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Abstract

Animals interact constantly with microorganisms in the external environment that have
significant consequences for their development, physiology, and behavior. Microbes can have both
positive and negative effects on host health; however, host tissues typically employ mechanisms to
physically contain microbial communities to prevent infection and limit microbial interaction.
Animal tissues like epithelial cells that line exposed body surfaces are crucial for mediating these
interactions that protect the host from infection, inflammation, and other diseases. Epithelial and
other animal cell types can adapt to microbial stimuli through regulation of gene expression
programs that inform cellular identity and function. While our understanding of microbially
regulated transcriptional programs continues to progress, our knowledge of the specific
transcription factors (TFs) that mediate these transcriptional responses is of particular interest. In
Chapter 1, I provide a historical review of approaches used to evaluate microbiota function in
animal hosts as well as functional genomic approaches that allow researchers to decipher host-
microbiota interactions in distinct tissues. In Chapter 2, I describe how we identified the epithelial
specific transcription factor E-74 like ETS transcription factor 3 (EIf3) as a candidate mediator of
host responses to microbiota. We found that it is commonly upregulated in the digestive tissues of
zebrafish and mice that are colonized with a microbiome (CV) compared to germ-free animals
(GF). Next, I generated elf3 mutant zebrafish alleles to test the role of Elf3 in larval physiology as
well as mediating microbial interactions. Compared to wildtype larvae, elf3 mutants failed to mount
an appropriate host immune response to microbes. Furthermore, e/f3 mutant adults exhibited worse
survival outcomes compared to wildtype animals and sporadically displayed signs of disease that
included abnormal swimming behavior, ulcer development, and erythema. Histopathological
evaluation of moribund e/f3 mutants demonstrated the association between these clinical signs of
poor health and swim bladder inflammation (aerocystitis). Based on these data, I conclude that EIf3

is a microbially responsive transcription factor that mediates host responses to microbes in larval

v



zebrafish and protects against the development of swim bladder inflammation and other pathologies
in adults. In the final chapter, I address the limitation of this work and propose future experiments
that could further our understanding of the role of Elf3 in mediating host-microbiota interactions.
Together this work adds an important new node to the gene regulatory network mediating host

responses to microbiota and provides a new animal model of EIf3 deficiency as a resource for the

field.
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1. Introduction: The importance of investigating host-
microbiota interactions

Animals encounter a plethora of microbes throughout their life cycle by engaging with
the external environment (natural and artificial surfaces, water, air, etc) and other animals. It is
estimated that there are upwards of ~1.2 x 10°° bacterial and archaeal cells inhabiting various
marine and terrestrial habitats on Earth (Flemming & Wuertz, 2019). To what extent are
development and physiological systems in animals sensitive and responsive to this constant
microbial stimulation? In this chapter, I will review techniques and approaches used to address
host-microbiota interactions in animals and our knowledge of putative transcription factors

mediating those responses.

1.1 Defining the microbial status of animals

In the late 19 century, scientists like Louis Pasteur and Marceli Nencki, who appreciated
the omnipresence of microbes, started to ask more questions about what life might look like if
there were no microbes (Al-Asmakh & Zadjali, 2015; Basic & Bleich, 2019; Gordon, 1960; Pham
et al., 2008). Would animals be able to survive in a germ-free world? George Nuttall and Hans
Thierfelder were the first to experimentally test this question in 1895 by sterilely delivering
guinea pigs via Caesarean section and rearing them germ-free (GF) for up to 13 days (Basic &
Bleich, 2019; Gordon, 1960). Although the sample size was small, their finding that the cecum
appeared more enlarged is consistent with our current knowledge that the cecum of other GF
rodents like mice is larger than microbially reared controls (Al-Asmakh & Zadjali, 2015; Chai et
al., 2024; Gordon, 1960; Savage & Dubos, 1968).

Once scientists learned that germ-free animals could survive, the next questions
addressed whether there were significant differences in animal physiology. These questions
required scientists to manipulate the microbial status of the host to compare the physiology of

germ-free animals to more conventional controls (Basic & Bleich, 2019; Gordon, 1960). Today,
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we refer to these types of experiments as gnotobiotic, which is a term originating from ancient
Greek terminology for “gnosis” or knowledge and “bios” meaning life (Al-Asmakh & Zadjali,
2015; Pham et al., 2008). Thus, all life forms, including the microbiome, are known in
gnotobiotic experiments.

Gnotobiotic conditions typically compare GF animals to those that are (1)
conventionally-reared, (2) conventionalized or (3) monoassociated. Conventionally-reared (CR)
animals are born and maintained in the presence of microbes (Al-Asmakh & Zadjali, 2015; Pham
et al., 2008). Due to the potential for confounding affects, many murine studies will include CR
animals that have a complex microbiota but are certified to be free of specific pathogens (Dobson
et al., 2019). Gnotobiotic experiments can also compare GF animals to ex-GF animals that are
derived germ-free and then subsequently exposed to microbes (Bates et al., 2006; Pham et al.,
2008; Rawls et al., 2004). These ex-GF animals are colonized by microbes through immersion or
gavage methods in a process called conventionalization (CONVD or CV) (Bates et al., 2007;
Pham et al., 2008; Rawls et al., 2004). To test the effects of specific bacteria or bacterial
consortium on animal physiology, ex-GF animals can also be colonized with one
(monoassociated) or more microbial strains (defined) (Hooper et al., 2001; Pham et al., 2008;
Rawls et al., 2004; Ye et al., 2021).

Generation and maintenance of GF animals like mice can be costly, labor intensive, as
well as time consuming (Kennedy et al., 2018) . Therefore, treatment of CR animals with
antibiotic cocktails is sometimes a more accessible method for testing the effect of microbes on
host biology (Kennedy et al., 2018). Various combinations of broad-spectrum antibiotics like
metronidazole and vancomycin are used to generate microbiota depleted mice that are compared
to non-treated controls (Ge et al., 2017; Theriot et al., 2014; Zarrinpar et al., 2018). While
antibiotic treatment is a useful tool, it is important to remain cautious when interpretating the data

from these experiments. Antibiotic treatment can affect host tissues independent of the



microbiota, and the treatment itself may indirectly affect host physiology by disrupting microbial
ecology (Morgun et al., 2015). Pathogen infection models in which GF or CR animals are
exposed to known viral, bacterial, fungal pathogens is another way to investigate host responses
to microbiota (Cronan & Tobin, 2014; Rosowski et al., 2018; Torraca & Mostowy, 2018). These
studies help to further our understanding of how pathogens disrupt normal host physiology as
well as the impact of the resident microbiota on exacerbation or protection from disease
(Caballero-Flores et al., 2023). Taken together, all the described host microbial statuses (germ-
free, gnotobiotic, antibiotic treatment, and infection) provide context for how the host responds to
microbes. Importantly, in all the previously discussed contexts, researchers can manipulate the
genetic background of the host through chemical or targeted mutagenesis. This introduces the
variable of genotype into the experimental design, which is important for identifying host factors

that mediate responses to microbes and their effects on infection susceptibility.

1.2 Zebrafish as a model system for studying host-microbiota interactions
Zebrafish (Danio rerio) are a tropical fish averaging 4 to 5 centimeters in length with
origins tracing back to freshwater rivers in northern India, Nepal, and Bangladesh (Parichy,
2015). Its potential as a model system in laboratory research was harnessed in the 1960s with
early work led by George Streisinger and others to transform what was commonly viewed as
household pet into a powerful genetic tool (Grunwald & Eisen, 2002). Today, there are many
aspects of zebrafish biology that facilitate investigation of host-microbiota interactions. Because
zebrafish are genetically tractable, there are several approaches, such as chemical and targeted
mutagenesis, that can be used to probe genetic requirements for host responses (see section “1.3
Strategies for mutagenesis in zebrafish” for more details) (Kanther & Rawls, 2010; Milligan-
McClellan et al., 2011; Murdoch & Rawls, 2019). Zebrafish embryos and early larvae are also
optically transparent, which facilitates live visualization of fluorescently labeled host cells in

transgenic animals (Kanther & Rawls, 2010; Milligan-McClellan et al., 2011; Murdoch & Rawls,
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2019). When these transgenic reporter lines are exposed to fluorescent bacterial (Hou et al., 2016)
and fungal (Knox et al., 2014) strains, it is possible to visualize dynamic host responses like
macrophage phagocytosis in real time. These tools also enable live imaging of the effects of host
processes like gut motility on interspecies bacterial competition (Wiles et al., 2016; Wiles et al.,
2020). Importantly, epithelial tissues like the intestine that interface with high bacterial burdens
are highly conserved in their development, function, and transcriptional landscape to mammals
(Flores et al., 2020; Lickwar et al., 2017; Ng et al., 2005; Wallace et al., 2005; Wang et al., 2010)
(see section “1.5 Key tissues for investigating host-microbiota interactions” for more details).
Another prominent advantage of zebrafish is the accessibility of reliable and rigorous
gnotobiotic protocols that enable researchers to manipulate and define the microbial community
associated with animals (Bates et al., 2006; Melancon et al., 2017; Pham et al., 2008; Rawls et al.,
2004). These protocols leverage the fact that fertilized zebrafish embryos remain in a protective,
axenic chorion until hatching approximately 3 days post-fertilization (dpf) (Murdoch & Rawls,
2019; Pham et al., 2008). With the use of sterilizing agents like iodine and bleach at conservative
concentrations, it is thus possible to derive embryos GF and either maintain them in a sterile
environment until endpoint or expose them to diverse bacterial communities (conventionalize) or
individual bacterial strains (monoassociate) (Pham et al., 2008). The larvae can then be used for
downstream applications at endpoint that include imaging, bulk or single cell RNA sequencing,
and functional assays (e.g., nutrient uptake, gut motility, behavior, etc.). The majority of
gnotobiotic zebrafish experiments have endpoints at larval stages due to challenges with
maintaining GF juveniles and adults (e.g., provision of nutritious sterile diets, upkeep of high-
water quality, etc.); however, the field is continuing to develop strategies to make long-term

rearing of GF animals more convenient (Melancon et al., 2017).



1.3 Strategies for mutagenesis in zebrafish

To investigate the role of specific host factors in mediating microbial interactions and
host physiology in zebrafish, mutagenesis tools are needed. While zebrafish are highly amendable
to forward genetic chemical screens, this section will focus on historical and current strategies for
targeted mutagenesis in zebrafish.

Morpholinos (MOs) are synthesized oligomers of approximately 25 base pairs that target
and bind to specific mRNA transcripts to prevent their translation (Eisen & Smith, 2008; Stainier
et al., 2017). These antisense oligomers are typically injected into recently fertilized embryos to
induce transient knockdown of the targeted gene (Eisen & Smith, 2008; Stainier et al., 2017).
Morpholinos are characterized as either translation blocking, splice inhibiting, or microRNA
blocking depending upon the target strategy (Eisen & Smith, 2008). For example, translation
blocking morpholinos directly target the translation start site sequence and stall the translation
initiation complex from progressing along the target mRNA (Eisen & Smith, 2008). While this
strategy is effective, limitations include the inhibition of maternally deposited mRNAs that might
be crucial for embryogenesis and thus might render the observed phenotype more severe
compared to other mutagenesis strategies (Eisen & Smith, 2008; Stainier et al., 2017). Splice
inhibiting morpholinos are typically designed to target exon-intron and intron-exon boundaries to
induce exon skipping or intron retention that result in an altered mRNA transcript presented for
translation (Eisen & Smith, 2008; Morcos, 2007; Nasevicius & Ekker, 2000). Unlike translation
blocking MOs, splice inhibiting MOs do not target maternally deposited transcripts (Eisen &
Smith, 2008). Lastly, mircoRNA-blocking morpholinos inhibit microRNAs from performing
biological roles that block translation and promote the degradation of mRNA transcripts (Eisen &
Smith, 2008). In practice, target morpholinos designed for two of the different strategies
mentioned as well as control morpholinos are injected into embryos to assess gene function

(Eisen & Smith, 2008). Additional control measures to assess the specificity of the morpholino



induced phenotype include injecting the same morpholino into closely related species and
performing rescue experiments with the wild-type mRNA transcript (Eisen & Smith, 2008).
Taken together, the use of morpholinos to investigate gene function has advanced our
understanding of many aspects of zebrafish physiology. Its use as a genetic tool is not as common
today with the popularity of newer CRISPR/Cas9 technology; however, there are zebrafish labs
that use morpholinos in combination with mutant alleles to characterize and validate interesting
phenotypes. Some of the limitations of morpholinos that may have contributed to its decreased
usage in the field include the potential for decreased and variable efficacy during development
and off-target effects (Eisen & Smith, 2008).

