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All animals on Earth form associations with microorganisms, including protists, bacteria,

archaea, fungi, and viruses. In the ocean, animal–microbial relationships were historically

explored in single host–symbiont systems. However, new explorations into the diversity

of microorganisms associating with diverse marine animal hosts is moving the field into

studies that address interactions between the animal host and a more multi-member

microbiome. The potential for microbiomes to influence the health, physiology, behavior,

and ecology of marine animals could alter current understandings of how marine animals

adapt to change, and especially the growing climate-related and anthropogenic-induced

changes already impacting the ocean environment. This review explores the nature

of marine animal–microbiome relationships and interactions, and possible factors that

may shift associations from symbiotic to dissociated states. I present a brief review

of current microbiome research and opportunities, using examples of select marine

animals that span diverse phyla within the Animalia, including systems that are more and

less developed for symbiosis research, including two represented in my own research

program. Lastly, I consider challenges and emerging solutions for moving these and other

study systems into a more detailed understanding of host–microbiome interactions within

a changing ocean.
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INTRODUCTION

Marine animals are the icons of life in the oceans. They represent about two million species (Mora
et al., 2011) and include a wide range of body designs, from the highly simplistic sponges lacking
true tissues and organs to the complex vertebrates containing specialized tissues and organs, such
as fish and marine mammals, with some iconic representatives presented in Figure 1. The bodies
of marine animals span several orders of magnitude in size, from the abundant planktonic copepod
(1–2 mm) to the highly mobile blue whale (30 m), the largest animal on Earth. Marine animals are
key members of ocean ecosystems and serve as both prey of and predators for other animals within
the complex ocean food web. In contrast to terrestrial animals, marine animals have developed
strategies for osmoregulation as well as highly specialized approaches for maintaining homeostasis
within diverse temperature, oxygen and pressure gradients of the ocean (Graham, 1990; Knoll
and Carroll, 1999). Marine animals also possess sophisticated specializations and functions that
promote their success on or within their benthic or pelagic habitats, including specializations for
living or enduring depths (outlined in Figure 1) that vary widely in factors such as light availability,
access to food and predator exposure.
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FIGURE 1 | Illustration and common names of representative ocean animal life within their approximate depth-defined ecological habitats. Microorganisms exist on

the surfaces and within the tissues and organs of the diverse life inhabiting the ocean, across all ocean habitats. Animals are not drawn to scale.

Marine animals share the sea with a vast diversity of
microorganisms, including protists, bacteria, archaea, fungi, and
viruses which comprise millions of cells in each milliliter of
the 1.3 billion km3 of water comprising the oceans (Eakins and
Sharman, 2010). These microorganisms are several micrometers
or smaller in size, but collectively their roles in oxygen
production, nutrient cycling, and organic matter degradation
provide critical functions to the oceans and Earth (Arrigo,
2005; Falkowski et al., 2008). Microorganisms that associate with
marine animals are part of the animal’s microbiome, or collection
of microorganisms that reside on or within the animal. Some
of the microorganisms comprising the microbiomes of marine

animals are thought to originate from this surrounding supply
of seawater-associated cells (e.g., Nussbaumer et al., 2006), while
other cells appear to have strict inheritance patterns, passed on
through generations from the host (Sharp et al., 2007).

Over the past two decades, the widespread application of
genomic and more integrative microbiological approaches have
advanced our understanding of animal microbiomes (reviewed
within McFall-Ngai et al., 2013). Symbiotic relationships between
microorganisms and marine animals have been studied for
decades, but technological advancements are providing new
insights into the sheer diversity of microbial life in associ-
ation with animals in the sea (Smith, 2001; Douglas, 2010). For
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example, reef-building corals are acknowledged as the icons
of animal–microbial symbiosis in the sea, with corals hosting
photosynthetic symbionts that make critical contributions to
host nutrition (Muscatine et al., 1981). New reports of diverse
protists, bacteria, archaea, and viruses in association with corals
provide insights into the role of these cells for fulfilling diverse
functional processes within the different niches of the coral
host (reviewed within Thompson et al., 2015; Bourne et al.,
2016). In fact, for many terrestrial animals, new reports of
microbial symbioses provide insights into the variety of genetic
and biochemical interactions and the ways that microorganisms
contribute to animal health, behavior, and ecology (e.g., Ley,
2010; Cho and Blaser, 2012).

