(prototroch and metatroch) (55), implicating larval swimming cilia 
as a hub for the stimulation of Hydroides metamorphosis by bacteria.

 Our results are congruent with findings of TLRs regulating 
neurogenesis in nematodes ( 57 ,  58 ) and mammals ( 59 ) and par-
allel other host–microbe systems where the spatial localization of 

TLR and MyD88 components plays critical roles in mounting an 
appropriate response. For example, in human intestinal epithelial 
cells, inflammatory signaling occurs from basolaterally expressed 
TLR9, allowing the epithelium to identify bacteria that have pen-
etrated the host epithelial barrier ( 60 ). In zebrafish, TLR4 and 
MyD88 modulate the expression and activity of intestinal alkaline 
phosphatase, which aids in detoxification of lipopolysaccharide 
and prevents over inflammation in response to commensal 
microbes ( 61 ). The spatial localization of MyD88, immune, and 
developmental genes in Hydroides  suggests that environmental 
sensing in larvae occurs at the ciliary interface and signaling 
involves the larval nervous system.

 In Hydroides  and many other marine animals, metamorphosis 
is linked with stimulation by bacteria ( 8 ,  14 ). And in the present 
work, we provide evidence functionally connecting MyD88 with 
metamorphosis. Currently, we do not yet know whether or how 
the MyD88 pathway is interconnected with the mechanisms of 
bacteria sensing leading to metamorphosis. However, our results 
contrast with metamorphosis in Drosophila  where the generation 
of germ-free lines demonstrates that metamorphosis does not 
require bacteria ( 62 ,  63 ) and that Drosophila  metamorphosis can 
occur in the absence of a functional MyD88  gene ( 19 ). 
Determining whether and how Hydroides  sensing of bacteria links 
with the MyD88 and developmental pathways will help to deter-
mine how developmental and immunity pathways connect dur-
ing the sensing of bacteria and stimulation of metamorphosis. 
Such findings will also lead to a broader understanding of the 
mechanisms of metamorphosis in response to bacteria in other 
diverse animal phyla.  

Engineered Bacteria for RNAi Delivery. The strategy of RNAi 
by bacterial feeding has been successfully applied in insects, 
planarians, and nematodes (24, 64, 65). However, instances of 
RNAi via feeding remain scarce in model marine invertebrates. 
Our results of RNAi via bacterial feeding in Hydroides allows 
for knockdown during specific stages of an animal’s life history, 
opening up the possibility of investigating gene function beyond 
embryogenesis, such as during metamorphosis and other 
developmental transitions when direct genetic modification is not 
possible. Diverse marine proteobacteria have been modified to 
carry broad-host-range plasmids (30), and other bacterial species 
could therefore likely be employed for RNAi delivery as well. 
Moreover, our results provide a roadmap for applying RNAi via 
bacterial feeding in other aquatic invertebrates, many of which 
do not yet have developed functional genetic approaches. In 
addition to answering fundamental research questions, RNAi has 
been suggested as an effective strategy for insect pest control of 
crops, especially because it can serve as an alternative to broad-
spectrum pesticides (66). Our results raise the possibility that 
RNAi delivery via environmental bacteria could be an effective 
strategy for aquatic applications such as biofouling management, 
aquaculture animal disease treatment or improving production or 
in the restoration of degraded environments such as coral reefs.

Conclusion

 Based on our results, we propose that the MyD88 innate immune 
pathway is a critical feature of the life-history transition of meta-
morphosis in response to bacteria. The sensing of and response to 
stimulatory bacteria via the immune system is likely critical for 
the life history and ecology of animals from diverse phyla. The 
innate immune system, therefore, may play a greater role in both 
pathogen response and development throughout the animal king-
dom than previously recognized.  
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Fig. 6.   Model of Hydroides immune and developmental regulation during 
metamorphosis. Our findings support the following model whereby the MyD88 
pathway mediates the sensing of a bacterial stimulus in Hydroides larvae and 
operates at the interface of both the pathogen and metamorphosis response. 
Upon stimulation by P. luteoviolacea MACs, IL17, RUNX, and NHR2 are positively 
regulated by MyD88 and their expression localizes to the cilia, nervous system, 
and/or cerebral ganglia of Hydroides larvae. In a parallel pathway, diacylglycerol 
(DAG) and Protein Kinase C (PKC) activate NHR1 and NHR2 (53). MyD88 also 
activates p38 and JNK MAPK signaling (14, 53, 55). When challenged with  
P. aeruginosa, MyD88 mediates a bacterial pathogen response through a yet 
unknown pathway.
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Materials and Methods