In addition to morpholinos, zinc finger nucleases (ZFNs) and transcription activator-like
nucleases (TALENSs) became useful for mutagenesis in zebrafish (Li et al., 2016). ZFNs are
engineered such that chains of zinc finger binding proteins that recognize specific DNA
sequences are linked to an endonuclease like FoklI (Bibikova et al., 2001; Isalan, 2011; Kim et al.,
1996; Klug, 2010; Segal et al., 1999). Two ZFNs are generated per gene (Gupta & Musunuru,
2014). The linked zinc finger binding proteins of one ZFN are designed to target the forward
DNA strand, and the zinc finger binding proteins of the second ZFN target the reverse DNA
strand (Gupta & Musunuru, 2014). Thus, when both ZFNs bind to their targeted DNA sequences,
the dimerization of the accompanying Fokl endonucleases introduces a double stranded break in
the DNA (Gupta & Musunuru, 2014). While zinc finger nucleases have been successful for
mutagenesis in zebrafish (Doyon et al., 2008), limitations include restrictions in DNA target
sequences recognized by zinc finger binding proteins and challenges with successful design
strategies (Li et al., 2016). Mutagenesis via TALENS is quite similar to the use of ZFNs.
Transcription activator-like effector (TALEs) proteins are designed with ~33-35 amino acid
repeats that bind to singular nucleotides (Christian et al., 2010; Joung & Sander, 2013; Moscou &

Bogdanove, 2009). Like zinc finger binding proteins, TAL effector proteins are linked to Fokl



endonucleases. One of the major disadvantages of TALENs and ZFNs for mutagenesis is the
need to generate two DNA targeting proteins per gene (Li et al., 2016). This exact design
limitation has been addressed in the CRISPR/Cas9 strategies that rely on the design of a singular
guide targeting RNA molecule (Li et al., 2016). Therefore, while the technology for ZFNs and
TALENsS is available, Cas9 is the preferred endonuclease system by most researchers for genome
editing.

In recent years, the CRISPR/Cas9 genome editing tool has become one of the most
widely used approaches for mutagenesis in diverse species (Jinek et al., 2012; Ran et al., 2013).
Its roots are found in early investigations of the protective measures employed by bacteria and
archaea to limit the deleterious effects of viruses, plasmids, and other sources of exogenous
genetic material (Bhaya et al., 2011; Jinek et al., 2012; Wiedenheft et al., 2012). Bacteria, such as
Streptococcus pyogenes, that encounter a new virus will integrate fragments of the foreign genetic
material into its genome as unique spacers at the ends of “clustered regularly interspaced short
palindromic repeats” (CRISPR) arrays during adaptation (Jinek et al., 2012; Wiedenheft et al.,
2012). These bacterial loci, which include the recently integrated spacers, are then transcribed to
generate pre-CRISPR RNA (cRNA) that is further modified by trans-activating CRISPR RNA
(tractrRNA), and other CRISPR associated (Cas) proteins to generate mature cCRNA (Jinek et al.,
2012; Wiedenheft et al., 2012). The cRNA is hybridized to the tracrRNA and then complexed
with the appropriate Cas endonuclease protein (Jinek et al., 2012; Wiedenheft et al., 2012).
During interference, the cRNA-tractRNA hybrid helps to guide the associated Cas protein to the
complementary viral photospacer (Jinek et al., 2012; Wiedenheft et al., 2012). The targeted Cas
protein is then able to cleave the DNA sequence at the respective photospacer adjacent motif
(PAM) to help silence its expression (Jinek et al., 2012; Wiedenheft et al., 2012). When the

bacteria encounter the same exogenous DNA again, this defense response is even more rapid



because the spacers needed for targeting the Cas proteins are already integrated into the genome
(Jinek et al., 2012; Wiedenheft et al., 2012).

CRISPR/Cas9 genome editing tools leverage the sequence specificity of the bacterial
defense response to target animal genomes for mutagenesis. Single guide RNAs reflective of the
cRNA-tracrRNA hybrid are injected into animal cells so that the Cas9 protein appropriately
targets and introduces a double stranded DNA break at a chosen PAM site (Patsali et al., 2019;
Xu & Li, 2020). These double stranded breaks are destined for repair by non-homology end
joining (NHEJ) or homology-directed repair (HDR) like the breaks introduced by ZFN and
TALEN endonuclease systems (Patsali et al., 2019; Xu & Li, 2020). Mutagenesis strategies
directed by NHEJ repair leverage its error prone nature to introduce small deletions and insertions
at the cleavage site (Xu & Li, 2020). If the length of the indel is not a multiple of 3, the indel is a
frameshift mutation that disrupts the open reading frame when the mRNA transcript is translated
(Kervestin & Jacobson, 2012). Frameshift mutations result in an altered codon sequence that is
often associated with a premature stop codon (Kervestin & Jacobson, 2012). It is anticipated that
many mRNAs that contain premature stop codons are targeted for degradation through nonsense-
mediated decay mechanisms (El-Brolosy & Stainier, 2017). Curiously, the triggering of non-
sense mediated decay by premature stop codons can sometimes trigger the upregulation of
mRNA transcripts for related genes in a process called transcriptional adaptation (El-Brolosy et
al., 2019). During transcriptional adaption, the upregulation of genes closely related to the gene
targeted for mutagenesis can mask the expected phenotype and lead to misleading conclusions
about gene function (El-Brolosy et al., 2019). Many researchers are responding to these data by
developing CRISPR/Cas9 strategies that will specifically avoid this phenomenon.
Recommendations include the generation of full-locus and promoter-less mutations that will
altogether prevent the targeted gene from being transcribed as well as the generation of in-frame

deletions in highly conserved and predicted functional domains that are unlikely to trigger non-



sense mediated decay (Sztal & Stainier, 2020). While these recommendations help to facilitate
the generation of stable mutant lines, there is emerging evidence that injecting pools of single
guide RNAs (~3 guides per target gene) into embryos can lead to reliable phenotyping in FO
“crispant” embryos (Bek et al., 2021; Debaenst et al., 2025; Kroll et al., 2021). In these CRISPR
pool experiments, FO crispants are compared to non-injected controls or embryos that are injected
with a control CRISPR pool (i.e.- pool targets genes like pigmentation gene #yr in which there are
clear phenotypic expectations) (Debaenst et al., 2025; Kroll et al., 2021). This strategy is
particularly useful for generating early insights to gene function while waiting for the generation
of stable mutant lines; however, it can be difficult to phenotype crispants when there are unclear
hypotheses, or an exploratory lens applied to questions asking about gene function.

Compared to NHEJ, homology-directed repair (HDR) is a much more precise but less
efficient method of DNA repair (Xu & Li, 2020). Mutagenesis strategies informed by HDR
include injecting a donor template along with the CRISPR/Cas9 machinery into cells (Xu & Li,
2020). When the double strand break is initiated at the target site, the donor template, which has
5’ and 3’ arms that are homologous to sequence framing the break site, can be inserted and
integrated into the host genome (Rein et al., 2018; Xu & Li, 2020). The precision of this repair
mechanism is particularly useful for investigating how specific mutated sequences inform gene
function (Liao et al., 2024). For example, it is possible to introduce mutations in the donor
template outside of the homology arms that recapitulate variants relevant to human disease (Liao
et al., 2024).

Disadvantages of the CRISPR/Cas9 system include the tolerance of mismatches between
the guide sequence and the intended DNA mutagenesis site (Guo et al., 2023; Uddin et al., 2020).
This tolerance enables permissive Cas9 cutting at other locations in the genome, a process that
potentially generates off-target effects that can cofound the observed phenotype (Uddin et al.,

2020). Tools are being developed to limit this mismatch tolerance (Kim et al., 2020); however,



there is a risk that these changes will reduce the efficiency of the desired on-target cleavage (Liu
et al., 2020). In the zebrafish community, it is common to see researchers publish two mutant
alleles with similar phenotypes to minimize the likelihood that the reported phenotype is
attributable to off-target effects. Another disadvantage of the CRISPR/Cas9 system is the limited
target site selection due to requirements for a specific adjacent PAM (NGG) sequence (Uddin et
al., 2020). Despite these limitations, CRISPR/Cas9 is a useful tool for mutagenesis in zebrafish

and is thus the method that was employed for my doctoral work.

1.4 Genomic approaches for identifying host adaptation to microbes

Some of the earliest phenotypic characterizations of GF animals included collections of
organ weight and histological descriptions of lymphoid tissue in guinea pigs (Gordon, 1960).
Since these studies, our ability to use histology, immunology, physiology, high resolution
microscopy, advanced cell sorting methods, and behavioral assays has continuously improved our
understanding of microbial contributions to host physiology (Wang et al., 2024).

Genetic information encoded within the animal genome is relevant for defining how
tissues adapt to microbes. Genomic approaches designed to identify mediators of microbial
response leverage the organization of genetic information at interconnected levels. In eukaryotic
cells, genetic material or chromatin must be tightly packaged and condensed to fit within the
nucleus. It is estimated that if you stretched the coiled and compressed DNA of a human cell, the
end-to-end length would reach up to approximately 2 meters (Piovesan et al., 2019). This is in
comparison to the estimated 10 um diameter of the nucleus (Sun et al., 2000). Thus, the genetic
material within the cell must be packaged in an organized fashion that respects the confines of the
nucleus while remaining interpretable for encoding cellular identity and function. DNA wrapped
around histone octamers form nucleosomes that act as the most simplistic structural component of
chromatin (Heppert et al., 2021; Klemm et al., 2019). The positioning of nucleosomes respective

to neighboring nucleosomes as well as their organization into formal structures such as
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heterochromatin has significant effects on the openness or accessibility of chromatin at specific
genomic locations (Heppert et al., 2021; Klemm et al., 2019). The more accessible the chromatin,
then the more permissive the site for chromatin binding (Klemm et al., 2019). This includes
binding by transcription factor (TF) proteins at cis-regulatory regions (CRRs) throughout the
genome (Heppert et al., 2021; Klemm et al., 2019). Transcription factor binding at CRRs can then
activate or suppress gene transcription to regulate transcriptional programs in response to diverse
stimuli such as nutrients, microbes, growth factors, among others (Heppert et al., 2021).

The structure of genetic material at these interconnected levels has informed the
development of several genetic tools that can assess how cells adapt to microbially derived
signals. This includes tools such as ATAC-seq, FAIRE-seq, and DNase-seq to probe chromatin
accessibility across the genome (Heppert et al., 2021). These tools take advantage of the fact that
more accessible chromatin is more permissive to binding and cutting by endonucleases like
DNasel or more permissive to transposon insertion compared to closed regions (Klemm et al.,
2019). The cut or transposon inserted DNA is then used to construct libraries for sequencing
(Klemm et al., 2019). Compiling genome wide accessibility data for specific tissues provides a
landscape view of how cells respond to different treatments. Once regions of accessible
chromatin have been identified, software like Hypergeometric Optimization of Motif EnRichment
(HOMER) is used to uncover enriched transcription factor binding motifs (TFBM) within the
sequenced DNA sites to generate hypotheses about putative transcription factor binding (Heinz et
al., 2010). Many transcription factors within the same transcription factor family can recognize
and bind to similar recognition sequences, so it is often necessary for this data to be combined
with gene expression data generated from transcriptomic analyses to generate a more prioritized
list of candidates. ChIP-seq leverages the fact that transcription factors bind to specific cis-
regulatory regions to regulate target genes (Heppert et al., 2021; Park, 2009). Crosslinking of the

transcription factor to its bound DNA and pulling down TF-antibody complexes enables
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sequencing of the sites at which the transcription factor interacts (Park, 2009). Lastly, we can
think about the fact that transcription factors help to regulate gene expression levels.
Transcriptomic tools such as microarrays and bulk RNA-sequencing facilitate comparisons of
differentially expressed genes between different experimental groups. With the advent of scRNA-
sequencing (scRNA-seq), we can now observe changes in gene expression within subpopulations
of cells within a given tissue (Hwang et al., 2018; Jovic et al., 2022; Li & Wang, 2021). Overall,

these tools make it possible to interrogate genomic adaptations to microbes.

1.5 Key tissues for investigating host-microbiota interactions

In animals, numerous tissues are microbially responsive or influenced by microbial
metabolites signaling from other parts of the body. Microbial dysbiosis defined by alterations in
microbial composition has been associated with conditions such as depression and anxiety (Liu et
al., 2022; Marin et al., 2017), cardiovascular disease (Rosenfeld & Campbell, 2011), and eczema
(Byrd et al., 2018; Kong et al., 2012). These data suggest that tissues like the brain, heart, skin
and others are useful for investigating host-microbiota interactions; however, we will focus

specifically on the intestine, swim bladder, and blood in this introduction.