Understanding the microbiomes of marine animals is a
growing research area within the field of marine science.
Currently, the science is heavily focused on identifying consistent
or “core” microbial members of the microbiome (Shade and
Handelsman, 2012). After first gaining an understanding of
“who’s there” generally using diversity-based surveys targeting
the small subunit (SSU) ribosomal RNA (rRNA) gene, these
microbiomes are then often examined as a whole or in smaller
units to understand the function of the cells, the nature of the
associations and ultimately gain insight into the role of the
microbiome in animal health, physiology, ecology, and behavior
(Ezenwa et al., 2012; McFall-Ngai et al., 2013). Additionally,
the ocean environment is changing at unprecedented rates due
to climate-related and anthropogenic-induced impacts (Halpern
et al., 2008; Doney et al., 2012), and the microbiome is also being
investigated for its possible role as a sentinel of a changing host
(Ainsworth and Gates, 2016).

How environmental changes and animal life history events
affect the microbiomes of marine animals is growing area of
research, and there is an emerging focus on better understanding
interactions between the animal, microbiome, and ocean
environment, including the elements that may define their
exchanges (e.g., Meron et al., 2011; Lesser et al., 2016; Webster
et al., 2016). Therefore, this review considers the symbiosis
and dissociated stages of animal–microbiome associations, and
discusses factors and causes that may alter interactions between
animals and their microbiome. Next, this review discusses
current research examining animal–microbiome relationships
and interactions, by focusing on select systems that represent
diverse marine animal phyla and which span the range of being
more to less developed for microbiome research. Two of these
systems, corals and marine mammals, are represented in my
own research program. Lastly, this review concludes with a
discussion of challenges in marine animal–microbiome research
and opportunities available to further advance knowledge of
animal–microbiome interactions in the ocean.

CONCEPTUAL MODEL OF FACTORS
CONTRIBUTING TO HOST-MICROBIOME
INTERACTIONS

Host–microbiome dynamics are generally described as falling
into two main categories: symbiosis, in which the organisms

are involved in a normal metabolic and immune signaling
interactions, and secondly dysbiosis, in which the relationship
or interactions are heavily altered, possibly related to a major
stress or infection event. While host–microbiome symbiosis and
dysbiosis has been mostly considered in humans and humanized
models (Hamdi et al., 2011; Nicholson et al., 2012; Scharschmidt
and Fischbach, 2013), many of the same concepts are applicable
to organisms in the sea (Egan and Gardiner, 2016), and are
being explored in various systems (discussed below). The exact
factors and mechanisms tipping the scale between symbiosis and
dysbiosis will probably vary with complexity of the host anatomy
and immune functioning (e.g., simplistic sponges and corals
compared to more complex fish and sharks) as well as with the
complexity of interactions that may occur between the members
of the microbiome.

A normal animal–microbiome relationship in the ocean could
be referred to as a “symbiotic” state, although the exact nature
of the relationship may vary for each cell in the association. For
example, cells residing on the surface or within the gut cavity of
an animal are physically associated, yet do not share as intimate
of an association as those microbes residing intracellularly with
the host’s cells. This normal symbiotic state is subject to a variety
of environmental fluctuations, which are generally defined by
the characteristics of the habitat (Figure 1). For example, in the
ocean’s upper photic zone, animals are exposed to variations
in temperature and light, and host–symbiont interactions,
especially in ectothermal animals, could alter on cycles such
as seasons that generally control the temperature and light
environment. Normal fluctuations in animal-specific patterns
could also alter host–microbiome relationships. For example,
changes in diet, possibly due to short-term prey availability, can
alter gut microbiota and host–microbiome metabolic exchanges
in other systems (e.g., David et al., 2014), and similar diet trends
may also affect marine animals. Stress is another factor more
complex animals encounter on a daily basis (e.g., squid, crabs,
fish), which could be related to social/territorial encounters or
chasing or fleeing from prey, and the short-term production of
stress hormones such as cortisol can influence host–microbiome
relationships (e.g., Moloney et al., 2014).

There are also normal animal life events that occur on longer
time frames or that are more drastic in scope, such as animal
development, aging, and reproduction. In non-marine animals,
these factors have been shown to cause alterations in animal-
microbial relationships (e.g., Heintz and Mair, 2014). These
changes can be drastic enough to cause a state of “altered
symbiosis” that could extend for short or longer term. For
example, the gut microbiome of women generally becomes
altered during pregnancy (Koren et al., 2012). Events resulting in
normal animal stress may also lead to a more altered symbiotic
state, for example if social conflict was more chronic, perhaps
due to the pressures of a particular habitat. Data from humans
and humanized models suggests that the microbial community
and associated genes do fluctuate with the normal variations
and animal life events, and both may be considered “healthy”
fluctuations (Nicholson et al., 2012). However, how these
fluctuations affect exchanges between the host and microbiome
is much less understood.

