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Bacteria-Stimulated Metamorphosis: an Ocean of Insights from
Investigating a Transient Host-Microbe Interaction
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ABSTRACT Recent research on host-microbe interactions has focused on intimate sym-
bioses. Yet transient interactions, such as the stimulation of animal metamorphosis by bac-
teria, can have significant impacts on each partner. During these short-lived interactions,
swimming animal larvae identify a desirable location on the seafloor and undergo meta-
morphosis into a juvenile based on the presence of specific bottom-dwelling bacteria.
While this phenomenon is critical for seeding new animals to establish or maintain benthic
ecosystems, there is an ocean of fundamental questions that remain unanswered. Here, |
propose an updated model of how bacteria stimulate animal metamorphosis based on evi-
dence that bacteria inject a stimulatory protein that prompts tubeworm metamorphosis. |
consider what we hope to learn about stimulatory bacterial products, how animals recog-
nize these products, and the consequences for both partners. Finally, | provide examples of
how studying an enigmatic host-microbe interaction can serve as an engine for scientific
discovery.
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BACTERIA-STIMULATED METAMORPHOSIS: AN ENIGMATIC HOST-MICROBE
INTERACTION

ecent research on host-microbe interactions has focused on intimate symbioses,

where partners in close contact can promote both pathogenic and beneficial out-
comes. However, it has become clear that environmental bacteria can also provide cues
during transient interactions that regulate essential processes in diverse animals (1). These
fleeting host-microbe interactions have shaped animal development in an array of animal
and microbial lineages; however, the mechanisms that underpin these interactions remain
mysterious. A currently understudied example of one such transient microbe-animal inter-
action is the stimulation of animal metamorphosis by bacteria (2). During these interac-
tions in marine environments, swimming animal larvae identify a suitable location on the
seafloor and undergo metamorphosis into a juvenile based in part on the presence of spe-
cific bottom-dwelling bacteria forming biofilms attached to submerged surfaces (Fig. 1).
Representative animals from each major branch of the animal tree of life have been shown
to undergo metamorphosis in response to bacteria (e.g., corals, tubeworms, and urchins)
(3-5). It is therefore plausible that the phenomenon of bacteria-stimulated metamorphosis
evolved long ago and continues to shape where and when marine animal larvae undergo
metamorphosis.

In marine habitats, bacteria-stimulated metamorphosis is a critical process for seeding
new animals to maintain or establish populations. This process might, in part, dictate the dis-
tribution of animals and ecosystems in the environment. Bacteria-stimulated metamorphosis
likely contributes to the economically costly process of biofouling of ship hulls (6) and is im-
portant for the life cycle of aquaculture species such as oysters (7). This phenomenon is not
restricted to marine animals, as symbiotic bacteria have also been implicated in insect meta-
morphosis (8), and an analogous phenomenon occurs when seaweed zoospores settle in
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FIG 1 lllustration of the stimulation of animal metamorphosis by bacteria. The swimming larvae of bottom-dwelling marine
animals (labeled larvae), such as tubeworms, identify a suitable location on the seafloor to live out their juvenile and adult life
(labeled adults) based in part on the presence of specific bacteria embedded within a surface-bound biofilm. Some bacteria
within stimulatory biofilms create products that promote the settlement and metamorphosis (labeled metamorphosis) of marine
larvae. Bacteria and their stimulatory products are depicted within the central zoomed-in circle, and their location on the
substratum is indicated by the biofilm label. Figure illustration and design by Leah Pantéa (Wholon; printed with permission
under Creative Commons license).

response to bacteria (9). Despite the importance of this process, three major questions about
the phenomenon remain unanswered: (i) What are the bacterial products that promote meta-
morphosis? (i) How do animals recognize bacterial products? (iii) Which partners benefit from
this interaction and how (i.e, commensalism, mutualism, parasitism)? To address these ques-
tions, my research program uses emerging host-microbe model interactions to determine the
mechanistic basis of bacteria-stimulated metamorphosis.

A SURPRISINGLY DIFFERENT WAY THAT BACTERIA STIMULATE
METAMORPHOSIS

Historically, bacterial products that stimulate metamorphosis were described as
small soluble molecules or products associated with the bacterial cell surface or biofilm
matrices (10, 11). However, we discovered a surprisingly different way that some bacte-
ria stimulate animal metamorphosis; the bacterium Pseudoalteromonas luteoviolacea
produces syringe-like structures called metamorphosis-associated contractile struc-
tures (MACs) that inject stimulatory proteins into target animals (12). MACs belong to a
class of syringe-like structures termed contractile injection systems (CIS) that bear
homology to the contractile tails of bacteriophage (the viruses of bacteria) and are pro-
duced by diverse bacteria (13, 14). CIS often translocate protein payloads into target
cells, which may target a specific molecule or process to exert their effect. Until our
recent work, CIS were known to mediate antagonism among competing microbes or
between bacteria and their eukaryotic hosts (15). However, we discovered that a single
protein loaded within the MACs complex is translocated into the larvae of a tubeworm,
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Hydroides elegans, and stimulates normal metamorphosis (16, 17). This single protein
effector, termed metamorphosis-inducing factor 1 (Mif1), represents the first protein
from a bacterium identified to stimulate the metamorphosis of an animal.