1.5.1 Intestine

The intestine is one of the most microbial dense tissues of the human body (Sender et al.,
2016). The colon for example is home to upwards of 10" bacteria (number/mL content) (Sender
et al., 2016). The plethora of resident microbes provides plenty of opportunity to investigate its
interactions with host tissues and its influence on host physiology.

Many aspects of digestive physiology are conserved between zebrafish and mammals. In
mammals, ingested material, partially broken down by saliva and gastric acid in the stomach,
travels along the gastrointestinal tract to the nutrient-absorbing small intestine (Collins et al.,
2025; Ogobuiro et al., 2025). Within the small intestine, the ingested material is further

chemically digested in the duodenum before being absorbed in either the jejunum (most nutrients)
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or ileum (bile salts and vitamin B12) (Collins et al., 2025; Ogobuiro et al., 2025). The contents of
the small intestine are emptied into the colon or large intestine that absorbs water, salts, and any
remaining non-absorbed nutrients, before finally being excreted as waste (Collins et al., 2025;
Ogobuiro et al., 2025). This efficient digestive process is largely maintained with the
regionalization of intestinal functions. Comparatively, the zebrafish intestine has three
histologically defined regions such as the (1) anterior or intestinal bulb, (2) mid intestine, and (3)
posterior or caudal intestine that possess unique morphological characteristics (Lickwar et al.,
2017; Ng et al., 2005; Wallace et al., 2005; Wang et al., 2010). Recent datasets exploring gene
expression across ordered adult intestinal sections in zebrafish and mice revealed that there is
conservation of transcriptional programs underlying this regionalization (Lickwar et al., 2017,
Wang et al., 2010). When genes were ordered from high expression in duodenum and onwards in
mice, it was revealed that many of these same genes are similarly ordered along the anterior-
posterior gastrointestinal axis in zebrafish (Lickwar et al., 2017; Wang et al., 2010). For example,
many lipid metabolism genes that inform nutrient absorption in the small intestine like
diacylglycerol acyltransferase 2 (Dgat2) were also highly expressed in the more anterior portions
of the zebrafish intestine (Lickwar et al., 2017; Wang et al., 2010). Other examples include
duodenal marker gene adenosine deaminase (Ada) (Dusing et al., 2000) and jejunal associated
genes like fatty acid binding protein 2 (Fabp?2) (Lickwar et al., 2017; Wang et al., 2010). The
ileal-like region of the adult zebrafish intestine is highly reminiscent of the bile acid metabolism
program within the mammalian ileum (Lickwar et al., 2017; Wang et al., 2010). As scRNA-seq
technology and other transcriptomic analysis tools advance, our ability to resolve conserved
regional programs along the length of the intestine will also continue to advance. This includes a
recent comparative SCRNA-seq study of 30 equally cut sections from mouse and human small
intestine that proposes five conserved domains or zones with distinct roles in nutrient absorption

that goes beyond our traditional understanding of duodenal, jejunal, and ileal regionalization
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(Zwick et al., 2024). While our understanding of regionalization will continue to be refined, the
data so far suggest that there are conserved transcriptional programs between mouse and
zebrafish that support the use of zebrafish to investigate intestinal physiology and host-microbiota
interactions.

The microbiota influences the development and function of intestinal epithelial cells
(IECs), and many of these host responses are similarly observed in both zebrafish and mammals
(Milligan-McClellan et al., 2011). Many of these conserved host responses have previously been
reviewed (Burns & Guillemin, 2017; Kanther & Rawls, 2010; Milligan-McClellan et al., 2011).
For example, microbial colonization induces IEC proliferation (Milligan-McClellan et al., 2011).
GF larvae have fewer proliferating cells as measured via nucleotide analog incorporation
compared to CV larvae (Cheesman et al., 2011; Rawls et al., 2004). A similar finding was
reported in mice injected with [3H] thymidine where it was revealed that the absence of microbes
significantly reduced IEC proliferation within crypts found in the small intestine (Savage et al.,
1981). Other conserved host responses include differentiation of secretory cell populations. GF
zebrafish larvae have fewer intestinal goblet cells and serotonin-producing enteroendocrine cells
(Bates et al., 2006), while the number and size of goblet cells found in the cecum of GF mice are
reduced compared to the cecum of CR mice (Kandori et al., 1996). There is also evidence that the
microbiota influences gut motility (Milligan-McClellan et al., 2011). Recording and analysis of
the peristaltic contractions of GF and CV larvae suggest that the microbiota can stimulate
intestinal contractions (Bates et al., 2006). Recent monoassociation studies investigating gut
motility in response to specific bacterial strains suggest that this effect might be microbe specific.
Microgavage of Edwardsiella tarda into the intestinal bulb significantly induced peristaltic
motility compared to PBS or other bacteria like Aeromonas sp. or Bacillus sp., which is a host
adaption mediated by secretion of tryptophan metabolites (Ye et al., 2021). Interestingly, motile

bacteria such as Vibrio cholera (strain ZWUO0020) can take advantage of motility dynamics
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within the intestine to persist and outcompete other bacterial strains (Wiles et al., 2016; Wiles et
al., 2020). In rats, the frequency of myoelectrical activity within the small intestine is decreased
in GF animals, further supporting that the microbiota influences motility (Husebye et al., 1994).
The microbiota also has roles in mediating protein absorption within specialized enterocytes
known as lysosome rich enterocytes (LREs) in the more posterior region of the zebrafish intestine
(Bates et al., 2006; Childers et al., 2024; Rawls et al., 2004). The lysosomes of these cells in GF
larvae are largely void of electron-dense material (Rawls et al., 2004), and there is less
accumulation of horseradish peroxidase protein within the intestinal LRE region of GF larvae
following immersion (Bates et al., 2006). A recent study suggests the microbiota informs LRE
activity by reducing protein uptake and degradation (Childers et al., 2024), which is one possible
explanation for the reduced horseradish protein accumulation previously visualized in GF larvae
(Bates et al., 2006). Different microbes have varying potential for suppressing protein
degradation in LREs (Childers et al., 2024). Curiously, monoassociation of larvae with the same
Vibrio cholera (strain ZWUO0020) strain that uses gut motility dynamics to outcompete other
bacteria, significantly suppresses protein degradation (Childers et al., 2024).

To understand the underlying mechanisms that facilitate these host responses, the field
has generated several transcriptomic analyses identifying differentially expressed genes between
GF and CV digestive tissues. The microbiota has conserved effects on host transcriptional
programs like lipid metabolism as well as innate immune response in zebrafish and mice
(Davison et al., 2017; El Aidy et al., 2013; Milligan-McClellan et al., 2011; Rawls et al., 2004).
Genes involved in lipid metabolism like angiopoietin-like 4 (4ngptl4) (Backhed et al., 2004;
Camp et al., 2012), carnitine palmitoyltransferase 1B (Cptib) (Davison et al., 2017; Rawls et al.,
2004), and peroxisome proliferator-activated receptor alpha (Ppara) (Hooper et al., 2001; Rawls
et al., 2004) are more highly expressed in the intestines of germ-free animals. It is suggested that

this increased nutrient and lipid metabolic profile is reminiscent of a fasted state and that GF
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animals exhibit a reduced capacity to efficiently metabolize dietary nutrients (Rawls et al., 2004).
In support of this perspective, our lab has previously demonstrated that the microbiota enhances
IEC uptake of dietary fatty acid and promotes its storage in lipid droplets in the intestine and liver
of zebrafish (Semova et al., 2012). Similarly, a study of GF and SPF mice indicated that GF
animals had significant deficits in the absorption of lipid and cholesterol and that this impairment
was associated with reduced risk of high-fat diet induced obesity (Martinez-Guryn et al., 2018).
Conversely, expression of immune response genes like serum amyloid A (Saa) (Davison et al.,
2017; Rawls et al., 2004), C-reactive protein (Crp) (Davison et al., 2017; Rawls et al., 2004), and
suppressor of cytokine signaling 3 (Socs3) (Davison et al., 2017; Rawls et al., 2004), as well
innate immune cell markers like myeloid-specific peroxidase (mpx) (Davison et al., 2017; Rawls
et al., 2004) (see “1.5.3 Blood” section for more details) is increased in response to colonization.
Furthermore, scRNA-seq has improved our ability to understand cell-type specific and regional
responses to microbes in the intestine and other tissues (Jones et al., 2023; Massaquoi et al., 2023;
Willms et al., 2022). This includes downregulation of immune gene expression like interferon-
stimulated genes in specific goblet cell and enterocyte subpopulations (Willms et al., 2022).
While these transcriptomic studies are useful for identifying microbially suppressed and
microbially induced programs, our understanding of the transcription factors regulating these host

responses remains limited.

1.5.2 Swim bladder

Beyond the intestine, epithelial cells lining respiratory organs like the lungs protect
internal surfaces from the external environment. The lung epithelium facilitates host-microbiota
interactions and provides an additional line of defense against pathogenic colonization (Dumas et
al., 2018; Jordan & Clarke, 2024). Microbiota dysbiosis in lung tissue has been associated with
the progression of several respiratory diseases like chronic obstructive pulmonary disease

(Pragman et al., 2012; Sze et al., 2012) and idiopathic pulmonary fibrosis (Han et al., 2014;
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Molyneaux et al., 2017; Molyneaux et al., 2014). Additionally, there are murine models that
suggest the microbiota reduces susceptibility to infections like Pseudomonas aeruginosa (Brown
et al., 2017). While the zebrafish do not possess lungs, there is increasing evidence that there are
shared transcriptional programs and morphological architecture between the mammalian lung and
the swim bladder of fishes (Bi et al., 2021; Cass et al., 2013; Longo et al., 2013; Zheng et al.,
2011). The gas-filled swim bladder, which directs buoyancy (Dumbarton et al., 2010; Robertson
et al., 2008), is a highly relevant organ for investigating the water-to-land vertebrate transition
that required adaptive changes such as limb development and efficient air respiration (Bi et al.,
2021). Transcriptomic comparisons of diverse tissues (swim bladder, lung, liver, heart, brain,
etc.) isolated from air-breathing (mouse, African clawed frog, lungfish, bichir, and alligator gar)
or non-air breathing vertebrates (zebrafish, snakehead, and American paddlefish) indicate that the
transcriptional program of the lung is most similar to that of the swim bladder more than any
other tissue (Bi et al., 2021). Recent studies investigating the phylogenetic relationships between
the lungs and swim bladders of ancestral and more modern vertebrates propose that the swim
bladders of teleost fish, like zebrafish, evolved from the primitive lung of a common bony fish
ancestor (Bi et al., 2021; Sagai et al., 2017). This primitive lung is also proposed to be the origin
of the more modern tetrapod lung, although additional research is needed to test these hypotheses.
The transcriptional similarities between the swim bladder and lung are supported by
embryologic and anatomical data that suggest the swim bladder originates from endodermal
foregut (Field et al., 2003; Ng et al., 2005) in a manner reminiscent to the development of the
mammalian lung (Faure & de Santa Barbara, 2011; Rawlins, 2011; Zorn & Wells, 2009). In
zebrafish larvae, the swim bladder forms as an evagination of the anterior foregut by 2 dpf and
continues to elongate to form a sac-like structure that remains connected to the esophagus via a
pneumatic duct (Field et al., 2003; Winata et al., 2009). This early swim bladder is maintained as

a singular inflated chamber until approximately 21 dpf, at which point the previously uninflated
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secondary (anterior) chamber is inflated to produce a fully functioning, two-chamber organ
(Winata et al., 2009). The swim bladder has 3 layers: (1) innermost epithelial, (2) mesenchymal,
and (3) outermost mesothelial layers (Winata et al., 2009). Striking, the early lung bud described
at embryonic day 9.5 in mice also exhibits epithelial, mesenchymal, and mesothelial layers
(Rawlins, 2011). It has been demonstrated that the adult swim bladder is lined with surfactant-
secreting epithelium (Robertson et al., 2014), which is an important characteristic of mammalian
lung tissue for maintaining homeostasis at the air-water interface and preventing adhesiveness
between epithelial tissues upon the expiration of air (Daniels & Orgeig, 2001; Whitsett et al.,
2010). Taken together, these studies suggest that there is homology between the lung and swim
bladder and support the use of the swim bladder in zebrafish to model lung diseases and infection.
The swim bladder of larval zebrafish has been used to model acute lung injury (Zhang et al.,
2016) and mucosal infections like candidiasis (Gratacap et al., 2014; Gratacap et al., 2013;
Gratacap et al., 2017).