Frontiers in Marine Science | www.frontiersin.org 3 July 2017 | Volume 4 | Article 222

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Apprill Marine Animal Microbiomes

If symbiosis and altered symbiosis are considered as normal
host–microbiome variations throughout an organism’s life,
dysbiosis is the breakdown in the relationship, generally related
to one or more major stressors, and can greatly alter host
health and lead to a disease state (Holmes et al., 2011). The
stressor may come from an external source, such as a pollutant,
infective agent, or a longer-term natural environmental change—
and there are probably countless other factors that could fit
this category (Figure 2). For example, one of the most visible
signs of host–microbiome dysbiosis is with scleractinian corals,
whose relationship with unicellular algae breaks down after
long-term yet small increases in seawater temperature, causing
the coral to become “bleached” (Brown, 1997). In humanized
models, major stressors such as malnutrition are related to less
physically visible changes in innate immunity, which are linked
to microbial ecology (Hashimoto et al., 2012). Understanding
the relationship between symbiosis, dysbiosis and host health
and functioning are general topics of research in most host–
microbiome studies, but the environmental changes occurring
in the ocean environment have made this area of research more
pressing for marine animals. Overall, the concepts behind the
model presented in Figure 2, as well as variations of this model,
are generally driving much of the current research examining
animal-microbial relationships in the ocean.

OVERVIEW OF DIVERSE AND EMERGING
ANIMAL-MICROBIOME STUDY SYSTEMS

The microbiomes of diverse marine animals are currently
under study, from simplistic organisms including sponges (e.g.,
Webster et al., 2010) and ctenophores (Daniels and Breitbart,
2012) to more complex organisms such as sea squirts (Blasiak
et al., 2014) and sharks (Givens et al., 2015). Below I present
some of the current study systems that represent a diverse
cross-section of marine animal phyla, and trends of research in
these systems including focus on symbiosis and dysbiosis. The
organisms are generally presented in order from increasing to
decreasing knowledge about the host-microbiome relationship.

The relationship between the Hawaiian bobtail squid
Euprymna scolopes (phylum Mollusca) and the bioluminescent
bacterium Vibrio fisheri (also recognized as Aliivibrio fisheri) is
one of the best studied symbiotic relationships in the sea and is
a choice system for general symbiosis research (Figures 3A,B).
The E. scolopes-V. fisheri relationship has provided insight into
fundamental processes in animal-microbial symbioses, and
especially biochemical interactions and signaling between the
host and bacterium (McFall-Ngai, 2000, 2014). Much of this
research focuses on establishment of the symbiosis, with less
focus on dysbiosis. Additionally, because V. fisheri exists in
the light organ, these studies have been primarily limited to
this one isolated relationship, with the remainder of the squid’s
microbiome virtually unstudied (but see Barbieri et al., 2001;
Collins et al., 2012). The E. scolopes–V. fisheri system offers
simplicity for the study of host–microbial interactions and
numerous helpful developments in animal husbandry, genomic
tools, and experimental design that could be applied to ask more

FIGURE 2 | Conceptual diagram of a host-microbiome relationship.

Relationships are generally thought to exist in a symbiotic state, and are

normally exposed to environmental and animal-specific factors that may cause

natural variations. Some events may change the relationship into a functioning

but altered symbiotic state, whereas extreme stress events may cause

dysbiosis or a breakdown of the relationship and interactions.

comprehensive questions about squid–microbiome interactions,
including the conditions leading to dysbiosis of relationships.

Similar to E. scolope, the gutless marine oligochaete worm
Olavius algarvensis (phylum Annelida) is another relatively well-
studied marine host to microbes. One major difference is that
it has been studied within the context of a larger consortium of
microorganisms compared to E. scolope. These 3 cm long worms
reside within shallow marine sediments of the Mediterranean
Sea. The worms do not contain a mouth or a digestive or
excretory system, but are instead nourished with the help of a
suite of extracellular bacterial endosymbionts that reside upon
coordinated use of sulfur present in the environment (Dubilier
et al., 2001). This system has benefited from some of the most
sophisticated ‘omics and visualization tools (Woyke et al., 2006).
For example, multi-labeled probing has improved visualization
of the microbiome (Schimak et al., 2016) and transcriptomics
and proteomics have been applied to examine host–microbiome
interactions, including energy transfer between the host and
microbes (Kleiner et al., 2012) and recognition of the consortia
by the worm’s innate immune system (Wippler et al., 2016). The
major strength of this system is that it does offer the ability
to study host–microbiome interactions with a low diversity
microbial consortium, and it also offers a number of host and
microbial genomic resources (e.g., Woyke et al., 2006; Ruehland
et al., 2008). Dysbiosis has not been heavily investigated in this
system, and given the growing knowledge of host–microbial
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FIGURE 3 | Photographs of marine animals and their associated microbiomes

