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ABSTRACT

Aquatic animals experience a unique and increased pressure from their surrounding
environment as they are in constant contact with billions of microorganisms, many of which may
cause adverse health outcomes. Microorganisms that live within and/or on aquatic animals
(microbiomes) can protect their host from potential pathogens along with aiding in nutrient
metabolism and host immunity. These relationships are well documented in human and
terrestrial systems, and in some model aquatic organisms; however, the majority of aquatic
microbiomes are under characterized. 16S rRNA gene and metagenomic sequencing was used to
study these microbial communities. 16S rRNA gene sequencing targets a conserved bacterial
gene with variable regions that allow for the taxonomic identification of bacterial taxa, the
quantification of their relative abundance, and the comparison of microbial diversity between
samples. Metagenomic sequencing includes the whole genetic content within a sample, allowing
for further taxonomic classification of bacteria within a complex community, while also
identifying potential functions of those microorganisms. With these approaches, the impact of
host hybridization on catfish digesta microbiome community structure and predictive function
were analyzed. This study found that hybrid catfish harbor a unique microbiome from both
parental microbiomes, with increased taxa and metabolic pathways associated with host
immunity and growth. Additionally, catfish embryo microbiomes in aquaculture were
characterized and how the potential impact those communities have on embryo protection during
development was investigated. Catfish embryo microbiomes were distinct from water
microbiomes, and many of the enriched taxa were associated with nutrient cycling and
antioxidant production. Functional groups associated with antimicrobial production and
resistance were identified and may contribute to host defense. Lastly, 16S rRNA gene
sequencing was used to study the dominant and hypothesized coral symbiont, Endozoicomonas,
and how its relative abundance varies by coral type, ocean depth, and marine protection status.
Endozoicomonas was more abundant in soft coral microbiomes compared to hard corals, with
higher abundances in unprotected marine areas for soft corals and in shallower depths in hard
corals. Together, these studies demonstrate how host genetics, microbial interactions,
environmental factors, and the complexity of these relationships, contribute to microbiome
community structure and potential metabolic function.



CHAPTER ONE

INTRODUCTION

Host-Associated Microbiomes

Microorganisms (bacteria, fungi, viruses, and archaea) that live within or on the surface
of a host (animals and plants) are collectively known as the hosts’ microbiome. Host-associated
microbiomes provide their host with several benefits including metabolism, protection against
pathogens, and mucosa maintenance (Louis & Flint, 2009; Neish, 2014; King et al., 2016; Zhu et
al., 2021; Qi et al., 2023). While much of what is known about host-associated microbiomes
comes from organisms that live in terrestrial systems—such as humans and model non-human
animals and plants—aquatic hosts represent a vast and comparatively understudied component of
animal-microbe interactions.

Aquatic animals are immersed in microbe-rich environments, resulting in constant
exposure to diverse microbial communities. Immediate microbial succession of aquatic hosts has
important implications for microbiome establishment, stability and transmission, particularly
during early life stages (Wilkins et al., 2015; Fujimoto et al., 2018; Nyholm, 2020). Unlike
terrestrial organisms, where host-associated microbiomes may be shaped by discrete exposure
events, aquatic microbiomes are dynamically influenced by the surrounding water, sediment, and
organisms that live in these systems.

Despite these complexities, aquatic systems encompass some of the best-characterized
and least-understood examples of animal-microbe symbioses. The symbiotic relationship

between the bobtail-squid and Vibrio fischeri, in which V. fischeri provides bioluminescent
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camouflage and in return the host provides essential nutrients, has provided fundamental insights

into microbial colonization, host specificity, and immune recognition (Nyholm & McFall-Ngai,
2021). Additionally, zebrafish have emerged as important vertebrate models for studying
microbiome effects on host development and immunological function under controlled
conditions due to their similarities to humans in regard to intestinal structure and physiology, and
their external fertilization nature (Xia et al., 2022). In contrast, the extent of the symbiosis and
over all microbiome function in more complex systems like coral holobionts (the coral and its
microbiome comprised of bacteria, fungi, viruses, archaea and dinoflagellate algae) remains
poorly understood due to the complexity of multi-microbe interactions (Thompson et al., 2014).
Indeed, research has been able to identify the key symbiotic microbial players in aquatic host-
associated microbiome, but these systems also underscore substantial research gaps—such as the
role of host associated microbiome in the early developmental stages of various fish species.
Understanding host-associated microbiomes in aquatic organisms is critical given their
ecological importance, economic value, and relevance to food production through aquaculture.
Aquaculture systems offer a unique and advantageous framework to study host-associated
microbiomes due to their controlled environmental conditions, known genetic lineages, and
capacity for experimental replication. These characteristics enable the disentanglement of host,
environmental, and microbial contributions to microbiome assembly in ways that are not feasible
in wild livestock populations (terrestrial and aquatic). Specifically, early life stages, and
subsequent microbial succession and colonization can be readily sampled and manipulated,
thereby providing a controlled aquatic system to examine microbiome establishment during
critical developmental periods. Together, these aquaculture factors provide the ideal context for

investigating the factors that shape microbiome structure and function.
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Factors That Shape Microbiome Structure

Microbiome Structure

Microbiome structure refers to the composition of microbial communities, including the
identity of community members, overall richness, and the relative abundance of taxa within the
community(Nemergut et al., 2013). The factors shaping host-associated microbiome structure are
commonly grouped into host and environmental factors, and microbe-microbe interactions. Host-
associated factors include, host type (e.g., animals and plants), diet, age, physiological stress and
genetics. Environmental factors encompass variables such as geographic location, habitat type
(terrestrial vs aquatic), oxygen availability, temperature, environmental protection status, and
depth (aquatic systems). Microbial interactions include processes such as metabolite production
(e.g., bacteriocins), direct physical interactions (e.g., biofilm formation) and antagonisms or
mutualistic relationships among community members. Importantly, these factors do not act
independently, rather they interact in complex and often non-linear ways to shape microbiome
composition and function (Benson et al., 2010; Bernardo-Cravo et al., 2020). As a result,
disentangling the relative contribution of individual factors remains a major challenge in
microbiome research. Utilizing controlled aquatic environments such as aquaculture, may help
us begin to control for environmental influence, while asking more targeted questions on specific
host-microbial interactions, the mechanisms that contribute to host health, and host resilience in

aquatic systems.

Host factors

Host genetics are increasingly recognized as important determinants of microbiome

structure, particularly in systems where environmental variation can be controlled (Benson et al.,
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2010; Org et al., 2015). Host hybridization provides a robust framework to examine genetic

influences on microbiomes by combining distinct parental genomes with diverse functional traits
in a shared environment. Interspecific hybridization, in which two species mate to produce
hybrid offspring, has been shown to alter host-associated microbiomes across a range of
organisms (Miller et al., 2021); however, the direction (e.g. increase or decrease in microbial
diversity, shifts towards one parent microbiome, or emergence of novel communities) and
functional consequences of these changes remain inconsistent.

There is inconsistent knowledge on how hybridization impacts host microbiomes. In
some systems, hybridization has been associated with negative outcomes, such as the increased
abundance of parasitic microorganisms and reduced host fitness like sterility (Good et al., 2008;
Miller et al., 2010; Brucker & Bordenstein, 2013), whereas in others it has been linked to shifts
in microbiome function that may enhance host performance (Li et al., 2016; Zhu et al., 2021).
Furthermore, several studies report minimal or no effects of hybridization on microbiome
structure, underscoring the context dependence of host genetic influences (W. Li et al., 2018;
Sevellec et al., 2019). These studies highlight significant gaps in our knowledge on
understanding how host genetics and hybridization shape microbiome composition and function.
Controlled aquaculture systems provide a unique opportunity to examine these relationships by

reducing environmental variation and enabling direct comparisons among related host lineages.

Microbial Interactions

In addition to host factors, interactions among microbes themselves play critical roles in
shaping microbiome structure and function. These interactions span from competitive to
commensal processes, including antagonistic mechanisms such as bacteriocin and antibiotic

production, polymicrobial behaviors such as biofilm formation, and mutualistic metabolic
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relationships such as between methanotrophic and methylotrophic bacteria (Sanz-Lazaro et al.,

2011; Amin et al., 2012; Penesyan et al., 2021; Deng et al., 2024). Together, these interactions
influence community assembly by prompting or inhibiting the establishment of specific taxa,
particularly during early life stages when microbial communities are newly forming and host
immune defenses are not yet fully developed (Fujimoto et al., 2013; Fujimoto et al., 2018;
Lokesh et al., 2019). Early colonizing microbes can therefore act as foundational species,
shaping downstream community composition and function.

Through these processes, microbe—microbe interactions contribute to microbiome
stability, colonization resistance against opportunistic pathogens, and the functional maturation
of host-associated microbiomes as they transition from early, transient assemblages to more
stable, functionally integrated ecosystems. These interactions are particularly relevant in aquatic
systems such as those associated with fish, where microbial communities colonizing eggs, skin,
and mucosal surfaces can form biofilms that mediate both commensal and competitive
interactions, ultimately influencing pathogen resistance and early microbiome assembly
(McMurtrie et al., 2025; Paralika & Makridis, 2025). However, inferring these interactions from
community composition alone remains challenging, limiting our ability to fully resolve their role
in shaping. Microbiome dynamics and representing a key ongoing challenge in microbiome

research.

Environmental Factors

Environmental conditions are also major determinants of host-associated
microbiome structure, particularly in aquatic systems where hosts are in constant contact with
surrounding microbial communities. In these systems, the surrounding water microbiomes

represent a dynamic and functionally important reservoir of microbial diversity, maintaining
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essential metabolic processes and acting as a primary source for host colonization (Sehnal et al.,

2021). Factors such as temperature, oxygen availability, and nutrient concentrations influence
which microorganism can persist and in what abundances in a given environment (Rubin & Leff,
2007; Ji et al., 2024; Zong et al., 2024). Notably, environmental microbiomes can vary
substantially across geographical, seasonal, spatial, and temporal scales while still maintaining a
conserved functional core, suggesting that ecosystem-level processes may be preserved even as
community composition shifts (Sehnal et al., 2021).

For example, temperature has been identified as one of the strongest environmental
drivers shaping aquatic microbiomes, with increases in temperature promoting proliferation of
opportunistic pathogens, which can in turn alter host-associated microbiome structure and
disease susceptibility (Sunagawa et al., 2015). Disruption of environmental microbiomes through
anthropogenic factors such as antibiotic exposure can shift host-associated microbiomes and
negatively impact aquatic animal growth and survival by disrupting host-microbiome
interactions (Bentzon-Tilia et al., 2016; Bielen et al., 2017). In systems where disease outbreaks
are particularly common, like aquaculture, these disruptions may be particularly detrimental by
compromising beneficial and protective microbiomes.

Importantly while the surrounding environment provides the initial pool of microbial
colonizers, host-associated microbiomes are not simply reflections of environmental
communities. Instead, hosts can selectively filter and maintain specific microbial taxa, resulting
in distinct microbiomes even within relatively homogenous environmental conditions (Sehnal et
al., 2021). Additionally, within a single host, variation in environmental conditions across body
sites further shape microbiome composition; for examples, fish gut microbiomes are often

enriched with facultative anaerobes compared to skin or gill microbiomes due to differences in
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oxygen levels (Pratte et al., 2018). These spatially distinct microbiomes are associated with

different functional roles for the host, with gut-associated communities contributing beneficial
metabolites like short-chain fatty acids (Fontinha et al., 2024), while gill and mucosal
microbiomes are more closely linked to toxin and waste filtration, and protection against
pathogens (Maina, 2002; Pratte et al., 2018). Together, these patterns demonstrate that
environmental factors shape microbiome structure both by filtering external microbial
communities and by interacting with host physiology to influence microbiome assembly and

stability.

Studying Microbiomes

Given the complexity of host, microbial, and environmental factors that shape
microbiome structure, studying aquatic microbiomes often requires both culture dependent and
culture independent approaches, each with distinct strengths and limitations. Culture-dependent
methods include bacterial enrichment and isolation, which can enable experimental manipulation
of hosts and bacterial species. In contrast, culture-independent approaches rely largely on next-
generation sequencing (NGS), such as 16S rRNA gene and metagenomic sequencing to

characterize microbial communities and their potential functions without need for cultivation.

Culture-Dependent Methods

Culture-based methods rely on solid or liquid media to stimulate microbial growth either
broadly or through selective enrichment of specific taxa. Common media include nutrient-rich
agar or broths like tryptic soy broth/agar, which support the growth of the majority of culturable
microorganisms (Mcllwaine et al., 2024). More selective media, such as MacConkey agar

(selective for gram-negative and differential for lactose fermenting bacteria), can target narrower
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populations of bacteria in a given sample (Mcllwaine et al., 2024). These media-based

approaches are commonly used to isolate organisms for downstream analyses, including
antibiotic resistance testing, pathogenicity assays, biochemical characterization, genetic
manipulation, and whole genomes sequencing (Balloux et al., 2018). Culture-based methods
remain important for diagnostic purposes like water quality testing and pathogen identification,
(Balloux et al., 2018; Mcllwaine et al., 2024); however, they are not comprehensive for complex
microbial communities such as host-associated microbiomes.

Historically, culture-dependent methods were the standard for studying microbial
communities, but their use is decreasing due to the inability to culture most microorganisms.
Only a small fraction, often estimated at 1%, is recoverable using traditional culturing
techniques, a limitation known as the “Great Plate Count Anomaly” (Staley & Konopka, 1985).
Additionally, culture-dependent methods do not provide information of the original abundances
of organisms within a sample, and growth biases favor species that thrive under the chosen
conditions. This limitation complicates comparisons between samples or treatment groups and
makes it difficult to identify taxa associated with specific host or environmental factors. Because
culture-dependent approaches recover only a limited portion of microbial diversity, culture-
independent, sequencing-based methods are now more commonly used to characterize entire

microbial communities.

Culture-Independent Methods

Culture-independent methods, particularly NGS, enable comprehensive characterization
of microbiome composition and function without the need for cultivation. One of the most
widely used approaches is 16S rRNA gene sequencing, which targets a conserved bacterial gene

that contains both highly conserved and variable regions (Johnson et al., 2019). There are nine
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variable regions that provide taxonomic information that can be used to identify bacteria at

varying levels of resolution. Typically, the V3—V4 region is targeted using universal primers that
anneal to conserved regions flanking variable regions, allowing for polymerase chain reaction
(PCR) amplification of the region across diverse taxa (Lopez-Aladid et al., 2023). The amplified
products (short-reads) are then sequenced, generating paired-end reads that can be quality
filtered, merged, and classified against references databases. As a result, 16S rRNA gene
sequencing is ideal for identifying differences in community structure, including diversity
metrics, taxonomic composition, and relative abundances across samples or treatments. This
approach is a relatively rapid and cost-effective way to compare microbial community
composition across many samples; however, it is limited to taxonomic profiling. This method
does not directly measure metabolic activity or functional capacity and therefore, inferences
must be made cautiously (Janda & Abbott, 2007).

Other ‘omic approaches including metagenomics, transcriptomics and metabolomics, can
provide information on the metabolic capability of the microbial community. Specifically,
metagenomics identifies taxa and genes present in a community, which may be used to infer
functional potential, transcriptomics indicates which genes are actively transcribed at the time of
sampling, and metabolomics measures the metabolic products produced (Aguiar-Pulido et al.,
2016). For understanding community functional potential and identifying which taxa may
contribute to specific metabolic pathways, metagenomics provides the most robust culture-
independent approach.

Metagenomics involves the sequencing of all genetic material present in a sample—
including host and microbial DNA (Aguiar-Pulido et al., 2016). After DNA extraction, the entire

genomic content is sequenced rather than targeting a specific region of a gene like in 16S rRNA
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gene sequencing. Reads are quality filtered and then either assembled into contigs or scaffolds

for community-wide analyses and further binned into metagenome-assembled genomes (MAGs)
to reconstruct genomes of individual taxa. MAG-based analyses often provide higher taxonomic
resolution than 16S rRNA gene sequencing and allow for more detailed functional inferences.
Additionally, unlike amplicon-based approaches, metagenomics enables direct assessment of the
functional potential encoded by the microbial community allowing correlations between
taxonomic structure and microbial capabilities; however, the presence of a gene does not confirm
its expression, and functional interpretations represent potential rather than actual microbial
functions (Langille et al., 2013). Other limitations to metagenomic sequencing include its
expense, high host DNA yields diluting microbial reads, and its relatively high demand for
computational resources and complex bioinformatic pipelines.

Collectively, 16S rRNA gene sequencing and metagenomic analyses enable robust
characterization of microbiome diversity, taxonomic structure, and relative abundance, forming
the basis of the analytical approaches used throughout this thesis. The integration of multiple
‘omic techniques enhances researchers ability to unravel the complex taxonomic and functional

systems within diverse microbiomes (Aguiar-Pulido et al., 2016).

Experimental Manipulation of Microbiomes

Like many microbial systems, experimental manipulation of microbiomes is considered
the gold standard for establishing casual relationships between microbes and host phenotypes
(Amato et al., 2019). These approaches typically involve the addition, removal, or alteration of
specific microbial taxa or communities, followed by observation of host responses such as
changes in growth or disease susceptibility. Manipulative experiments have been instrumental in

demonstrating microbiome mediated effects in germ-free and gnotobiotic mouse and zebrafish
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models where microbial colonization has been shown to influence host development, metabolism

and immune function (Hill et al., 2016; Sonnenburg et al., 2016; Pindling et al., 2018). However,
these are often difficult to implement in complex host-microbiome systems.

In aquatic animals, experimental manipulation of microbiomes presents additional
challenges due to constant exposure to environmental microbes and the difficulties of
maintaining controlled or gnotobiotic conditions. Early life stages, in particular, are characterized
by rapid microbiome succession from surrounding water, making it particularly difficult to
isolate host-driven effects from environmental influences (Wilkins et al., 2015; Fujimoto et al.,
2018). As a result, many studies of aquatic host-associated microbiomes rely on comparative and
observational approaches to infer these host-microbiome relationships. While these approaches
do not directly establish causality, they provide critical insights into patterns of microbiome

structure, and potential function within ecological and economically relevant systems.

Hypotheses

Together, these limitations highlight the need for integrative approaches to better resolve
the relative contributions of host, microbial, and environmental factors in shaping aquatic
microbiomes. This thesis aims to disentangle these factors to better understand their roles in
structuring freshwater and marine animal microbiomes. Specifically, it is hypothesized that host
genetics contributes to microbiome divergence, such that hybrid catfish harbor microbiomes
distinct from both parental species and are enriched in growth-associated microbial metabolic
pathways. It is further hypothesized that early-life microbiome assembly is influenced by
environmental exposures, with channel catfish microbiomes sharing taxa with surrounding water

while selectively enriching host-associated bacteria. Finally, it is hypothesized that
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environmental gradients structure microbiome composition across ecological contexts, such that

Endozoicomonas remains a dominant symbiont across coral types and depths, with increased
relative abundance in corals from marine protected areas. Using culture-independent approaches,
including 16S rRNA gene and metagenomic sequencing, these hypotheses are tested across the

studies presented in this thesis
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Abstract

Interspecific hybridization can produce offspring with beneficial traits, potentially
mediated by changes in the host-associated microbiome. In the U.S. aquaculture industry,
channel (Ictalurus punctatus) and blue (Ictalurus furcatus) catfish are hybridized to produce
offspring with enhanced growth rate and disease resistance. The mechanisms underlying hybrid
vigor in these catfish are unclear, but in addition to host genetic effects (heterosis), they may also
involve modifications in the digesta microbiomes, which can influence host nutrient and energy
acquisition as well as immune system regulation. To explore microbial contributions to hybrid
performance, we used 16S rRNA gene amplicon sequencing and shotgun metagenomics to
compare the digesta microbiome of hybrid catfish to that of the parental blue and channel catfish.
Taxonomic analysis revealed the hybrid microbiome is a blend of parental microbiomes with
enrichment of potentially beneficial taxa. Hybrid microbiomes are enriched in lactic acid-
producing bacteria compared to blue catfish and vitamin Bi2-producing bacteria compared to
channel catfish, while lacking potential pathogens observed in both channel and blue catfish.
Hybrid microbiomes are also enriched in microbial genes for antibiotic and vitamin B synthesis,
and energy and carbohydrate metabolism. Relative to parental fish microbiomes, hybrid
microbiomes contain features of potential host benefit and may therefore contribute to increased
host health, growth, or fitness in aquaculture. These findings warrant future studies to test if

alteration of the digesta microbiome contributes significantly to hybrid vigor.
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Introduction

Interspecific hybridization blends genetic lineages through the mating of different species
and is common in both natural ecosystems and controlled breeding environments (Miller et al.,
2021). Under controlled breeding, hybridization is often done to produce offspring with
advantageous traits relative to the parent species (hybrid vigor; (Reichley et al., 2018; Hegde et
al., 2022)). The mechanisms underlying these advantages may be mediated, in part, by the host’s
intestinal microbiome. Gut microbiomes benefit host health and physiology in diverse ways, for
example by aiding nutrient metabolism (Krajmalnik-Brown et al., 2012; Scully et al., 2014; Zhu
et al., 2021) and immune function (Futo et al., 2015; Zheng, 2020), fighting pathogens (Louis &
Flint, 2009; Miljkovic et al., 2015; King et al., 2016; Qi et al., 2023), and maintaining mucosal
integrity (McDermott & Huffnagle, 2014; Neish, 2014; Morshed & Lee, 2023). The host
similarly influences its microbiome through a combination of factors that determine the timing
and pathways by which microbes are acquired and the physiochemical conditions surrounding
the microbiome (Sevellec et al., 2019). For example, intestinal microbiome composition can vary
based on whether microbes are acquired vertically from a parent versus horizontally from the
environment or a non-parent individual, with the extent of vertical or horizontal transmission
shaped by factors such as birth mode, social structure, and transovarial transmission of microbes
(Nyholm, 2020). Hybridization between species might therefore result in a hybrid microbiome
distinct from those of parental species due to a reshaping of microbiome acquisition pathways or
to changes in host physiology or certain behaviors known to have strong effects on the
microbiome (e.g., feeding, social interaction).

The impact of hybridization on microbiome composition and function has been explored

for a small subset of animals. In certain insect hosts (e.g., mites, wasps, flies) and mice,
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hybridization reshapes the microbiome but leads to unfavorable offspring outcomes like sterility

and lethality (Good et al., 2008; Miller et al., 2010; Brucker & Bordenstein, 2013; Miller et al.,
2021). In other animals, including carp and cervids, hybridization reshapes the microbiome but
confers host benefits, for example by enhancing nutrient absorption (Li et al., 2016; Zhu et al.,
2021). Hybridization may also reshape the microbiome with no obvious impact on host
physiology or health, as reported in some freshwater fish species (W. Li et al., 2018; Sevellec et
al., 2019). These studies together suggest hybridization can influence host microbiomes,
potentially due to variation in the genetic and ecological relatedness of the hybridizing species.
What seems clear, however, is that hybridization is likely to reshape microbiome composition. In
instances in which hybrids exhibit beneficial traits relative to parental species, analysis of a
compositionally reshaped microbiome might uncover key bacterial groups and metabolic
pathways that drive hybrid fitness.

Aquaculture provides a controlled setting for studying how hybridization influences
aquatic animal microbiomes. The Thad Cochran National Warmwater Aquaculture Center
(NWAC) in Stoneville, MS, USA conducts research on the husbandry of commonly reared
freshwater animals, including both channel catfish (Ictalurus punctatus) and blue catfish
(Ictalurus furcatus). Channel catfish are common in aquaculture due to their fast maturation,
high feed conversions, and spawning success (Wolters et al., 1996; Li et al., 2014; Reichley et
al., 2018). In comparison, blue catfish are less widely farmed because of slower growth rates and
lower spawning success but have increased resistance to certain diseases (Reichley et al., 2018).

Hybrids of channel and blue catfish (1. punctatus S I. furcatus) have beneficial traits of both

parents, notably quick growth, tolerance to crowding, and enhanced pathogen resistance (Wolters
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et al., 1996; Reichley et al., 2018). These hybrids offer a substantial (up to 30—40%) increase in

aquaculture biomass production compared to parent species (Li et al., 2014).

The biological basis for success in hybrid catfish is not fully characterized but could
involve changes in the intestinal microbiome that influence energy yield or other host properties.
Indeed, fish microbiomes—primarily composed of Proteobacteria, Bacteroidetes and
Firmicutes—aid in digestion, nutrient absorption, immune function, and pathogen defense, with
beneficial members such as lactic acid and vitamin B12 producers, nitrogen fixers, and fiber
degraders contributing to these roles in aquaculture (Etyemez & Balcazar, 2015; Giatsis et al.,
2016; Akhila Dharnappa Sannejal & Deekshit Vijaya Kumar, 2023; Qi et al., 2023). We
hypothesize that, compared to parent species microbiomes, hybrid catfish microbiomes are
enriched in microbial taxa and genes that contribute to disease resistance and fast growth rates,
contributing to their overall fitness in aquaculture.