The pneumatic duct is often proposed as a potential route of entry for pathogens that
infect the swim bladder of fishes (Dykova et al., 2021; Sirri et al., 2020). Its direct connection to
the gastrointestinal tract leaves the swim bladder vulnerable to environmental microbes migrating
through the esophagus as well as opportunistic microbes originating in the intestine. Despite our
anatomic (Field et al., 2003) and functional (Dumbarton et al., 2010) knowledge of the pneumatic
duct, there is limited mechanistic insight for how this tissue contributes to swim bladder
infections. Recent scRNA-sequencing data in zebrafish has identified new markers of the
pneumatic duct, such as surfactant protein ba (sfipba) and SIM bHLH transcription factor 1b
(sim1b), that might facilitate the generation of new tools for further investigation (Sur et al.,
2023). While swim bladder infections do occur in zebrafish facilities, there is surprisingly little
information about the swim bladder microbiome under homeostatic conditions (Kent et al., 2020).

However, the swim bladder microbiota of a larger physostomous fish like rainbow trout
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(Oncorhynchus tshawytscha) has been reported (Villasante et al., 2019). Comparisons of the
microbiota in the swim bladder and distal intestine revealed that there are shared and as well as
tissue specific aspects of the microbiota (Villasante et al., 2019). For example, bacterial genera
such as Pseudomonas, Acinetobacter, and Staphylococcus among 14 others were identified in
both tissues while genera like Mycoplasma, Sphingomonas, and Yersinia were unique to the swim
bladder (Villasante et al., 2019). While this suggests that there might be microbes that are more
suited for the intestinal environment compared to the swim bladder and vice versa, future work is
needed to address whether opportunistic microbes can truly migrate between tissues via
pneumatic duct and what microbial factors might facilitate this migration and colonization
persistence. In Table 1 below, we review fungal, bacterial and viral swim bladder infections
observed in physostomous fishes that have a pneumatic duct.

Table 1: Isolated causative swim bladder infections in physostomous fishes.

Fish species(s) | Isolated Microbe(s) | Clinical and histological presentations Reference
Cyprinus Rhabdovirus Sick fish presented with: (Bachmann & Ahne, 1974)
carpio e  Apathy
(thought to be e  Reduced reflexes (including
Carassius closely related to loss of balance)
gibelio* Rhabdiovirus carpio e  Abdominal/anal swelling
that causes spring e Ascitic fluid in abdominal
Lebistes viremia of carp) cavity
Reticulatus* e  Severe inflammation of the

swim bladder walls and liver

*Not a Intraperitoneal injections with isolated

physostomous virus reproducibly caused swim

ﬁSh but was bladder inflammation in Cyprinus

¥nclud'ed mn carpio and Lebistes Reticulatus fish.

infection Carassius gibelio were not susceptible.

experiments

Oncorhynchus | Phoma herbarum Fish presented infected swim bladders

mykiss (fungi) without observable clinical signs (Rehulka et al., 2020)

during routine health checks of the
commercial farm. However,
histological analysis of the swim
bladders revealed that the bladder
walls were infiltrated by fungal hyphae

Intraperitoneal injections with Phoma
herbarum resulted in swim bladders
filled with recruited immune cells and
thickening of the swim bladder wall of
the posterior chamber. The fungus also
disseminated to other tissues like the
liver and spleen.
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Hemigrammus | Exophiala Both fungi were isolated from the (Rehulka et al., 2018)

pulcher pisciphila swim bladder and coelomic cavity of a
sick fish with abnormal swimming
Phaeophleospora behavior found in an aquarium.
hymenocallidicola Histopathologic evaluation indicated
that the swim bladder walls were
(both fungi) thickened and infiltrated by fungal
hyphae.

Experimental IP injection of the
isolated Exophiala pisciphila fungal
strain in Oncorhynchus mykiss and
Cyprinus carpio leads to lethal swim
bladder infection.

Experimental IP injection of the
isolated Phaeophleospora
hymenocallidicola fungal strain

into Tinca tinca and Pseudorasbora
parva did not result in overt infection
phenotypes.

1.5.3 Blood

In all vertebrates, the hematopoietic system produces diverse cell types including
multiple professional immune cells that facilitate microbial interactions. There are several aspects
of hematopoiesis in zebrafish that are conserved with mammals and other vertebrates (Galloway
& Zon, 2003). Hematopoiesis in zebrafish, like all other vertebrates, is characterized by the
emergence of two waves that produce distinct cell populations (Galloway & Zon, 2003). The first
or primitive wave occurs approximately 12 hours post fertilization (hpf) within either the
intermediate cell mass or the more anterior rostral blood island (de Jong & Zon, 2005). While this
phase is heavily characterized by the production of erythroid precursors and erythrocytes, the
primitive wave also generates limited myeloid precursors (de Jong & Zon, 2005; Jagannathan-
Bogdan & Zon, 2013). This early phase includes the expression of transcription factors such as
GATA binding protein a (gatala) (Detrich et al., 1995; Long et al., 1997) or Spi-1 proto-
oncogene b (spilb) (Lieschke et al., 2002) that help differentiate between erythrocyte and
myeloid populations respectively (de Jong & Zon, 2005; Gore et al., 2018; Stosik et al., 2022).
The antagonistic nature of these TFs is observed during early embryonic development, in which

gatala expression inhibits the development and differentiation of myeloid lineages (Galloway et
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al., 2005; Gore et al., 2018). By 24 hpf, nucleated erythrocytes expressing embryonic hemoglobin
(hbael.l, hbae3, hbbel.l, etc) are in circulation (Brownlie et al., 2003; Ganis et al., 2012; Gore et
al., 2018; Long et al., 1997; Tiedke et al., 2011). Conversely, primitive myeloid cells are
predominately derived from the rostral blood island (de Jong & Zon, 2005). These cells initially
express l-plastin (Icpl) as a pan-leukocyte marker prior to more cell-type specific differentiation
directed by TFs like interferon regulatory factor 8 (irf8) and CCAAT/enhancer binding protein
(C/EBP) 1 (cebpl) for respective macrophage and neutrophil specification (Gore et al., 2018; Jin
et al., 2016; Li et al., 2011). Early macrophages also express markers genes like macrophage-
expressed 1 (mpegl) and microfibrillar-associated protein 4 (mfap4) while neutrophils express
markers like myeloid-specific peroxidase (mpx) (Bennett et al., 2001; Ellett et al., 2011; Lieschke
et al., 2001; Ong et al., 2020; Zakrzewska et al., 2010). As early as 30 hpf, macrophages can
phagocytosis Gram positive and negative bacteria that have been intravenously injected in the
axial vein (Herbomel et al., 1999). Thus, the larval zebrafish is equipped with cells during this
early wave that accommodate for oxygen requirements within developing tissues as well as
immunity (Song et al., 2024).

During the definitive wave of hematopoiesis at approximately 30 hpf, larval zebrafish
start production of self-propagating hematopoietic stem cells (HSCs) (Jagannathan-Bogdan &
Zon, 2013). These stem cells originate in the aorta-gonad-mesonephros region (Jagannathan-
Bogdan & Zon, 2013). Transcription factors such as RUNX family transcription factor 1 (runxI)
and v-myb avian myeloblastosis viral oncogene homolog (myb) are highly expressed in the dorsal
aorta found within this region (Burns et al., 2002; Paik & Zon, 2010; Zhang et al., 2011) and are
important for generating HSCs that can separate from the aortal wall and enter circulation via
endothelial-hematopoietic transition (Kissa & Herbomel, 2010). Around 2 dpf, freed HSCs
migrate posteriorly to the caudal hematopoietic tissue (CHT) (Jin et al., 2007; Murayama et al.,

2006). This migration is subsequently followed by seeding of the thymus and continues until
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reaching the terminal kidney site (Jagannathan-Bogdan & Zon, 2013; Paik & Zon, 2010). Adult
zebrafish produce erythrocytes, myeloid cells, and B lymphocytes in the kidney and T
lymphocytes in the thymus (Gore et al., 2018). Although there is evidence of circulating
lymphocytes at 3 weeks post-fertilization, mature lymphocytes with the capacity to mount
humoral responses to formalin killed Aeromonas hydrophilia or human gamma globulin are not
found until approximately 4-6 weeks post-fertilization (Willett et al., 1999) (Lam et al., 2004).

While there are certain aspects of hematopoiesis in zebrafish that are differential to the
mammalian process (i.e., the primitive wave is initiated in two anatomical locations in zebrafish
compared to the singular extraembryonic yolk sac in mammals (de Jong & Zon, 2005)), the
transcriptional pathways that facilitate development and differentiation are highly conserved
(Davidson & Zon, 2004). This includes the roles of transcription factors like Gatal (Belele et al.,
2009; Pevny et al., 1991), Spil (Lieschke et al., 2002; Scott et al., 1994), Fli (Liu et al., 2008;
Spyropoulos et al., 2000), Myb (Mucenski et al., 1991; Soza-Ried et al., 2010), Runx! (Bertrand
et al., 2010; Boisset et al., 2010; Bresciani et al., 2014; Kissa & Herbomel, 2010) among others
that are essential at varying points of primitive and definitive hematopoiesis (Jagannathan-
Bogdan & Zon, 2013). These conserved hematopoietic transcriptional programs contribute to
zebrafish being an attractive model for investigating the role of blood in mediating how the host
responds to microbes.

The microbiota informs the development function of immune cells (Jordan & Clarke,
2024). Gnotobiotic and antibiotic-treatment of zebrafish and rodents is continuing to expand our
knowledge of how the microbiota influences hematopoiesis and primes immune cells for
protection against pathogens. Transgenic zebrafish reporter lines allow us to visualize the
localization, migration, and phagocytic behavior of neutrophils and macrophages in larvae in real
time (Choe et al., 2021; Harvie & Huttenlocher, 2015). Our lab previously demonstrated that

conventionalization of zebrafish larvae increased the transcript levels of neutrophil marker genes
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like myeloid-specific peroxidase (mpx), matrix metalloproteinase 13a (mmpl3a), and nephrosin
(npsn) in whole larvae and systemically increased the total number of circulating neutrophils
compared to GF (Kanther et al., 2011; Kanther et al., 2014). Neutrophils in CV larvae also
demonstrated differences in velocity and meandering metrics suggestive of elevated migratory
behavior (Kanther et al., 2014). In addition to the observation of systemic increases in neutrophil
number in zebrafish larvae, there are reports of the microbiota regulating neutrophil number in
specific epithelial tissues like the intestine. GF zebrafish larvae have fewer neutrophils in the
whole (Rolig et al., 2015) and distal intestine (Bates et al., 2007; Koch et al., 2018) compared to
CV larvae.

Germ-free rodent models provide additional evidence that the microbiota informs the
development and function of immune cells. GF rats not only have fewer neutrophils in
circulation, but these neutrophils have significant reductions in the production of superoxide used
for killing microbes and impaired phagocytic behavior (Ohkubo et al., 1999; Ohkubo et al.,
1990). Peritoneal macrophages isolated from GF mice produce less superoxide compared to those
from CV animals at various developmental timepoints from 1 to 8 weeks post birth (Mitsuyama
et al., 1986) and exhibit an attenuated lysosomal enzymatic and phagocytic response to
Escherichia coli endotoxin (Morland et al., 1979). There is also evidence that peritoneal
macrophages isolated from GF rats have impaired migratory behavior towards chemoattractants
derived from rat serum (Jungi & McGregor, 1978). Comparatively, there is limited knowledge of
microbial influences on the development, function, and localization of macrophages in zebrafish,
and future studies in this area are needed.

Acting through the immune cell development and function, the microbiota can promote
resistance to pathogens (Jordan & Clarke, 2024). Studies have shown that neonatal mice treated
with antibiotics in utero and post birth do not exhibit the classical expansion of circulating

neutrophils during early development and have fewer neutrophils and granulocyte progenitors in
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bone marrow (Deshmukh et al., 2014). Furthermore, these antibiotic-treated neonates
demonstrated increased susceptibility to both E. coli serotype K1 and Klebsiella pneumoniae
infection compared to neonates that received no antibiotic treatment (Deshmukh et al., 2014),
suggesting that microbiota driven hematopoiesis is important for host survival to pathogen
exposure. This finding was further supported by a previous study indicating that GF mice have
altered myeloid cell profiles in relevant immune tissues like the spleen and bone marrow
(Khosravi et al., 2014). In this model, GF mice had a significantly reduced proportion and total
number of splenic neutrophils, macrophages, and monocytes compared to SPF control mice
(Khosravi et al., 2014). This reduction in myeloid cell populations was similarly observed in the
neutrophil and monocytes of the bone marrow and liver macrophages (Khosravi et al., 2014).
Furthermore, granulocyte and/or monocyte progenitors (GMPs) isolated from these GF mice had
a reduced capacity to form colonies in cell culture (Khosravi et al., 2014), suggesting that these
progenitors have impaired hematopoietic function. Not only did GF mice exhibit a systemic
reduction in myeloid cell populations, but these mice were more susceptible to Listeria
monocytogenes infection, an infection model dependent on innate immunity for infection control
(Khosravi et al., 2014).