Identification of Gene Homology. Gene homologs were identified in the H. ele-
gans genome (14) by using translated nucleotide BLAST (tblastn) against Taxa-ID: 
216498. Initial blast search was conducted with key conserved domains of human 
immune proteins using NCBI Conserved Protein Domain Family Database 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Hits from the initial 
BLAST search (E < 10−6) were screened for duplications or fragments of genes 
by aligning the protein level sequences and consolidating hits that have over 95% 
similarity (67). Further screening was done to determine whether hits have all 
the necessary conserved protein domains using InterPro (https://www.ebi.ac.uk/
interpro/). Proteins lacking key domains were eliminated as homologs. Only for 
the case of TRAF3 where many putative homologs were identified we used gene 
expression as elimination criteria. Expression was evaluated by transcriptome 
data of gene expression before exposure to MACs and 30-min after (14). Hits 
that did not have an increase in expression (FPKM) after exposure to MACs were 
eliminated as homologs. A phylogenetic analysis was performed to determine 
the relationship between Hydroides genes and genes from other representa-
tive animal taxa. Protein sequences of Hydroides homologs were aligned with 
D. melanogaster, Homo sapiens, Strongylocentrotus purpuratus, Hydra vulgaris, 
Crassostrea virginica, Magallana gigas, C. elegans, and/or Mizuhopecten yes-
soensis using Clustal Omega (ClustalO v1.2.3) alignment with mBed algorithm. 
Protein alignment was then used to create a Maximum Likelihood tree using 
IQ-Tree v1.6.12 finding the best fit model. Branch support was calculated with 
1000 bootstrap replicates. Phylogenetic trees were visualized in FigTree v1.4.4.

Hydroides Collection and Maintenance. H. elegans animals were collected 
from the Quivera Basin, San Diego, CA, and kept as described previously (20, 28). 
Gametes were spawned from adult animals and fertilized in 1L beakers with 0.45 
µM filtered ASW. Larvae were reduced to 5 larvae per mL at 24 h post fertilization 
and fed Isochrysis algae at an average of 60,000 cells per mL. Water changes 
were performed daily. Larvae were considered competent between days 6 and 8 
as described previously (28).

Metamorphosis Assays. Metamorphosis assays were performed as described 
previously (53). Briefly, assays were performed in a 96-well plate with compe-
tent larvae spawned from three different mate pairs, each mate pair was treated 
as a separate biological replicate. The MyD88 inhibitor used in this work is TJ-
M2010-5 (Med Chem Express, HY-139397) at a concentration of 0.005 mM. 
DMSO solvent (0.05%) in ASW was used as a vehicle control. Treatments included 
a 1:100 dilution of MACs and ASW as a control. Each treatment included three 
technical replicates. Larvae were exposed for 24 h and juveniles in each treatment 
were counted and divided by the total number of larvae to calculate a percentage. 
An average of the three technical replicates in each treatment was taken and 
then averaged across the three biological replicates. Data were analyzed using a 
chi-square test with Yates’ correction in PRISM v10.