To begin testing this hypothesis, we compared digesta (intestinal content) microbiome

diversity and metabolic potential of hybrid catfish (?/. punctatus x & I. furcatus) to that of

parental species in aquaculture at NWAC. We quantified diversity and metabolic potential via
16S rRNA gene amplicon sequencing and shotgun metagenomics, respectively, using DNA
extracts of digesta from blue, channel and hybrid catfish housed in discrete tanks and sampled
over two years. These studies indicated catfish hybridization results in a digesta microbiome that
blends features of both parental species, with enrichment of potentially beneficial taxa. Hybrid
microbiomes are also enriched in functions related to antibiotic and vitamin biosynthesis, as well

as carbohydrate and energy metabolism.
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Methods

Fish and Sample Collection

2022 Sampling. Channel catfish (~6 months old; 7-13 cm) were obtained as fry from a

local producer and reared indoors at the Mississippi Agricultural and Forestry Experiment
Station (MAFES) rearing facility on the NWAC campus in Stoneville, MS, USA. Blue and
hybrid fingerlings were reared indoors at the Warmwater Aquaculture Research Unit (WARU)
hatchery on the same campus, then transported to the MAFES facility for use in the study. Fish
were held in discrete, 2000 L circular holding tanks (~4000 fish/tank; 1 tank per group (channel,
blue, hybrid)) sourced with groundwater at a flow rate of 3.8 L/min (~25°C) with supplemental
aeration provided by a regenerative blower. Photoperiod was maintained at 12:12 light:dark by
fluorescent lights controlled by timers. All fish were fed a commercial catfish diet (32% protein,
6% fat, <5% fiber, <9% ash; Rangen Inc., Buhl, ID, USA) at approximately 2% body weight
every other day for 27 days. On the day before sampling, fish (~7 months old) from each group
were fed in 30-minute increments to ensure that food was at approximately the same stage of
digestion in all fish. Fish were euthanized by an overdose of buffered tricaine methanesulfonate
(MS-222; 1:1 NaHCO:s), and individual fish (n=25/group) were randomly selected and
aseptically dissected with sterile scissors and tweezers to remove the gastrointestinal tract.
Digesta was squeezed out of the intestine using sterile forceps and placed into sterile 1.5 ml
microcentrifuge tubes containing 1 ml of RNA preservation buffer (25 mM sodium citrate, 10
mM EDTA, and 70 g ammonium sulfate per 100 ml solution, pH 5.2). Tubes were stored at -
20°C until DNA extraction. Water (50 ml) from each holding tank (n=5), as well as water (50
ml) from the source spigot for each tank (n=3), was passed through 0.2 pm Isopore™

polycarbonate filter membranes, which were then stored in 1 ml of RNA preservation buffer at -
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20°C. All samples were shipped on ice packs to Montana State University, Bozeman, MT, USA,

for further processing.

2023 Sampling. Channel, blue, and hybrid catfish fingerlings (~3 months old; 4—7 cm)

were obtained from the USDA WARU hatchery and held at the MAFES rearing facility as
previously described. When fish were ~6 months old (7—13 cm), they were transferred to the
MAFES Aquaria Facility at NWAC and distributed into 80-liter aquaria (3 aquaria per group;
~30 fish per aquarium), each containing 22 L of groundwater supplied at a flow rate of 3.8 L/min
at approximately 25°C. Supplemental aeration was provided using a regenerative blower.
Photoperiod was maintained at 12:12 light: dark by LED lights controlled by timers. All fish
were injected with 0.1 ml of sterile PBS to serve as procedural controls for an ancillary study
investigating bacterial pathogenesis. Fish were fed to satiation daily with a commercial catfish
diet (32% protein, 6% fat, <5% fiber, <9% ash; Rangen Inc., Buhl, ID, USA) for 57 days. On the
day before sampling, fish from each group were fed in 5-min intervals to ensure that food was at
approximately the same stage of digestion in all fish. Fish (~8 months old) were euthanized by
an overdose of buffered MS-222 (1:1 NaHCO:3), and fish (~ n=10/aquaria) were randomly
selected and aseptically dissected with sterile scissors and tweezers to remove the gastrointestinal
tract. Digesta was squeezed out of the intestine using sterile forceps and placed into sterile 1.5 ml
microcentrifuge tubes containing 1 ml of RNA preservation buffer. Tubes were stored at -20°C
until DNA extraction. Water (50 ml) from each tank, as well as water (50 ml) from the source
spigot for each tank, was passed through 0.2 ul Isopore™ polycarbonate filter membranes,
which were then stored in 1 ml of RNA preservation buffer at -20°C. All samples were shipped

on ice to Montana State University, Bozeman, MT, USA, for further processing.
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DNA Extractions and Amplicon and Metagenomic

Sequencing

DNA was extracted from catfish digesta and water samples using the DNeasy® 96
PowerSoil® Pro Kit (QIAGEN). Digesta (150 ul) was placed directly into PowerBead tubes, and
DNA was extracted following the manufacturer's protocol. For water samples, half of each filter
membrane was aseptically cut into smaller pieces, which were then placed into PowerBead tubes
for DNA extraction following the manufacturer's protocol. For each extraction kit, we created an
extraction blank consisting of a tube containing RNA preservation buffer but no digesta. These
blanks (n = 6) were processed through the extraction protocol alongside the samples. DNA
extracts were used for PCR amplification of the V3—V4 region of the 16S rRNA gene using
primers F515 and R806, modified as previously described (Amy Apprill, 2015; Parada et al.,
2016). A two-step protocol was employed to first amplify the 16S rRNA gene and then append
Illumina specific adapters, following [llumina's suggested 16S rRNA sequencing protocol. PCR
reactions included 2-5 pl template DNA, 0.25 ul of each forward and reverse primer, 0.5 pL
bovine serum albumin (BSA, 20 mg/ml; New England BioLabs Inc), 2.5 pl Hot Start Taq PCR
MasterMix (VWR, Radnor, PA, USA), and sterile nuclease free water to a total volume of 25 pl.
Additionally, we created negative controls (n = 15) for PCR amplification by replacing template
DNA with sterile, nuclease-free water. PCR amplification included an initial denaturation at
94°C for 1 min, followed by 30 cycles of denaturation at 94°C for 1 min, primer annealing at
55°C for 2 min, and extension at 72°C for 90 sec. This was followed by a final extension step at
72°C for 10 min. Amplicon libraries were purified with Diffinity RapidTip PCR purification tips
(Diffinity genomics, NY, USA), quantified on a Qubit Fluorometer (Thermo Fisher Scientific),
and pooled at equimolar concentrations. Amplicons from 2022 were sequenced at the University

of Georgia’s Georgia Genomics and Bioinformatics Core (GGBC) on a MiSeq (Illumina Inc.,
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San Diego, CA, USA) using a V2 500-cycle kit (250 X 250 bp) with 5% PhiX to increase read

diversity (Padilla et al., 2015). Amplicons from 2023 were sequenced at Michigan State
University’s Research Technology Support Facility on a MiSeq using a V2 500-cycle kit (250 X
250 bp) with 5% PhiX to increase read diversity.

For shotgun metagenomics, we selected three 2022 extracts with high DNA yield for
each fish group (n = 9 total). Aliquots of these samples were sequenced on a NovaSeq (Illumina

Inc., San Diego, CA, USA) at GGBC.

Microbiome Data Processing and Analysis

16S rRNA gene sequences from 2022 and 2023 sample collections were analyzed in
parallel following the DADA2 (v1.22.0; (Callahan et al., 2016)) and QIIME2 (v2-2022.11;
(Bolyen et al., 2019)) pipelines. Using DADA?2, raw sequences were demultiplexed, quality
filtered, trimmed by 40 bp at only the 5° ends, truncated to 200 bp, and denoised. To analyze
both datasets together, all sequences and feature tables were merged in QIIME2. Sequences were
clustered at 99% identity using q2-vsearch (v2024.10.0) resulting in operational taxonomic units
(OTUs) for downstream analyses. Next, through q2-alignment, OTUs were aligned using
MAFFT (Katoh et al., 2002), and phylogeny was estimated using FastTree (Price et al., 2010).
All OTUs were assigned a taxonomic designation using the SILVA-132 database (Quast et al.,
2013). Sequences identified as chloroplast or mitochondria were removed from all datasets.
Next, all samples were rarefied to 27,000 sequences, a threshold chosen based on the plateau of
Shannon diversity rarefaction curves and denoised feature table summaries. Samples falling
below this threshold, including extraction blanks, PCR negative controls, and three poorly

sequenced water samples, were removed for downstream analyses. Additionally, any OTUs that



23
were identified in blanks or negative controls at a higher average relative abundance than in the

digesta samples were removed (Altman-Kurosaki et al., 2025).

Statistical Analyses

Statistical analyses were conducted using RStudio (v2023.03.0+386; (Team, 2023)) to
test for differences in alpha diversity and community composition among channel, blue, and
hybrid catfish. Alpha diversity was measured as the number of observed features (99% identity
OTU clusters) and via the Shannon diversity index and compared pairwise between catfish types
using Wilcoxon rank-sum tests calculated from rarefied data and implemented with ggpubr
(v0.6.0; (Kassambara, 2025)) and microbiomeutilities (v1.00.17; (Shetty, 2012-2019)) R
packages, with comparisons visualized via boxplots. Weighted UniFrac distances were
calculated from rarefied data and used to compare community structure via Principal Coordinates
Analysis (PCoA) using the phyloseq (v1.42.0; (McMurdie & Holmes, 2013)) and ggplot2
(v3.5.2; (Wickham, 2016)) R packages. Differences in community composition between sample
types were tested using permutational multivariate analysis of variance (PERMANOVA, adonis2
from the vegan package (v2.6-4; (Oksanen, 2022)) with 999 permutations, and pairwise
comparisons were conducted using the pairewiseAdonis package (v0.4.1; (Arbizu, 2017)) with
Bonferroni-adjusted p-values. Homogeneity of group dispersions was evaluated using
permutational multivariate analysis of dispersion (PERMDISP, betadisper and permutest from
vegan (Oksanen, 2022)) followed by pairwise comparisons with Tukey’s HSD test. DESeq2 was
used to identify OTUs with significantly varying relative abundance among the three catfish
types, with p-values adjusted to control for the false discovery rate using the Benjamini-

Hochberg method. Heat maps were generated in ggplot2 and only included the top 5 most
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abundant taxa that varied significantly (as determined in DESeq2) among blue, channel and

hybrid catfish microbiomes.

Metagenomic Data Processing and Analysis

Metagenomic datasets were quality filtered to retain reads greater than 100 bp with a
Phred score greater than 25 (Trim Galore! v0.6.10; (Martin, 2011)). Host sequences were
identified by using Bowtie (v2-2.5.1; (Langmead & Salzberg, 2012)) with very sensitive local
parameters to align reads against blue (/. furcatus) and channel (I. punctatus) catfish genomes
downloaded from NCBI (Accession numbers CM041687 JAMCCP010000000, and NC 030416,
respectively). Host reads were removed from further analysis.

Relatedness of metagenome datasets was assessed based on k-mer frequencies. Simka
(v1.5.1; (Benoit, 2015)) was used to calculate Bray-Curtis dissimilarity values based on 21-mer
frequencies, with sample clustering patterns visualized in ggplot2. PERMANOVA and
PERMDISP were implemented to test for significant variation in k-mer composition as described
above, but using 21-mer-based rather than OTU-based distances.

A contig-based approach was used to compare functional potential among metagenomes.
Reads were normalized with BBnorm (https://sourceforge.net/projects/bbmap/) and assembled
into contigs with metaWRAP (v1.3.2; (Uritskiy et al., 2018)), both with default parameters.
Contigs were quantified by read alignment using CoverM contig (v0.7.0; (Samuel T N Aroney
2025)) for each metagenomic sample and Prokka (v1.13; (Seemann, 2014)) was used to identify
and annotate open reading frames based on metabolic function, both with default parameters.
Additionally, gene count data and Prokka annotations were merged based on contig IDs for
statistical comparisons. Genes were then categorized (e.g., genes ackA1-20 were grouped into

the gene category “ackA”), to assess differential enrichment of gene categories across all catfish
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samples using DESeq2. Only gene categories that were significant (adjusted P < 0.05) and had a

baseMean greater than 50 (to exclude minimally expressed genes) were kept for further analysis.
To account for differences in sequencing depth, counts for each gene category (obtained from
CoverM) within each sample were individually normalized by dividing by that sample’s rpoB
gene category count. The gene rpoB was chosen due to its conserved expression across all
bacteria (Adekambi et al., 2009). Relative abundance was calculated using the normalized gene
counts for each sample to represent how much of each sample’s metagenome was dedicated to
each potential function. Gene categories with a minimum relative abundance of 0.5% in at least
one sample were included. Using gene annotations and KEGG enzyme numbers from Prokka,
metabolic pathways were assigned via KEGG enzyme (Kanehisa & Goto, 2000; Kanehisa, 2019;
Kanehisa et al., 2025). Genes lacking enzyme numbers or enzyme numbers without associated
pathways were excluded. Super-pathways of interest (e.g. biosynthesis of secondary metabolites,
carbohydrate metabolism, energy metabolism, and metabolism of cofactors and vitamins) as well
as relevant sub-pathways within each, were kept for their association with fish growth and
disease resistance. Metabolic potential was visualized with a heatmap using ggplot2 in R.

Gene sequences identified as partial and full-length 16S rRNA genes from metagenomic
data were individually queried using BLAST Nucleotide (BLASTn; (Chen et al., 2015)) and
taxonomy was assigned based on the best hit. These metagenome-derived 16S sequences were
longer than typical amplicon reads, providing higher-resolution taxonomic classification. To
determine whether metagenomics 16S rRNA gene sequences corresponded to OTUs detected in
the amplicon dataset, sequences matching taxonomically annotated OTUs from differential
abundance analyses (previously described in Statistical analyses) were aligned using

megaBLAST to identify highly similar sequences. This approach enabled cross-validation



26
between metagenomics and amplicon datasets and improved confidence in taxonomic

assignment of the most abundant and differential OTUs between catfish types.

All computational efforts were performed on the Tempest High Performance Computing
System, operated and supported by University Information Technology Research
Cyberinfrastructure (RRID:SCR_026229) at Montana State University, Bozeman, MT, USA
(https://www.montana.edu/uit/rci/tempest/). All raw sequences are publicly available through

the NCBI’s SRA database under PRINA1449012.

Results

Across 2022 and 2023, we collected 314 samples spanning catfish digesta and tank and
source water (Figure 1, Table A1). Unless otherwise indicated, all results presented here combine
samples from both years. After quality control, the final 16S rRNA gene amplicon dataset
included 285 samples and 1,756 OTUs (sequences sharing >99% identity), with an average of
86,485 sequences per sample and average read length of 212 base pairs. For metagenomic
analysis, nine digesta samples representing three biological replicates per fish group (channel,
blue, and hybrid catfish) were shotgun sequenced and assembled, yielding an average contig
length of 553 base pairs (range: 200-466,821 bp) and an average of 38.3x coverage (range: 4.3-

95.7x) per sample, with most samples having >20x coverage.
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Figure 1: Experimental Design. a) Catfish tank set up, with blue, channel and hybrid catfish
residing in their separate tanks. Catfish digesta and water samples were collected, with the
sample numbers indicating the total number of samples for each type per sampling year. b)
Channel catfish are popular in aquaculture due to their increased maturation, feed conversion and
spawning success, while blue catfish are beneficial due to their increased disease resistance.
Hybrid catfish have beneficial effects from both parental species. Photo credits: Brian G.
Bosworth. c¢) Catfish rearing and tank set up at the Mississippi Agricultural and Forestry
Experiment Station (MAFES) in 2023 and 2024. Photo credits: Matt J. Griffin.
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Hybrid Catfish Microbiome Composition is a Unique
Blend of Both Parental Microbiomes

Digesta microbiomes differed among channel, blue, and hybrid catfish based on alpha
and beta diversity comparisons of 16S rRNA gene amplicons (Figure 2). Observed features
(unique 99% OTUs) were significantly higher in channel compared to both blue and hybrid
catfish, which did not differ (Figure 2a; Table A2). Channel catfish had significantly lower
Shannon Diversity than both blue and hybrid catfish, and blue catfish were significantly higher
than hybrids (Figure 2a; Table A3). Beta diversity comparisons of 16S rRNA gene sequencing
data using a NMDS with Bray-Curtis distances revealed separation among digesta microbiomes
by catfish types and water samples, which were statistically confirmed with one-way (pseudo-F
=47.5,df=3, P=0.001) and pairwise PERMANOVAs (all P=0.001; Table A4) with no
significant impact from dispersion except between channel and blue catfish microbiomes
(PERMDISP P = 0.03; Figure 2b). Although based on a smaller sample number, beta diversity
analysis of metagenomes showed a similar separation of catfish types based on PCoA of Bray-
Curtis distances (Figure 2¢). One-way PERMANOVA showed significant differences among
metagenomes based on catfish type (P = 0.02), although pairwise PERMANOVA comparisons

did not show significant variation (P > 0.05).
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Figure 2: Hybrid catfish microbiomes differ significantly from blue and channel catfish. a) Alpha
diversity measures (observed features and Shannon diversity index) of digesta and water
microbiomes based on rarefied data. Hybrid catfish microbiomes are significantly different from
channel catfish for observed features and Shannon diversity, and blue catfish for Shannon
diversity. Water microbiomes show higher alpha diversity than all digesta samples. Channel
catfish Shannon diversity is lower in 2023 than in 2022, no other digesta samples vary by year.
Box plots show median (center line), 25—-75% quartiles (area within the box), minimum and
maximum values (whiskers), outliers (large circular data points) and jittered data points. b)
NMDS (Bray-Curtis dissimilarity index) of microbiome composition shows that digesta
microbiomes differ significantly among catfish types and from water microbiomes
(PERMANOVA). Pairwise results are given in Table A4. ¢) PCoA (Bray-Curtis dissimilarity
index) of digesta metagenomes reveals significant differences among catfish types
(PERMANOVA).
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Microbiome taxonomic composition was similar across catfish types (Figure 3), although

some bacterial groups differed significantly in representation among channel, blue, and hybrid
catfish (Figure 4, Table 1). Across catfish types, digesta microbiomes were mainly comprised of
Streptococcaceae (0-99.9%), Fusobacteriaceae (0-94.8%), Peptostreptococcaceae (0-63.4%),
and Aeromonadaceae (0-27.6%), with Hafniaceae also prominent in channel catfish in 2023
samples only (0.05-84.1%; Figure 3). In some samples, a single family comprised nearly 100%
of all sequences, with such instances most often involving dominance by Streptococcaceae,
notably in hybrid and channel microbiomes (Figure 3), despite no clinical signs of disease.
Several abundant OTUs (99% identity clusters) varied significantly across catfish types (Figure
4). The most abundant OTU across all samples for both sampling years was classified as
Lactococcus (Streptococcaceae) and was significantly enriched in hybrid and channel compared
to blue catfish (adjusted P < 0.05), with its average abundance in hybrids (45% of sequences)
intermediate between that in channel (60%) and blue (20%) parental species (Figure 4).
However, in 2022 samples, the Lactococcus OTU was most abundant in hybrid and blue catfish,
but at lower relative abundances in channel catfish. An OTU in the genus Edwardsiella
(Hafniaceae family) was significantly enriched in channel catfish (adjusted P < 0.0001) but
largely absent from blue and hybrid catfish; however, this pattern was primarily observed in
2022, as Edwardsiella was not prominent in 2023 microbiomes (Figure 4). Conversely, the
second most abundant OTU in the data, classified to the genus Cefobacterium (Fusobacteriaceae
family), was ~2.5-4.5X more abundant in blue compared to channel (adjusted P < 0.0001) and
hybrid catfish (adjusted P = 0.014), with its abundance in hybrids intermediate between its
abundance in the parental species. Similarly, an OTU classified to Aeromonas (Aeromonadaceae

family) was on average 20X more abundant in blue compared to channel (adjusted P < 0.0001)
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and hybrid (adjusted P = 0.003) catfish. Lastly, an OTU in the bacterial family

Peptostreptococcaceae was on average 5S—6X enriched in blue and hybrid compared to channel

catfish (adjusted P <0.0001) (Figure 4).
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Figure 3: Blue, channel and hybrid microbiomes are dominated by Streptococcaceae,
Fusobacteriaceae, Peptostreptococcaceae and Aeromonadaceae. Microbiome community
composition at the level of bacterial family, Families included in this plot contained OTUs
present at a minimum relative abundance of 1% in 5% of all samples. “Other” represents all
OTUs that did not reach these criteria for abundance and prevalence.
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Figure 4: Hybrid microbiomes have intermediate relative abundances of dominant taxa in blue
and channel catfish digesta microbiomes. Heat map showing the most abundant OTUs that
contribute to significant compositional variation among blue, channel and hybrid catfish digesta
microbiomes (adjusted P > 0.05, DESeq?2 package, RStudio). Average relative abundances are
listed below each OTU.

To further resolve taxonomy, we aligned the top five most abundant OTUs recovered
from amplicon sequencing (Figure 4) to 16S rRNA gene sequences identified from metagenomes
(metagenome screening identified six full length (1,495-1,546 bp) and 24 partial (401-1,224 bp)
16S rRNA gene sequences). The Lactococcus OTU was 97.2% similar to a metagenome-derived
16S rRNA gene identified as Lactococcus cremoris subsp. tructae (L. cremoris subsp. tructae).

Similarly, the Cetobacterium, Aeromonas, Edwardsiella, and Peptostreptococcaceae OTUs
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shared 100% similarity with metagenome-derived 16S rRNA genes identified as Cetobacterium

somerae (C. somerae), Aeromonas veronii (A. veronii), and Edwardsiella anguillarum (E.

anguillarum), and Paraclostridium spp., respectively.

Hybrid Catfish Microbial Metabolic Potential May Promote
Growth and Disease Resistance

All catfish microbial metagenomes contained genes associated with KEGG super
pathways, including, amino acid, carbohydrate, energy, lipid, nucleotide, and glycan metabolism;
biosynthesis of secondary metabolites; metabolism of cofactors, vitamins, terpenoids, and
polyketides; translation; and xenobiotic degradation (Figure A1). Figure 5 highlights KEGG
pathways within super pathways that contribute significantly to differences among blue, channel,
and hybrid catfish digesta metagenomes and may have relevance to substrate turnover or
synthesis in the host intestine. All reported differences were statistically significant (adjusted P <
0.05, DESeq?2). Within the biosynthesis of secondary metabolites super pathway, the pathway for
synthesis of the antibiotic streptomycin was more abundant in hybrid and blue compared to
channel catfish. A similar trend was observed for pathways of biosynthesis of various antibiotics.
In the carbohydrate metabolism super pathway, pathways of starch and sucrose, galactose, and
fructose and mannose metabolism were enriched in hybrid and blue compared to channel catfish.
In contrast, central metabolic pathways of pyruvate metabolism and the TCA cycle were more
abundant in channel catfish. Glycolysis/gluconeogenesis was the most abundant pathway overall,
with higher relative abundances in blue and hybrid compared to channel catfish. Within the
energy metabolism super pathway, methane metabolism was the most abundant pathway across
all catfish types, being enriched in channel catfish. Sulfur metabolism and carbon fixation by the

Calvin cycle pathways were similar across groups but significantly higher in hybrid and blue
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catfish. Nitrogen metabolism was enriched in channel catfish and with similar abundances in one

blue catfish metagenome, while oxidative phosphorylation was the least abundant energy
metabolism pathway across all catfish types. Within the metabolism of cofactors and vitamins
super pathway, the pathway for vitamin B7 (biotin) synthesis was most abundant, being enriched
in blue and hybrid compared to channel metagenomes. Vitamin Bi2 (cobalamin) synthesis genes
were also enriched in blue and hybrid catfish. In contrast, vitamin Be (pyridoxine) synthesis

genes were more abundant in channel catfish.
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Figure 5: Hybrid metagenomes have higher relative abundances of genes associated with
carbohydrate and vitamin metabolism, and antibiotic biosynthesis. Heat map of metabolic
potential with pathways of interest that contribute to the significant differences between blue,
channel and hybrid catfish digesta metagenomes (adjusted P < 0.05, DESeq?2). Relative
abundance of normalized gene counts associated with metabolic pathways of interest (y-axis)
and KEGG metabolic super-pathway (secondary y-axis) for all catfish digesta metagenome
samples (x-axis). Hybrid catfish and Blue catfish microbial metagenomes have higher relative
abundances of genes associated with antibiotic biosynthesis, vitamin B2 and B7 metabolism, and
sugar metabolism. Channel catfish microbial metagenomes have higher relative abundances of
genes associated with vitamin B6 metabolism, pyruvate metabolism, and the TCA cycle.

Discussion

Digesta microbiomes of hybrid catfish are similar to, but exhibit differences from

microbiomes of parental catfish species, raising the question of whether a unique hybrid
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microbiome may influence the physiology or fitness of the hybrid host. Beta diversity analyses

revealed clear separation of hybrid microbiomes from both parental groups, independent of tank
effects (Figure 2c—d). Further, hybrid catfish microbiomes differed in richness and evenness
from those of blue and channel catfish, although diversity patterns were not consistent between
comparisons and varied slightly from 2022 to 2023, highlighting the dynamic nature of
microbiome structuring (Figure 2a—b). Taxonomic and functional gene profiling (Figures 3-5)
further showed that hybrid microbiomes are enriched in certain microbial groups and pathways
of potential benefit to holobiont metabolism or disease resistance. The potential contributions are
discussed below.