Pulmonary infection models of Klebsiella pneumoniae and Streptococcus pneumoniae
provide evidence that the microbiota primes macrophages for bacterial killing (Brown et al.,
2017). Antibiotic mice infected intranasally with either K. pneumoniae or S. pneumoniae
exhibited higher lung burdens, heightened cytokine production, and ultimately worse survival
outcomes (Brown et al., 2017). The enhanced ability of non-antibiotic treated mice to clear and
survive infection was associated with a GM-CSF (granuolycte-macrophage colony stimulating
factor) mediated alveolar macrophage killing (Brown et al., 2017). The microbiota also informs

bacterial killing by neutrophils. Neutrophils derived from the murine bone marrow of non-
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antibiotic treated mice are more efficient at killing S. pneumoniae or S. aureus, which is driven by
enhanced recognition of bacterial peptidoglycan by the receptor NOD1(Clarke et al., 2010).

In addition to bacterial infection, the microbiota is implicated in health outcomes
resulting from parasitic or viral infection. GF mice infected subcutaneously with Leishmania
major in the footpad healed more slowly compared to conventionally reared mice in one
gnotobiotic model of parasitic infection (Oliveira et al., 2005). The GF mice had larger lesions
and parasitic burdens throughout the 13-week observation period compared to CR mice (Oliveira
et al., 2005). These poor health outcomes were associated with the reduced ability of IFN-y
stimulated GF macrophages to efficiently kill parasitic cells (Oliveira et al., 2005). The
microbiota also primes macrophages in response to viral infection. Antibiotic treatment can have
significant effects on the clearance of lymphocytic choriomeningitis virus and the severity of
health outcomes from influenza (PR8-GP33) infection (Abt et al., 2012). Antibiotic-treated mice
infected intranasally with influenza had higher viral titers in the lung, increased degeneration and
necrosis of bronchial epithelium, and ultimately reduced survival compared to conventionally
reared controls (Abt et al., 2012). This increased susceptibility to infection was associated with
macrophages that exhibited reduced sensitivity to interferon stimulation and an attenuated
antiviral transcriptional response to virus (Abt et al., 2012). Interestingly, administration of poly
I:C, immunostimulatory double-stranded RNA, was able to rescue the poor health outcomes
resulting from infection of antibiotic-treated mice with influenza (Abt et al., 2012). Other
examples of the microbiota mediating the response of immune cells to viral infections include
West Nile virus (Thackray et al., 2018) and Chikungunya virus (Winkler et al., 2020). Taken
together, these studies suggest that the microbiota informs the development and function of
immune cell populations in zebrafish as well as mammals and has important implications for

resistance to pathogens.
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1.6 Biological roles of the epithelial transcription factor EIf3

Epithelial tissues like the skin, lung, and intestine, are known to be important sites for
facilitating communication between the external microbial environment and internal organ
systems. Many researchers are curious to know if transcription factors enriched specifically in
epithelial tissues are putative mediators of host-microbiota interactions. The ETS transcription
factor family, which is unique to metazoans, is a family of interest (Degnan et al., 1993; Laudet et
al., 1993). ETS transcription factors are known for their characteristic ~85 amino acid ETS DNA
binding domain (Karim et al., 1990); however, these TFs are further subdivided into 11 to 12
subfamilies based on conservation of functional protein domains (e.g., Pointed domain that
facilitates protein-protein interactions) and preferred binding motifs (Gutierrez-Hartmann et al.,
2007; Laudet et al., 1993; Oikawa & Yamada, 2003; Sharrocks, 2001). Curiously, the ETS TF
family includes a subfamily of transcription factors with enriched expression in epithelial tissues
known as the “epithelium specific” ETS TFs (Hollenhorst et al., 2011; Kas et al., 2000; Oettgen
et al., 1997; Oettgen et al., 1999; Sharrocks, 2001). This subfamily consists of ESE-1 (EIf3),
ESE-2 (Elf5), and ESE-3 (Ehf) that have diverse biological roles including epithelial tissue
development (Zhou et al., 2005), differentiation (Albino et al., 2012; Fossum et al., 2017; Song et
al., 2023; Stephens et al., 2013), and homeostasis (Reehorst et al., 2021). I will review the
biological roles and general perspective of Elf3, the founding member of the ESE subfamily

(Oettgen et al., 1997), in this section.

1.6.1 Host-microbiota interactions and inflammation

The microbial responsiveness of Elf3 to symbiotic and pathogenic microbes is conserved
in many vertebrates. EIf3 transcript levels are induced in the epithelial light organ of squid
(Eupryma scolopes) after acquisition of its bioluminescent bacterial symbiont Vibrio fishcheri
(Chun et al., 2008) and are upregulated by colonization in the digestive tissue of CV zebrafish
(Davison et al., 2017) and mice (Fu et al., 2017) compared to GF animals. Furthermore, sScRNA-
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sequencing studies enabling cell-type specific resolution in zebrafish revealed that elf3 is
upregulated by microbiota in IECs like absorptive enterocytes (Willms et al., 2022) and secretory
goblet cells (Massaquoi et al., 2023). Interestingly, zebrafish elf3 is also induced in infection
models of conventionally reared mice and zebrafish, suggesting that Elf3 retains the ability to be
microbially induced even in the presence of microbes. For example, larval zebrafish injected with
Edwardsiella tarda and Salmonella typhimurium exhibit myd88-dependent upregulation of elf3
mRNA transcript levels in whole larval extracts compared to controls (van der Vaart et al., 2013;
van Soest et al., 2011). There is also evidence that EIf3 mRNA levels are increased specifically in
enterocytes three days following Heligmosomoides polygyrus helminth infection in mice (Haber
et al., 2017). Despite these observations that microbiota can induce Elf3 expression in diverse
contexts, there is a need to elucidate the specific transcriptional program regulated by EIf3 in
response to microbes and investigate the functional consequences of perturbations in this program
for host survival.

In addition to being microbially responsive, EIf3 is responsive to inflammatory stimuli.
Across diverse cell types, ELF3 expression can be induced by stimulating cells with pro-
inflammatory cytokines like IL-1p, IL-17A, and TNF-a as well as bacterial components like
lipopolysaccharide (Brown et al., 2004; Grall et al., 2003; Grall et al., 2005; Kouri et al., 2023;
Longoni et al., 2013; Otero et al., 2012; Rudders et al., 2001; Wu et al., 2008; Zhang et al., 2024).
This induction is often mediated by NF-kB signaling and can occur in non-epithelial cells. For
example, a rat model of neuroinflammation that showed that injection of lipopolysaccharide into
the cerebral cortex induced ELF3 protein levels in neurons (Feng et al., 2016). In inflamed
settings, ELF3 mediates the upregulation of genes with known inflammatory roles like inducible
nitric-oxide synthase (NOS2) (Rudders et al., 2001), interleukin-6 (IL-6) (Wu et al., 2008), and
even close ETS TF family member, ETS homologous factor (EHF) (Wu et al., 2008). Induction

of ELF3 protein in inflamed tissue has also been observed in clinical practice in patients with

27



ulcerative colitis (chronic inflammation of the colon) (Li et al., 2015) and osteoarthritis (chronic
degradation of articular cartilage) (Otero et al., 2012). These studies demonstrated that protein
levels of ELF3 were increased in inflamed mucosal biopsies isolated from patients with ulcerative
colitis compared to uninflamed tissue or tissue from healthy controls (Li et al., 2015) and were
increased in articular cartilage isolated from knee replacement candidates (Otero et al., 2012).
Furthermore, murine models of acute and chronic DSS-induced colitis show upregulation of
ELF3 in IECs in response to DSS treatment (Li et al., 2015), and conditional knockout of E/f3
specifically in articular cartilage can protect against more severe osteoarthritis following surgical
induction in mice (Wondimu et al., 2018). There is also a murine model of ovalbumin lung
sensitization in which EIf3 mediates inflammation through impairments in Th17 helper T cell
differentiation (Kushwah et al., 2011), suggesting that £/f3 might facilitate crosstalk between
epithelial and immune cell populations in response to inflammatory stimuli. While these studies
support Elf3 as TF responsive to inflammatory stimuli, there are limited genome-wide
transcriptome studies assessing the transcriptional program regulated by EIf3 in response to these
inflammatory cues and its subsequent impact on either the progression or resolution of

inflammation.

1.6.2 Tissue development and differentiation

Murine models of EIf3 mutation indicate that this TF has a role in epithelial development
and differentiation. The earliest published model revealed that whole animal mutation of EIf3
leads to variable lethality, as fewer than expected homozygous mutant mice were recovered in
litters produced from heterozygous incrosses (Ng et al., 2002). It was estimated that 30% of all
Elf3" mice died in utero and that greater than 50% of those that survived to term died within the
first 21 days of life (Ng et al., 2002). This reduced survival in pups was associated with clinical
signs of health deterioration such as diarrhea, lethargy, and a general malnourished appearance

(Ng et al., 2002). Furthermore, assessment of gastrointestinal development revealed that the EIf3”

28



mice had severe abnormalities in the small intestine that included disorganization of villus
architecture and the apical brush border, reduced number and length of microvilli protruding from
intestinal epithelial cells, and fewer sialomucin-mucin producing goblet cells (Ng et al., 2002).
The uterine epithelium was also disorganized in EIf3” mice (Ng et al., 2002). Interestingly, later
work demonstrated that transgenic £/f3”" mice expressing transforming growth factor beta
receptor 2 (TGFBR-II) specifically in IECs rescued the reduced TGFBR-II protein levels
observed in the small intestine of mutants (Flentjar et al., 2007). Restoration of intestinal
TGFBR-II expression significantly improved overall survival and reversed the impairments in
intestinal architecture associated with £/f3 mutation (Flentjar et al., 2007). These data supported
previous work suggesting that ELF3 regulates TGFBR-II expression in vitro (Choi et al., 1998;
Lee et al., 2003). Curiously, there are no genome wide transcriptional studies to-date in mouse
IECs that provide additional context to the genes regulated by Elf3 beyond TGFBR-II.
Furthermore, explanations for the variable penetrance in lethality resulting from E/f3 mutation are
limited. The spontaneous nature of the death in postnatal E[f3”’" mice suggests environmental
factors in addition to genetics might have a role on host survival, and it would be interesting to
formally test whether the intestinal microbiota is associated with better or worse health outcomes.

The intestinal phenotypes reported in whole animal E/f3 mutant mice are strikingly
similar to those observed with conditional knockout of Crifl (CR6-interacting factor 1) in I[ECs
(Kwon et al., 2009). Crif] mutant mice exhibit significant alterations in intestinal organization
and IEC differentiation, and in vitro data suggests that Crif] co-localizes with EIf3 in the nucleus
and enhances its DNA binding activity (Kwon et al., 2009). While these studies support roles for
EIf3 in the differentiation of intestinal epithelium, there is also data indicating that E/f3 mediates
the differentiation of corneal epithelial cells (Yoshida et al., 2000). Cells transfected with an

ELF3 antisense expression vector have fewer keratinous differentiation structures compared to
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controls, and ELF3 expression increases the activity of a luciferase reporter for a known keratin
differentiation marker (Yoshida et al., 2000).

The function of e/f3 in tissue development and differentiation has also been explored
using zebrafish as a model system. Morpholino knockdown of elf3 expression in zebrafish
embryos was reported to have significant consequences for development (Sarmah et al., 2022).
This was demonstrated by the overall shorter body length with severe tail and notochord defects,
alterations in jaw development and craniofacial cartilage, and brain abnormalities, such as a
disrupted midbrain-hindbrain boundary, observed in elf3 morphants (Sarmah et al., 2022). These
effects on development varied from moderate to severe in injected embryos and were further
validated via CRISPR-mediated knockdown of elf3 in FO crispants (Sarmabh et al., 2022).
Knockdown of elf3 also resulted in increased expression of genes with roles in the organization
and structure of extracellular matrix like matrix metalloproteinases (mmp2, mmp9, and mmp13)
and collagen (co/2al) (Sarmah et al., 2022). These data suggest that e/f3 is indispensable for
normal larval development, but many questions remain about the specific mechanisms underlying
these phenotypes. As described in Chapter 2, our e/f3 mutant zebrafish analysis suggest EIf3 is
not required for normal embryogenesis, suggesting that there may be other contributing factors to

this phenotype.