RNAi Plasmid Construction and Cloning. Golden Gate Assembly was per-
formed to create the RNAi plasmids (30–32, 68). The backbone consisted of a GFP 
dropout flanked by BsaI cut sites. The Type-2 part consisted of a forward CP25 
constitutive promoter and a reverse rnpB-T1 terminator (32). The Type-4 part 
consisted of a reverse CP25 promoter and forward rpoC terminator. The coding 
sequences were created as gBlocks, with a 180 to 400 bp fragment of the tar-
geted gene (Integrated DNA Technologies, Coralville, IA). Golden Gate Assembly 
was performed with NEBridge Golden Gate Assembly Kit for BsaI-HF v2 (New 
England Biolabs, Catalog # E1601S) with 50 fmol of each plasmid used in the 
reaction. Reaction was run with the following thermocycler program 37 °C for  
1 min, 16 °C for 1 min, repeat cycles 1 to 2 30×, 60 °C for 5 min. The assemblies 
were electroporated into SM10λpir cells, confirmed by colony PCR (EconoTaq 
PLUS Green, LGC Biosearch) with internal primers (SI Appendix, Table S6) and 
then electroporated into MFDλpir cells for conjugation.

Production of MACs Extracts. MACs purification was carried out as described 
previously (69). Briefly, P. luteoviolacea HI1 was struck out to single colonies onto 
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, and 15 g/L agar) and grown at 25 °C overnight. A 
single isolated colony was inoculated into a 5 mL SWT culture and grown shaking 
overnight at 200 rpm in 25 °C. The culture was then inoculated 1:100 into a 50 

mL SWT culture shaking overnight at 200 rpm in 25 °C. The 50 mL culture was 
centrifuged at 4 °C for 20 min at an rpm of 4,800. The supernatant was then 
removed and the pellet was resuspended in 5 mL of extraction buffer (20 mM 
Tris Base, 1 M NaCl, pH 7.5) and then centrifuged again at 4 °C for 20 min at an 
rpm of 4,800. This was repeated once more for a total of three times. After the 
final centrifugation, 3 mL was removed from the top of the supernatant. The MACs 
extract was then tested on competent larvae at a dilution of 1:100 to determine 
MACs efficacy. MACs were used within 24 h of production.

Bacterial Biparental Mating. E. coli donor strains MFDλpir containing RNAi 
replicative plasmids were grown under antibiotic selection in LB (Miller, BD 
Difco) with 20 µg/mL of gentamicin and 0.3 mM of Diaminopimelic acid (DAP). 
A single colony of MFDλpir containing RNAi plasmids was inoculated and grown 
overnight in liquid culture at 37 °C shaking at 200 rpm. Marine bacteria strain 
P. mandapamensis 4.11 was inoculated with three colonies in Marine Broth 
(MB) 2216 (BD Difco) and grown overnight in liquid culture at 25 °C shaking at 
200 rpm. Cultures were spun down (4,000×g for 10 min). All supernatant was 
removed from each culture and the pellets were resuspended in 150 µL of MB. 
Donor and recipient cultures were mixed (200 µL total volume) and spotted in 
50 µL spots onto MB agar plates and incubated overnight at 25 °C. The next day, 
each individual spot was scraped up and resuspended in 250 µL of MB media. 
To wash the spots this process was repeated with the final resuspension in 100 
µL. The full 100 µL was then plated onto MB agar plates with 200 µg/mL of 
gentamicin. Colonies were PCR screened for the plasmid using internal primers 
(SI Appendix, Table S6).

Growing Larvae to Competence on Bacteria. Bacterial feeding assays were 
performed with larvae that were spawned from three different mate pairs, each 
mate pair was treated as a separate biological replicate. Larvae were separated 
into six technical replicates in 6-well cell culture plates with ASW. Bacterial strains 
(V. harveyi, P. mandapamensis 4.11, P. mandapamensis 4.16, E. coli HT115 were 
fed daily at an OD (Optical Density 600 nm) of 0.1. Control larvae were fed  
I. galbana algae daily. Larvae were water changed daily using a 20 µm mesh 
basket. At 3 and 7 d post fertilization, larvae were counted on a dissection scope 
and scored precompetent, competent, or dead. Data were graphed as averages 
of three biological replicates (n = 3) and the error bars represent SD.