Pathways for B vitamin production were enriched in hybrid relative to channel catfish
metagenomes, raising the possibility that the microbiome may supply important compounds for
host immunity, growth, and development. Notably, vitamin B12 (cobalamin) contributes to fatty
acid metabolism, strengthens the intestinal barrier, primes innate immune responses, and is
essential for generation of blood cells (Green et al., 2017). The bacterium Cetobacterium
somerae is a dominant Bi2-producing taxon in freshwater fish microbiomes (Etyemez &
Balcazar, 2015; Qi et al., 2023). In a study of zebrafish, B..production by C. somerae was linked
to protection against pathogens, while Bi2 supplementation increased microbial diversity and
upregulated tight junction proteins, suggesting enhanced intestinal barrier function (Qi et al.,
2023). That study concluded that since the majority of gut microbes need B.. but only a minority
can synthesize the vitamin, the presence of Bi2-synthesizing C. somerae may have outsized
probiotic effects in helping support other important members of the fish gut microbiome (Qi et
al., 2023). Notably in our study, one of the most abundant OTUs in catfish digesta was classified

as C. somerae (Figure 4). Notably in our study, one of the most abundant OTUs in catfish digesta
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was classified as C. somerae (Figure 4). This OTU constituted up to 92% of sequences in certain

samples, was most abundant (average of 37% of sequences) in blue catfish, and was enriched in
hybrids (14% of sequences) compared to channel catfish. Further, pathways for vitamin B,
synthesis were also enriched in hybrid and blue catfish compared to channel catfish. Vitamin B,
(biotin) serves as a coenzyme for carboxylases involved in important steps in the metabolism of
carbohydrates, proteins, and lipids in animals (A.-C. Hansen, 2015; Angela Liu, 2022). These
patterns raise the hypothesis that B vitamin provisioning by the gut microbiome—notably B2
provisioning by C. somerae—may provide a functional benefit to hybrid catfish, at least
compared to channel catfish, and may help explain the differential susceptibility to some enteric
catfish pathogens reported for blue catfish (Wolters et al., 1996; Reichley et al., 2018; Armwood
et al., 2022).

Catfish health may also be influenced by antibiotic production or resistance in the
intestinal microbiome. Microbiomes containing naturally produced antibiotics or other
bactericidal compounds have been shown to provide protection against host pathogens (Silo-Suh
et al.,, 1994; Amin et al., 2012; Donia et al., 2014; Alam et al., 2022). Our metagenomic analysis
shows that hybrid and blue catfish microbiomes are enriched in genes associated with
streptomycin biosynthesis and overall biosynthesis of various antibiotics, compared to channel
catfish (Figure 5). This pattern may also help explain known disease resistance in blue catfish, a
potential microbially mediated advantage that may extend to hybrid catfish (Figure 5).

Taxonomic analysis of the hybrid catfish microbiome identified other bacteria of
potential significance for host health, specifically lactic acid-producing bacteria. By combining
16S rRNA gene sequences extracted from both the amplicon and metagenomic data, we

identified a strain of Lactococcus sharing 97.2% 16S rRNA gene similarity to L. cremoris subsp.
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tructae. This variant was by far the most abundant taxon in our datasets, representing an average

of 20%, 45%, and 60% of 16S rRNA gene amplicons in blue, hybrid, and channel catfish,
respectively (Figure 4). L. cremoris subsp. tructae, a lactic acid-producing bacterium used in
dairy fermentation (Li et al., 2019), has been isolated from the digesta microbiomes of rainbow
(Oncorhynchus mykiss) and brown trout (Salmo trutta; (Perez et al., 2011)). In aquaculture, pre-
exposure to L. cremoris WA2-67 reduced rainbow trout mortality by 20% following challenge
by the pathogenic L. garvieae, with antipathogen activity linked to the production of an
antibacterial peptide by L. cremoris (Araujo et al., 2015). Given the pathogenicity of L. garvieae
in catfish aquaculture (Shahin, Mukkatira, et al., 2022), the presence of L. cremoris subsp.
tructae in catfish suggests a potential probiotic function that may reduce host mortality and
enhance resilience (Giatsis et al., 2016). Its high relative abundance in hybrid catfish, particularly
in 2022 samples, suggests a potential role in enhancing host health and highlights a possible
mechanism underlying hybrid vigor in aquaculture.

In contrast, OTUs representing potential pathogens were detected in blue and channel
catfish but at much lower abundance in hybrid catfish. Specifically, OTUs identified as
Aeromonas and Edwardsiella were 100% identical to known pathogens A. veronii and E.
anguillarum, respectively. A. veronii, which causes disease in freshwater fish (Dong et al., 2017;
Li et al., 2020) and antibiotic-resistant infections in channel catfish (Truong Dinh Hoai, 2019),
was most abundant (an average of 20% of amplicons) in blue catfish but nearly absent in
hybrids. E. anguillarum is extensively studied in this aquaculture system (Reichley et al., 2017;
Reichley et al., 2018; Armwood et al., 2022) and can cause mortality at high concentrations, with
blue and hybrid catfish exhibiting greater mortality than channel catfish (Reichley et al., 2018;

Armwood et al., 2022). In our study, the E. anguillarum OTU appeared only in 2022 samples
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and primarily in channel catfish, being effectively absent from blue and hybrid species. The near

absence of Aeromonas and Edwardsiella in hybrid microbiomes suggests that although these
putative pathogens are more prevalent in the parental species, any potentially harmful effects
may not extend to hybrids.

Certain broad categories of microbiome functions were at relatively even representation
across catfish species but nonetheless contributed to variation in metabolic potential among host
types. For example, blue and hybrid catfish metagenomes were relatively enriched in genes of
sulfur metabolism (Figure 5). These included genes such as cysDNCHIJKM involved in sulfur
assimilation and biosynthesis of sulfur-containing amino acids like cysteine and methionine,
which are essential for protein production, cellular growth, and immune function (He et al.,
2018; Zhang et al., 2020; de Bont et al., 2022). Specifically, within the NF-xB pathway, cysteine
and methionine increases homeostasis and intestinal barriers and decreases oxidative stress,
TNF-a, and IL-1£ in the host (Kim et al., 2009; Chen et al., 2014; Song et al., 2016; Liu et al.,
2017). Conversely, nitrogen metabolism genes were primarily detected in channel catfish
metagenomes and in one blue catfish metagenome, with minimal representation in hybrids
(Figure 5). Most identified genes were involved in nitrate reduction (e.g., napA, narGHIYVZB),
dissimilatory nitrate reduction to ammonium (DNRA; nirD, nrf4), and nitrogen assimilation
(glnA, gdhA/B, gltB/D). The latter two processes may contribute to the bioavailable nitrogen pool
in the microbiome, although effects of these microbial functions on host growth remain to be
determined (She et al., 2023).

Within the carbohydrate metabolism super pathway, hybrids exhibited a profile of
pathway representation intermediate between profiles from both parental species, being enriched

in sugar metabolism (e.g., starch and sucrose, galactose, fructose, and mannose pathways)
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pathways similar to what was observed in blue catfish, but also enriched in central carbon

metabolism pathways (pyruvate metabolism and the TCA cycle) similar to what was observed in
channel catfish (Figure 5). In contrast, representation of glycolysis/gluconeogenesis genes was
highest in hybrids compared to both blue and channel catfish. Carbohydrate processing by the
gut microbiome may be valuable in aquaculture where high-carbohydrate diets are common
(Biju Sam Kamalam, 2017; Zhang et al., 2023) and enhanced microbial carbohydrate digestion,
via fermentation and short-chain fatty acid production (e.g., acetate and butyrate; (Louis & Flint,
2009; Ponnusamy et al., 2011; Tian et al., 2017)), has been linked to improved growth, feed
efficiency, and resilience (Chenglong Wu, 2016; Zhang et al., 2023). Indeed, an OTU classified
to the butyrate-producing genus Paraclostridium was detected at relatively high abundance
(~5%) in both hybrid and blue catfish. Butyrate production by members of this genus has been
associated with improved growth and immunity in fish (Louis & Flint, 2009; Estensoro et al.,
2016; Tian et al., 2017; Bakky et al., 2025), raising the possibility that microbiome organic acid
production during carbohydrate metabolism may benefit growth in hybrid catfish.

A limitation of this study is the inconsistency in early rearing conditions among blue,
channel, and hybrid catfish across sampling years. Channel catfish (2022 cohort) were initially
obtained as fry from a commercial hatchery and held the entire time in the MAFES/NWAC
rearing facility. Comparably, blue and hybrid catfish were hatched at the USDA WARU and
reared indoors at the WARU facility prior to transfer to the MAFES/NWAC facility as
fingerlings. These differences in hatchery origin and early-life rearing environments may have
introduced a hatchery or origin effect that could influence observed microbiome differences.
Although the inclusion of 2023 samples helped mitigate this concern, slight differences in

taxonomic trends were observed between years in the amplicon sequencing data. Additionally,
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because metagenomic data were only generated from 2022 samples, the inferred metabolic

potential may differ had 2023 samples been included. Another important limitation is that host
behavioral and physiological differences, particularly feeding behavior, were not directly
measured in this study. Hybrid catfish exhibit more aggressive feeding relative to parental
species, which may independently influence gut microbiome structure through increased food
intake, altered nutrient flux, changes in gut transient time, or differences in digesta composition.
These host-driven factors could contribute to microbial community composition and functional
potential, raising the possibility that observed microbiome differences are, at least in part, a

consequence rather than a cause of hybrid vigor.

Conclusion

Hybrid catfish harbor microbiomes with taxonomic and functional traits distinct from
those of parental blue and channel catfish. An increased abundance of C. somerae and vitamin
B.. biosynthesis pathways in hybrids highlights a potential role of microbial-derived B vitamins
in supporting host immunity and nutrient metabolism. Additional enrichment of antibiotic
biosynthesis genes and lactic acid-producing bacteria like L. cremoris, coupled to the relative
absence of potential pathogens such as Aeromonas and Edwardsiella species, further suggest a
disease-protective microbiome in hybrids, although this hypothesis awaits testing. The
metagenome data also highlight variation in broad functional category representation among
catfish microbiomes, suggesting that microbiome metabolic contributions may indeed differ
among closely related catfish types. It remains to be tested whether these variations underlie

differential contributions to nutrient use and immune function in hybrids relative to parental
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species. Together, these microbial features reflect a unique microbiome in hybrid catfish that

may underpin hybrid vigor and growth success in aquaculture.
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Abstract

Externally hatched fish embryos are susceptible to microbial pathogens upon exposure to
the aquatic environment. Host-associated microbiomes are hypothesized to protect embryos from
pathogens and environmental stressors through antagonistic mechanisms such as antimicrobial
production. In this study, we used 16S rRNA gene profiling to taxonomically characterize
microbiomes associated with embryos from 23 spawns of channel catfish sampled before and
after embryo surface disinfection. Shotgun metagenomics was then used to explore potential
defense-associated functional traits in embryo microbiomes. Embryo microbiomes were
dominated by Comamonadaceae, Flavobacteriaceae, Rhizobiaceae, Methylomonadaceae, and
Methylophilaceae, with Methylomonadaceae and Methylophilaceae significantly enriched
following disinfectant treatment. Rhizobiaceae, Xanthobacteraceae and Sphingomonadaceae
were enriched relative to microbiomes in tank water, suggesting potential roles in nutrient
cycling and protection against environmental pollutants. Metagenomic analysis revealed genes
associated with antimicrobial production (NRPS, RiPPs, terpenes, acyl amino acids) and
resistance (vanW, qacJQG), suggesting that embryo microbiomes may contribute to host defense.
Together, these results indicate that catfish embryos harbor diverse microbiomes taxonomically
distinct from the surrounding environment and equipped with functional properties potentially

important for host defense and resilience against environmental stressors.

Introduction

Externally fertilized embryos of fishes are vulnerable to a wide range of environmental
stressors, including attack by pathogens and exposure to pollutants or excess nutrients (Wilkins

et al., 2015; Bentzon-Tilia et al., 2016; Fujimoto et al., 2018; Kerwin & Nyholm, 2018).
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Microbial colonization of egg and embryo surfaces begins immediately after deposition into the

environment, raising the possibility that an embryo-associated biofilm could exert effects,
potentially positive or negative, on embryogenesis (Fujimoto et al., 2013; Fujimoto et al., 2018,;
Lokesh et al., 2019). In other animal-microbe partnerships, microbiomes play positive roles in
defense against pathogens by outcompeting pathogens or producing compounds (e.g.,
antibiotics) that inhibit pathogen activity (Hanif et al., 2004; Boutin et al., 2012; Wilkins et al.,
2016). As fish embryos lack a fully developed immune system, antipathogen effects of an
embryo-associated microbiome may be particularly important for fish survival (Liu et al., 2014;
Wilkins et al., 2016). However, despite growing evidence from other systems that microbes
influence embryo survival and development (Krajmalnik-Brown et al., 2012; King et al., 2016;
Zheng, 2020; Qi et al., 2023), the taxonomic composition and functional contributions of fish
embryo microbiomes remain largely uncharacterized.

Biofilm formation may be an important mechanism by which microbiomes protect or
otherwise benefit a host embryo. Biofilms provide a physical barrier that limits exposure to
antibiotics and other environmental pollutants by slowing diffusion to the embryo surface and
sequestering toxic compounds (Angoshtari et al., 2023). Thicker more mature biofilms contain
internal oxygen and chemical gradients that support metabolically diverse microbes potentially
capable of degrading a range of chemical stressors (Iijima et al., 2009; Sanz-Lazaro et al., 2011;
Penesyan et al., 2021; Harbi, 2025). Beneficial microbes in biofilms may suppress pathogens by
occupying attachment sites, competing for energy or nutrient substrates, or producing
antagonistic compounds such as bacteriocins (Penesyan et al., 2021; Harbi, 2025). Many biofilm-
associated microbes also produce secondary metabolites such as B vitamins and antioxidants that

may enhance embryo immune function or inhibit pathogen growth (Beemelmanns et al., 2019;
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Penesyan et al., 2021). Although biofilms are often associated with pathogenic infections,

growing evidence shows that host-associated biofilms also provide beneficial protection
(Fujimoto et al., 2018; Harbi, 2025). Whether embryos support a stable surface-attached biofilm
with benefits to the host remains unexplored for the overwhelming majority of fish species.

Fish embryo-associated biofilms could serve a protective role for the host while also
being susceptible to disruption by environmental or human-sourced antimicrobial compounds.
Diverse antibiotics, including broad-spectrum compounds (e.g., streptomycin), are synthesized
naturally by common environmental bacteria such as Streptomyces and Bacillus spp. (Amin et
al., 2012). Studies in model systems (e.g., zebrafish) show that antibiotic exposure can disrupt
embryo-associated microbiomes, reduce microbial diversity, and cause severe developmental
abnormalities, underscoring the sensitivity of fish embryos to environmental pollutants (Zhang et
al., 2015; Bielen et al., 2017; Pindling et al., 2018). Embryo biofilms likely also encounter
antimicrobial compounds introduced intentionally or unintentionally by human activity. For
example, in aquaculture systems, standard management practices may expose embryos to
antimicrobial compounds, including iodine (betadine) treatment used commonly for fungal
control. The extent to which such management strategies affect prokaryotic members of an
embryo-associated biofilm is largely unknown.

The externally brooded embryos of channel catfish (Ictalurus punctatus) are a valuable
model for exploring embryo-microbiome relationships in fish. Channel catfish are one of the
most important aquaculture species in the United States, accounting for more than 60% of all
U.S. food fish production (Liu et al., 2016; Reichley et al., 2018). Efforts to improve production
have included hybridization with blue catfish (Li et al., 2014; Reichley et al., 2018) and the use

of pre- and probiotics (Etyemez & Balcazar, 2015; Giatsis et al., 2016; Qi et al., 2023), but these
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approaches are generally targeted at juveniles or adults rather than early life stages. Female

channel catfish deposit their egg mass into secluded, semi-dark areas such as hollowed out logs,
holes in the bank, or rock piles (natural), or into buckets/boxes (aquaculture) where the male
catfish then fertilizes the eggs to produce embryos. In the wild, males will guard the mass during
the embryonic stage (~5—10 days) while also aerating and removing waste by fanning the
embryos with their fins (Wellborn, 1990; Dunham & Elaswad, 2018). Despite parental care or
controlled spawning practices, catfish embryos experience immediate environmental exposure to
pathogens and pollutants in natural and aquaculture environments (Bentzon-Tilia et al., 2016;
Fujimoto et al., 2018; Najafpour et al., 2021; Shan et al., 2022). Specifically, fungal pathogens
such as Fusarium and Saprolegnia spp. are a major cause of embryo mortality in aquaculture and
can spread rapidly across embryo masses, leading to significant losses (Liu et al., 2014; Kerwin
& Nyholm, 2018). Consequently, catfish aquaculture typically involves administering the
iodinating antiseptic betadine to control fungal disease in embryos. However, whether betadine
treatment disrupts embryo biofilms is uncertain, due partly to an overall lack of data describing
the microorganisms associated with catfish embryos.

This study characterizes the microbiome associated with channel catfish embryos in
aquaculture with the goal of testing how microbiomes may contribute to early host defense.
Using 16S rRNA gene sequencing, we examined microbiome taxonomic composition of
embryos from 23 controlled spawns, before and after betadine treatment, and across two channel
catfish strains. Taxonomic characterizations were complemented with shotgun metagenomic
analysis performed on a subset of samples to evaluate metabolic functions with potential
defensive roles. Specifically, this study aimed to 1) determine whether embryo-associated

microbiomes differ from those of the surrounding water and represent a distinct embryo surface
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niche, 2) assess how common aquaculture practices, such as betadine treatment, alter these

microbiomes, and 3) identify microbiome taxa and functional traits with the potential to protect
embryos against pathogens or environmental stressors. These results show that community
composition is consistent across spawns and strains but shifts significantly following betadine
treatment, identifying embryo-associated bacteria possessing functional traits potentially

valuable for host health and defense.

Methods

Catfish Embryo Rearing and Sample Collection

Spawns (N= 23) were obtained from mate pairings conducted in April of 2022 as part of
the USDA-ARS Warmwater Aquaculture Research Unit (WARU) selective breeding program.
Channel catfish in this study belonged to one of two selection strains: Delta Select (DS) and
Delta Control (DC). The DS strain is selected for increased growth and carcass yield (Bosworth
et al., 2020). The DC strain is a randomly bred population from the same base population used to
produce the DS strain. For each of the two strains, one male and one female catfish broodstock
were placed into each of 60 2,000-L holding tanks (30 tanks/strain) located along the level of a
0.8 ha brood pond at the Thad Cochran National Warmwater Aquaculture Center. Each tank was
supplied with a submerged 40-L milk can that acted as the spawning cavity. Tanks were covered
with mesh netting to prevent harassment and predation by birds. Water from the brood pond was
pumped to each spawning tank (3.8 L min™"), then flowed back to the brood pond. All spawning
tanks received water from the same common pond source. Broodfish were fed a maintenance
ration of a commercial catfish diet (32% protein) at approximately 1% body mass on Tuesdays

and Thursdays. Milk cans were inspected for the presence of spawns on Mondays, Wednesdays,
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and Fridays. When spawns were detected, embryo masses were removed from the milk cans

using a plastic ice scraper, and a subsample of approximately 100 embryos was collected from
each spawn and placed into sterile 50-mL tubes containing 25 mL of hatchery water. Samples
were transported on ice to the laboratory, where embryo samples were placed in sterile Petri
dishes. Five individual embryos were separated from each mass using sterile scalpel blades and
forceps and transferred into 1.5-mL microcentrifuge tubes containing 1 mL of nucleic acid-
stabilizing buffer (25 mM sodium citrate, 10 mM EDTA, 5.3 M ammonium sulfate, pH 5.2).
Water samples (N=23, pre-betadine) were filtered through 0.2 pum polycarbonate membrane
filters (Isopore™; MilliporeSigma), with filters stored in 1.5-mL microcentrifuge tubes
containing 1 mL of the same nucleic acid-stabilizing buffer.

The remaining embryo mass was placed into a 7.6-L bucket containing groundwater from
the WARU hatchery with betadine (100 ppm) to prevent introduction of potential outside
contaminants to the hatchery. Spawns were transported by ATV ~0.5 km to the hatchery where
each betadine-treated spawn was placed into an individual 80-L hatching trough supplied with
groundwater and operated as a flow-through system (3.7 L min™!, approximately 27 °C), with
supplemental aeration provided by airstones connected to a regenerative blower. After 24 h in
the hatchery, a second embryo subsample was collected from each spawn and processed as
described above. In addition, 50-mL water samples were collected from both spawning tanks and
hatching troughs for each spawn. Water samples (N= 25, post-betadine) were filtered through 0.2
pore size Isopore™ polycarbonate membrane filters (Isopore™; MilliporeSigma), with filters
stored in 1.5-mL microcentrifuge tubes containing 1 mL of the same nucleic acid-stabilizing
buffer. Embryo and filter samples were stored at -20 °C until cold shipment to Montana State

University (MSU). Upon receipt at MSU, samples were stored at -80°C until DNA extraction.
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DNA Extractions and Amplicon and Metagenomic

Sequencing

Genomic DNA was extracted from embryo and water samples using the DNeasy® 96
PowerSoil® Pro Kit (QIAGEN). For each embryo sample (N = 23), five embryos from the same
spawn were placed in a PowerBead tube, and DNA was extracted following the manufacturer's
protocol. All embryos lysed during bead beating in the PowerBead tube. Therefore, we cannot
determine whether microbial DNA originated from embryo surface-associated versus
intracellular (within embryo) microbes. However, we have no evidence that microbes are found
inside fish embryos and consider this scenario unlikely. For water samples, half of each filter
membrane was aseptically cut into smaller pieces and placed into a PowerBead tube for DNA
extraction following the manufacturer's protocol. For each extraction kit (N = 2), we processed
an extraction blank consisting of a tube with nucleic acid-stabilizing buffer but without an
embryo or water sample.

DNA from each sample and blank was used for PCR amplification of the V3—V4 region
of the 16S rRNA gene using primers F515 and R806, modified as previously described (Amy
Apprill, 2015; Parada et al., 2016) with the addition of barcodes and Illumina-specific adapters.
PCR reactions contained 2—5 pl template DNA, 0.25 pl of each forward and reverse primer, 0.5
puL bovine serum albumin (BSA, 20 mg/ml; New England BioLabs Inc), 2.5 ul Hot Start Taq
PCR MasterMix (VWR, Radnor, PA, USA), and sterile nuclease-free water to bring the total
volume to 25 pl. Additionally, negative controls (N = 2) for PCR amplification were created by
replacing template DNA with sterile nuclease-free water. PCR amplification included an initial
denaturation at 94°C for 1 min, followed by 30 cycles of denaturation at 94°C for 1 min, primer
annealing at 55°C for 2 min, and extension at 72°C for 90 sec. This was followed by a final

extension at 72°C for 10 min. All embryo samples were PCR-amplified twice, to generate
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technical duplicates. PCR amplicons were purified with Diffinity RapidTip PCR purification tips

(Diffinity Genomics, NY, USA), quantified on a Qubit (Life Technologies), pooled at equimolar
concentrations, and sequenced at the University of Georgia Genomics and Bioinformatics Core,
Athens, GA on a MiSeq (Illumina Inc., San Diego, CA, USA) using a V2 500-cycle kit (250 X
250 bp) with 5% PhiX to increase read diversity (Padilla et al., 2015). For shotgun
metagenomics, the five catfish embryo samples with the highest DNA yields (two pre-betadine
and three post-betadine) were chosen and sent to the Georgia Genomics and Bioinformatics Core
for library preparation and sequencing on Illumina's NextSeq using a P2 150 x 150 flow cell

(Ilumina Inc., San Diego, CA, USA).

Microbiome Data Processing and Analysis

16S rRNA gene amplicons were analyzed following the DADA?2 (v1.22.0; (Callahan et
al., 2016)) and QIIME2 (v2-2022.11; (Bolyen et al., 2019)) pipelines. Using DADA?2, raw
sequences were demultiplexed, quality filtered, and trimmed at 40 bp from the 5’ ends of both
reads (--p-trim-left-f 40, --p-trim-left-r 40) and truncated at 170 bp (--p-trunc-len-f 170, --p-
trunc-len-r 170), based on read quality profiles. Sequences were denoised, merged, and chimeras
were removed to generate amplicon sequence variants (ASVs). Next, through g2-alignment,
ASVs were aligned using MAFFT (Katoh et al., 2002), and phylogeny was estimated using
FastTree (Price et al., 2010). Technical PCR duplicates from catfish embryo samples were
merged prior to assigning taxonomy to all ASVs using the SILVA-132 database (Quast et al.,
2013). Chloroplast and mitochondrial sequences were removed from all datasets. Next, all
samples were rarefied to 24,000 sequences corresponding to the lowest sequencing depth among
embryo and water samples. Taxa that were identified in blanks and negative controls at a higher

average relative abundance than in the catfish embryo and water samples were excluded from
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analyses (Altman-Kurosaki et al., 2025). All raw sequences are publicly available through the

NCBI’s SRA database under PRINA1446894.