1.6.3 EMT in cancer

Epithelial-mesenchymal transition (EMT) is defined by the fact that epithelial and
mesenchymal cells have distinct biological and morphological properties that inform their
function. Epithelial cells highly express tight and adherens junction proteins and desmosomes to
associate with neighboring cells and form barriers that protect internal organs from environmental
insults (Dongre & Weinberg, 2019). They additionally express hemidesmosomes and other
anchor junction proteins that attach to the underlying scaffold of the basement membrane

(Dongre & Weinberg, 2019). Together, the expression of proteins facilitating cell-cell junctions
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and cell-extracellular matrix connections help to establish the characteristic apical-basal polarity
of epithelial sheets (Dongre & Weinberg, 2019). Conversely, mesenchymal cells, which are
maintained in the three-dimensional extracellular matrix, do not highly express junction proteins
that establish apical-basal polarity or facilitate close cellular contexts (Dongre & Weinberg, 2019;
Sart et al., 2014). Mesenchymal cells display front-back polarity and often contain actin stress
fibers that help to facilitate cell migration (Dongre & Weinberg, 2019). EMT thus describes the
process through which epithelial cells lose expression of cell-cell junction genes like E-cadherin
and their apical-basal polarity while gaining a more elongated cell shape and increased expression
of mesenchymal cell markers like vimentin, fibronectin, and N-cadherin (Dongre & Weinberg,
2019; Ribatti et al., 2020). These transitioned cells can exhibit enhanced invasive and migratory
properties that are associated with metastasis in certain cancers (Dongre & Weinberg, 2019; Lee
et al., 2006; Ribatti et al., 2020; Roth et al., 2017). EMT is also associated with cancer cell
resistance to chemotherapeutics (Fischer et al., 2015; Zheng et al., 2015). Therefore, EMT is a
biological process with important implications for the progression and prognosis of cancer.

The epithelial nature of TF ELF3 has generated a lot of interest in understanding how it
informs epithelial identity and putatively inhibits or promotes EMT transcriptional programs in
cancer cells. While the impact of ELF3 expression on EMT programs can vary depending on cell
type, there are several examples of ELF3 suppressing EMT and fostering maintenance of genes
associated with epithelial identity (Table 2). These findings align with previous in vivo work
suggesting that EIf3 drives epithelial differentiation of diverse cell types (see “1.6.2 Tissue
development and differentiation”). By investigating the role of EIf3 in EMT, we can further our
understanding of how this TF contributes to the maintenance of epithelial identity and the
consequences of disruptions in this maintenance program for host biology, including interactions
with microbes. Table 2 below provides a review of studies that investigate the roles for ELF3 in

maintaining epithelial identity as it relates to EMT progression in cancer.
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Table 2: Roles of ELF3 in EMT in cancer

Cancer model Promotes or Key Findings Reference
Cell Line Inhibits EMT
Ovarian cancer Inhibits EMT High EIf3 expression in tumor samples is (Yeung et
associated with more favorable prognosis.
OVCA429, al., 2017)
SKOV3ipluc ELF3 overexpression inhibits EMT by
(overexpression) promoting expression of epithelial markers
like E-cadherin and inhibiting the expression
CaOV3, OVCA33 of mesenchymal markers (N-cadherin, Slug,
(siRNA Vimentin).
knockdown)
Pancreatic ductal | Inhibits EMT TFGp-induced EMT downregulates the Xu et al.,
adenocarcinoma expression of ELF3.
(PDAC) 2023)
ELF3 inhibits cell migration, mesenchymal
L3.6 cells morphology, and expression of mesenchymal
markers (Vimentin, N-cadherin) during
TFGB-induced EMT.
Heptaocellular Promotes EMT | High ELF3 expression is inversely correlated | (Zheng et
carcinoma with E-cadherin expression and is associated
with reduced overall patient survival and al., 2018)
MHCC-LM3 disease-free survival.
Huh7 ELF3 expression promotes the induction of
EMT-promoting TF ZEBI and other
mesenchymal markers. Knockdown of ELF3
expression upregulates E-cadherin.
Lung Inhibits EMT Down-regulation of ELF3 induces a TGF- (Lin et al.,
signaling transcriptional program (including
A549 cells mesenchymal markers) while decreasing the 2024)
expression of markers for epithelial identity.
ELF3 inhibits expression of mesenchymal
markers and characteristics (i.e.- enhanced
motility) during TGFB-induced EMT.
Non-small cell N/A- doesn’t ELF3 overexpression restricts the invasive (Lou et al.,
lung cancer directly test the | and migratory behaviors of H1299 and H1703
effects of ELF3 | cells. 2018)
A549, H358, knockdown or
H1299, H1703 overexpression | TGFB-induced EMT suppresses expression of
on EMT genes ELF3 in A549 and H358 cells.
Ampullary Inhibits EMT ELF3 expression inhibits EMT in HBDEC2- (Yachida
carcinoma 3H10 cells as evidenced by the increased
expression of EMT TFs (ZEB1, ZEB2, etal.,
HBDEC2-3H10 TWIST1) and EMT marker genes (Vimentin)
in knockdown cells. 2016)

ELF3 knockdown cells had enhanced invasive
and migratory characteristics.
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Biliary Tract Inhibits EMT ELF3 knockout cells had increased expression | (Suzuki et
Cancer of vimentin and EMT-promoting TFs (ZEBI,

ZEB2, TWIST1). Similar effects were seen in | al., 2021)
HBDEC2-3H10 conditional knockout cells.

Reduced ELF3 expression increased

migratory and invasive behaviors of

HBDEC2-3H10 cells.
Breast cancer Inhibits EMT ELF3 expression suppresses EMT-promoting (Sinh et
(basal and luminal TFs (ZEB1 and ZEB2) by suppressing the
subtypes) expression of ETS TF Etsl1. al., 2017)
MDA-MB-231,
MCEF7, T47D
Colorectal cancer | Inhibits EMT Low ELF3 expression in colorectal (Liu et al.,

adenocarcinoma is associated with reduced
HCT116, HKe3, patient survival. 2019)
HKh2

Mutations in beta-catenin in HCT116 cells

induces an EMT transcriptional program that

includes downregulation of ELF3 and other

epithelial marker genes.

Knockdown of ELF3 enhances Ras-signaling

activation of ZEB1 through the Wnt/B-catenin

signaling pathway.
Esophageal Promotes EMT | ELF3 expression promotes an EMT (Dong et
squamous cell transcriptional program through the repression
carcinoma of miR-144. al., 2022)
Kysel50
Gastric cancer Inhibits EMT ELF3 acts downstream of FZDS to inhibit an (Dong et

EMT transcriptional program (ZEB1, ZEB2)
MKN45, HGC27 and alterations in cell morphology. al., 2021)
NMuMG (murine | *Role of ELF3 | ELF3 is required for MET induced by TGFf (Sengez et
cell line) in MET* withdrawal in NMuMG cells. Ghrl3 is a

downstream target of ELF3 during MET. al., 2019)

ELF3 can
promote MET

1.7 Summary and proposal for future research

Animals must constantly adapt to host-microbiota interactions that facilitate their normal
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development, physiology, and behavior. While many tissues within the animal are directly or
indirectly influenced by the microbiome, epithelial tissues that line internal organs like the
intestine and lung are often at the first line of the defense for limiting harmful adaptations that

confer damaging health consequences and promoting beneficial adaptation (Hooper, 2015; Kim et




al., 2010; Whitsett & Alenghat, 2015). The development of gnotobiotic experimentation allows
researchers to ask questions about how the microbiome affects animal hosts through comparisons
of GF and CV animals and identify microbe-dependent phenotypes. TFs that mediate
transcriptional programs in epithelial and other host tissues have an important role in the
development of microbe-dependent phenotypes. Researchers leverage several genomic
approaches such as RNA-sequencing, chromatin accessibility assays, and ChIP-seq to identify
transcription factors that putatively mediate these host responses to the microbiota. The ETS
transcription factor family is a family of interest for mediating host responses to microbes due to
several of its members being key differentiators of tissues thought to directly interact with high
microbial burdens like the blood (e.g., Spil, Flil, Erg, etc.) (Lieschke et al., 2002; Liu et al.,
2008; Loughran et al., 2008; Scott et al., 1994), and intestine (e.g., Ehf, EIf3, Spdef, etc.)(Flentjar
et al., 2007; Gregorieff et al., 2009; Ng et al., 2002; Reehorst et al., 2021). The larger ETS TF
family includes the epithelial specific sub-family that was first described with the identification of
Elf3 and is strongly enriched in epithelial tissues (Kas et al., 2000; Oettgen et al., 1997; Oettgen
et al., 1999) . Previous studies suggest roles for EIf3 in directing epithelial identity and
differentiation (Flentjar et al., 2007; Ng et al., 2002), and there are several studies indicating that
this transcription factor is responsive to pro-inflammatory signaling molecules (Brown et al.,
2004; Grall et al., 2003; Grall et al., 2005; Otero et al., 2012; Rudders et al., 2001; Wu et al.,
2008; Zhang et al., 2024) and microbially derived products (Feng et al., 2016). However, our
understanding of whether EIf3 mediates host responses to the microbiota in animals is limited.
Zebrafish are a powerful model for investigating host-microbiota interactions, and thus in Chapter
2, I will discuss the mutagenesis approaches as well as the comparative transcriptomic analyses
performed in this model system to address (1) whether elf3 transcriptionally mediates host
responses to the microbiota and (2) describe the consequences of elf3 on zebrafish biology. The

findings from this investigation are important for furthering our understanding of the
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transcriptional networks that allow animals to sustain interactions with the external microbial

environment.
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2. Epithelial transcription factor EIf3 mediates host immune
responses to microbiota and protects against aerocystitis in
zebrafish

Chapter 2 was modified from a manuscript of the same title that includes the following
co-authors: Colin R. Lickwar, Christiane V. Lohr, Jia Wen, Margaret Morash, Mollie I. Sweeney,
Elizabeth L. Reich, David M. Tobin, and John F. Rawls. Briana R. Davis is the first author of
this manuscript and as such made substantial contributions to the design, execution, and analysis
of reported scientific experiments as well as manuscript preparation. Colin R. Lickwar
contributed to experimental design in addition to bioinformatic analyses. Christiane V. Lohr
contributed to experimental design and histopathologic evaluation of animal slides. Jia Wen and
Margaret Morash contributed to experimental design and preparation of animals for
histopathologic assessment. Elizabeth Reich and John F. Rawls contributed to experimental
design as well as the isolation and identification of swim bladder bacteria. John F. Rawls
additionally provided strong mentorship and guidance that influenced the experimental design,
execution, and analyses presented in this body of work. All co-authors contributed to the
manuscript preparation.

For access to the raw RNA-sequencing files and raw count data used for the bulk RNA-
seq analysis presented in this chapter, please download the files deposited in NCBI’s Genome

Expression Omnibus through GEO Series accession number GSE293676.

2.1 Introduction

Beginning at birth, animals are exposed to diverse microorganisms that significantly
influence their physiology while also posing a constant risk of infection. To manage these
complex microbial relationships, animals evolved to deploy epithelial barriers and immune cells
at the interfaces between their bodies and the microbial world beyond (Hooper, 2015; Whitsett &

Alenghat, 2015). Homeostasis in these exposed epithelial tissues relies on the capacity of the host
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cells to adapt their physiology in accordance with the microbial and inflammatory signals they
receive. These adaptive changes in epithelia and associated immune cell populations are achieved
largely through their ability to adapt their programs of gene transcription. Identification of the
mechanisms underlying epithelial and immune cell transcriptional responses to microbiota is
therefore an important research goal.

Zebrafish (Danio rerio) are useful for investigating the mechanisms of host-microbe
interactions due to the conservation of their developmental biology and physiology with mammals
(Lickwar et al., 2017; Ng et al., 2005; Wallace et al., 2005), genetic tractability, and facile
gnotobiotic methods (Milligan-McClellan et al., 2011; Stream & Madigan, 2022; Xia et al., 2022).
Emerging evidence indicates substantial conservation between zebrafish and mice in their patterns
of microbially-responsive gene expression in the digestive tract and underlying host transcription
factors (TFs). For example, we previously uncovered conserved microbial suppression of the
epithelial TF Hepatocyte nuclear factor 4 alpha (Hnf4a) and the epithelial and metabolic gene
expression programs it mediates in both zebrafish and mice (Davison et al., 2017; Lickwar et al.,
2022). However, we still have an incomplete understanding of the larger network of TFs used by
epithelia and their supporting immune systems to coordinate appropriate responses to microbes.