AN OCEAN OF POSSIBILITIES

Bacteria from diverse lineages have been shown to stimulate the metamorphosis of
marine animal larvae. These bacteria include strains from the Gammaproteobacteria
and Alphaproteobacteria classes, as well as bacteria from the Bacteroidetes group and
Gram-positive Firmicutes phylum (5, 18). Intriguingly, some bacteria are potent stimu-
lants of metamorphosis, while closely related strains can be unable to stimulate meta-
morphosis under equivalent conditions. The diversity of bacterial species that stimulate
metamorphosis suggests that there are numerous stimulatory bacterial products
remaining to be discovered.

So far, genes for the biosynthesis of two products from bacteria that stimulate metamor-
phosis have been identified. These genes promote the biosynthesis of a brominated natural
product tetrabromopyrrole (TBP) or encode Mif1, which stimulate coral and tubeworm meta-
morphosis, respectively (10, 16). Some bacteria possess the genes and ability to produce both
TBP and Mif1 (19). These products are chemically different; TBP is a brominated aromatic
hydrocarbon, while Mif1 is a proteinaceous effector. Yet both have been shown to stimulate
metamorphosis, suggesting that very different bacterial products can promote a dramatic de-
velopmental transition in diverse animals.

A small number of purified products from bacteria have been shown to stimulate
the metamorphosis of the tubeworm, Hydroides elegans, and the cnidarian, Hydractinia
echinata. These products include outer membrane vesicles, lipopolysaccharides (LPS),
extracellular polysaccharides, and lysophospholipids (11, 20, 21). These products
induce metamorphosis when provided to larvae in a purified form, but it is currently
unknown if the products stimulate metamorphosis when produced by, and in the con-
text of, whole bacteria. Whether animal larvae respond to specific bacterial products
from living bacteria within biofilms will be an interesting avenue of future research.

AN UPDATED MODEL OF BACTERIA-STIMULATED METAMORPHOSIS

The phenomenon that bacteria stimulate animal metamorphosis was discovered
over 80 years ago (22). Since this initial discovery, one model explaining how bacteria stimu-
late metamorphosis has gained traction (2). This model predicts that animals are stimulated to
undergo metamorphosis in response to bacterial products that result from normal growth or
metabolism. This model implies an “animal-driven” process where bacteria serve as passive
features of the environment that animals use as an indicator of a preferable habitat. It is
unknown whether this animal-driven model explains most of the interactions mediating bac-
teria-stimulated metamorphosis in the environment. Our discovery that P. luteoviolacea stimu-
lates tubeworm metamorphosis by producing a CIS that translocates a bioactive protein into
the animal larvae builds on the previous model of how bacteria stimulate metamorphosis.
This bioactive protein mechanism implies that a “bacteria-driven” process also exists where
bacteria drive the interaction by injecting stimulatory proteins into animal larvae. Importantly,
both mechanisms of bacteria-stimulated metamorphosis might exist simultaneously in the
environment and drive the process of animal recruitment to new habitats. This updated
model of how bacteria stimulate animal metamorphosis leads to broader questions of
whether and how the partners of this transient interaction are harmed or benefit from the en-
counter (23). Whether biofilm bacteria that stimulate metamorphosis colonize the juvenile
and adult organism was questioned only recently (24) and remains a critical gap in knowledge
about the relationship.

ANTICIPATED ADVANCES IN THE NEXT 5 YEARS AND BEYOND

Within the next 5 years, | envision that there will be three main advances that will
push the field of studying bacteria-stimulated metamorphosis forward as follows: (i)
Diverse bacterial products that stimulate animal metamorphosis and the genetic basis
of their biosynthesis will be identified. These products will differ in their chemical
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composition, structure, and function (e.g. a specialized metabolite such as tetrabromopyrrole
or a protein effector, like Mif1). The mode of action of the bacterial product and the mode of
perception by the larvae will vary widely. (ii) Model systems focused on microbe-animal sym-
bioses will be used more frequently, and methods to study them will catch up to established
model organisms. Technical advances to study the animal partners will help to determine
how animal larvae perceive bacterial products that stimulate metamorphosis. (iii) Discoveries
about the diverse bacterial products that stimulate metamorphosis and how animals recog-
nize these products will help to flesh out the broader question of whether the relationship
between the bacteria and animal partners is a parasitic, commensal, or mutualistic interaction.
[t remains unknown whether bacteria that stimulate metamorphosis continue their interaction
with the animal once it has undergone metamorphosis.

UNEXPECTED INSIGHTS FROM STUDYING BACTERIA-STIMULATED METAMORPHOSIS

Studying a mysterious host-microbe phenomenon has led to two unexpected
insights. First, in addition to targeting tubeworm larvae, we found that MACs are capa-
ble of targeting very different types of eukaryotic cells, including insect cells and
mouse macrophages, ex vivo (25). CIS such as MACs might therefore be amenable to
engineering for biotechnology purposes as protein delivery devices to target eukaryo-
tic cells. Second, while studying CIS that promote tubeworm metamorphosis, my lab
made a fortuitous discovery—we found that a poorly described class of CIS genes is
present within Bacteroidales bacteria from the gut microbiomes of nearly all healthy
human adults from the United States and Europe (14). Further, we show that individu-
als suffering from irritable bowel disease have fewer CIS genes than healthy individu-
als, hinting at their role in human health. Our discoveries provide important instances
of the power of fundamental research as an engine for scientific discovery.

CONCLUSION

Numerous marine bacteria forming multispecies biofilm communities on submerged
surfaces likely serve as an indicator of a preferable habitat for, and trigger the metamorphosis
of, marine larvae. Studying such interactions will provide a wealth of foundational knowledge
with profound health, economic, and biotechnology applications.
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