Statistical analyses

Statistical analyses were conducted using RStudio (v2023.03.0+386; (Team, 2023)) to
test for microbiome differences among catfish pairings (spawn ID) and between catfish embryos
vs. water, catfish strain DS vs. DC, and pre- vs. post betadine treatment for both embryo and
water samples. To evaluate the effect of catfish strain on alpha diversity in pre- and post-betadine
embryo microbiomes, a one-way Kruskal-Wallis (H) test (Kruskal & Wallis, 1952) was
performed separately for each treatment. To assess the effect of spawn ID, analyses could not be
conducted separately for pre- and post-betadine samples due to insufficient sample size within
groups, and therefore, a one-way Kruskal-Wallis (H) test was done with all embryo samples to
evaluate differences in alpha diversity across spawn ID. Pairwise differences in alpha diversity
were assessed using Wilcoxon rank-sum tests calculated from rarefied data and implemented
with ggpubr (v0.6.0; (Kassambara, 2025)) and microbiomeutilities (v1.00.17; (Shetty, 2012-
2019)) R packages, with comparisons visualized using boxplots. Beta diversity was assessed
using Bray-Curits dissimilarity matrix calculated from rarefied data and visualized via NMDS
(non-metric multidimensional scaling) using the phyloseq (v1.42.0; (McMurdie & Holmes,
2013)) and ggplot2 (v3.5.2; (Wickham, 2016)) R packages. Differences in community
composition between sample types were tested using permutational multivariate analysis of
variance (PERMANOVA, adonis2 from the vegan package (v2.6-4; (Oksanen, 2022)) with 999
permutations, and pairwise comparisons were conducted using the pairewiseAdonis package
(v0.4.1; (Arbizu, 2017)) with Bonferroni-adjusted p-values. Homogeneity of group dispersions

was evaluated using permutational multivariate analysis of dispersion (PERMDISP, betadisper
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and permutest from vegan (Oksanen, 2022)) followed by pairwise comparisons with

Tukey’sHSD test.

The ANCOM-BC, R package (v2.0.2; (Lin & Peddada, 2020)) was used to identify ASVs
with relative abundances differing significantly between embryo and water microbiomes, and
between pre- and post-betadine embryo microbiomes. This analysis focused only on ASVs
meeting criteria of 1) being detected in at least 65% of all samples, 2) representing at least 5% of
sequences in each sample in which they were detected, and 3) exhibiting a log fold change > 2.
Analyses were conducted using an adjusted p-value threshold of 0.05 and a log-fold change
threshold of 2. ASVs were first compared between all embryo and water microbiomes, where
water was the intercept, followed by comparisons between pre- and post-betadine microbiomes,

where post-betadine was the intercept.

Metagenomic Data Processing and Analysis

Metagenomic reads from five catfish embryo samples with the highest DNA yields were
quality filtered to retain sequences =100 bp with a Phred score =25 (Trim Galore! (v0.6.10;
(Martin, 2011)). To remove host-derived sequences, reads were mapped to the channel catfish
genome (I. punctatus; NCBI Accession number NC_030416) using Bowtie2 (v2-2.5.1;
(Langmead & Salzberg, 2012)), with these sequences then removed from further analysis.
Remaining non-host reads were normalized with BBnorm
(https://sourceforge.net/projects/bbmap/) and assembled into contigs using metaSPADES
(v3.15.3; (Nurk et al., 2017)) with default parameters.

Contigs were quantified using CoverM (v0.7.0; Aroney 2025) to calculate gene
abundance using TPM normalization, accounting for sequencing depth and contig length.

Unbinned contigs were screened to analyze the metabolic potential of embryo-associated
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microbiomes. Contigs were quantified using coverM contig (v0.7.0; (Samuel T N Aroney 2025))

to calculate gene abundance using transcripts per million (TPM) normalization, accounting for
sequencing depth and contig length. Additionally, with coverM, the median depth (reads per
contig) and mediant coverage (fraction of contig covered by at least one read) were determined
for each of the five datasets. Open reading frames (ORFs) were predicted from unbinned contigs
using Prodigal (v2.6.3; (Hyatt et al., 2010)), and protein sequences were functionally annotated
with eggNOG-mapper (v5.0.2; (Huerta-Cepas et al., 2018)) using DIAMOND (v2.1.8; (Buchfink
et al., 2021)) against the eggnog database using default parameters. Genes assigned to functional
categories related to antibiotic synthesis (biosynthesis of secondary metabolites) and antibiotic
production (defense) from the Database of Cluster of Orthologous Genes (COG; (Galperin et al.,
2025)) were selected for further analyses. These annotated genes were mapped to contig-level
gene-estimates estimates using locus tags to assess their relative abundance in embryo
metagenomes, and abundances were visualized using bar plots in ggplot2. All analyses were
performed using default parameters unless otherwise stated.

To complement gene-level analyses of unbinned contigs, contigs were next binned into
metagenome-assembled genomes (MAGs), which were used to assess taxon-specific
contributions to metabolic defense functions. MAGs were assembled with MetaWRAP (v1.3.2;
(Uritskiy et al., 2018)), dereplicated at 99% similarity with dRep (v3.4.2; (Olm et al., 2017)), and
taxonomically classified using GTDB-Tk (v2.4.0; (Chaumeil et al., 2019)) using the Genome
Taxonomy Database, all with default parameters. This workflow resulted in three MAGs: a
Burkholderiales MAG and two Rhizobiales MAGs (one identified only to the order Rhizobiales,
and one identified to the Rhizobiales family Rhizobiaceae). To quantify sequencing depth and

coverage for each MAG, reads from each sample were mapped to the MAGs using Bowtie 2,
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with the very sensitive local setting, and processed with SAMtools (v1.17; (Li et al., 2009)) to

generate sorted, indexed BAM files. CoverM genome was then used to calculate mean coverage
and fraction of the genome covered for each MAG per sample. Depth and coverage analyses
were performed using default parameters unless otherwise stated.

Potential antibiotic resistance genes were identified by running unbinned contigs and
MAGs through the Comprehensive Antibiotic Resistance Database (CARD) using the Resistance
Gene Identifier (RGI v6.0.5; (Alcock et al., 2023)) with default parameters, reporting only strict
hits. Biosynthetic gene clusters (BGCs) in each MAG were identified using antiSMASH (v8.0.4;
(Medema et al., 2011)) with default parameters. Unbinned contigs were not analyzed with
antiSMASH due to sequence length limitations. Counts of potential antibiotic biosynthesis BGCs
and resistance genes were visualized as heatmaps using ggplot2.

All computation was performed on the Tempest High Performance Computing System,
operated and supported by University Information Technology Research Cyberinfrastructure
(RRID:SCR _026229) at Montana State University, Bozeman, MT, USA
(https://www.montana.edu/uit/rci/tempest/). All raw sequences are publicly available through

the NCBI’s SRA database under PRINA1446894.

Results

The final 16S rRNA gene amplicon dataset included 76 samples, including 19 pre-
betadine and 23 post-betadine embryo samples and 9 pre-betadine and 25 post-betadine water
samples. A subset of the pre-betadine water samples was excluded due to loss or compromised
sample integrity prior to sequencing; however, the remaining sample size was sufficient to

support the statistical comparisons performed in this study. Embryo microbiome datasets
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represented 23 catfish spawns all of which had two replicates (pre- and post-betadine treatments)

except for spawns 51, 55, 77, and 91, which had only one replicate each. The total embryo
microbiome dataset also included 28 and 14 datasets from catfish strains DS and DC,
respectively (Table S1). The total shotgun metagenomic dataset included five datasets generated
from embryos with high DNA yields (two pre-betadine and three post-betadine).

Neither catfish strain (DS versus DC) nor spawning group significantly affected how
microbiome alpha diversity or taxonomic composition responded to betadine treatment. For
catfish strain, Shannon diversity did not differ between strains in either pre-betadine (Kruskal—
Wallis test, H(1) = 0.03, P = 0.86) or post-betadine samples (Kruskal-Wallis test, H(1) =0, P =
0.10). Similarly, taxonomic composition between catfish strains was not significantly different
for pre-betadine (PERMANOVA, Bray—Curtis, pseudo-F = 1.6, df = 1, P =0.06) or post-
betadine samples (PERMANOVA, Bray—Curtis, pseudo-F = 1.6, df = 1, P = 0.19). Spawning
group also had no significant effect on Shannon diversity (Kruskal-Wallis test, H(23) = 21.5, P
=0.55) or taxonomic composition (PERMANOVA, Bray—Curtis, pseudo-F = 0.9, df =22, P =
0.77). Consequently, the results below are based on analyses combining data from both catfish
strains and all spawning groups.

Microbiome alpha diversity differed between catfish embryo-associated and water
microbiomes and in response to betadine treatment. Shannon diversity of embryo-associated
microbiomes (both pre- and post-betadine) was significantly lower compared to diversity in pre-
betadine water microbiomes (Figure 6a and Table B2). However, betadine treatment strongly
affected water microbiomes, reducing median diversity by ~30% from pre- to post-treatment
(Figure 6a). In contrast, betadine treatment did not significantly affect alpha diversity in embryo-

associated microbiomes (Figure 6a).



58



59

a)
8 a a b C
3
o)
£
261
?
o
=
o
s
| |
% u ‘.A
]
» 4 oo
L LI - Sample
AN A ® embryo (pre-betadine)
u ® embryo (post-betadine)
- . : : water (pre-betadine)
embryo embryo water water )
(pre-betadine) (post-betadine) (pre-betadine) (post-betadine) water (post-betadine)
b
) Channel catfish
107 - strain
m DS
o
A DC
A
| @ water
0.54
o
A Am
o
8 u A A
s u]
b= 0.04 l |
" wh A
A .AAI w
u A
LN
—0.5' [ ]
[ |
|
1.0 05 0.0 05 1.0
NMDS1

Figure 6: Catfish pre- and post-betadine embryo microbiomes differ significantly from each
other and water microbiomes. a) Alpha diversity measures using Shannon diversity index is
similar for all embryo microbiomes with differences between embryos and water microbiomes
before and after betadine treatment. Box plots show median (center line), 25-75% quartiles (area
within the box), minimum and maximum values (whiskers), outliers (large circular data points)
and jittered data points by channel catfish strain (DS = Delta Select, DC = Delta Control). Letters
represent significantly distinct groups. Pair-wise Wilcoxon-rank sum test values are in Table B2.
b) Beta diversity measures using NMDS (with Bray-Curtis) show all microbiomes are distinct
from another with no influence from channel catfish strain (DS = Delta Select, DC = Delta
Control). Pair-wise PERMANOVA values are in Table B3.
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Taxonomic composition assessed by Bray-Curtis dissimilarity differed between embryo

and water microbiomes and in response to betadine treatment in both embryo and water
microbiomes (PERMANOVA, pseudo-F = 27.58, df = 1, P =0.001). Pre- and post-betadine
embryo microbiomes clustered apart from one other in NMDS analysis, as did pre- and post-
betadine water microbiomes, with all pairwise comparisons being statistically significant (all
pairwise PERMANOVA P = 0.006; Figure 6b; Table B3). While dispersion differed
significantly between embryo and water microbiomes, dispersion did not change pre- to post-
betadine in either embryo or water samples (Table B3).

Pre- and post-betadine embryo microbiomes primarily consisted of Proteobacteria
belonging to the families Comamonadaceae (averaging 22% and 12% in pre- and post-betadine
samples, respectively), Flavobacteriaceae (20% and 13%), and Rhizobiaceae (5% and 6%;
Figure 7a). Representation of the methanotrophic/methylotrophic families Methylomonadaceae
and Methylophilaceae increased from 1% (the two families combined) in pre-betadine to 17% in
post-betadine samples. Water microbiomes (pre- and post-betadine) were represented by
Flavobacteriaceae (averaging 11% and 6% in pre- and post-betadine samples, respectively) and
Comamonadaceae (3% and 4%; Figure 7a). Similar to what was observed in the embryo
microbiomes, representation of the methanotrophic/methylotrophic families Methylomonadaceae
and Methylophilaceae increased from 1% (the two families combined) in pre-betadine to 40% in
post-betadine samples. In contrast, cyanobacteria of the Cyanobiaceae decreased substantially

with betadine, from 27 % to >1% pre- to post-treatment.
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Figure 7: Embryo microbiomes (pre- and post-betadine) have differential enrichment of bacterial
families compared to water microbiomes. a) Taxonomic bar chart of family level bacteria of
embryo and water microbiomes with a minimum detection of 5% relative abundance in 65% of
all samples (prevalence). Embryo samples are grouped by channel catfish strain (DS = Delta
Select, DC = Delta Control). b) Differentially abundant ASVs (5% detection and 65%
prevalence) represented as bacterial families, or next closest taxonomic identification, between
all embryo and water microbiomes, with an adjusted p-value > 0.05, and a log fold change > 2.
Water microbiomes were used as the intercept. Asterisks indicate taxa not resolved at the family
level; the nearest assigned taxonomic rank is shown.

We identified a small subset of ASVs differing significantly in percentage abundance
between water versus embryo microbiomes and between pre- versus post-betadine embryo
microbiomes. This analysis focused only on prevalent and abundant ASVs meeting criteria of 1)
being detected in at least 65% of all samples, 2) representing at least 5% of a sample’s sequences
when detected, and 3) exhibiting a log fold change > 2. Under these strict thresholds, eight ASVs
were significantly enriched in embryos versus water (adjusted P < 0.05). These eight ASVs
belonged to the families Rhizobiaceae (log.FC = 6.1), Xanthobacteraceae (log.FC = 3.9),
Sphingomonadaceae (log2FC = 3.9), Gemmatimonadaceae (log.FC = 2.6), Burkholderiaceae
(log2FC = 2.6), Deinococcaceae (log:FC = 2.4), Terrimicrobiaceae (log-FC = 2.2), and
Mycobacteriaceae (log:FC = 2.2) families (Figure 7b). Conversely, only two ASVs, classified as
Gracilibacteria and Methylophilaceae, were enriched in water versus embryos (log2FC = -2.5 and
-2.4, respectively; Figure 7b). Only one ASV, belonging to the family Spirosomaceae, was
enriched in pre- versus post-betadine embryos (log2FC = 2.1). In contrast, seven ASVs were
enriched in post-betadine embryos and consisted of ASVs also identified in water microbiomes,

including Methylomonadaceae (logFC = -4.4), Hydrogenophilaceae (log.FC = -4.3),
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Methylophilaceae (log-FC = -4.3), Phaselicystidaceae (log.FC = -2.6), Gracilibacteria (class;

log-FC = -2.6), and Rhodocyclaceae (logFC = -2.2; Figure B1).

Metagenome sequencing and assembly generated 89,398 contigs. For all unbinned
contigs, median depth values ranged from 0.79x to 1.17x, and median coverage values ranged
from 0.51 to 0.65 across the five embryo samples. We first used these unbinned contigs to assess
metabolic potential by annotating open reading frames into COG functional categories, focusing
on categories related to antibiotic biosynthesis (biosynthesis of secondary metabolites) and
antibiotic resistance (defense), which represented 3% and 2% of the total category
representation, respectively. The biosynthesis of secondary metabolites category was represented
by 16 functional groups, with the topmost abundant containing methyltransferases, ABC
transporters, isochorismatase, fumarylacetoacetate hydrolase (FAA), and thioesterase (Figure
8a). The COG defense category was represented primarily by six functional groups (each with
relative abundance > 0.1%), including ABC transporters, multidrug resistance efflux pumps,
beta-lactamases, peptidases, drug transport systems, and type IV TA systems (Figure 8a).
Analyses specifically targeting antibiotic resistance genes (CARD) identified three vanW genes
associated with vancomycin resistance and three multidrug resistance efflux genes (two gacJ and
one gacG) associated with benzalkonium chloride resistance across all unbinned contigs (Figure

8b).
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Binning of contigs from all embryo metagenomes generated three metagenome-

assembled genomes (MAGs). Reads from all metagenomic samples mapped to the assembled
MAGs, with mean coverage ranging from 29.3x to 38.5x across samples. Genome coverage
fraction varied among samples (0.12—-0.88), with two samples exhibiting high coverage of
assembled MAGs (0.65 and 0.88), while the remaining three samples showed lower genome
coverage (0.12—0.17). One of the MAGs (52% completeness, 1% contamination) was classified
to the order Burkholderiales and shared 90% average nucleotide identity (ANI) to a member of
the genus Rubrivivax. The other two MAGs (44-46% completeness, 1-2% contamination) were
both classified to the genus Gellertiella in the family Rhizobiaceae (order Rhizobiales, recently
renamed to Hyphomicrobiales). One of these shared 90% ANI to a member of Gellertiella, while
an ANI score was not available for the second Gellertiella-classified MAG. Both the
Burkholderiales and Rhizobiales were at notable representation in the 16S rRNA gene amplicon
datasets. With Burkholderiales being the most abundant order across embryo and water
microbiomes and averaging 26% and 31% of sequences in pre- and post-betadine embryo
datasets, respectively (Figure B2). Rhizobiales was also abundant in these embryo datasets (7%
and 10%, respectively; Figure B2), as was the Rhizobiaceae specifically (5% and 6%,
respectively), although the Rhizobiales order was largely absent from water microbiomes (Figure
7).

Across all MAGs, we identified BGCs related to antibiotic biosynthesis, containing genes
linked to synthesis of terpenes and terpene precursors, ribosomally synthesized and post
translationally modified proteins (RiPPs), non-ribosomal peptide synthetase (NRPS), and acyl
amino acids. Terpene and terpene precursor synthesis genes were detected in three BGCs in each

of the two Rhizobiales MAGs and in a single BGC in the Burkholderiales MAG. A single RiPP-
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like BGC was detected in each of the three MAGs. An acyl amino acid BGC was detected in

each Rhizobiales MAG, while NRPS and NRPS-like BGCs were detected in one but not both of
the Rhizobiales MAGs (Figure 8c). We also identified one antibiotic resistance gene, gacG,
associated with resistance to quaternary ammonium compounds. The gacG gene was detected in
both Rhizobiales MAGs (one hit each) but absent from the Burkholderiales MAG (Figure 8b).
We did not screen the unbinned contigs for genes related to antibiotic biosynthesis, as these

contigs were too short to detect complete BGCs.

Discussion

Colonization of externally brooded fish embryos by aquatic bacteria and other microbes
likely occurs immediately after embryo deposition into the water. Many of these microbes likely
have no effect on embryo health and development. But others may be beneficial or detrimental to
the host (Fujimoto et al., 2018). Indeed, embryo mortality in aquaculture is frequently driven by
microbial infection, particularly by Saprolegnia fungal species that affect a range of farmed fish
(Bruno et al., 2011; Liu et al., 2014). Bacterial pathogens from the genera Flavobacterium,
Lactococcus, and Aeromonas also contribute substantially to embryo mortality (Vendrell et al.,
2006; Boutin et al., 2012; Meyburgh et al., 2017; Abdul Razak et al., 2019; Shahin, Veek, et al.,
2022). Although embryo-associated microbiomes are hypothesized to protect hosts from such
pathogens through antagonism, the specific taxa involved and mechanisms underlying these
protective interactions remain poorly understood. The current study shows that channel catfish
embryos associate with microbiomes distinct from those of the surrounding water and that
betadine treatment shifts community structure (Figure 6), suggesting that both host-associated

factors and management decisions (e.g., disinfection) shape these microbial communities.
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Finally, metagenomic analysis identifies genes for antimicrobial biosynthesis, raising the

possibility that embryo-associated microbiomes engage in antagonistic interactions, potentially
against pathogenic microbes that could threaten embryo health.

The five most abundant embryo-associated ASVs belong to the Comamonadaceae,
Flavobacteriaceae, Methylomonadaceae, Methylophilaceae, and Rhizobiaceae (Figure 7a).
Comamonadaceae and Flavobacteriaceae are commonly reported in freshwater fish
microbiomes, including those of brown trout (Wilkins et al., 2015), rainbow trout (Chiasson et
al., 2023), and coho salmon (Romero & Navarrete, 2006). Comamonadaceae, the most prevalent
and proportionately abundant family across all embryo samples, has been associated with healthy
fish embryos following exposure to Saprolegnia fungi (Liu et al., 2014). In contrast, several
members of the Flavobacteriaceae, particularly within the genus Flavobacterium, are well-
known pathogens of fish and fish embryos, although this widespread family also contains non-
pathogenic members (Verner-Jeffreys et al., 2006; Fujimoto et al., 2018; Tarnecki et al., 2019).
Although betadine treatment shifted the composition of embryo microbiomes, the relative
abundances of Comamonadaceae and Flavobacteriaceae stayed relatively constant with betadine
exposure. This suggests that betadine does not substantially reduce the representation of
potentially commensal or beneficial Comamonadaceae associated with embryos and may also be
ineffective at decreasing potentially pathogenic Flavobacteriaceae. These results also indicate
that shifts in other taxa, but not in Comamonadaceae and Flavobacteriaceae, drive the significant
change in community-level composition from before to after betadine treatment.

Community-level compositional change with betadine was driven in part by shifts in
ASVs assigned to Methylomonadaceae and Methylophilaceae. These families were enriched in

water compared to embryo microbiomes but increased in embryo microbiomes from before to
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after betadine treatment (Figure 7; Figure B1). Members of the Methylomonadaceae are

methane-oxidizing bacteria that produce methanol, a substrate that can serve as a carbon and
energy source for certain members of the Methylophilaceae (Deng et al., 2024), including some
strains that oxidize methanol coupled to denitrification (Kalyuhznaya et al., 2009). These
families have been detected in aquaculture systems (e.g., (Bruno et al., 2023)) but remain
sparsely studied to determine their potential contribution to methane cycling in either the water
or in association with embryos. Their enrichment post-betadine raises the possibility that
antiseptic treatment may create opportunities, at least initially, for colonization of embryos by
taxa common in the surrounding water.

ASVs belonging to the Rhizobiaceae, Xanthobacteraceae, and Sphingomonadaceae were
enriched in all embryo microbiomes compared to water microbiomes (Figure 7b). The family
Rhizobiaceae (order Rhizobiales) was the fifth most abundant family detected across all of our
samples and is best known for its nitrogen-fixing members that engage in symbiosis with
terrestrial plants (Wang et al., 2020). In contrast, the functional contributions of aquatic
Rhizobiaceae are largely uncharacterized despite frequent detection of this family in diverse
habitats, including marine water (Aoki et al., 2022) and host-associated microbiomes of corals
(Quigley et al., 2020; Rosales et al., 2020; Dube et al., 2021) and freshwater fish (Ghosh et al.,
2025). Rhizobiaceae prevalence in association with aquatic animals suggests potential roles in
symbiosis, although the nature of these roles remains undetermined. The family
Xanthobacteraceae also belongs to the order Rhizobiales and has been linked to organic matter
degradation and partial denitrification in soil systems (Zhou et al., 2023; Martinez-Nufiez &
Orozco-Ramirez, 2024), although little is known of Xanthobacteraceae physiology in aquatic

environments. The family Sphingomonadaceae is widespread, commonly occurring in
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freshwater, marine, and engineered systems, including recirculating aquaculture systems

(Bartelme et al., 2019) and the microbiomes of farmed Cynoglossus semilaevis (Chinese tongue
sole) and Litopenaeus vannamei (Whiteleg shrimp), as well as those of marine teleost fish gills
(Pratte et al., 2018; Moschos et al., 2022). The consistent presence of these ASVs before and
after betadine treatment suggests that these taxa may be capable of rapid regrowth or
colonization or are overall more resilient to disturbance compared to other microbiome members.
Their presence post-betadine may be due to competitive advantages linked to biochemical
changes in the embryo-associated biofilm after treatment, or other unexplored factors that
promote persistence. Additional ASVs enriched in embryos compared to water included
members of Gemmatimonadaceae, Burkholderiaceae, Deinococcaceae, Terrimicrobiaceae, and
Mycobacteriaceae, suggesting broad diversity in a potential embryo-specific niche (Figure 7b).
We hypothesize that externally brooded embryos could benefit from chemical transport
or antipathogen functions encoded by microbiomes. This motivated us to screen metagenome
contigs (~90,000 total unbinned contigs) for genes linked to resistance to or production of
potentially harmful chemicals. We detected a diversity of genes encoding ABC transporters, a
broad class of membrane proteins that import and export a wide array of molecules such as
sugars, lipids, xenobiotics, and antimicrobial compounds (Greene et al., 2018; Ahmad et al.,
2020), as well as multidrug efflux pumps known to remove toxins, including antibiotics (Figure
8; (Du et al., 2018)). Screening of unbinned contigs also detected genes linked to antimicrobial
functions, including genes encoding methyltransferases, B-lactamases, and isochorismatases
(Figure 8). Methyltransferases are known to participate in both antibiotic synthesis and resistance
(Atkinson et al., 2013; Niikura et al., 2018). For example, the methyltransferase GenN is required

for synthesis of the aminoglycoside antibiotic gentamicin, whereas other methyltransferases
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confer resistance by modifying rRNA to block antibiotic binding, an important defense against

bacteriostatic macrolides and aminoglycosides (S. Li et al., 2018). B-lactamases also confer
resistance, specifically by hydrolyzing B-lactam antibiotics (Botts et al., 2023; Lin et al., 2025).
Isochorismatases are also hydrolytic, exhibiting y-lactamase activity that can protect cells from
y-lactam antibiotics (Guo et al., 2022). Detection of these enzyme classes suggests that embryo-
associated microbiomes harbor antibiotic synthesis and resistance capabilities, potentially
facilitating the persistence of a protective microbiome.