Elf3 along with ESE-2 (EIf5), and ESE-3 (Ehf) belong to a subclass of epithelial-specific
(ESE) ETS TFs that have diverse biological roles including epithelial tissue development (Zhou
et al., 2005), differentiation (Albino et al., 2012; Fossum et al., 2017; Song et al., 2023; Stephens
et al., 2013) and homeostasis (Reehorst et al., 2021). EIf3 expression is enriched in epithelial-rich
tissues in mammals, including the intestine, lung, kidney, and uterus (Fung et al., 2024; Oettgen
etal., 1997; Tymms et al., 1997). Whole animal mutation of E/f3 in mice leads to variable
lethality, with the surviving animals showing altered villus architecture in the small intestine and
impaired intestinal epithelial cell differentiation (Flentjar et al., 2007; Ng et al., 2002; Yoshida et

al., 2000). In zebrafish, morpholino and CRISPR knockdowns of e/f3 have suggested roles in
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embryogenesis and extracellular matrix assembly and organization (Sarmah et al., 2022). Gene
expression studies in zebrafish indicate that elf3 is upregulated by microbiota colonization in
intestinal enterocytes (Willms et al., 2022) and goblet cells (Massaquoi et al., 2023), and is also
upregulated in response to pathogenic infections (Haber et al., 2017; van der Vaart et al., 2013;
van Soest et al., 2011). In accord, mammalian studies have shown that expression of Elf3
homologs is responsive to pro-inflammatory stimuli (Brown et al., 2004; Feng et al., 2016; Grall
et al., 2005; Otero et al., 2012; Zhang et al., 2024) and can be mediated by key
immunomodulatory TFs like NF-kB in diverse cell types (Grall et al., 2003; Kouri et al., 2023;
Longoni et al., 2013; Rudders et al., 2001; Wu et al., 2008). While these studies suggest
expression of EIf3 homologs can be induced by microbial and inflammatory signals, the specific

roles of ElIf3 in host response to microbiota remains untested in any animal system.

2.2 Results

2.2.1 Identification of EIf3, a candidate TF mediating conserved host
responses to the microbiota

We performed a computational screen of intestinal genomic datasets from zebrafish and
mouse to identify conserved transcriptional regulatory mechanisms that mediate host responses to
microbiota. The intestine was selected because it harbors the largest microbial community in the
body (Sender et al., 2016) and has been the subject of numerous functional genomic studies of host-
microbiota interactions (Davison et al., 2017; Jones et al., 2023; Massaquoi et al., 2023; Rawls et
al., 2004). We first identified TF binding motif (TFBM) enrichment from intestinal accessible
chromatin regulatory regions neighboring genes that were induced or suppressed by colonization
of a normal microbiota into germ-free (GF) mice and zebrafish (Lickwar et al., 2017). We found
that in addition to TFBMs for well characterized inflammatory regulators like NF-kB, IRF and
STAT, the regions near genes upregulated by microbiota showed conserved TFBM enrichment for

members of the ETS TF family (Fig. 1A). ETS family members can share highly similar motifs, so
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we further characterized expression levels of ETS family members in IECs from adult zebrafish
and mice. We observed that EIf3 was the most highly expressed ETS TF factor in IECs in both
animals (Fig.1B). This is consistent with findings that e/f3 is expressed in diverse epithelia-rich
tissues like the intestine and kidney in adult and larval zebrafish (Fig.2A-D). Next, we leveraged
the availability of numerous existing transcriptomic datasets comparing mice and zebrafish reared
GF or colonized with microbiota (conventionalized, CV) to identify TFs that were up- or down-
regulated by microbiota colonization in the intestine (Table 3). This again revealed that in addition
to well-known inflammatory TFs like IRF and STAT family members, Elf3 was consistently
induced by microbiota in both species (Fig.1C). Taken together, these findings strongly implicate
EIf3 as the leading ETS TF candidate and suggest it may be capable of initiating a unique microbial
response specifically in epithelial tissues.

We reasoned that conserved tissue-specific expression of Elf3 and induction by microbiota
may be driven by conserved regulatory mechanisms. While DNA sequence conservation levels
from teleosts to mammals was low in the EIf3 proximal promoter, we searched for common
modular TFBMSs in zebrafish, mouse, and human (Lickwar et al., 2017; Villar et al., 2015). We
only identified proximal NF-kB and more distal Egrl motifs as in common, consistent with known
NF-kB sites in the human ELF3 promoter (Longoni et al., 2013; Wu et al., 2008) (Fig.1D).
Remarkably, this exact order of motifs relative to the EIf3 transcriptional start site was conserved
in a broad range of vertebrate genomes (Fig.1E). To determine if this motif structure related to
chromatin architecture, we queried accessible chromatin from multiple tissues in zebrafish (Yang
etal., 2020), mouse (Camp et al., 2014), and human (Lickwar et al., 2017) and observed two distinct
accessible chromatin peaks each overlapping a different NF-kB or Egrl motif. Importantly, these
peaks frequently showed opposite accessibility across tissues with the NF-kB motif being

accessible in epithelial-rich tissues such as intestine and kidney (Fig.1D). This implies conserved
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EIf3 function across vertebrate species and suggests a plausible conserved mechanism by which

signaling through NF-kB to EIf3 is tissue specific.
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Figure 1: Identifying a candidate TF mediating conserved host responses to the microbiota.

(A)Transcription factor binding motif (TFBM) enrichment as assessed by HOMER (Heinz et al., 2010) near
genes microbially responsive in mouse (y-axis) and zebrafish (x-axis) digestive tissue (B) mRNA expression
of ETS transcription factors in mouse and zebrafish IECs represented as fragments per kilobase of transcript
per million (FPKM) mapped reads. The orthologous relationships between each ETS TF in zebrafish and
mice are indicated by the pink (1 to 1), gray (1 to many) and black (no ortholog) colored data points. (C)
Average z-scored mRNA levels of genes significantly differential in CV/GF comparisons across multiple
mouse (15) and zebrafish (2) studies. (D) Visualization of accessible chromatin peaks within the elf3
promoter of zebrafish (Lickwar et al., 2017), mouse (Camp et al., 2014), and human (Lickwar et al., 2017)
IECs. Below the accessible chromatin peaks for each species are heatmaps (visualized via the WashU genome
browser, http://genome.ucsc.edu) of ATAC-seq performed in diverse tissue types (Consortium, 2012; Davis
et al., 2018; Yang et al., 2020). For the mouse and human datasets, more epithelial tissues like the intestine
and lung are group compared to other tissue types. (E) Comparison of the elf3 promoter across diverse
vertebrate species with the location of the conserved Ergl and NF-kB motifs depicted by the blue and pink
boxes respectively. The vertebrates featured in this analysis include zebrafish (Danio rerio), mouse (Mus
musculus), human (Homo sapiens), stickleback (Gasterosteus aculeatus), cow (Bos taurus), chimpanzee
(Pan troglodytes), rat (Rattus norvegicus), and chicken (Gallus gallus). (F) Schematic of the protein coding
elf3 isoforms in zebrafish with the exons colored green and introns depicted as green arrows. The yellow and
pink vertical lines indicate the location of the rdul102 and rdul03 CRISPR lesions respectively. The horizontal
lines at the bottom of the schematic indicate the location of the SMART predicted functional domains
(Letunic & Bork, 2018; Letunic et al., 2021) pointed (blue) and ETS DNA binding (orange).
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Figure 2: elf3 is expressed in diverse tissues in adult and larval zebrafish.

Bar plots generated by the FEVER transcriptomics web server (Montfort et al., 2024) that show the
expression in transcripts per million (TPM) for elf3 (A) and ehf (B) in adult zebrafish tissues. (C) FEVER
evolutionary gene tree with blue duplication and red speciation nodes for ESE ETS TFs across 13 fishes and
corresponding heatmap of z-scored gene expression in 11 tissues. The FEVER-calculated tissue-specificity
indexes (Tau) are calculated for genes with no missing expression values and indicate high specificity when
>0.9. Genes with Tau specificity (>0.9) for the gills and intestine are indicated by the blue and orange boxes
respectively. (D-E) Dot plot visualization from the Daniocell (Sur et al., 2023) scRNA-seq atlas of larval
zebrafish showing, tissue-specific expression of elf3 and ehf at the indicated developmental timepoints.
Abbreviations: axial meso = axial mesoderm, endo_panc = endocrine pancreas; exo_pan = exocrine pancreas,
mucous_sec = mucous secreting, PGCs: primordial germ cells.
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Table 3: List of mouse and zebrafish studies used to compare CV/GF expression

Species Source Geo
(PubMed ID) Accession

Mouse 28939687 GSE102867
Mouse 22617837 GSE32513
Mouse 17055441 GSE5198
Mouse 29138692 GSE99018
Mouse 24799697 GSE46952
Mouse 28385711 GSE90462
Mouse 22570612 GSE35597
Mouse 24963153 GSE57919
Mouse 25157157 GSE60039
Mouse 21531334 GSE27950
Mouse 25118238 GSE59644
Zebrafish 28385711 GSE90462
Zebrafish 15070763 N/A

2.2.2 Generation of e/f3 mutant alleles

To test the role of elf3 in host-microbe interactions and other aspects of zebrafish biology,
we used CRISPR-Cas9 to generate zebrafish e/f3 mutant alleles. We isolated two mutant alleles
that encode lesions in exons shared by all protein-coding isoforms of elf3 (Fig.1F). The elf3""!%
allele harbors a 19 bp deletion in an early exon that encodes a frameshift mutation and early stop
codon. The elf3"!* allele harbors a 12 bp deletion near the end of the conserved ETS DNA binding

domain that leads to a 4 amino acid in-frame deletion, including a highly conserved phenylalanine

residue that when mutated disrupts ETS domain binding (Mavrothalassitis et al., 1994; Pio et al.,
43



1996) (Fig. 3A). Incrosses between adults that were heterozygous for either elf3"/** or elf3"!%
yielded larvae at expected Mendelian ratios with no gross abnormalities in morphology or body
size, suggesting elf3 is not required for embryogenesis (Fig.3B-I). Similar results were obtained
using incrossed adults that were homozygous for either elf3"!” or elf3""!% indicating that there
is no requirement for maternal provision of elf3 transcript for embryonic development (not shown).

We elected to focus our subsequent phenotyping efforts on the in-frame deletion allele elf3™“!** ¢

0
avoid the risk of transcriptional adaptation with other related ETS TFs that could occur in the

frameshift e/f3™"'*? allele (El-Brolosy et al., 2019).
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Figure 3: Generation of e/f3 mutant alleles.

(A) Alignment of the wild-type Elf3 protein sequence (ENSDARP00000124484.1) to the predicted mutated
sequence for elf3'%192 and e[f3%/% alleles. The asterisk indicates the early stop codon of the eff3/%’
frameshift mutation, and the black box highlights the 4 deleted amino acid residues of the elf3/%3 12 bp in-
frame mutation. The predicted pointed and DNA-binding functional domains are indicated by the horizontal
blue and orange lines respectively. (B) Comparison of the observed genotypic ratios from heterozygous in-
cross of elf3"!%? adults to expected Mendelian ratios. (C) Representative brightfield images of elf37%/%? allele
6 dpf larvae. (D-E) Standard length (snout to caudal peduncle) and height at anterior of anal fin (HAA) of
elf37102 |arvae with n per genotype (+/+: 18, +/-: 27, -/-:15). (F) Comparison of the observed genotypic ratios
from heterozygous in-cross of elf3"/%adults to expected Mendelian ratios. (G) Representative brightfield
images of elf37%/% 6 dpf larvae. (H-I) Morphometric analysis of the standard length (snout to caudal
peduncle) and height at anterior of anal fin (HAA) of elf3!%3 with n per genotype (+/+: 16, +/-: 25, -/-:11).
Data are presented as mean £ SEM. P-values for (B & F) were calculated using a chi-square goodness-of-fit
test and (D-E & H-I) using a one-way ANOVA with Tukey’s multiple comparisons post-test.
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2.2.3 Experimental design of larval bulk RNA-seq

To test the role of elf3 in larval zebrafish and its impact on host-microbiota interactions,
we performed bulk RNA sequencing on germ-free (GF) and conventionalized (CV) wild-type and
mutant larvae at 6 days post-fertilization (dpf) (Fig.4A). Principal component analysis of the
normalized RNA-seq counts revealed that biological replicates for the four conditions stratified
based on microbial status and genotype (Fig.4B). This stratification was consistent with the
identification of hundreds of significant differentially expressed genes in 4 comparisons (i.e.,
microbial effect in CVWT/GFWT and CVMut/GFMut, and genotype effect in GFMut/GFWT
and CVMut/CVWT) (Fig.4C-D). We observed no clear differential expression of developmental
markers between WT and mutant larvae (Fig.5A-F), which was consistent with our larval
morphometric analyses (Fig.3), together indicating that the differential gene expression we
observe here is not caused by differences in developmental progression (Yang et al., 2013). We
continued our RNA-seq analyses to highlight 4 separate representations: (1) the effect of elf3
genotype on transcriptional responses to microbiota (Fig. 4E), (2) the effect of e/f3 mutation on
host gene expression independent of microbial status (Fig. 4F), (3) the interaction between
genotype and microbial status (Fig.6), and (4) the underlying tissue specificity of the

differentially expressed genes (Fig.7).
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Figure 4: elf3 genotype and microbial status have effect the larval zebrafish transcriptome.