Larval RNAi Exposures. P. mandapamensis 4.11 containing RNAi plasmids were 
struck out on a MB agar plate with 200 µg/mL gentamicin and grown at 25 °C 
overnight. A single colony was then inoculated into 25 mL of MB media with gen-
tamicin. After 16 h of growth, cultures were spun down into a pellet and washed 
three times with 5 mL of ASW, and the optical density was then quantified using a 
Nanodrop. Larvae were fed bacteria at an OD of 0.25 for 24 h in ASW. Larvae were 
checked for abnormalities and competency before metamorphosis induction. 
Larvae were starved 24 h prior to feeding to ensure adequate feeding on bacteria.

Larval RNA Extractions. Competent larvae were exposed to a 1:100 dilution 
of MACs or ASW. Roughly 500 larvae were collected at 30 min of exposure and 
preserved in RNA Later (0.5 M EDTA, 1 M Sodium Citrate) for RNA extraction. 
Samples were kept at −80 °C and then placed on ice for RNA extraction. RNA 
was extracted from larvae using the Macherey Nagel RNA extraction kit (Catalog 
# 740955.50). Samples were kept on ice and washed with 1 mL of RNase free PBS 
and spun down with a manual centrifuge at 100 rpm for 30 s. This was repeated 
twice before larvae were lysed with the RNA extraction lysis buffer. After lysis and 
desalting and DNase removal step was performed, RNA was then washed and 
eluted in 30 µL RNase free water. RNA was quantified using a Nanodrop, quality 
RNA was used with 260/230 and 260/280 ratios greater than 1.8.

cDNA Synthesis and qPCR. cDNA synthesis was performed on RNA samples 
using NEB biolabs Protoscript II First Strand cDNA Synthesis kit (Catalog # E6560S). 
Each cDNA reaction was standardized to synthesize 1 µg of RNA. Reactions were 
carried out at 42 °C for 1 h followed by 5 min at 85 °C. cDNA was kept at −80 °C 
for 48 h. qPCR was performed with exon–exon primers designed in PRIMER 3 
and JBrowse. Genes analyzed were αtubulin, CA1, MyD88, IL17, RUNX, Fos, and 
NHR2. 18S and GAPDH were chosen as housekeeping controls. Each 20 µL qPCR 
was created using 10 µL of PRIMA qMAX mix (Catalog # PR2120-H-S), 50 ng of 
cDNA and 3.5 µL of forward and reverse primers. Ct values were normalized to the 
Ct values of 18S. Ct values from experimental treatments were subtracted from 

https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml
https://www.ebi.ac.uk/interpro/
https://www.ebi.ac.uk/interpro/
http://www.pnas.org/lookup/doi/10.1073/pnas.2505805122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2505805122#supplementary-materials
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control treatments to calculate a delta Ct value. A delta-delta CT value was then 
calculated using the formula 2–∆∆Ct.. Delta-delta CT values were then transformed 
by Log2. Graphs of these results were created using PRISM V10.

Immunofluorescent Staining. Competent larvae fed for 36 h with bacteria 
carrying dsRNA plasmids pDS-CA1, pDS-αtubulin, or pDS-gfp were treated with 
7.5% MgCl and washed three times in ASW. Larvae were then fixed overnight in 
4% PFA at 4 °C. Larvae were washed three times in PBS + 1% Triton X (PBT) and 
pretreated in PBT with 10% Goat Serum (Fisher 16210064) for 1 h. Anti-αtubulin 
1:1,000 (Rockland 600-401-880S) primary antibody was then added at a 1:100 
dilution to PBT with 10% Goat Serum and incubated overnight. Samples were then 
washed 3× in PBT for 10 min and resuspended in a 1:100 dilution of DyLight 555 
secondary anti-goat anti-rabbit antibody (Fisher A-21428) with blocking buffer 
(PBT + 10% Goat Serum) for 1 h. Samples were then washed 3× in PBT for 10 min 
each and mounted in ProLong Antifade Diamond Mountant with DAPI (Molecular 
Probes P36961) at room temperature. Samples were imaged the same day on 
a Stellaris Leica Confocal using a 63× oil objective. Thirty larvae were counted 
for αtubulin expression and averaged within each treatment. The experiment 
was repeated three times with three different biological replicates (n = 3). Data 
were then analyzed using a chi-square with Yates’ correction and then graphed 
using PRISM v10.