Our metagenomic analysis also involved binning contigs into metagenome-assembled
genomes (MAGs), followed by screening of MAGs for antimicrobial synthesis or resistance
genes. Binning recovered two MAGs from the order Rhizobiales and one from the order
Burkholderiales, all of which contained biosynthetic gene clusters (BGCs) for producing terpene
and terpene-precursors (Figure 8c). Terpenes are made by microbes and plants and have
antimicrobial functions such as disrupting cell membranes, inhibiting efflux pumps, and
enhancing the effects of existing antibiotics (Mahizan et al., 2019; Dias et al., 2022). While some
plant-derived terpenes are known to inhibit growth of the fungal fish pathogen Saprolegnia spp.
(Mostafa et al., 2020), evidence for bacterially produced terpenes with activity against fish
pathogens is lacking. However, members of the bacterial family Sphingomonadaceae, which
were enriched in embryo compared to water microbiomes (Figure 7), are known terpene
producers (Wang et al., 2022). This family was not recovered in our MAG data but may warrant
further attention, along with Rhizobiales and Burkholderiales, as potential contributors to terpene
synthesis in embryo microbiomes. All three MAGs also contained BGCs for synthesizing RiPPs
(Figure 8c), a class of peptides with diverse antimicrobial activities (Arnison et al., 2013). Many

common and well characterized bacterial genera, including soil-associated Streptomyces and
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Bacillus and gut-associated Streptococcus and Enterococcus, are capable of producing RiPPs

(Skinnider et al., 2016); deeper sequencing of the embryo microbiome may therefore recover
other taxa linked to RiPP synthesis.

Other genes associated with chemical-based antagonism were also detected in the MAG-
based analysis. BGCs for acyl amino acids were detected in both of the Rhizobiales MAGs. Acyl
amino acids—composed of a fatty acid linked to an amino acid—are produced by diverse
microbes and associated with biofilm formation, immune evasion and antibiotic resistance
(Figure 8b; (Brady & Clardy, 2000; Krishnamurthy et al., 2023)). Further, one of the Rhizobiales
MAGs contained BGCs for non-ribosomal peptide synthetase (NRPS) or NRPS-like complexes.
NRPSs are known to produce diverse bioactive molecules including well known antibiotics and
antifungals such as penicillin, cyclosporine, and vancomycin (Figure 8b; (Yu et al., 2017,
lacovelli et al., 2021)). Notably, vancomycin is considered a “last resort” antibiotic that can enter
aquatic environments through agricultural and pharmaceutical runoff (Boneca & Chiosis, 2003;
Hricova et al., 2021; Shen et al., 2021). Consistent with our MAG-based finding of NPRS BGCs,
the unbinned embryo metagenome contigs contained three genes encoding vancomycin
resistance (vanW; Figure 8b), indicating that while some microbes may produce NRPS-derived
antibiotics like vancomycin, others in the community possess the genetic capacity to withstand
NRPS attack. Similarly, well characterized genes benzalkonium chloride resistance, specifically
qacJG and gacG, were detected in both of the Rhizobiales MAGs, as well as in the unbinned
contigs (Figure 8b). Benzalkonium chloride is a widely used disinfectant in aquaculture, with
exposure linked to impaired embryogenesis and developmental abnormalities in farm-raised fish
(Mougin et al., 2023; Mukai et al., 2024). The ability of embryo-associated microorganisms to

mitigate or withstand these chemical stressors may help protect developing embryos.
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The occurrence of diverse genes involved in chemical transport, antimicrobial resistance,

and antimicrobial synthesis within the catfish embryo metagenome suggests potential
mechanisms for microbially mediated host protection. Mechanisms of antibiotic resistance and
chemical transport may allow the microbiome to withstand attack from toxins, potentially
including those produced by pathogens or entering the system from anthropogenic sources. In
contrast, antimicrobial production by the embryo microbiome could directly inhibit fish
pathogens or otherwise shape the make-up of the community so as to favor the persistence and
growth of beneficial taxa. Our data indicate that antagonistic microbe-microbe interactions may
be intrinsic to the embryo-associated microbiome, as is true for most host-associated and biofilm
microbial communities. The exact participants in and outcomes of these interactions remain to be
determined. However, our survey identifies taxa enriched in the embryo-associated niche and
stable in response to chemical (betadine) stress. Additional study is needed to test if and how

these taxa influence the health of externally brooded catfish embryos.
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Limitations

This preliminary study has limitations. We were not able to obtain metagenomes from
water samples or other aquatic biofilms, thereby preventing comparison to determine if defense-
related functions in embryo-associated microbiomes are proportionately enriched relative to
surrounding microbiomes or other biofilm systems. Further, the metagenomic dataset includes a
low number of embryo samples, all of which contained high proportions of catfish-derived
sequences (roughly 80% of total sequences). This relative lack of microbial data made it
challenging to recover microbial MAGs with high completeness. Because embryos burst during
the DNA extraction process, we cannot rule out the possibility that microbial DNA originated
from within the embryos themselves. However, we have no evidence that microbes reside
internally in fish embryos, and we consider this possibility to be unlikely.

Further, our sampling did not include non-betadine treated embryos sampled at the exact
same developmental state as the embryos we sampled after betadine treatment. We therefore
cannot rule out the possibility that microbiome changes observed pre-to-post betadine were not
driven by factors other than betadine treatment (e.g., physiological changes associated with host
development over time). However, we consider betadine to be the major and most likely cause of
microbiome change. Betadine disinfection is a standard biosecurity practice in commercial and
research hatcheries to prevent the introduction and spread of fungal and bacterial pathogens.
Untreated eggs are not introduced into hatchery facilities due to the associated biosecurity risks
and are therefore not representative of production systems. Accordingly, this study was not
designed to robustly evaluate the effects of betadine treatment on embryo-associated
microbiomes, but rather to characterize microbial communities under conditions that reflect

standard hatchery operations.
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While our questions relating to microbial functions focused primarily on those related to

antagonistic microbe-microbe interactions, other microbial processes (e.g., nutrient cycling,
waste removal, and mucosal maintenance) may also be of benefit to developing embryos and
should be explored in future studies. Such studies could evaluate the extent to which microbiome
functions are expressed and influence the host system, for example by comparing embryo
development, growth, and pathogen resistance in the presence versus absence of a microbiome

(e.g., using antibiotics to suppress or remove the microbiome).

Conclusions

Embryo-associated microbiomes remain relatively underexplored in vertebrate systems,
including those of fishes with external brooding behavior. In such systems, embryos are
continuously in contact with microorganisms and potential chemical stressors from surrounding
water. We show that channel catfish embryo microbiomes are distinct from those of surrounding
water and potentially susceptible to disturbance by antiseptic application. All embryo
microbiomes shared dominant taxa Comamonadaceae and Flavobacteriaceae, with members of
the Rhizobiaceae, Xanthobacteraceae and Sphingomonadaceae appearing to be stable
components of the microbiome before and after betadine treatment. Preliminary metagenomic
analysis identified genetic potential for diverse antagonistic interactions in the embryo
microbiome, raising the hypothesis that such interactions could influence the success of
microbiome members, potentially including pathogens. It remains to be determined if and how
the embryo-associated microbiome contributes to fish health, with the current results identifying

taxa and defense-related functions that may be targets for future study.
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Abstract

The bacterial genus Endozoicomonas is prevalent and abundant in the microbiome of
many corals, but the combination of environmental and host factors shaping its distribution
remains uncertain. In this study, we used 16S rRNA gene sequencing to examine the distribution
of Endozoicomonas across hard (Porites astreoides, Montastraea cavernosa, Agaricia spp.) and
soft coral (Muricea spp., Gorgoniidae, Cladiellidae, Malacalyconacea) microbiomes across a
depth gradient from shallow (4.5 m) to upper mesophotic zones (36.6 m) at four sites around the
Little Cayman Island, including two marine protected areas. Endozoicomonas was abundant
across all coral microbiomes, with soft corals exhibiting near-total dominance (relative
abundance range 0.1-99%, median 55.3%) by this genus and notable abundances (range 0-96%,
median 22.2%) in hard corals. Endozoicomonas composition was strongly structured by coral
host identity across sites and depths, with each coral type harboring two to four unique
Endozoicomonas amplicon sequence variants. Site and depth also contributed to
Endozoicomonas abundance in soft and hard corals, respectively, where relative abundances
were highest at unprotected sites in soft corals and in shallow to mid photic zones in hard corals.
These findings suggest that Endozoicomonas abundance is shaped by both coral host identity and

local environmental conditions.

Introduction

Corals rely on relationships with a microbiome of bacteria, protists, fungi, archaea, and
viruses to maintain health and support growth (Bayer et al., 2013; Pollock et al., 2018;
Caughman et al., 2021; Beatty et al., 2022). Coral microbiomes can influence host immune

function, provide protection against pathogens, maintain mucus, and affect host nutrient
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absorption (Louis & Flint, 2009; Neish, 2014; Scully et al., 2014; Futo et al., 2015; King et al.,

2016; Zheng et al., 2020; Zhu et al., 2021). Specifically, coral microbiomes have been shown to
aid in nitrogen fixation, carbon cycling, and the production of antibiotics and vitamins (Bayer et
al., 2013; Neave et al., 2017; Pogoreutz et al., 2018). Some coral microbiomes can be dominated
by a single bacterial genus, Endozoicomonas, from the class Gammaproteobacteria (Morrow et
al., 2012; Bayer et al., 2013; Apprill A, 2016; Brener-Raffalli et al., 2018; Pogoreutz et al., 2018;
McCauley et al., 2020), which may comprise over 90% of 16S rRNA gene sequences (Vezzulli
et al., 2013). While dominance by a single microbe is often associated with disease and dysbiosis
in other systems (Vangay et al., 2015; Levy et al., 2017; Kriss et al., 2018), this association is not
universal (Lozupone et al., 2013; Srinivasan et al., 2015; Williams et al., 2016; Fernandes et al.,
2023) and may not apply to coral microbiomes. In corals, Endozoicomonas is present across the
coral’s mucus, tissue, and skeletal layers, has a strong association with healthy coral
microbiomes, and is hypothesized to be a symbiont that provides B vitamins, amino acids, and
carbohydrates to the host, or may remove toxic organic sulfur compounds (Bythell, 2011; Bayer
et al., 2013; Meyer et al., 2014; Neave et al., 2016; Neave et al., 2017; Pollock et al., 2018;
Sweet M, 2021; Pogoreutz et al., 2022). While the exact mechanisms underlying the coral-
Endozoicomonas relationship remain unclear and potentially variable among hosts and
environments, studies repeatedly report high relative abundances of Endozoicomonas in healthy
corals, and in some cases, in diseased or stressed corals, indicating they likely play important
roles in coral health (Bayer et al., 2013; Meyer et al., 2014; Neave et al., 2016; Beatty et al.,
2018). The relationship between hard corals and Endozoicomonas is better characterized than in
soft corals, underscoring a gap in our understanding of the diversity and distribution of this

symbiont within soft coral microbiomes and its impact on coral persistence. Moreover, it remains
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unclear whether distinct Endozoicomonas strains are host-specific or whether a core set of strains

is shared broadly across both hard and soft corals.

Distinct shifts in coral reef communities occur between shallow and mesophotic waters.
Mesophotic reefs experience cooler temperatures, reduced light penetration, and altered oxygen
and nutrient conditions compared to shallow systems (Kahng et al., 2017; Carpenter et al., 2022;
Doherty et al., 2024; Slattery et al., 2024; Goodbody-Gringley & Chequer, 2025). These
mesophotic coral ecosystems have gained increasing attention as potential refugia for shallow-
water corals facing ocean warming and other climate stressors (Doherty et al., 2024; Goodbody-
Gringley & Chequer, 2025). Coral disease prevalence, including bleaching, often decreases with
increasing depth (Pérez-Rosales et al., 2022; Goodbody-Gringley & Chequer, 2025). Although
several coral species span both shallow and mesophotic zones, the factors driving their success at
depth remain uncertain. One potential determinant is the coral’s symbiotic relationship with
Endozoicomonas, which is best characterized in shallow, warm-water corals (Morrow et al.,
2012; Bayer et al., 2013; Vezzulli et al., 2013; Meyer et al., 2014; Neave et al., 2016; Pogoreutz
et al., 2018; McCauley et al., 2020). In contrast, the abundance and function of Endozoicomonas
in deeper, low-light environments remains poorly understood. Additionally, it is unclear how
Endozoicomonas strain diversity changes along reef gradients, and how host-specification plays
arole. Corals near or below the euphotic zone may host fewer or no symbiotic zooxanthellae
and are subject to markedly different light , oxygen , temperature, and nutrient conditions than
those in near-surface waters (Lesser et al., 2009; Laverick et al., 2017; Goodbody-Gringley,
2018; Hebbeln et al., 2020; Kellogg & Pratte, 2021; Carpenter, 2022; Candy et al., 2023;
Doherty et al., 2024). These environmental gradients can shape the composition and function of

coral-associated microorganisms (Franco et al., 2021; Aalto et al., 2022; Pratte et al., 2023),



80
including Endozoicomonas (Galand et al., 2020). However, studies examining Endozoicomonas

in deep-water corals are limited. For example, a single study detected Endozoicomonas in deep-
water corals, with relative abundances ranging from 13—88% of 16S rRNA gene sequences in
Desmophyllum pertusum to just 0.13% in D. dianthus at 1300 m (Kellogg & Pratte, 2021). These
results suggest a role for Endozoicomonas in deep-water corals but also suggest that this role is
dynamic across individuals and hosts. The factors shaping this dynamism are unclear.

Variability in Endozoicomonas abundance and prevalence may also be shaped by reef
protection status. Efforts to mitigate climate change-driven impacts on coral reef ecosystems
include the establishment of marine protected areas (MPAs), through fishing restrictions, no-take
zones, and limits on destructive gear use to promote reef recovery and resilience (Soler et al.,
2015; Cinner et al., 2016; Strain et al., 2019). While MPAs can reduce direct anthropogenic
pressures, their effectiveness in restoring coral health remains mixed. Some studies report no
measurable increase in coral biomass between protected and unprotected reefs (Coelho &
Manfrino, 2007; Toth et al., 2014; Cox et al., 2017), whereas others document notable gains in
coral cover within no-take zones (Bellwood et al., 2004; Mumby et al., 2006; Wright, 2022).
Furthermore, coral microbiomes within MPAs have exhibited enhanced resistance to pathogens
such as Vibrio coralliilyticus (Beatty et al., 2019), likely reflecting greater environmental
stability, reduced macroalgal overgrowth, and fewer physical injuries from fishing gear (Mumby
et al., 2007; Mumby & Harborne, 2010; Lamb et al., 2015). Notably, Endozoicomonas, a
dominant and potentially beneficial coral symbiont, has been found at high abundances in corals
from both protected and unprotected reefs (van de Water et al., 2017; Beatty et al., 2018; Kellogg

& Pratte, 2021; Beatty et al., 2022). Whether protection status consistently influences
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Endozoicomonas abundance or strain diversity remains unresolved, highlighting the need to

clarify its role in coral microbiome stability and host resilience.

This study provides a preliminary exploration of how Endozoicomonas is structured
within the microbiomes of hard and soft corals across a depth gradient and varying levels of
marine protection along the coast of Little Cayman Island, Caribbean Sea. Little Cayman is
characteristically less populated than many tropical reefs, limiting influence from coastal tourism
and preserving more natural reef communities (Doherty et al., 2025). Four sites around Little
Cayman Island were selected based upon protection status and accessibility: two MPAs (Crystal
Palace Wall and McCoy’s Wall) and two non-MPAs (Ron’s Rock and The Edge). While neither
Ron’s Rock nor The Edge is protected, Ron’s Rock does not permit fishing, making it more
protected than The Edge, which is a designated line-fishing zone. At each site, hard and soft
corals were sampled along depth gradients from shallow (4.5 m) to upper mesophotic (36.6 m)
reefs at 4.5 m intervals. Using 16S rRNA gene sequencing, we analyzed the microbiomes of
three hard corals (Porites astreoides, Montastraea cavernosa, and Agaricia spp.) and four soft
corals (Muricea spp., Gorgoniidae, Cladiellidae, and Malacalyconacea). We hypothesize that
Endozoicomonas will be abundant across all coral microbiomes, but that relative abundance and
strain composition will differ between hard and soft corals. We further predict that both

abundance and composition may vary with reef protection status and depth.
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Methods

Study Site

The Cayman Islands lie in the western Caribbean, about 200 miles northwest of Jamaica
and 150 miles south of Cuba, and comprise Grand Cayman, Cayman Brac and Little Cayman.
Little Cayman (Figure 9a) 1s the smallest and least developed, ~80 miles northeast of Grand
Cayman, with an area of ~26 km? and ~160 residents. The shoreline is 45 km and 74.2% of it is
designated as marine protected areas, including ~57% under full no take protection. The island is
encircled by a fringing reef that transitions from spur and groove to a fore reef wall exceeding

2000 m (Doherty et al., 2024; Doherty et al., 2025).

Mapping Methods

The basemap was sourced from the Cayman Islands Department of Environment’s Little
Cayman Public Mooring Map (Cayman Islands Department of Environment 2023). Coastline,
bathymetry, and sample sites were traced in Photoshop (Adobe, California) and finalized in

[lustrator (Adobe, California; Figure 9a).

Sampling and Data Collection

To characterize the taxonomic diversity and percentage abundance of Endozoicomonas in
coral-associated microbiomes spanning a range of environmental protection zones and water
depths, we sampled hard and soft corals from Little Cayman Island over ten days between 17
August to 6 September 2022 (samples were not taken over consecutive days; Figure 9). The sites
included two MPAs, Crystal Palace Wall and McCoy’s Wall, and two non-MPA sites, Ron’s
Rock and The Edge (Figure 9a). At each site, coral sampling occurred along a depth gradient

from 4.5 to 36.6 meters at about 4.6-meter intervals resulting in eight different depths (Figure
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9b). Hard corals collected were Montastraea cavernosa, Porites astreoides, and Agaricia spp.

(Figure 9c). Because Agaricia species in the Caribbean are particularly difficult to distinguish
visually, it is not uncommon to group them to avoid inaccuracies as we did for this study
(Crandall et al., 2016; Doherty et al., 2025). Due to lack of species descriptions as well as
distinguishing characteristics, soft corals are also difficult to identify visually in the field.
Therefore, we collected visually similar soft corals from each site and molecularly resolved the
taxonomy into groups post collection (see “Coral identification” below). Soft coral groups
collected included Muricea spp., Gorgoniidae, Cladiellidae, and Malacalyconacea. Not all hard
coral and soft corals were found at every depth across all four sites, and not all samples passed
quality control (sampling sites, coordinates, and depths summarized in Tables 1, and Tables C1
and C2).

All samples were collected via SCUBA. Hard coral mucus was sampled by gently
abrading coral tissue with the tip of a 5 mL syringe and capturing released mucus with the
syringe, representing the coral mucus-associated microbiome. Soft coral polyps were collected in
a sterile wire-closure sample bag (Whirlpak, Madison, WI, USA), representing coral tissue- and
mucus-associated microbiomes. Seawater (125 mL) was collected in a sterile needleless syringe
and filtered upon surfacing on all but one collection days. Water samples were collected from all
four sites between August 17 and September 6, 2022. Water samples from Crystal Palace Wall
(n = 5) were taken on August 22, 29, and September 6; from McCoy’s Wall (n = 5) on August
18, 30, and September 6; from Ron’s Rock (n =4) on August 17 and September 1; and from The
Edge (n =4) on August 23 and September 2. At each site, water samples were collected at depths
0f 9.1, 18.3, 22.7, and 36.6 m, except at The Edge, where the shallowest depth sampled was 4.5

m.
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All samples were returned to the boat upon surfacing, where coral samples were placed

on ice, and water samples were immediately filtered on to a 0.2 pm pore size isopore filter
(Millipore). Samples were preserved in an RNA/DNA preservation buffer (25 mM sodium
citrate, 10 mM EDTA, 5.3 M ammonium sulfate, pH 5.2 (Pratte Z.A., 2017)) within 20 minutes

of returning to the boat. At the field station, all samples were frozen at -20°C.

DNA Extractions and Sequencing

Genomic DNA was extracted from soft coral tissue and mucus, hard coral mucus, and
filters with the DNeasy PowerSoil Pro extraction kit (Qiagen, Hidalgen, Germany). Briefly, coral
samples or filters were placed in the provided PowerSoil bead beating tubes and homogenized.
The sequential extraction steps followed the manufacturer's protocol. Three extraction blanks
(samples with RNA/DNA preservation buffer and no sample) were processed using the same
protocol. DNA was quantified using the Qubit 2.0 (Invitrogen). Polymerase chain reaction (PCR)
amplification of the V4 region of the 16S rRNA gene was conducted using primers 515F and
806R with an Illumina adapter overhang for each primer (Caporaso et al., 2011; Altman-
Kurosaki et al., 2025). PCR reactions included 2—5 pl template DNA, 0.25 ul of each forward
and reverse primer, 0.5 pL bovine serum albumin (BSA, 20 mg/ml; New England BioLabs Inc),
12.5 ul GoTaq Green Master Mix (Promega, USA), and sterile nuclease-free water to bring the
total volume to 25 ul per sample. Negative controls (PCR reaction solution but no DNA) were
included to represent each mixture of PCR master mix. PCR conditions were as follows: initial
denaturation at 94°C for 1 min, 30 cycles of 94°C for 1 min, 55°C for 2 min, 72°C for 90 s, and a
final extension at 72°C for 10 min. V4 16S rRNA gene amplification was confirmed with gel
electrophoresis for all samples, and PCR negative controls displayed no bands. A second PCR

amplification was conducted to append Illumina barcodes and adapters to amplicons as
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previously described in Altman-Kurosaki et al. 2025. Amplicons were sequenced at the Georgia

Genomics and Bioinformatics Core, Athens, GA, on a MiSeq (Illumina Inc., San Diego, CA,

USA) using a V2 500-cycle kit (250 X 250 bp) with 5% PhiX to increase read diversity.

Microbiome Data Processing and Analysis

All 16S rRNA gene sequences were analyzed using the DADA?2 (v1.22.0; (Callahan et
al., 2016)) and QIIME2 (v2-2022.11; (Bolyen et al., 2019)) pipelines. Raw sequences were
demultiplexed, quality filtered, trimmed (30 bp removed from the 5° end), truncated (200 bp),
and denoised using DADA?2, which models and corrects Illumina sequencing errors, removes
chimeras, and resolves high-resolution amplicon sequence variants (ASVs). ASVs were then
aligned with MAFFT (v7.508; (Price et al., 2010)), and phylogeny was estimated with FastTree
(v2.1.11; (Paleczny et al., 2015)). Next, all ASVs were assigned taxonomy using the SILVA-132
database (Quast et al., 2013). ASVs were first filtered to remove any sequences identified as
chloroplast and mitochondria. Then, all ASVs that were (on average) more abundant across all
blanks and negative controls compared to coral and water samples were also removed (Altman-
Kurosaki et al., 2025). After rarefication to 23,000 sequences, the final dataset consisted of 309
(159 hard coral, 132 soft coral and 18 water) samples and 34,885 ASVs. For hard coral types,
there were 60 Agaricia spp., 60 M. cavernosa, and 39 P. astreoides represented. For soft coral
types, there were 24 Cladiellidae, 23 Gorgoniidae, 20 Malacalyconacea and 65 Muricea spp.
represented. None of the negative controls passed quality filtering steps, validating our quality

control approach.
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Coral Identification

The 16S rRNA gene primers used in this study also bind the 12S rRNA gene of the coral
mitochondrial genome. While 12S rRNA sequences are discarded for microbiome analysis, they
can be used to identify the host coral (Chen et al., 2002; Shinzato et al., 2021). Assuming that
host coral 12S rRNA gene amplicons would be abundant, we ranked the top 15 most abundant
ASVs per dataset. Among this ASV subset, any ASV not identified as prokaryotic via the
QIIME2 pipeline was considered a candidate host sequence and queried against the NCBI nt
database using MegaBLAST (Chen et al. 2015). For each sample, the most abundant ASV with a
top MegaBLAST match to coral 12S rRNA was assumed to represent the host mitochondrion.
The annotation of the top matching reference sequence was then used to assign taxonomy to the
host coral. This approach identified four soft coral groups representing one genus (Muricea), two
families (Gorgoniidae and Cladiellidae), and one order (Malacalyconacea). Not all soft coral
samples could be resolved to the genus level, and we note that our approach allows for multiple
species per soft coral. Malacalcyonacea, Gorgoniidae, and Muricea all had three unique ASVs
per group, two of which were nearly identical. Cladiellidae had four unique ASVs, two of which

were nearly identical. This method was also used to validate hard coral field identification;

however, we were not able to differentiate among Agaricia species using this method.

Statistical Analysis

Experimental variables tested were host identity (hard versus soft corals; different coral
taxa within hard and soft corals), protection status (sampling site), coral reef depth (meters), and
day of sample collection. To improve statistical power in depth-related analyses, individual
sampling depths were grouped into broader depth categories: shallow photic (4.5 and 9.1 m), mid

photic (13.7 and 18.3 m), deep (22.8 and 27.5 m), and upper mesophotic (32 and 36.6 m). This



87
categorical depth variable was used as an additional metadata factor in downstream analyses.