from select study systems. Photographs include: the Hawaiian bobtail squid

Euprymna scolopes (A) and a transmission electron micrograph of Vibrio fisheri

cells associating with dense microvilli (MV) and in proximity to the epithelial

nucleus (N) within the light organ (B); the reef-building coral Stylophora

pistillata (C) and a microscopy image of Endozoicomonas cells (probed yellow

using in situ hybridization) within the tentacles of a S. pistillata host (D); the

Atlantic killifish (Fundulus heteroclitus) (E) and a scanning electron microscopy

(SEM) image of the surface and scales of the fish, with arrows pointing to

bacterial-sized cells and larger cells (which are not noted) are presumably

phytoplankton (F); a humpback whale (Megaptera novaeangliae) breaching

(G) and a scanning electron microscopy image of a humpback’s skin surface

associated bacteria, with arrows indicating two different cell morphologies (H).

Photographs (A,B) were produced by M. McFall-Ngai and were previously

published photographs (McFall-Ngai, 2014), (C,H) were previously published

by the author Neave et al. (2016) and Apprill et al. (2014), photograph (D) was

taken by Liping Xun and photograph (E) by Evan D’Alessandro.

interactions, O. algarvensis could be an imperative animal for
dysbiosis research.

As mentioned above, corals (phylum Cnidaria) (Figure 3C)
are one of the most common examples of an animal host whose
symbiosis with microalgae can turn to dysbiosis, and is visibly
detected as bleaching. Coral microbiomes have been examined
in a variety of studies, which demonstrate how variations in
the ocean environment, most notably temperature, light, and
inorganic nutrients, affect the abundance and performance of
the microalgal symbionts, as well as calcification and physiology
of the host (Dubinsky and Jokiel, 1994; Anthony et al., 2008).
Studies have also suggested that resident bacteria, archaea, and
fungi additionally contribute to nutrient and organic matter

cycling within the coral, with viruses also possibly playing a
role in structuring the composition of these members, thus
providing one of the first glimpses at a multi-domain marine
animal symbiosis (reviewed in Bourne et al., 2016). The
gammaproteobacterium Endozoicomonas is emerging as a central
member of the coral’s microbiome, with flexibility in its lifestyle
(Figure 3D) (Neave et al., 2016, 2017). Ocean disturbances
including elevated temperature and ocean acidification have
been shown to disrupt the coral’s associated bacteria (Thurber
et al., 2009; Meron et al., 2011), including relationships with
Endozoicomonas (Morrow et al., 2015). However, some members
of this microbiome appear to be stable across large environmental
gradients (Hernandez-Agreda et al., 2016). In addition to
nutrition, the microbiome plays a role in coral health and
stress. Temperature and light stress to corals can result in
overproduction of reactive oxygen species (ROS), which can be
detrimental to Symbiodinium and result in bleaching, but the
associated bacteria have also recently been shown to contribute
extracellular ROS (Diaz et al., 2016; Zhang et al., 2016),
which could play a signaling role with the host or within the
microbiome. Given the recent mass bleaching occurring on reefs
(Hughes et al., 2017), corals will likely continue to be a useful
and popular system for symbiosis and dysbiosis research. There
are number of resources available to further promote study of
the coral microbiome, including integrated databases (Franklin
et al., 2012; Madin et al., 2016), a growing number of host and
microbial genomes (Shinzato et al., 2011; Bayer et al., 2012; Neave
et al., 2017), and laboratory amendable “model” systems (Weis
et al., 2008; Baumgarten et al., 2015).