P. aeruginosa Infection. P. aeruginosa PA14 was struck out on an LB plate and 
grown for 24 h at 37 °C. A single colony was inoculated into a 5 mL culture of LB 
and cultured at 200 rpm at 37 °C for 18 h. The culture was then spun down at 
4,000 rpm for 10 min and the pellet was washed with ASW. This was repeated 
three times to effectively transfer bacteria from LB media to ASW. The pellet was 
then resuspended in 1 mL of ASW. The bacteria were diluted to an OD of 3, and a 
serial dilution was made in a 96-well plate containing larvae that were pretreated 
with ASW, pDS-MyD88, or pDS-gfp for 24 h. Larvae survival was quantified in 
triplicate wells for replication every 2 h for 8 h. Survival was averaged by three 
technical replicates. The experiment was repeated three times with three biologi-
cal replicates (n = 3). A one-way ANOVA was performed against all six treatments 
at each individual OD averaged across the 8 h. To compare similarity across each 
treatment, a Tukey post hoc test was performed. Data were analyzed using PRISM 
v10 and graphed using R studio 4.3.3.

Hybridization Chain Reaction. Whole mount embryo HCRs were carried 
out as described in ref. 70 in 1.5 mL tubes. MyD88, CA1, and αtubulin probes 
were designed by Molecular Instruments using mRNA coding sequences from 
Hydroides transcriptome. RUNX, IL17, Fos, and NHR2 probes were designed in 
Python using in situ probe generator v.0.3.2 (71). Amplifiers and probe washing 
buffers were purchased from Molecular Instruments. Larvae were exposed to a 
1:100 dilution of MACs extracts for 5 and 30 min. Larvae were then treated in 6.5% 

MgCl to relax larvae and then washed twice with ASW. Larvae were fixed in 4% 
PFA (2.5 mL 16% PFA, 1 mL 10× PBS Buffer, 6.5 mL RNAse free H2O) overnight at 
4 °C on a nutator. Samples were washed in 5× SSCT (10 mL of 20× saline sodium 
citrate (SSC), 400 μL 10% Tween 20, 44.5 mL RNASE free H2O) and probes were 
added to hybridization buffer at a concentration of 1 pM per gene. Samples were 
prehybridized for 30 min at 37 °C before probes were added. The following day, 
samples were washed four times in intervals of 30 min with probe wash buffer. 
Hairpins were heat shocked at 95 °C for 90 s and snap cooled for 30 min at room 
temperature. Hairpins and amplifier buffer were added to samples and incubated 
overnight at 37 °C. The following day, samples were washed four times with 5× 
SSCT in 30-min intervals and mounted in ProLong Antifade Diamond Mountant 
with DAPI (Molecular Probes P36961). Samples were imaged the same day on a 
Stellaris Leica Confocal using a 63× oil objective. Fluorescence was determined by 
scanning the larval z-stack and setting gain and intensity at the lowest exposure 
time where fluorescence was present throughout the animal. For graphs repre-
senting counts of HCR expression, larvae that had no fluorescence were counted as 
larvae that have “no expression.” If a larvae had any fluorescence that was present 
after autofluorescence was removed, that larvae would be counted to have “expres-
sion.” The total number of larvae that were counted as expression were reported out 
of the total number of larvae (n = 30) and repeated in three technical replicates. 
Data were then averaged across three biological replicates and analyzed using a 
chi-square test with Yates’ correction in PRISM v10.

Data, Materials, and Software Availability. Imaging data (confocal, fluores-
cence, DIC) generated for this manuscript are freely available in Figshare (https://
doi.org/10.6084/m9.figshare.c.7705664) (72). All other data are included in the 
manuscript and/or SI Appendix.
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