Statistical analyses were conducted using RStudio (v2023.03.0+386; (Posit team, 2023)) to test
for microbiome differences among hard and soft corals, protection status, and sampling depths
(meters and categories). Pairwise differences in alpha diversity between samples were assessed
using Wilcoxon rank-sum tests with Benjamini-Hochberg adjustment calculated from rarefied
data and implemented with the ggpubr (v0.6.0; (Kassambara, 2025)), microbiomeutilities
(v1.00.17; (Shetty & Lahti, 2020)) and phyloseq (v1.42.0; (McMurdie & Holmes, 2013)) R
packages, with significant comparisons visualized using boxplots with ggplot2 (v3.5.2;
(Wickham, 2016)). Beta diversity of hard and soft coral microbiomes by depth (meters and
categorical) and site was assessed using the Bray-Curtis dissimilarity index calculated from
rarefied data and visualized via non-metric multidimensional scaling (NMDS) plots using the
phyloseq and ggplot2 R packages. Differences in community composition between sample sites
and depth (meters and categorical) for hard and soft corals were tested using permutational
multivariate analysis of variance (PERMANOVA, adonis2 from the vegan package (v2.6-4;
(Oksanen, 2022)) with 999 permutations, and pairwise comparisons were conducted using the
pairewiseAdonis package (v0.4.1; (Arbizu, 2017)) with Bonferroni-adjusted p-values.
Homogeneity of group dispersions was evaluated using permutational multivariate analysis of
dispersion (PERMDISP, betadisper and permutest from vegan) followed by pairwise
comparisons with Tukey’s HSD test. To evaluate how site and depth affected Endozoicomonas
relative abundance, Kruskal-Wallis (H) tests (Kruskal & Wallis, 1952) were conducted
separately for hard and soft corals, testing for effects of site, depth (meters and categorical), and
site—depth combinations. Post-hoc pairwise comparisons were conducted using Wilcoxon rank-

sum tests with Benjamini—Hochberg adjustment for multiple testing. To assess Endozoicomonas
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ASYV variation, we retained ASVs with a minimum relative abundance of 50% in at least one

coral sample for visualization in ggplot2. Dominant ASVs were assigned taxonomic
classifications using MegaBLAST, and matching Endozoicomonas reference sequences from
NCBI nt+ were included in phylogenetic analyses. The most abundant ASV's and reference 16S
rRNA gene sequences were aligned with MAFFT, trimmed with trimAl (Capella-Gutierrez et al.,
2009), and a maximum-likelihood phylogenetic tree was inferred using IQ-TREE2 (Minh et al.,
2020), which was visualized in iTOL (Letunic & Bork, 2007). All raw sequences are publicly
available through the NCBI’s SRA database under BioProject PRINA1310611.

All computation was performed on the Tempest High Performance Computing System,
operated and supported by University Information Technology Research Cyberinfrastructure
(RRID:SCR _026229) at Montana State University, Bozeman, MT, USA

(https://www.montana.edu/uit/rci/tempest/).

Results

Coral and water samples were collected from four sites at Little Caymen Island, including
two MPAs (Crystal Palace Wall and McCoy’s Wall), an unprotected zone with permitted line
fishing (The Edge), and a zone with no protection designation (Ron’s Rock; Figure 9a). At each
site, hard and soft corals were sampled from eight depths comprising shallow photic (4.5 & 9.1
m), mid photic (13.7 & 18.3 m), deep photic (22.8 & 27.5 m), and upper mesophotic waters (32
& 36.6 m; Figure 9b). The three hard corals included in this study were P. astreoides, M.
cavernosa, and Agaricia spp., while the four soft corals were Muricea spp., Gorgoniidae,
Cladiellidae, and Malacalyconacea (Figure 9c). We were unable to assess how site and depth

influenced microbiome structure within a specific type of hard or soft coral, as not all sampled
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coral taxa were found at each site and depth. We therefore compared microbiome variation

between the broad categories of hard versus soft corals within each site and depth (Table 1;
Table C1 and C2). All water microbiomes differed significantly from coral microbiomes (alpha

and beta diversity) and were therefore excluded from analyses (Figure C1).
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Figure 9: Sampling design for hard and soft coral collections around Little Cayman Island. a)
Sampling sites (n = 4) differed in protection status at the time of collection, with Crystal Palace
Wall and McCoy’s Wall in a Marine Protected Area (MPA), The Edge in a line fishing-only
zone, and Ron’s Rock in an unprotected but no-fishing zone. The bolded line is the 46 m (~150
ft) depth contour. This map was adapted from the Cayman Islands Government, Departments of
the Environment and of Lands and Survey. b) Schematic of sampling depths at all sites, with
coral samples collected at 4.6 m (15 ft) intervals from 4.5 to 36.6 m. c-1) Representative hard (c)
Montastraea cavernosa, d) Agaricia spp., €) Porites astreoides) and soft (f) Muricea spp., )
Cladiellidae, h) Gorgoniidae, 1) Malacalcyonacea) corals sampled in this study. Photo Credit:
Alex D. Chequer and Andrew J. Maritan.
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Table 1: Hard and soft coral microbiome samples by protection status and depth.

Site Depth Depth Number of hard Number of soft
(category) (m) coral samples coral samples
. 4.5 3 3
shallow photic 91 3 3
Crystal mid photic 13.7 3 3
18.3 7 4
Palace Wall 28 5 5
(MPA) deep photic 275 5 4
hoti 32 7 4
upper mesophotic 36.6 5 4
. 4.5 4 8
shallow photic 0.1 5 3
McCoy's mid photic 13.7 4 3
18.3 8 4
Wall 228 7 5
(MPA) deep photic 275 s 1
upper mesophotic 32 2 >
PP B 36.6 5 1
. 4.5 5 4
shallow photic 9.1 5 5
. . 13.7 6 6
Ron's Rock mid photic 18.3 5 4
(unprotected) . 22.8 6 6
deep photic 275 3 3
hoti 32 6 3
upper mesophotic 36.6 4 4
. 4.5 3 3
shallow photic 9.1 4 6
The Edge mid photic 13.7 4 4
. - 18.3 5 5
(line fishing

only) deep photic 22.8 4 3
27.5 5 2
upper mesophotic 32 > 3
PP P 36.6 5 5

Coral Microbiome Structure is Driven by Host Identity

Microbiomes differed between hard and soft corals and among coral taxa within both

host types. Overall, soft coral microbiomes had lower alpha diversity than hard corals, as

measured by both observed features (ASVs) and Shannon diversity (Figure C1, Table C3 and
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C4). Within the different soft corals, alpha diversity was lowest and of similar value in

Malacalyconacea and Muricea spp., while Cladiellidae and Gorgoniidae had significantly higher
alpha diversity (Figure 10a, Table C5 and C6). Microbiomes of all three hard corals harbored
similar numbers of observed ASVs, but Shannon diversity was lower in P. astreoides and more
characteristic of diversity in the soft corals Gorgoniidae and Cladiellidae (Figure 10a, Table C5
and C6). In our beta diversity analysis, all soft coral microbiomes clustered separately from hard
coral microbiomes (Figure C1, Table C7) with some separation by host identity within both coral
types (Figure 10b). Overall, soft coral microbiomes differed significantly in composition from
hard coral microbiomes (PERMANOVA p =0.001, Table C8) with some comparisons also
having significant differences in dispersion (PERMDISP p > 0.05, Table C8). Specifically,
between hard and soft corals, microbiome composition and dispersion differed between Muricea
spp. and P. astreoides, and between Malacalyconacea and both M. cavernosa and Agaricia spp.
(pairwise PERMDISP p > 0.05; Table C8). When comparing soft corals, microbiome
composition differed significantly between all pairwise comparisons (PERMANOVA p = 0.001),
with dispersion differing significantly between Malacalyconacea and Cladiellidae, and between
Malacalyconacea and Muricea spp. (pairwise PERMDISP p > 0.05; Table C8). Conversely, all
hard coral microbiomes were significantly different from one another, with no differences in

dispersion (PERMANOVA p =0.001, PERMDISP p > 0.05, Table S8).
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Figure 10: Hard and soft corals host distinct microbiomes. a) Alpha diversity, observed ASVs
and Shannon diversity index, is higher in hard versus soft corals. Box plots show median (center
line), and 25-75% quartiles (colored area in the box), minimum and maximum values (whiskers)
and outliers (larger data points) and jittered data points. b) A NMDS plot (Bray-Curtis) shows
differences in microbiome composition between hard and soft corals and between types of hard
and soft corals with a stress score of 0.19. Pairwise PERMANOVA analyses are given in Table
C8.



Endozoicomonas is More Abundant in Soft Corzi1
Microbiomes

ASVs of the genus Endozoicomonas were >90X more common in soft versus hard coral
microbiomes (55.3% vs. 0.6% median relative abundance, respectively), although this pattern
was not universal across all types of hard and soft corals. For example, within hard corals,
median Endozoicomonas abundance was 51.8% in P. astreoides but fell to 0.2% and 0.3% in M.
cavernosa and Agaricia spp., respectively (Figure 11a). Within soft corals, median
Endozoicomonas abundance ranged from 45.2% in Gorgoniidae to 76.5% in Malacalcyonacea
(Figure 11a). In M. cavernosa and Agaricia spp., the most abundant bacterial taxon (14.6%—24%

median relative abundance) was the family Cyanobiaceae, which was also abundant in water

samples (20.6% median) but rare in P. astreoides and soft coral microbiomes (<4%,; Figure C2).
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Figure 11: Endozoicomonas is most abundant in soft coral microbiomes and varies by site (soft
coral) and depth (hard coral). Box plots show median (center line), and 25-75% quartiles
(colored area in the box) with minimum and maximum values represented as whisker length and
jittered data points. a) Endozoicomonas is more abundant in soft corals than in hard coral
microbiomes. b) In soft corals, Endozoicomonas relative abundance varies significantly by site,
but not depth (m). ¢) Hard coral microbiome Endozoicomonas relative abundance varies
significantly by depth (m), but not site.
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In soft corals, Endozoicomonas average relative abundance varied among the four

sampling sites and was highest at Ron’s Rock in an unprotected but no fishing zone (Figure 11b).
Post-hoc pairwise tests revealed significant differences in Endozoicomonas relative abundance in
soft coral microbiomes between Ron’s Rock and Crystal Palace Wall (W = 349, adjusted p =
0.04), Ron’s Rock and McCoy’s Wall (W =339, adjusted p = 0.007), and The Edge and
McCoy’s Wall (W = 363, adjusted p = 0.04; Table C9). Endozoicomonas relative abundance in
soft corals did not vary when the data from all sites were binned by discrete sampling depth
((Kruskal-Wallis test, H(7) = 9.27, p = 0.23, n = 132) or by depth category (Kruskal-Wallis test,
H3)=5.04, p=0.17,n = 132; Figure 11b). This was also true when a potential effect of depth
was evaluated independently for each site (Kruskal-Wallis test, H(31) =42.23, p =0.09, n =
132; Figure C3). Endozoicomonas abundance did not vary with sampling day when evaluated for
different depths and sites (Kruskal-Wallis test, H(34) =44.0, p =0.12, n = 132).

In hard corals, Endozoicomonas relative abundance did not differ among sites (Kruskal—
Wallis test, H(3) = 6.38, p = 0.09, n = 159) but, in contrast to the pattern in soft corals, differed
significantly when the data from all sites were binned by sampling depth (Figure 11c).
Abundance was highest in the shallow photic and mid photic depths but dropped considerably in
the upper mesophotic hard coral microbiomes. Post-hoc pairwise tests revealed significant
differences in Endozoicomonas relative abundance between 9.1 and 32 m (W = 69, adjusted p =
0.01), 9.1 and 36.6 m (W = 45, adjusted p =0.01) and 13.7 and 36.6 m (W = 258, adjusted p =
0.02; Figure 11c, Table C10). Similar patterns were observed when comparing depth categories,
with significant differences between shallow photic and upper mesophotic zones and between
mid photic and upper mesophotic zones (W = 424.5, adjusted p = 0.013 and W = 557.5, adjusted

p = 0.004, respectively; Table C11). However, similar to the pattern in soft corals, depth was not
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a significant structuring variable when the data were evaluated independently for each site

(Kruskal-Wallis test, H(31) =41.21, p = 0.10, n = 159; Figure C3). As in soft corals,
Endozoicomonas abundance in hard corals did not vary with sampling day when evaluated for

different depths and sites (Kruskal-Wallis test, H(37) =48.7, p = 0.10, n = 159).

Endozoicomonas ASV Diversity Depends on Host Identity

We detected 1423 Endozoicomonas ASVs across all datasets; however, none were
present in every sample or host type, even at small relative abundances (=1%). We, therefore,
focused on the 25 ASVs that reached >50% relative abundance in at least one sample. ASV
composition was structured by host identity with no clear patterns related to sampling site or
depth for both hard and soft corals (Figure 12; Figure C4 and C5). Additionally, ASVs
partitioned into predominantly hard coral or soft coral-associated variants, with only five ASVs
(2,5,9, 10, and 14) detected in both coral groups, typically being more prevalent in one coral
type than the other. None of these shared ASVs were detected in all samples, and no two
samples, within either hard or soft corals, shared the same assemblage of Endozoicomonas ASVs

(Figure 12).
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Figure 12: Endozoicomonas diversity is determined by coral identity. ASVs identified as
Endozoicomonas with a relative abundance >50% in at least one coral sample were plotted and
organized by host identity. Endozoicomonas ASVs 1, 3 and 4 are the most abundant hard coral
microbiomes, while ASVs 2, 5-8, and 11 are the most abundant in soft corals. Many ASVs are
only present in a single sample with almost 100% relative abundance. This pattern is more
common in hard corals than soft corals.
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Soft coral microbiomes exhibited higher Endozoicomonas diversity than hard corals with
double the Endozoicomonas ASV Shannon diversity (0.843 vs. 0.403; Wilcoxon rank-sum test, p
< 0.001) and more than triple the observed ASV richness (15.78 vs. 4.87; Wilcoxon rank-sum
test, p < 0.001). Each coral group contained characteristic abundant ASVs—such as ASV1 in
hard corals and ASV2 in soft corals—and each host type also possessed abundant ASVs largely
absent from other hosts (Figure 12). Hard corals frequently showed near-complete dominance by
a single ASV, though the dominant variant differed among samples (e.g., ASVs 1, 3, 10, 16, 20
and 21 in Agaricia spp., ASVs 1, 2,4, 10, and 17-19 in M. cavernosa, ASVs 1 and 2 in P.

astreoides), whereas soft corals exhibited single-ASV dominance only rarely (e.g., ASV 5 in
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Gorgoniidae, ASV 9 in Malacalcyonacea, and ASVs 2 and 7 in Muricea spp.; yellow bars in

Figure 12).

Phylogenetic analysis showed that the 25 most abundant Endozoicomonas ASVs revealed
partial clustering by host type, with several groups enriched within either hard or soft corals
(Figure 13). However, multiple clusters contained ASVs associated with both host types,
indicating that phylogenetic relationships are not strictly host specific. The most prevalent ASVs
in hard (ASV1) and soft (ASV?2) corals were closely related and grouped with E. euniceicola,
further supporting the presence of shared evolutionary lineages across hosts. Only a subset of
ASVs clustered closely with cultured reference strains, including E. coralli, E. acroporae, E.
ascidiicola, E. lisbonensis, E. montiporae, and E. euniceicola. The majority of ASVs instead
formed distinct groups that were often enriched within a particular host type but not exclusive to
it, suggesting that while some Endozoicomonas lineages show host-associated patterns, many are

shared across coral types (Figure 13).
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Figure 13: Endozoicomonas ASVs cluster based on host identity. The 25 most abundant ASVs
were classified with MegaBLAST and analyzed alongside Pseudomonas segetis as an outgroup
and reference Endozoicomonas 16S rRNA gene sequences obtained from NCBI nt+. Sequences
were aligned with MAFFT, trimmed with trimAl, and a maximum-likelihood phylogenetic tree
was inferred using IQ-TREE. The tree was visualized in iTOL. Branch support values, based on
1,000 ultrafast bootstrap replicates, are represented by circles at the corresponding nodes on a 0—
100 scale. Tree scale represents 10% nucleotide sequence divergence. Best (BLASTn) matches
for each Endozoicomonas ASV can be found in Table C12.

Discussion

Endozoicomonas is broadly regarded as a beneficial coral symbiont. Genomic studies
have identified genes involved in nutrient cycling, molecular transport, biosynthesis of vitamins

and antimicrobials, and protein secretion, all of which have been hypothesized to directly affect
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the host (Price et al., 2014; Neave et al., 2016; Neave et al., 2017; Tandon et al., 2020; Pogoreutz

et al., 2022). However, the exact mechanisms by which Endozoicomonas affects its host, as well
as the ecological nature (benefit or cost) and magnitude of effects, are potentially variable across
host types or environmental conditions. Quantifying patterns of Endozoicomonas diversity and
distribution across natural gradients is a necessary first step in identifying host organisms or
conditions in which Endozoicomonas may be particularly consequential. Our study analyzes
Endozoicomonas abundance and prevalence in hard and soft coral microbiomes across sites and
depths around Little Cayman Island (Figure 9). Overall, host identity, notably the distinction
between hard and soft corals, had the strongest influence on Endozoicomonas distribution and
diversity, as well as on the diversity of the microbiome as a whole, with site and depth

contributing some variability for soft and hard coral microbiomes, respectively.

Endozoicomonas Variation by Host Identity

Hard and soft coral microbiomes differed significantly from one another in both alpha
diversity and composition (Figure 10). Endozoicomonas was likely a driver of these differences,
as it was significantly more abundant, on average, in soft corals (53.8%) than in hard corals
(16.8%; Figure 11 and Figure C2), although this pattern was not universal across all hard and
soft coral types. An elevated abundance in soft corals may partly reflect compartment-specific
colonization, since Endozoicomonas is generally more abundant in coral tissues than in surface
mucus (Neave et al., 2017; Pollock et al., 2018), and only the mucus-associated microbiome was
sampled in hard corals. Mucus-associated microbiomes are often more variable due to frequent
mucus turnover and environmental exposure, whereas tissue- and skeletal-associated
microbiomes tend to be more stable and tightly host-associated (Sweet et al., 2011; Neave et al.,

2017; Pollock et al., 2018; Mohamed et al., 2023). Interestingly, the hard coral P. astreoides (a
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mucus associated microbiome) showed Endozoicomonas levels comparable to those of soft

corals (tissue- and mucus-associated microbiomes), suggesting host-specific differences that may
override compartment effects (Figure 11). However, the potential for residual tissue in mucus
samples complicates interpretation. More broadly, host identity effects on microbiome
composition, including variation in Endozoicomonas abundance, have been widely documented
(Bayer et al., 2013; Pollock et al., 2018; Caughman et al., 2021; Kellogg & Pratte, 2021; Beatty
et al., 2022) and provide a likely explanation for the differences observed here between hard and
soft corals. However, most prior work has focused on hard corals, limiting firm conclusions
about compartment effects in soft corals.

The ecological roles and stress responses of hard corals on Little Cayman reefs may
correspond to variation in their Endozoicomonas abundance. In Little Cayman, P. astreoides is
typically only found in shallower waters, while Agaricia spp. and M. cavernosa can span broader
depth ranges (Carpenter et al., 2022; Doherty et al., 2024). Montastraea cavernosa serves as a
major reef builder, whereas P. astreoides and Agaricia are considered weedy corals (Darling et
al., 2012; Towle et al., 2015; Drury et al., 2020). Long-term surveys in Little Cayman have
documented declines in Montastraea but increases in Porites and Agaricia, with Porites showing
the lowest annual mortality rate (Coelho & Manfrino, 2007). Additionally, following a large
bleaching event in Little Cayman in 2023, Agaricia spp. and P. astreoides suffered significantly
higher bleaching and mortality, whereas M. cavernosa experienced high bleaching but low
mortality (Doherty et al., 2025). Consistent with these ecological roles, we found that P.
astreoides harbored significantly higher Endozoicomonas abundances than both Agaricia and M.
cavernosa. Given the presumed beneficial nature of Endozoicomonas, its elevated presence in P.

astreoides may contribute to this coral’s relative survival and dominance in post-disturbance
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communities. These results suggest that symbiont abundance and coral ecological strategies may

be interconnected and potentially shaping survival and community composition on Little
Cayman reefs.

Soft corals, though historically understudied, may be increasing abundance on reefs, a
trend potentially supported by their consistently high Endozoicomonas abundances. Like hard
corals, most soft corals host Symbiodiniaceae and contribute to reef framework and accretion,
while also potentially outcompeting hard corals for space and resources (Lasker et al., 2020;
Rodriguez et al., 2020; McFadden et al., 2025). In our study, Muricea spp., Cladiellidae, and
Malacalyconacea microbiomes harbored Endozoicomonas at higher relative abundance than in
any hard coral, with Gorgoniidae showing intermediate levels. Muricea spp., widely distributed
on shallow Caribbean reefs (Breedy & Guzman, 2016), consistently maintained high
Endozoicomonas abundances across depths and sites, mirroring observations from California
reefs where M. californica hosted simplified microbiomes dominated by Endozoicomonas (Holm
& Heidelberg, 2016). By contrast, M. fruticosa exhibited reduced Endozoicomonas and increased
Vibrio spp., some of which are confirmed coral pathogens or known to be associated with coral
disease, highlighting host-specific associations with potential functional consequences (Holm &
Heidelberg, 2016). Together, these findings suggest that dominance of Endozoicomonas in soft
corals may play a role in promoting host health and persistence, paralleling patterns observed in
competitive hard corals such as P. astreoides.

Endozoicomonas ASV diversity was also largely structured by host identity, with only a
few dominant ASV's accounting for most of the diversity. Soft coral microbiomes showed higher
ASYV diversity than hard corals, with ASVs largely distinct between host types but conserved

within groups and showing minimal variation across sites or depths (Figure 12). This aligns with
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previous studies identifying coral type as the strongest predictor of Endozoicomonas composition

(Bayer et al., 2013; Caughman et al., 2021; Kellogg & Pratte, 2021). In our dataset, ASV1 was
shared among all hard corals, while ASV2 was consistently found in soft corals (Figure 12 and
13). MegaBLASTN results revealed ASV2 had a 100% match to Endozoicomonas euniceicola
strain EF212, whereas ASV1 showed 95.7% identity to both E. euniceicola EF212 and E.
lisbonensis NE40. Notably, ASV1 and ASV2 were only 95.7% similar to one another,
suggesting that the dominant Endozoicomonas strains in hard and soft corals are taxonomically,
and potentially functionally, distinct, despite clustering within the same phylogenetic clade
(Figure 13). Although little is known about these strains beyond their classification as facultative
anaerobes isolated from soft corals (Pike et al., 2013; Chiou et al., 2023; da Silva et al., 2025),
the specificity of ASVs by coral type suggests host-driven structuring of Endozoicomonas
communities. Phylogenetic analyses partially supported host specificity, with many ASVs
clustering by coral type and showing closest similarity to strains previously isolated from the
same host group. However, several ASVs were shared across reference Endozoicomonas strains
from different coral types, indicating that these bacteria may exhibit a combination of host
preference and ecological flexibility (Figure 13). One ASV in particular (ASV11) shows the
greatest divergence relative to all other Endozoicomonas sequences (both ASVs and reference
strains), with the lowest percent identity to a reference strain (E. ascidiicola, 92.6%; Table C12).
Despite this divergence, ASV11 consistently clustered within the Endozoicomonas clade,
supporting its classification while highlighting the presence of previously under characterized
diversity within coral-associated Endozoicomonas. While targeting the V3—V4 region of the 16S
rRNA gene is a common approach for microbiome amplicon sequencing, it may provide limited

taxonomic resolution, especially for closely related species/strains; definitive identification and
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comparison of Endozoicomonas ASVs would benefit from sequencing the full length-16S rRNA

gene or reconstructing metagenome-assembled genomes. Overall, these findings highlight strong
host-driven structuring of Endozoicomonas lineages while also suggesting potential divergence

between strains associated with coral types.

Endozoicomonas Variation by Site

Endozoicomonas relative abundance varied by site in soft coral microbiomes, but not in
hard corals, independent from depth. Specifically, Endozoicomonas was more abundant in soft
corals collected from non-MPA sites, including Ron’s Rock and The Edge, compared to MPA,
McCoy’s Wall (Figure 11b). Ron’s Rock, a non-MPA and non-designated fishing zone,
exhibited the highest average Endozoicomonas abundance in both soft and hard corals, though
the difference was not statistically significant for hard corals. These findings are consistent with
prior studies on hard corals. However, because approximately 57% of Little Cayman’s reefs are
designated no-take areas, the overall isolation and extensive protection of the island may reduce
large-scale differences between sites (Goodbody-Gringley & Chequer, 2025). This high level of
protection could dampen site-level effects that might otherwise be observed in more heavily
impacted reef systems. For example, Beatty et al. (2018) found no significant differences in
Endozoicomonas abundance between MPAs and fished zones in Pocillopora damicornis from
Fiji. A follow-up study by the same group (2022) reported higher Endozoicomonas abundance in
MPAs, though ASV-level diversity remained unchanged. However, there are limited data on
how MPA status affects Endozoicomonas abundance in soft coral microbiomes. Our results
suggest that Endozoicomonas is more abundant in soft corals from non-MPA sites, regardless of
fishing permissions (Figure 11b). Differences in structure and physiology between hard and soft

corals may affect their relationship with microbial symbionts such as Endozoicomonas to cope
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with environmental stress. Coral anatomy has been shown to influence microbial community

composition (Sweet et al., 2011; Pollock et al., 2018; Mohamed et al., 2023), and
Endozoicomonas is often more abundant in coral tissue than in surface mucus, suggesting a
potential functional role within the host (Neave et al., 2017). This relationship may be amplified
in areas with greater exposure to pollutants or other anthropogenic pressures; however, further
studies are needed to confirm this hypothesis.