Sponges (phylum Porifera) are common members of the
ocean’s diverse benthic habitats and their abundance and ability
to filter large volumes of seawater have led to the awareness that
these organisms play critical roles in influencing benthic and
pelagic processes in the ocean (Bell, 2008). They are one of the
oldest lineages of animals, and have a relatively simple body plan
that commonly associates with bacteria, archaea, algal protists,
fungi, and viruses (reviewed within Webster and Thomas, 2016).
Sponge microbiomes are composed of specialists and generalists,
and complexity of their microbiome appears to be shaped by
host phylogeny (Thomas et al., 2016). Studies have shown that
the sponge microbiome contributes to nitrogen cycling in the
oceans, especially through the oxidation of ammonia by archaea
and bacteria (Bayer et al., 2008; Radax et al., 2012). Most
recently, microbial symbionts of tropical sponges were shown
to produce and store polyphosphate granules (Zhang et al.,
2015), perhaps enabling the host to survive periods of phosphate
depletion in oligotrophic marine environments (Colman, 2015).
The microbiomes of some sponge species do appear to change
in community structure in response to changing environmental
conditions, including temperature (Simister et al., 2012a) and
ocean acidification (Morrow et al., 2015; Ribes et al., 2016), as well
as synergistic impacts (Lesser et al., 2016). Understanding the
effect of these altered host–microbiome interactions on sponge
growth and ecology are topics for further research. As such,
there are a number of resources to support research on sponges
including a curated database of sponge–microbial sequences
(Simister et al., 2012b), cultivated microbial isolates and sponge

Frontiers in Marine Science | www.frontiersin.org 5 July 2017 | Volume 4 | Article 222

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Apprill Marine Animal Microbiomes

cell cultures from some species (Taylor et al., 2007) to facilitate
investigations.

Atlantic killifish, (Fundulus spp., Phylum Chordata)
(Figure 3E) are one of the most abundant estuarine fishes
in North America, and are related to other families with more
global distributions in coastal areas (Fritz et al., 1975; Lotrich,
1975). The killifish have a broad North American geographic
distribution yet limited subpopulation movement, and thus
the Atlantic killifish have become a useful field-residing model
species for examining biological and ecological responses to
natural environment conditions (salinity, oxygen, pH, and
temperature) as well as chemical pollutants (Burnett et al.,
2007). While the killifish microbiome (Figure 3F) has not been
extensively studied, there is work examining the influence of
pollutants on the skin and mucus of the fish, which suggests
that this skin microbial community is relatively resistant to
change (Larsen et al., 2015). Populations of the fish offer a unique
host genetic resistance to toxicity (Hahn et al., 2004), and it is
possible that this resistance is also facilitated by features of the
microbiome. The Atlantic killifish appear to be an ideal study
species for microbiome investigations and especially the response
of the host–microbiome symbiosis to changing ocean conditions.
Specifically, the killifish can be maintained in laboratory aquaria,
they are hardy and amendable to experimental manipulation,
and spawning material can be acquired for developmental
(Burnett et al., 2007).

The microbiomes of marine mammals (phylum Chordata)
(Figure 3G) have recently been investigated and offer a
comparative study system to terrestrial mammals (reviewed
within Nelson et al., 2015). Marine mammals are often viewed
as sentinel species of the ocean, because they appear to rapidly
respond to ocean conditions, disturbances, and pathogens
similarly to humans (Bossart, 2011). Several studies have
examined the skin (Figure 3H), gut and respiratory microbiomes
of diverse marine mammal species, and describe species-specific
relationships (Johnson et al., 2009; Apprill et al., 2014; Bik
et al., 2016). Connections between the community composition
of the microbiome and animal health (Apprill et al., 2014)
and diet (Nelson et al., 2013; Sanders et al., 2015) have been
made, and more detailed studies are needed to understand these
specific connections. While there are very limited resources
available for studying host–microbiome interactions in marine
mammals, there are some animals in captivity as well as
well-studied populations that will heighten investigations of
host–microbiome symbiosis and dysbiosis in these sentinel
species.

CHALLENGES AND EMERGING
SOLUTIONS TO STUDYING
ANIMAL–MICROBIOME INTERACTIONS

A number of the systems highlighted above are currently
examining animal–microbiome interactions, but these are
generally most developed in systems such as O. algarvensis that
offer lower complexity microbiomes, or within the single host–
symbiont relationship between E. scolopes and V. fisheri. As such,