In addition to differences in protection status, our sampling sites varied geographically.
Crystal Palace Wall and McCoy’s Wall are located on the north side of Little Cayman, Ron’s
Rock on the western side, and The Edge on the south side (Figure 9a). The southern reef (The
Edge) is windward, meaning it is more strongly impacted by wind and ocean current than
leeward northern sites (Crystal Palace Wall and McCoy’s Wall; (Coelho & Manfrino, 2007)).
While this study does not address the impact of ocean current, or other potential geographical
impacts such as temperature, on coral microbiomes or Endozoicomonas relative abundance, this
distinction may be especially important in Little Cayman, where direct human impacts are
relatively low, but reefs remain vulnerable to climate change, hurricanes, and pollutants or
potential pathogens transported by ocean currents (Dodge & Gilbert, 1984; Guzman & Garcia,
2002; McCallum et al., 2003; Kim et al., 2005). Although the majority of Little Cayman’s reefs
are located within MPAs (75%) and no-take zones (57%; (Goodbody-Gringley & Chequer,
2025)), previous studies have found inconsistent associations between coral health or growth and
MPA status (Bellwood et al., 2004; Mumby et al., 2006; Coelho & Manftrino, 2007; Toth et al.,
2014; Cox et al., 2017; Wright, 2022), suggesting that other environmental drivers influence
coral disease susceptibility. While our study does not directly address coral disease, we did

observe distinct differences in Endozoicomonas abundance in soft coral microbiomes between
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MPA and non-MPA sites. Ron’s Rock and The Edge, the only south-facing site sampled, had the

highest average relative abundance of Endozoicomonas. In particular, Endozoicomonas in soft
coral microbiomes at The Edge were significantly different from those at the MPA site McCoy’s
Wall, though not from Crystal Palace Wall (Figure 11b). Greater exposure to wind and ocean
currents, potential nutrient influx from the nearby lagoon, and proximity to the island’s main
population may contribute to shifts in microbial composition at The Edge, including the
increased prevalence of Endozoicomonas observed in several soft coral hosts. These results
suggest that local oceanographic conditions, in addition to protection status, may influence the

structure of coral-associated microbial communities.

Endozoicomonas Variation by Depth

Endozoicomonas abundance varied by depth, but only in hard coral microbiomes and
independent of site. There were significantly lower relative abundances of Endozoicomonas from
hard coral microbiomes from upper mesophotic waters (32 and 36.6 m) compared to mid (9.1 m)
and deep photic (13.7 m) hard corals (Figure 11c and Table C10). Even though there are no
significant differences in Endozoicomonas abundance in soft coal microbiomes by sampling
depth, upper mesophotic soft corals had the lowest median abundances, consistent with hard
corals (Figure 11b). While most studies on Endozoicomonas in coral microbiomes have focused
on shallow-water taxa, there is increasing evidence for Endozoicomonas persistence in deeper
habitats. For example, Kellogg and Pratte (2021) reported Endozoicomonas at high relative
abundances in both hard and soft deep-sea coral (500—1300 m) microbiomes, reaching 88% and
75% in Desmophyllum pertusum (hard coral) and Acanthogorgia spp. (soft coral), respectively.
Although many deep-sea coral species lack detectable levels of Endozoicomonas, our findings

demonstrate its consistent presence in upper mesophotic corals (32—-36.6 m), where it comprised
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an average of 7.7% in hard and 44.7% in soft coral microbiomes. Collectively, these findings

suggest that Endozoicomonas abundance remains consistent across depth and may play an
adaptive role in supporting coral host persistence across depth-related environmental gradients.
Coral reef community composition is strongly influenced by light availability, which
shifts between shallow and mesophotic zones (Carpenter et al., 2022). Unlike shallow-water
reefs, mesophotic systems experience reduced thermal stress and bleaching, but are limited by
light. With only 10% of light remaining at 30—40 m, light limitation, not depth itself, has been
shown to be a strong factor in shaping coral communities (Lesser et al., 2009; Goodbody-
Gringley, 2018; Tamir et al., 2019; Laverick et al., 2020). Around Little Cayman Island, light
decreases by about 30% below 25 m, contributing to shifts in hard coral composition (Carpenter
et al., 2022). Agaricia spp. become more abundant with depth, P. astreoides reaches its lower
depth limit near 35 m, and M. cavernosa maintains stable populations with a peak at 25 m,
suggesting that light may not strongly limit the persistence of these corals in our study
(Carpenter et al., 2022). It is possible that host genotypic differences exist across sites and depths
but could not be resolved with identification methods used in this analysis. Such undetected
variation may contribute to observed geographic or depth-related differences in coral
microbiome composition and Endozoicomonas abundance and diversity. Although our sampling
and host identification efforts were uneven across corals, depth-related shifts in Endozoicomonas
abundance broadly aligned with known coral depth distributions. For example, P. astreoides
microbiomes showed highest abundances in shallow zones, while Agaricia and M. cavernosa
tended to harbor Endozoicomonas at greater depths. In addition to hard corals, soft corals such as
Muricea spp., Gorgoniidae, and others are known to be dominant members of mesophotic reefs

(Kahng et al., 2017; Slattery et al., 2024). In our study, soft corals hosted the highest average
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abundances of Endozoicomonas, including in upper mesophotic zones, raising questions about

whether this putative beneficial symbiont plays a role in coral persistence at depth. While these
patterns remain exploratory, they provide valuable context for how microbial associations may
shift along environmental gradients and underscore the importance of studying symbiont

function in deeper reef systems.

Conclusion

Our study provides a comparative analysis of Endozoicomonas across hard and soft coral
microbiomes in Little Cayman Island, revealing that host identity is the primary driver of both
abundance and diversity. Soft corals were almost entirely dominated by Endozoicomonas,
whereas hard corals displayed lower but variable abundances, with P. astreoides consistently
enriched compared to Agaricia spp. and M. cavernosa. These patterns parallel host-specific
ecological roles, suggesting that Endozoicomonas may contribute to coral resilience under
stressful conditions and disturbances. ASV diversity also reflected host associations, with
dominant ASVs conserved within coral groups with some distinction between hard and soft
corals, indicating the presence of host-specific lineages with potentially divergent functions. In
contrast to host identity, site influenced Endozoicomonas relative abundance only in soft coral
microbiomes, with higher values observed in non-MPA locations. Depth had an effect only in
hard corals, where relative abundance was greatest in shallow and mid photic zones and lowest
in upper mesophotic samples. Although no consistent depth-related trends were observed across
sites, Endozoicomonas was detected in both MPAs and unprotected areas, and across all depth
zones sampled, from shallow to upper mesophotic, suggesting its ecological role extends beyond

shallow reef environments. Taken together, these findings underscore the dominant influence of
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host identity in shaping Endozoicomonas communities and highlight the need to better

understand the functional diversity of this widespread coral symbiont.
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CHAPTER FIVE

CONCLUSION AND SUGGESTIONS

Host-associated microbiomes are important determinants of host health, development,
and ecological function, and aquatic systems provide a unique opportunity to study these
complex interactions. This thesis demonstrates how host, microbial, and environmental factors
shape microbiome composition and function, providing insight into functional potential of host-
microbe interactions, microbiome assembly in early life stages, and community structure across
environmental gradients. While these factors were investigated independently across chapters,
the findings collectively underscore the complexity of host biology, environmental context, and
microbial interactions, and highlight the need for rigorous experimental design and genomic

resolution to disentangle their effects.

Host Factors

Among these factors, host genetics represents a primary avenue through which
microbiome composition can vary (Chapter two). This study revealed clear taxonomic and
functional distinctions between hybrid catfish and their parental, channel and blue catfish, gut
microbiomes. Hybrid catfish harbored microbial taxa and metabolic pathways associated with
host immunity, and nutrient/energy utilization, potentially contributing to hybrid vigor in
aquaculture. In particular, hybrid gut microbiomes showed reduced relative abundances of taxa
associated with potential pathogens found in channel and blue catfish, consistent with enhanced
immune-associated microbial functions. While Lactococcus, specifically Lactococcus lactis, has
been explored for probiotic effects in catfish aquaculture (Huang et al., 2024), Cetobacterium

somerae, enriched in hybrid catfish and associated with vitamin Bi2 production (Qi et al., 2023;
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Zhang et al., 2023), may represent an additional candidate for probiotic development to support

host immunity in microbe rich environments. Isolates of both Lactococcus and Cetobacterium
could be cultured from catfish digesta and subsequently used in in vitro challenge experiments
against common catfish pathogens to evaluate their potential to inhibit or suppress pathogen
growth.

Interpretation of functional differences is constrained by the metagenomic sampling
scheme. Only samples from the 2022 sampling year were included, which may partially explain
inconsistencies in parental association between the amplicon and shotgun metagenomics
datasets. Channel catfish in 2022 were initially reared at a different facility than the hybrid and
blue catfish were, likely contributing to the observed similarity of hybrid and blue catfish
metabolic profiles. In contrast, amplicon data, which included the 2023 sampling year reared in
the same facility, show clear differentiation between hybrid and both parental gut microbiomes.
These patterns suggest that early rearing environment may have had a strong influence on
functional profiles, highlighting the importance and complexity of environmental context in
interpreting host-associated microbial patterns.

Additional metadata, such as sex, could further refine our understanding of host-
associated microbiome variation. Although intergroup variation was limited in this study, sex has
been shown to influence microbiome composition in other aquatic vertebrates and may warrant
investigation in future work (Li et al., 2021; Zhao et al., 2023). Although six- to seven-month-old
catfish have not yet reached sexual maturity, sex can usually be determined by this stage (Davis,
2009), and hormone systems and size variability between female and male catfish may be

associated with microbiome differences. Collectively these findings emphasize that host
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hybridization, early-life environment, and their interactions play important roles in shaping the

structure and functional potential of gut microbiomes in aquacultured catfish species.

To explore the importance of early life microbial colonization in aquaculture we analyzed
the microbiome of channel catfish embryos (Chapter 3). This study provides the first
comprehensive characterization of the channel embryo microbiome and reveals distinct
community structures compared to surrounding water. Taxa enriched in embryo microbiomes
remain largely underexplored in aquatic systems, highlighting the limited knowledge of
externally brooded-associated microbes and their potential contribution in nutrient cycling,
pathogen resistance, and environmental stress tolerance. In particular, members of the orders
Sphingomonadales and Rhizobiales (Alphaproteobacteria) were consistently enriched and
represent promising targets for future functional investigation. These taxa have been isolated
from channel catfish embryos, with Sphingomonadales isolates showing high similarity to
dominant ASVs identified in Chapter 3 and Rhizobiales corresponding to lower-abundance
ASVs. Although their roles in aquatic host-associated microbiomes remain poorly defined,
Rhizobiales are commonly associated with diverse aquatic animal microbiomes (Quigley et al.,
2020; Rosales et al., 2020; Dube et al., 2021), while Sphingomonadales are recognized for their
roles in bioremediation and antioxidant activity in aquatic systems(Godoy et al., 2003; Yamatsu
et al., 2006; Sharma et al., 2021), suggesting potential contributions to host resilience.

Together, these findings support the importance of early microbiome assembly and raise
the possibility of germline-associated microbial contributions. Although embryos were
completely lysed during DNA extraction, future work employing spatially resolved methods,
such as fluorescence in situ hybridization with confocal laser scanning microscopy (FISH-

CLSM), could determine whether microbes reside internally and/or on the surface of the embryo,
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and 1dentify potential biofilm structure that may facilitate persistent colonization. Establishing

microbial localization and transmission routes would improve understanding of host-microbiome
co-evolution and early microbial colonization.

Functional gene analyses indicated that embryo microbiomes encoded antimicrobial
biosynthetic gene clusters and resistance genes, suggesting a role in early host defense. While
this study focused on direct antagonism, additional protective mechanisms may also be involved.
Observations from betadine-treated embryos further suggest that some microbial taxa may be
resilient to perturbation, reflecting continuous environmental exposure. To directly test these
hypotheses, future studies should employ controlled microbiome perturbation experiments
(Figure 14) in which channel catfish embryos are subjected to antibiotic or betadine-based

depletion followed by reinoculation with defined taxa and pathogen challenge.
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Figure 14: Experimental design to test the role of microbiomes in channel catfish embryos. a)
Fertilized embryos are subjected to microbiome perturbations, including antibiotic treatment,
antibiotic treatment with reinoculation of dominant bacteria, and betadine disinfection. b)
Embryos are challenged with bacterial (E. ictaluri) and fungal (S. parasitica) pathogens. ¢) Host
survival, pathogen load, and microbiome structure/function are quantified using survival rates,
qPCR, and sequence-based approaches. d) Longitudinal sampling of survivors is used to
determine how early-life microbial perturbations influence microbiome assembly and host health
across development.

Specifically, embryos from a single egg mass would be divided by weight into four
treatment groups (including a no-treatment control), maintained in separate tanks with technical
triplicates, and replicated across three egg masses as biological replicates. After antibiotic
depletion, one group would be reinoculated with the Rhizobiales and Spingomonadales isolates,
and all groups would then be challenged with known catfish pathogens, Edwardsiella ictaluri
(Older et al., 2024), and Saprolegnia parasitica (Pavic et al., 2022). Host survival would be
monitored from fertilization through larval development, and analyzed with Kaplan-Meier

survival curves, with mortality defined as loss of transparency and failure to develop over two
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consecutive days (cite). Pathogen load would be quantified by quantitative PCR from randomly

sampled embryos (~20/group), and microbial community dynamics assessed through 16S rRNA
gene sequencing and metatranscriptomics on subsamples collected every two days (~20
embryos/group). This design would test whether embryo-associated microbiomes confer
infection resistance and identify taxa associated with host protection.

Extending this framework from embryo to juvenile stages would enable identification of
critical windows of microbiome assembly and determine whether early colonizers influence
community stability and host fitness. Juvenile survivors (6—7 months) would be analyzed for
digesta microbiomes (Chapter 2 methods), and survival to juvenile stage quantified relative to
initial embryo numbers. In addition, comparisons across channel, blue, and hybrid catfish would
clarify how host genetics and production practices shape microbial succession. Hybrid catfish,
produced channel eggs artificially fertilized with blue catfish sperm in non-sterile conditions,
display distinct gut microbiomes (Chapter 2), suggesting strong host effects. Parallel embryo-
level studies across catfish type would help disentangle host genetics versus production-
associated microbial influences. These experiments would need to be conducted in animal
laboratory settings, as disruption to standard aquaculture practices would not be permitted due to
fish health and pathogen outbreak concerns.

Finally, variation in reproductive behavior among aquatic species likely further shapes
microbial colonization dynamics, linking host behavior, environment, and microbiome assembly.
For example, male catfish fan and guard their eggs, enhancing aeration and waste removal, while
also protecting against predators. Some aquatic species mouthbrood for protection, while others
scatter their spawn and provide no protection. These behaviors likely influence microbial

assembly, community composition, and function, suggesting that early-life microbial dynamics
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are closely linked with both host behavior and environmental exposure. Collectively, these

observations highlight the importance of early colonization on shaping microbiome trajectories

and functional capabilities, setting the foundation for later host-microbiome interactions.

Environmental Factors

While early colonization highlights the importance of microbials interactions in aquatic
hosts, microbial assembly does not occur in isolation. Environmental gradients such as water
depth, protections status, and host habitat structure further shape microbial community
composition. To examen how environmental conditions are associated with microbiome
structure at broader ecological scales, we investigated coral-associated microbiomes across reef
gradients. This study demonstrates that both host identity and environmental conditions shape
coral microbiome structure and the relative abundance of coral symbiont, Endozoicomonas. Soft
coral microbiomes had significantly higher relative abundances of Endozoicomonas than hard
corals, although one hard coral species, Porites astreoides, exhibited microbiome characteristics
more similar to soft corals, suggesting host identity alone does not fully explain Endozoicomonas
distribution. Environmental effects were also host-dependent. Marine protection status was only
a significant factor in Endozoicomonas relative abundance in soft coral, with unprotected sites
having the highest abundances. Conversely, depth was only a significant factor in
Endozoicomonas relative abundances in hard corals, with shallow and mid photic depths having
the highest abundances. Regardless of environmental factors, Endozoicomonas was persistent
across all coral types, even at deeper photic depths, highlighting the importance of their

functional diversity that still remains unknown.
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Disentangling host and environmental influences will require a more balanced and robust

sampling scheme. Increasing replication across coral types, depth, and protection status would
improve statistical power and allow for more refined inferences. While this study broadly
characterized corals as hard vs soft, variation within groups, particularly the elevated prevalence
of Endozoicomonas in P. astreoides, suggests that species-level resolution is essential for
understanding host-specific microbial dynamics. Soft coral taxonomy presents additional
challenges, as field identification is difficult and molecular approaches did not resolve all
samples to the genus level. These limitations highlight the importance of refined taxonomic
resolution for both hosts and microbiomes in future work.

Achieving species-level resolution of Endozoicomonas will be critical for elucidating its
functional role in coral health across environmental gradients. Advanced omic approaches such
as single amplified genomes (SAGs), which isolate and sequence individual microbial cells,
could improve recovery of Endozoicomonas genomes, which are often masked by host DNA.
High-quality genomes would enable more confident taxonomic classification and functional
annotation, enabling the investigation into metabolic pathways and stress-response mechanisms
that may contribute to coral resilience in protected versus unprotected reefs across depth
gradients. Together, the findings from this study emphasize that coral microbiome structure
reflects a dynamic relationship between host identity and environmental conditions, and that
deeper genomic resolution is necessary to clarify the ecological role of dominant symbionts in
reef ecosystems, particularly in deep mesophotic water where coral microbiomes are far less

studied.
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Concluding remarks

Across catfish and their embryos, and coral reefs, a common pattern emerges, host-
associated microbiomes are composed of complex interactions between host, environmental, and
microbial factors. Disentangling these interactions requires robust sampling schemes, and
significant sequencing and computational power. This thesis provides a foundation for
investigating the important roles that microbiomes play in aquatic hosts and how specific taxa
and metabolic pathways may contribute to host health and fitness in microbially rich aquatic
environments. These findings support broader frameworks in which aquatic microbiomes
function as adaptive interfaces between the host and the environment. By integrating ecological,
functional, and developmental perspectives across systems, this thesis highlights the importance
of viewing aquatic host-associated microbiomes not as static communities, but as dynamic

ecological assemblages shaped by multi-factor interactions.
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Table A1l: Summary of samples collected.

Sample Year | Tank |Number of samples
Type
2023 | blue 1 25
blue 1 20
blue
2024 | blue 2 20
blue 3 21
2023 |channel 1 25
channel 1 20
channel
2024 |channel 2 18
channel 3 20
2023 | hybrid 1 25
hybrid 1 20
hybrid
2024 | hybrid 2 20
hybrid_3 22
source 3
blue 5
2023
channel 5
hybrid 5
source 9
blue 1 1
blue 2 1
water
blue 3 1
channel 1 1
2024
channel 2 1
channel 3 1
hybrid_1 1
hybrid 2 1
hybrid_3 1
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Table A2: Pairwise PERMANOVA Test. All comparisons of beta-diversity between catfish type
and water samples are statistically significant (p-value < 0.01).

Group 1 Group 2 Sample size | Pseudo F P value q value
blue channel 164 54.4 0.001 0.001*
blue hybrid 164 30.0 0.001 0.001*
blue Water 117 142.5 0.001 0.001*

channel hybrid 166 5.5 0.009 0.009%*

channel Water 119 104.7 0.001 0.001*

hybrid Water 119 112.6 0.001 0.001*
*P<0.05

Table A3: Tank does not influence catfish digesta microbiomes. All Pairwise PERMANOVA

(beta-diversity) analyses between catfish tanks from 2024 sampling were insignificant (p-value >

0.05).

Tank comparison SumOfSquares | F.Model | R2 | Pvalue | P adjusted
blue 1 vs blue 2 0.2 9.4 0.2 0.002 0.5
blue 1 vsblue 3 0.2 9.0 0.2 0.002 0.5
blue 2 vs blue 3 0.03 1.8 0.1 0.2 1

channel 1 vs channel 2 0.02 0.7 0.02 0.4 1
channel 1 vs channel 3 0.1 2.9 0.1 0.1 1
channel 2 vs channel 3 0.01 0.7 0.02 0.5 1
hybrid 1 vs hybrid 2 0.04 1.1 0.03 0.4 1
hybrid 1 vs hybrid 3 0.03 0.5 0.01 0.6 1
hybrid 2 vs hybrid 3 0.1 1.3 0.03 0.3 1
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Figure A1: Heat map of all statistically enriched metabolic pathways associated with catfish

metagenomes. Relative abundance of all normalized gene counts associated with statistically
enriched metabolic pathways (adjusted P > 0.05, DESeq2; y-axis) for all catfish digesta samples.
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Table A4: Relative abundances (%) of metabolic pathways of interest per microbial

metagenomic sample.

KEGG Super-Pathway Pathway of interest blue hybrid channel
Biosynthesis of secondary Streptomycin 08 14 12]16 1.6 12 (02 03 0.1
metabolites Various antibiotics | 0.4 0.5 0.4 [05 05 04 0.1 02 0.2
Starch and sucrose 22 36 32137 36 29(08 1.0 0.8
Pyruvate 1.3 1.1 1212 1.1 1523 21 23
_ Glycolysis/ 19 26 25|28 26 26 (22 22 22
Carbohydrate metabolism Gluconeogenesis

Galactose 1.2 19 19|19 1.8 1609 09 0.8
Fructose and mannose | 0.8 1.2 12 (1.2 12 1.0]05 0.6 0.6
TCA Cycle 09 06 05|06 04 10|18 1.7 19
Sulfur 1.1 12 11|12 12 121]09 09 09

Oxidative
Phosphorylation 05 05 05(06 05 0505 05 05
Energy metabolism Nitrogen 1.1 05 05(06 05 0608 0.8 0.8
Methane 1.1 1.2 1313 13 15|14 14 14
Carbon fixationby 17 17 17117 16 15[11 12 11

Calvin Cycle
Vitamin Be 24 0.1 0.1 (0.1 0.1 031(0.7 0.6 0.7
Metabolism of cofactors .

and vitamins Vitamin Bi, 0.1 1.3 11|13 12 1313 12 1.2
Vitamin B 1.5 19 1922 26 19|12 12 1.1
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Table B1: Channel catfish embryo samples. Embryo microbiomes that passed quality control and
what spawn they originated from, whether they were treated with betadine or not, and which
catfish strain (IP= industry pool, DS = delta select). There are 19 pre-betadine treatment and 23
post-betadine treatment embryo microbiomes. Across the 23 individual spawns there are 28
embryo microbiomes from the delta select channel catfish strain and 14 from the industry pool
strain.

Embryo Sample | Spawn ID | Betadine | Catfish Strain
Embryol 51 post 1P
Embryo 2 52 post IP
Embryo 3 52 pre 1P
Embryo 4 53 pre IP
Embryo 5 53 post IP
Embryo 6 54 pre IP
Embryo 7 54 post 1P
Embryo 8 55 post IP
Embryo 9 56 post IP

Embryo 10 56 pre IP
Embryo 11 58 pre IP
Embryo 12 58 post 1P
Embryo 13 59 pre IP
Embryo 14 59 post IP
Embryo 15 64 post DS
Embryo 16 64 pre DS
Embryo 17 66 post DS
Embryo 18 66 pre DS
Embryo 19 71 pre DS
Embryo 20 71 post DS
Embryo 21 73 post DS
Embryo 22 73 pre DS
Embryo 23 77 post DS
Embryo 24 80 post DS
Embryo 25 80 pre DS
Embryo 26 83 pre DS
Embryo 27 83 post DS
Embryo 28 84 pre DS
Embryo 29 84 post DS
Embryo 30 88 post DS
Embryo 31 88 pre DS
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Table B1 Continued.

Embryo Sample | Spawn ID | Betadine | Catfish Strain
Embryo 32 91 post DS
Embryo 33 97 post DS
Embryo 34 97 pre DS
Embryo 35 98 post DS
Embryo 36 98 pre DS
Embryo 37 99 pre DS
Embryo 38 99 post DS
Embryo 39 110 pre DS
Embryo 40 110 post DS
Embryo 41 111 post DS
Embryo 42 111 pre DS

Table B2: Shannon diversity index (alpha diversity) between sample types. Pairwise Wilcoxon
rank-sum tests with Benjamini-Hochberg adjustment.
Groupl Group2 nl | n2 | statistic | p.adj

water (pre-betadine) | water (post-betadine) | 9 | 25 225 <0.001*
embryo (post-betadine | water (post-betadine) | 23 | 25 509 <0.001*
embryo (post-betadine | water (pre-betadine) |23 | 9 13 <0.001*
embryo (pre-betadine) | water (pre-betadine) | 19 | 9 17 <0.001*
embryo (pre-betadine) | water (post-betadine) | 19 | 25 367 0.002*
embryo (pre-betadine) | embryo (post-betadine | 19 | 23 198 0.617
* P<0.05
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Table B3: Pairwise PERMANOVA of all samples by betadine treatment. All microbiomes are
significantly different from one another with dispersion contributing to significant differences
between water and embryo microbiomes.

Pairs Df | SumsOfSqs | F.Model | R2 p-value p-adjusted
embryo (post-betadine) vs 1 241 11.05 0.22 0.001 0.006°
embryo (pre-betadine)
embryo (post-betadine) vs 1 4.45 27.95 0.48 0.001 0.006"
water (pre-betadine)
embryo (pre-betadine) vs water 1 3.50 21.03 0.45 0.001 0.006"™
(pre-betadine)
embryo (post-betadine) vs 1 2.68 21.41 0.32 0.001 0.006™
water (post-betadine)
embryo (pre-betadine) vs water 1 6.75 53.48 0.56 0.001 0.006"
(post-betadine)
water (pre-betadine) vs water 1 6.05 143.17 .82 0.001 0.006"
(post-betadine)
" P <0.05; *PERMDISP P < 0.01
Methylomonadaceae 1
Hydrogenophilaceae 1
Methylophilaceae -
Enriched in

Mycobacteriaceae -
Phaselicystidaceae -

Gracilibacteria* -

Differentially Abundant Families

Rhodocyclaceae -

Spirosomaceae -

.embryo (pre-betadine)
.embryo (post-betadine)

Log2 Fold Change

Figure B1: Differential abundance of bacterial families between pre- and post-betadine embryo
microbiomes. Taxa reflect ASVs enriched in pre- and post-betadine embryo microbiomes.
Enrichment was calculated with differential abundance analysis and visualization only included
ASVs represented as bacterial family, with adjusted p-value > 0.05, and log fold changes > 2 and
detection and prevalence limits of 5% and 65%, respectively. Pre-betadine embryo microbiomes
were used as the intercept. Asterisks indicate taxa not resolved at the family level; the nearest
assigned taxonomic rank is shown.
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Figure B2: Taxonomic composition of bacterial orders across all microbiomes. Taxonomic bar
chart of order level bacteria of embryo and water microbiomes with a minimum detection of 5%
relative abundance in 65% of all samples (prevalence). Embryo samples are grouped by channel
catfish strain (DS = Delta Select, DC = Delta Control). Asterisks indicate taxa not resolved at the
family level; the nearest assigned taxonomic rank is shown.
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Table C1: Number of hard coral samples. Hard corals collected from each sampling site and
depth (m and category). Agaricia spp. and M. cavernosa samples were collected from all
sampling sites at all sampling depths. Porites astreoides were collected from all sampling sites,
but not all sampling depths (m) for The Edge.

Hard Coral Species Site Depth (Category) Depth (m) Number of Samples

4.5 1
shallow photic 9.1 1
mid photic ig; ;
Crystal Palace Wall > 2' 2 >
deep photic 275 N
hoti 32 2
upper mesophotic | 5 )
shallow photic g? é
mid photic ig; ;

McCoy's Wall -
deep photic 228 2
PP 27.5 2
. 32 3

upper mesophotic

Aoarici 36.6 2
garicia spp. G 2
shallow photic 9'1 )
mid photic }2; ;

Ron's Rock .
d hoti 22.8 2
eep phiotic 27.5 2
. 32 2
upper mesophotic 6.6 N
shallow photic 3? ;
mid photic ig; ;

The Edge :
d hoti 22.8 2
cep photic 27.5 2
er mesophotic 32 3
HPp P 36.6 3
shallow photic g? }
mid photic 13.7 !
Montastraea covernosa|Crystal Palace Wall 18.3 2
. 22.8 2
deep photic 275 )
. 32 3
upper mesophotic 36.6 3
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upper mesophotic

18.3

Hard Coral Species Site Depth (Category) Depth (m) Number of Samples
shallow photic g? }
mid photic ig; ;
McCoy’s Wall -
deep photic 22.8 2
PP 275 3
er mesophotic 32 4
|pp p 36.6 2
shallow photic g? (1)
mid photic }2; ;
Montastraea covernosa Ron’s Rock > 2' 2 5
deep photic 275 )
upper mesophotic 32 2
pp p 36.6 2
shallow photic 3? ;
mid photic }g; ;
The Edge -
d hoti 22.8 2
eep photic 275 3
r m hoti 32 2
upper mesophotic 36.6 5
shallow g? }
. 13.7 1
upper mesophotic 183 3
Crystal Palace Wall > 2' 2 >
mid mesophotic 275 )
deep mesophotic 32 2
. . 36.6 1
Porites astreoides 45 5
shallow 9'1 3
. 13.7 2
upper mesophotic 183 3
McCoy's Wall 22' 2 3
mid mesophotic 275 0
) 32 2
deep mesophotic 366 )
shallow g? %
Ron's Rock 3.7 2
0
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Table C1 Continued.

Hard Coral Species Site Depth (Category)| Depth (m) | Number of Samples
mid mesophotic 228 2
27.5 0
Ron's Rock deep mesophotic 32 2
36.6 0
shallow 4.5 0
. . 9.1 0
Porites astreoides 13.7 0
upper mesophotic 18' 3 )
The Edge -
mid mesophotic 228 0
27.5 0
deep mesophotic 3362 6 8

Table C2: Number of soft coral samples. Soft corals collected from each sampling site and depth.
All soft coral groups were collected at all sites; however not all groups were collected at all

depths.
Soft Coral Group Site Depth (Category) | Depth (m) | Number of Samples
shallow 4.5 0
9.1 0
upper mesophotic 137 0
Crystal Palace pp p 18.3 1
Wall i hoti 22.8 2
mid mesophotic 275 0
deep mesophotic 3%26 8
shallow 3? (2)
. 13.7 0
upper mesophotic 183 )
Cladiellidae | MeCoy's Wall 1= . 22.8 0
mid mesophotic 275 0
deep mesophotic 33626 g
shallow 3? ?
. 13.7 0
upper mesophotic 183 3
Ron's Rock :
. . 22.8 2
mid mesophotic 275 0
deep mesophotic 33626 8
The Edge shallow 4.5 0
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mid mesophotic

Soft Coral Group Site Depth (Category) | Depth (m) | Number of Samples

shallow 9.1 1
r m hoti 13.7 !
upper mesophotic 183 )
mid mesophotic ;32 8
Cladiellidae The Edge 3é 1
deep mesophotic 36.6 )
4.5 0
shallow 9.1 )
upper mesophotic 13.7 0
Crystal Palace PP P 18.3 2
Wall mid mesophotic 228 0
P 27.5 1
. 32 1
deep mesophotic 36.6 0
4.5 1
shallow 91 )
. 13.7 1
upper mesophotic 183 )

McCoy's Wall -
” hoti 22.8 2
mid mesophotic 275 |
deep mesophotic 32 !
. 36.6 0

Gorgoniidae
shallo 4.5 0
v 9.1 0
. 13.7 2
upper mesophotic

18.3 1
Ron's Rock 73 1
mid mesophotic 275 0
. 32 2
deep mesophotic 36.6 )
4.5 0
shallow 0.1 )
. 13.7 0
upper mesophotic 183 0

The Edge :
” hoti 22.8 0
mid mesophotic 275 0
. 32 0
deep mesophotic 36.6 0
4.5 2
shallow 91 1
Crystal Palace . 13.7 1
Malacalcyonacea Wall upper mesophotic 133 )
22.8 1
0

27.5
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Soft Coral Group Site Depth (Category) | Depth (m) | Number of Samples
Crystal Palace . 32 0
Wall deep mesophotic 36.6 1
shallow 49‘? ?
: 13.7 2
upper mesophotic 183 0
McCoy's Wall -
mid mesophoti 228 0
esophotic 275 0
deep mesophotic 3%26 (1)
shallow 491? 8
. 13.7 1
Malacalcyonacea upper mesophotic 183 0
Ron's Rock -
mid mesophotic 228 0
27.5 0
deep mesophotic 3%2 6 8
shallow g? ;
. 13.7 0
upper mesophotic 183 N
The Edge -
. . 22.8 0
mid mesophotic 275 0
deep mesophotic 3362 6 8
shallow 3? i
upper mesophotic 137 2
Crystal Palace pp P 18.3 0
Wall . . 22.8 3
mid mesophotic 275 3
deep mesophotic 3%26 g
4.5 4
Muricea spp. shallow 9.1 3
. 13.7 0
upper mesophotic 183 1
McCoy's Wall -
. . 22.8 3
mid mesophotic 275 0
deep mesophotic 3%26 ”;’
4.5 2
Ron's Rock shallow 9.1 0
upper mesophotic 13.7 3
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Soft Coral Group Site Depth (Category) | Depth (m) | Number of Samples
upper mesophotic 18.3 0
. . 22.8 3
Ron's Rock mid mesophotic 27.5 3
deep mesophotic 32 !
36.6 3
4.5 2
Muricea spp. shallow 9.1 2
. 13.7 3
upper mesophotic 183 N
The Edge
mid mesophotic 228 3
27.5 2
. 32 2
deep mesophotic 36.6 3
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Figure C1: Hard corals have distinct and more diverse microbiomes than soft corals. a) Alpha
diversity (observed features in log scale and Shannon diversity index in linear scale) comparing
hard corals, soft coral, and water sample microbiomes. Significance: **** P <0.0001. b) Beta
diversity comparing hard corals, soft coral, and water sample microbiomes plotted using
Principal Coordinate Analysis and Bray-Curtis.
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Table C3: Pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg adjustment for observed
ASYV richness. Comparisons were performed among hard corals, soft corals, and water samples.

Group1 | Group2 | nl | n2 | Statistic | p.adj
hard coral | soft coral | 159 | 132 | 19282.5 | <0.001*
hard coral water 159 | 18 400 <0.001*
soft coral water 132 | 18 109 <0.001*
*P>0.05

Table C4: Pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg adjustment for Shannon
diversity. Comparisons were performed among hard corals, soft corals, and water samples.

Group 1 | Group2 | nl | n2 | Statistic | p.adj

hard coral | soft coral | 159 | 132 | 19100 | <0.001*
hard coral water 159 | 18 336 <0.001%*
soft coral water 132 | 18 40 <0.001*

*P>0.05
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Table C5: Pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg adjustment for observed
ASV richness. Comparisons were performed among coral types.

Group 1 Group 2 nl | n2 | Statistic p-adj
Montastraea cavernosa Muricea spp. 60 | 65 3823 <0.001%*
Agaricia spp. Muricea spp. 60 | 65 3635 <0.001%*
Porites astreoides Muricea spp. 39 | 65| 2461.5 <0.001*
Montastraea cavernosa Malacalcyonacea 60 | 20 1182 <0.001*
Montastraea cavernosa Gorgoniidae 60 | 23 1293 <0.001*
Porites astreoides Malacalcyonacea 39 | 20 757 <0.001*
Agaricia spp. Malacalcyonacea 60 | 20| 1109.5 <0.001*
Porites astreoides Gorgoniidae 39 | 23 815 <0.001*
Montastraea cavernosa Cladiellidae 60 | 24 1203 <0.001*
Gorgoniidae Muricea spp. 23 1 65| 1230.5 <0.001*
Agaricia spp. Gorgoniidae 60 | 23 | 1144.5 <0.001*
Porites astreoides Cladiellidae 39 | 24 777 <0.001*
Gorgoniidae Malacalcyonacea 23 | 20 408 <0.001*
Cladiellidae Muricea spp. 24 | 65 1240 <0.001*
Agaricia spp. Cladiellidae 60 | 24 1082 <0.001*
Cladiellidae Malacalcyonacea 24 | 20 373 0.002*
Malacalcyonacea Muricea spp. 20 | 65 833 0.072
Agaricia spp. Montastraea cavernosa | 60 | 60 1538 0.153
Agaricia spp. Porites astreoides 60 | 39 | 1025.5 0.274
Montastraea cavernosa Porites astreoides 60 | 39 1264.5 0.526
Cladiellidae Gorgoniidae 24 | 23 272 0.941

*P>0.05
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Table C6: Pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg adjustment for Shannon
diversity. Comparisons were performed among coral types.

Groupl Group2 nl | n2 | statistic p.adj
Agaricia spp. Muricea spp. 60 65 3897 <0.001*
Montastraea cavernosa Muricea spp. 60 65 3855 <0.001*
Porites astreoides Muricea spp. 39 65 2267 <0.001*
Agaricia spp. Malacalcyonacea 60 | 20 1175 <0.001*
Montastraea cavernosa Malacalcyonacea 60 | 20 1156 <0.001*
Gorgoniidae Muricea spp. 23 65 1360 <0.001*
Agaricia spp. Gorgoniidae 60 | 23 1262 <0.001*
Montastraea cavernosa Gorgoniidae 60 | 23 1187 <0.001*
Agaricia spp. Cladiellidae 60 | 24 1247 <0.001*
Montastraea cavernosa Cladiellidae 60 24 1222 <0.001*
Cladiellidae Muricea spp. 24 65 1271 <0.001*
Porites astreoides Malacalcyonacea 39 | 20 649 <0.001*
Gorgoniidae Malacalcyonacea 23 20 381 <0.001*
Agaricia spp. Porites astreoides 60 39 1705 <0.001*
Montastraea cavernosa Porites astreoides 60 39 1554 0.008*
Cladiellidae Malacalcyonacea 24 20 339 0.025*
Porites astreoides Cladiellidae 39 | 24 614 0.048*
Porites astreoides Gorgoniidae 39 | 23 569 0.094
Agaricia spp. Montastraea cavernosa | 60 60 2146 0.108
Malacalcyonacea Muricea spp. 20 65 808 0.108
Cladiellidae Gorgoniidae 24 23 212 0.178
* P>0.05

Table C7: Pairwise PERMANOVA (beta diversity) between hard and soft corals, and water
samples.

Pairs Df | SumsOfSqs |F.Model| R2 p.adj
hard coral vs soft coral | 1 14.61 37.16 | 0.13 | 0.003**
hard coral vs water 1 2.63 7.59 0.04 | 0.003**
soft coral vs water 1 7.14 18.43 | 0.11 | 0.003*?

*PERMANOVA P> 0.05, *PERMDISP P < 0.05
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Table C8: Pairwise PERMANOVA (beta diversity) of all coral microbiomes by coral groups.

Pairs Df [SumsOfSqs| F.Model | R2 p-adj

Cladiellidae vs Muricea spp. 1 3.36 9.58 0.10 0.02*
Montastraea cavernosa vs Gorgoniidae 1 5.91 18.61 0.19 0.02*
Cladiellidae vs Agaricia spp. 1 5.03 14.41 0.15 0.02*
Agaricia spp. vs Muricea spp. 1 10.06 29.41 0.19 0.02*
Montastraea cavernosa vs Agaricia spp. 1 3.26 9.94 0.08 0.02*
Agaricia spp. vs Gorgoniidae 1 547 16.23 0.17 0.02*
Cladiellidae vs Montastraea cavernosa 1 5.45 16.55 0.17 0.02*
Cladiellidae vs Gorgoniidae 1 1.44 4.12 0.08 0.04*
Muricea spp. vs Gorgoniidae 1 4.78 14.09 0.14 0.02*
Montastraea cavernosa vs Muricea spp. 1 10.79 3276 | 0.21 0.02*
Porites astreoides vs Malacalcyonacea 1 6.80 26.81 0.32 0.02*
Porites astreoides vs Gorgoniidae 1 5.91 20.44 ] 0.25 0.02*
Porites astreoides vs Montastraea cavernosa 1 6.78 22.94 0.19 0.02*
Porites astreoides vs Cladiellidae 1 5.50 18.00 0.23 0.02*
Gorgoniidae vs Malacalcyonacea 1 4.73 16.81 0.29 0.02*
Porites astreoides vs Agaricia spp. 1 5.02 16.10 0.14 0.02*
Porites astreoides vs Muricea spp. 1 9.65 30.65 0.23 0.02*?
Montastraea cavernosa vs Malacalcyonacea 1 6.97 23.78 0.23 0.02%*
Cladiellidae vs Malacalcyonacea 1 4.11 13.47 0.24 | 0.02**
Agaricia spp. vs Malacalcyonacea 1 6.60 21.05 0.21 0.02%*
Muricea spp. vs Malacalcyonacea 1 6.62 20.87 0.20 0.02*2

*PERMANOVA P> 0.05, *PERMDISP P < 0.05
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Montastraea Porites

Agaricia spp. cavernosa astreoides Gorgoniidae Cladiellidae Malacalyconacea Muricea spp.

Relative Abundance

|
L,..”.»J‘.'LJ:‘J UL L it SR

1
L I J
hard coral soft coral
Bacterial Taxa (Family)

B Actinomarinaceae Il sAR11_Ciade_ B Geodermatophilaceae Nocardioidaceae SAR86_clade
B Rhodospirilales_AEGEAN-169_marine_group [l SAR11_Clade_Iv [ Halieaceae I Flavobacteriales_NS9_marine_group [JJj Sphingomonadaceae
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Figure C2: Porites astreoides, Gorgoniidae, Cladiellidae, Malacalyconacea and Muricea spp.
microbiomes are dominated by Endozoicomonadaceae. Microbiome community composition by
bacterial family with ASVs detected with a minimum relative abundance of 25% (detection) in
50% of all samples (prevalence). All soft corals, and one hard coral microbiome, P. astreoides,
were dominated by Endozoicomonadaceae. The other hard corals, Agaricia spp. and M.
cavernosa, microbiomes family with the highest relative abundance was Cyanobiaceae. Water
samples had a distinct microbial community compared to corals. Other represents all ASVs that
did not reach the detection and prevalence limits.

Table C9: Pairwise Kruskal-Wallis test of soft coral Endozoicomonas relative abundance by site.
Ron’s Rock and The Edge have significantly higher Endozoicomonas relative abundance than
McCoy’s Wall. Ron’s Rock also has significantly higher Endozoicomonas relative abundance
than Crystal Palace Wall.

Groupl Group2 nl n2 |[statistic| p.adj
Mccoy’s Wall Ron’s Rock 35 35 339 0.01*
Crystal Palace Wall Ron’s Rock 31 35 349 0.04*
Mccoy’s Wall The Edge 35 31 363 0.04*
Crystal Palace Wall Mccoy’s Wall 31 35 643 0.24
Crystal Palace Wall The Edge 31 31 384 0.24
Ron’s Rock The Edge 35 31 593 0.52

*P>0.05
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Table C10: Pairwise Kruskal-Wallis test of hard coral Endozoicomonas relative abundance by
depth (m). There were significantly higher relative abundances of Endozoicomonas at 9.1 m
compared to 32 and 26.6 m, and 13.7 m compared to 26.6 m.

Groupl | Group2 | nl | n2 | statistic | p.adj
32 9.1 27 |15 69 0.01%*
36.6 9.1 19 | 15 45 0.01*
13.7 36.6 17 | 19 258 0.02*
13.7 32 17 | 27 340 0.05*
18.3 36.6 25 119 342 0.07
27.5 36.6 18 [ 19 242 0.14
27.5 32 18 | 27 | 3255 0.19
4.5 9.1 15 |15 66 0.19
13.7 4.5 17 | 15 175 0.21
18.3 32 25 |27 | 4345 0.21
13.7 22.8 17 |23 251 0.3
18.3 9.1 25 | 15 137 0.3
22.8 36.6 23 119 273 0.3
22.8 9.1 23 |15 120 0.3
27.5 9.1 18 | 15 95 0.3
18.3 4.5 25 | 15[ 2245 0.53
13.7 18.3 17 |25 245 0.55
13.7 9.1 17 | 15 105 0.55
22.8 32 23 | 27 357 0.55
27.5 4.5 18 | 15| 159.5 0.55
32 36.6 27 119 293 0.55
13.7 27.5 17 | 18 175 0.58
36.6 4.5 19 | 15 122 0.58
18.3 22.8 25 123 320 0.59
22.8 4.5 23 |15 190 0.67
32 4.5 27 | 15[ 188.5 0.77
18.3 27.5 25 | 18 [ 236.5 0.82
22.8 27.5 23 | 18 200 0.86

* P>0.05
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Table C11: Pairwise Kruskal-Wallis test of hard coral Endozoicomonas relative abundance by
depth (category). There were significantly higher relative abundances of Endozoicomonas at
shallow and mid photic depths compared to upper mesophotic.

Groupl Group?2 nl | n2 |statistic| p.adj
upper mesophotic mid photic 46 | 42 | 557.5 | 0.004*
upper mesophotic | shallow photic | 46 | 30 | 424.5 0.01%*
upper mesophotic deep photic 46 | 41 688.5 0.06

deep photic mid photic 41 | 42 | 739.5 0.4
deep photic shallow photic | 41 30 | 564.5 0.67
shallow photic mid photic 30 | 42 | 618.5 0.9

*P>0.05
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Figure C3: Endozoicomonas relative abundance does not vary by depth at any site. Hard and soft
coral Endozoicomonas relative abundance plotted for every depth (m) at every site shows no
significant differences (Kruskal Wallace test, P > 0.05). Box plots show median (center line),
and 25-75% quartiles (colored area in the box), minimum and maximum values (whiskers) and
outliers (larger data points) and jittered data points.
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Figure C4: Endozoicomonas ASV diversity is not shaped by sample site. ASVs identified as
Endozoicomonas with a relative abundance >50% in at least one coral sample were plotted and
organized by sample site. Crystal Palace Wall and McCoy’s Wall are MPAs while Ron’s Rock
and The Edge are not. There are no patterns between Endozoicomonas ASV diversity and site.
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Figure C5: Endozoicomonas ASV diversity is not shaped by depth (m). ASVs identified as
Endozoicomonas with a relative abundance >50% in at least one coral sample were plotted and
organized by sample cite. Depths (m) 4.5 and 9.1 represent shallow photic reefs, 13.7 and 18.3
mid photic reefs, 22.8 and 27.5 deep photic, and 32 and 36.6 upper mesophotic reefs. There are
no patterns between Endozoicomonas ASV diversity and depth (m).
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Table C12: Endozoicomonas ASV reference matches (BLASTn). ASVs identified as
Endozoicomonas with a relative abundance >50% in at least one coral sample and their closest
reference match using BLASTn.

Per.

ASV RefSeq Host type Host Identity Reference
ASV1 | NR 199442.1 | soft coral Litophyton sp. 96.1% | 48 Szﬂovzagft al,
ASV2 | NR 199442.1 | soft coral Litophyton sp. 9579 | (4 SZ%V;‘S? al,
ASV3 | NR 199442.1 | soft coral Litophyton sp. 08.7% | (4 Szl(l)vzasft al,
ASV4 | NR 1096842 | softcoral | Fumiceaft ”Sc:pand Plexaura 116000 | (Pike et al., 2013)
ASV5 | NR 199442.1 | soft coral Litophyton sp. 100% | (@ Sz%vzasft al,
ASV6 | NR 1096842 | softcoral | Fumicealft ”S":pa“d Plexaura | g9 gor | (Pike ctal., 2013)
ASV7 | NR 199442.1 | soft coral Litophyton sp. 100% | (4 Szﬂovzagft al,
ASVS | NR 1096842 | softcoral | Fumicealf: “Scsapand Plexaura | 16000 | (Pike et al., 2013)
ASV9 | NR 1994421 | soft coral Litophyton sp. 08.7% | (4 Szl(l)vzas)et al,
ASV10 | NR 116609.1 | hard coral | Montipora aequituberculata 100% | (Yangetal., 2010)
ASV11 | NR 146692.1 | sea squirt Scandinavian ascidians 92.6% (Schr;)bleg)et al.,
ASVI2 | NR 1994421 | soft coral Litophyton sp. 08.7% | (4 Szlgvzasft al,
ASVI13 | NR 199442.1 | soft coral Litophyton sp. 08.7% | (4 SZ‘%)V;S? al,
ASV14 | NR 199442.1 | soft coral Litophyton sp. 99.6% | (42 szlz)v;;t al,
ASVI5 | NR 1096842 | softcoral | Funriceatt “Sc:pand Plexaura | g9 601 | (Pike etal., 2013)
ASV16 | NR 116609.1 | hard coral | Montipora aequituberculata 99.6% | (Yangetal., 2010)
ASV17 | NR 116609.1 | hard coral | Montipora aequituberculata 100% | (Yangetal.,, 2010)
ASVI18 | NR 199442.1 | soft coral Litophyton sp. 96.8% | 48 Sz%vzasit al,
ASV19 | NR 146692.1 | sea squirt Scandinavian ascidians 97.4% (Schr;)bleér)et al,
ASV20 | NR 116609.1 | hard coral | Montipora aequituberculata 99.6% | (Yangetal., 2010)
ASV21 | NR 158127.1 | hard coral Acropora sp. 98.7% | (Sheuetal., 2017)
ASV22 | NR 146692.1 | sea squirt Scandinavian ascidians 96.8% (Schr;)bleg)et al,
ASV23 | NR 199442.1 | soft coral Litophyton sp. 97.8% | (4 Szl(l)vzas)et al,
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ASV RefSeq Host type Host I dlzfllt‘i ty Reference
ASV24 | NR 146692.1 | sea squirt Scandinavian ascidians 96.8% (Scmggbfg)et al,
i 1.
ASV24 | NR 146692.1 | sea squirt Scandinavian ascidians 96.8% (Schreiber etal,

2016)
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