a major challenge to the field is exploring host–microbiome
interactions within the context of a diverse microbiome,
and especially if the microbiome includes members such a
uncharacterized protists, fungi, and viruses, which have generally
not been described in most marine animal systems. Therefore,
a through description of the microbiome is a first necessity, but
this still presents many challenges on a variety of levels. For
example, amplifying or shotgun sequencing microbial DNA with
the presence of abundant host cells often requires optimization
or high sequencing output (e.g., Rocha et al., 2014; Weber et al.,
2017). Taxonomic databases generally contain few microbial
sequences from many of these animals, and therefore simple
tasks such as assigning taxonomy can be challenging. Developing
animal-specific databases (Simister et al., 2012b), which include
the next-generation supplied sequences generally not available in
curated taxonomic databases, could help alleviate this problem.
There are also a number of new tools for metagenomics-
based analysis, including advancements in binning genomes
from complex samples (Kang et al., 2015; Graham et al., 2017)
as well as new visualization methods for comparing genomes
(Eren et al., 2015; Wagner et al., 2017). A challenging issue
that has received less attention is how to gain information
from unknown genes and gene families, which can make up
over half of the environmental microbial genomes. Algorithms
utilizing gene function predictions do provide some assistance
with this problem (Mi et al., 2015), and these tools may
improve as more environmental microbial genomes are available.
Lastly, computational tools are emerging to facilitate identifying
associations between host genetic variation and microbiome
composition (Lynch et al., 2016).

Once some of these hurdles are overcome and a
comprehensive view of the microbiome is available, researchers
can then explore the nature of the host–microbiome relationship.
Visualization using a variety of different microscopy-based
techniques is a powerful tool to recognize the physical
relationship between a host and the microbiome, as well as
the organization of cells within the microbiome. Electron
microscopy provides the most detailed information about this
organization, but this is less useful for complex microbiomes
because taxonomically distinct microbial cells with similar
appearances cannot be distinguished. Fluorescent in situ
hybridization (FISH), and especially using a multi-taxonomic,
simultaneous probing technique such as Combinatorial Labeling
and Spectral Imaging FISH (CLASI-FISH) (Valm et al.,
2011) can provide significant insight into host–microbe and
microbe–microbe interactions. FISH techniques do require
optimization for some animal systems, such as corals that possess
autofluorescent host tissues (Wada et al., 2016). Visualization
techniques can also be paired with isotope probing, to provide
opportunities to trace the transfer of specific molecules between
the host and microbiome, as well as within the microbiome
using Nano-SIMS and Nano-SIP approaches (Musat et al.,
2016). There have also been many recent instrumental and
database advances in the field of metabolomics (Beisken et al.,
2015), and this approach is beginning to be applied to examine
host–microbiome interactions (Gomez et al., 2015; Sogin et al.,
2016). An understanding of specific microbial metabolites will

Frontiers in Marine Science | www.frontiersin.org 6 July 2017 | Volume 4 | Article 222

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Apprill Marine Animal Microbiomes

help facilitate targeted investigations of how these products affect
the host nutritional and immune systems.

Lastly, experimental manipulation is a challenge to the study
of host–microbial interactions in the ocean. Studying the animals
in their natural environment is the most ideal approach because
it ensures that the surrounding seawater microbial community
is maintained. However, natural experiments are only as helpful
as the natural variability in the host-microbe system, and
generally only afford the opportunity to study events such as
seasonality, animal growth or other life history events. Artificial
systems such as aquaria or mesocosms offer opportunities to
manipulate environmental conditions or expose the animal to
antibiotics or other molecules that are difficult to dose in the wild.
However, not all animals are ideal for these systems (e.g., large
whales, hydrothermal vent worms), and it can be challenging to
reproduce some environmental conditions. Advances in aquaria
design that offer consistency in environmental conditions and
the ability to manipulate complex environmental interactions,
such as the Australian Institute of Marine Science’s National
Sea Simulator, provide opportunities to conduct more realistic
experiments. As the need to understand how host–microbiome
interactions will alter with the forecasted changes in ocean
temperature and pH, facilities such as this will become critical
to animal–microbiome research in the ocean.

While studies of marine animal–microbiome interactions
are certainly plagued by a number of challenges, the future
is also very bright for this emerging field. Many of the new

bioinformatics and methodological advancements now available

to marine biologists stem from the biomedical field, and
thus marine animal microbiome research, as well as other
environmental-based fields, are profiting from the elevation
in microbiome research funding and attention. There could
also be growing interest in using marine animals as models for
examining resilience, promoted by the fact that alterations in
the ocean conditions are often outpacing those in terrestrial
environments. Given the phylogenetic breath of animals in the
ocean, coupled with the many diverse ocean environments,
there is certainly a wealth of research opportunities
available to study host–microbiome interactions in the
ocean.
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