(A) Schematic depicting the experimental conditions of the bulk RNA-seq experiment where clutches of
elf3"* and elf3”" larvae produced from homozygous in-crosses were derived germ-free (GF). At 3 dpf, half
of the larvae from each genotype were colonized with a conventional zebrafish microbiota (CV) (indicated
with solid or dashed lines) and all groups were maintained until a 6 dpf endpoint, at which point pooled larval
samples were prepared for sequencing (n = 6-16 larvae per pool). (B) PCA plot of the normalized counts for
each experimental replicate (GFWT:3, GFMut:4, CVWT:4, CVMut:5). (C) Venn diagram overlap of the
genes significantly differentially expressed (P adjusted < .05) in the 4 comparisons. (D) Metascape (Zhou et
al.,, 2019) analysis of the enriched GO terms, biological processes, and signaling pathways that are
upregulated (red lettering) and down-regulated (blue lettering) in each of the 4 RNA-seq comparisons.
Abbreviations: NSCM metabolic process = nucleobase-containing small molecule metabolic process;
modified amino acid MP = modified amino acid metabolic process; metabolism of AAs & derivatives =
metabolism of amino acids and derivatives. (E) Scatterplot of the gene log2 fold change for all significant
differentially expressed genes in the CVWT/GFWT and CVMut/GFMut RNA-seq comparisons (P adjusted
<.05), which assess the effect of microbial status on gene expression. (F) Scatterplot of the gene log2 fold
change for all significant differentially expressed genes in the GFMut/GFWT and CVMut/CVWT RNA-seq
comparisons (P adjusted < .05), which assess the effect of elf3 genotype on gene expression.
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2.2.4 elf3 mediates host responses to the microbiota in larval zebrafish

To understand if e/f3 mutation affects transcriptional responses to microbiota, we first
defined the normal host response as those genes differentially expressed in the CVWT/GFWT
comparison (Fig.4E). Functional enrichment analysis (Zhou et al., 2019) indicated that microbial
colonization induced expression of immune and defense response genes like it/n2, npsn, and mpx
similar to previous larval bulk transcriptomic studies (Kanther et al., 2011) (Fig.4D, Table 4). In
agreement with our analyses in Fig. 1, we also observed upregulation of e/f3 upon colonization
(Fig.2E). Consistent with previous studies (Davison et al., 2017), the microbiota suppressed genes
involved in abiotic responses like circadian rhythm (cry2, perla, and bhlhe41) as well as organic
acid metabolic processes such as fatty acid metabolism (cpt1b, hadhaa, and angptl4) (Fig.4E,
Table 4). Together, these data identify genes differentially expressed in response to microbiota in
WT larvae.

Next, we assessed how the response to microbiota is affected by e/f3 mutation. We found
46% of the differentially expressed genes in the CVWT/GFWT comparison were similarly
differential in the CVMut/GFMut comparison, indicating that there are substantial aspects of the
host response to microbiota that are shared between genotypes (closed black circles in Fig. 4E).
Enrichment analysis of this shared transcriptional program suggested that e/f3 is not required for
microbial regulation of many processes, such as gas transport and hypoxia response, or
suppression of iron homeostasis and phototransduction (Table 6, Table 7).

Beyond these similarities, we observed extensive differences in the transcriptional
response to microbiota in WT and elf3 mutant larvae (Fig.4D, Fig.4E). Because elf3 is frequently
upregulated in response to microbiota (Fig.1), we were particularly interested in differences
between the genes upregulated in the CVWT/GFWT comparison and downregulated in the
CVMut/CVWT comparison (Fig.4E). We were intrigued to find that genes involved in immune

response were among those that differed in those two comparisons. For example, immune system

49



process was the top enriched biological process for genes induced by microbiota in WT animals,
but it was not among the top 20 enriched terms in the e/f3 mutant response to microbiota (Fig.4D,
Table 4, Table 8). In fact, the same immune system process category was the top enriched process
downregulated in the CVMut/CVWT comparison, suggesting that e/f3 mutants fail to mount a
normal immune response to microbiota (Fig.4D, Table 9). These elf3-dependent immune
response genes included those involved in cytokine receptor signaling (i/10, i[22, and tnfsf10)
(Bottiglione et al., 2020; Costa et al., 2013) and immune cell differentiation (ikzf7 and cebpl) (Li
et al., 2024; Willett et al., 2001) (Fig.4E). Furthermore, we were interested to find that a small
subset of genes that were induced by microbiota in WT but suppressed by microbiota in elf3
mutants were enriched for immune system functions and C-type lectin receptor signaling (open
black circles in Fig.4E). This set included IRF TFs (irfla, irf1b, irf9, and irf10). Together, these
data suggest that microbial induction of immune genes observed in WT zebrafish is attenuated in
elf3 mutants.

We next evaluated how elf3 mutation impacts the pattern of genes downregulated by
microbiota. Genes downregulated response to microbiota in WT were enriched for organic acid
metabolism and abiotic responses, which included circadian rhythm regulators (cry2, peria, and
cipca) (Table 5). However, those same pathways were not similarly suppressed in mutants (Fig.
4D, Table 9). These data highlight a putative role for e/f3 in mediating microbial suppression of

circadian regulation.
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Table 4: Metascape (Zhou et al., 2019) enrichment for all significant genes upregulated in

CVWT/GFWT

CVWT/GFWT UP (description) Term LogP Log q-value
Summary_immune system process GO0:0002376 | -7.534674 | -3.684104983
Member immune system process G0O:0002376 | -7.534674 -3.684104983
Member_myeloid cell differentiation | GO:0030099 | -6.835031 -3.520995082
Member erythrocyte differentiation GO0:0030218 | -5.954666 -2.789729402
Member_erythrocyte homeostasis GO0:0034101 | -5.839741 -2.789558581
Member myeloid cell homeostasis G0:0002262 | -5.480313 -2.525118646
Member homeostasis of number of GO:0048872 | -4.631207 -2.055235445
cells
Member_hemopoiesis GO:0030097 | -4.045498 | -1.576560173
Member homeostatic process G0:0042592 | -3.222343 -1.008677909
Member_ multicellular organismal- GO:0048871 | -3.126466 -0.954876869
level homeostasis
Member_neutrophil differentiation G0:0030223 | -3.019082 -0.876887539
Member_regulation of erythrocyte G0O:0045646 | -2.795823 -0.734397577
differentiation
Member_erythrocyte development G0:0048821 -2.74379 -0.694571618
Member_myeloid cell development GO:0061515 | -2.732653 -0.692775072
Member granulocyte differentiation GO:0030851 | -2.673123 -0.651343467
Member_embryonic hemopoiesis GO0:0035162 | -2.243519 -0.357617997
Member_leukocyte differentiation GO0:0002521 | -2.177928 -0.329275154
Summary_reactive oxygen species G0:0072593 | -7.396081 -3.684104983
metabolic process
Member_reactive oxygen species G0:0072593 | -7.396081 -3.684104983
metabolic process
Member_gas transport GO0:0015669 -6.94571 -3.520995082
Member oxygen transport GO:0015671 | -6.103641 -2.868786014
Member_hydrogen peroxide catabolic | GO:0042744 | -5.115286 -2.381033691
process
Member_hydrogen peroxide GO:0042743 | -4.734846 | -2.055235445
metabolic process
Member Erythrocytes take up oxygen | R-DRE- -2.795823 -0.734397577
and release carbon dioxide 1247673
Member Erythrocytes take up carbon | R-DRE- -2.541029 -0.567578934
dioxide and release oxygen 1237044
Member 02/CO2 exchange in R-DRE- -2.541029 -0.567578934
erythrocytes 1480926
Summary_response to external GO:0009605 | -6.869858 -3.520995082
stimulus
Member_response to external GO:0009605 | -6.869858 -3.520995082

stimulus
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Member_defense response GO:0006952 | -5.802564 | -2.789558581

Member biological process involved | GO:0044419 | -5.067253 -2.35527734

in interspecies interaction between

organisms

Member response to external biotic G0:0043207 | -4.655577 -2.055235445

stimulus

Member_response to other organism GO:0051707 | -4.655577 -2.055235445

Member_response to bacterium GO:0009617 | -4.646868 | -2.055235445

Member response to biotic stimulus GO:0009607 | -4.578765 -2.028157384

Member_defense response to other GO0:0098542 | -3.213806 -1.007889092

organism

Member_defense response to GO:0042742 | -2.894563 -0.805836699

bacterium

Summary Innate Immune System R-DRE- -5.899645 -2.789729402
168249

Member_Innate Immune System R-DRE- -5.899645 -2.789729402
168249

Member Immune System R-DRE- -5.356563 -2.489685308
168256

Member Neutrophil degranulation R-DRE- -4.645647 -2.055235445
6798695

Summary_response to hypoxia GO:0001666 | -5.458943 -2.525118646

Member_response to hypoxia GO:0001666 | -5.458943 -2.525118646

Member response to decreased G0:0036293 | -5.407498 -2.508435382

oxygen levels

Member_response to abiotic stimulus | GO:0009628 | -5.235293 -2.452736478

Member_response to oxygen levels GO:0070482 | -5.209958 -2.452224688

Member_cellular response to hypoxia | GO:0071456 | -4.122484 | -1.602884846

Member_cellular response to G0:0036294 | -3.993704 -1.56048195

decreased oxygen levels

Member cellular response to oxygen | GO:0071453 | -3.874681 -1.452739638

levels

Summary_cellular response to GO:0070887 | -5.326493 -2.48957867

chemical stimulus

Member_cellular response to GO:0070887 | -5.326493 -2.48957867

chemical stimulus

Summary_ Biosynthesis of protectins | R-DRE- -5.295646 -2.486760013
9018681

Member Biosynthesis of protectins R-DRE- -5.295646 | -2.486760013
9018681

Member Arachidonate metabolism R-DRE- -2.947341 -0.831962697
2142753

Member_Eicosanoid synthesis WP1318 -2.895011 -0.805836699

Member_cellular response to GO:0071466 | -2.793161 -0.734397577

xenobiotic stimulus

52




Member Biosynthesis of DHA- R-DRE- -2.527506 -0.567578934

derived SPMs 9018677

Member Biosynthesis of specialized | R-DRE- -2.527506 | -0.567578934

proresolving mediators (SPMs) 9018678

Member_response to xenobiotic GO:0009410 | -2.509394 -0.55708569

stimulus

Member_Synthesis of epoxy (EET) R-DRE- -2.105921 -0.281344375

and dihydroxyeicosatrienoic acids 2142670

(DHET)

Member_ Cytochrome P450 - arranged | R-DRE- -2.033145 -0.237623256

by substrate type 211897

Summary_photoperiodism GO:0009648 | -4.622893 -2.055235445

Member photoperiodism GO:0009648 | -4.622893 -2.055235445

Member_response to light stimulus GO0:0009416 | -3.051622 -0.895949077

Member_phototransduction GO0:0007602 | -2.904575 -0.805836699

Member_cellular response to light GO:0071482 -2.63285 | -0.628444262

stimulus

Member_response to radiation GO0:0009314 | -2.519625 -0.563524336

Member_detection of light stimulus GO:0009583 | -2.496043 -0.547494718

Member_cellular response to radiation | GO:0071478 | -2.400796 -0.47161895

Member_cellular response to abiotic GO:0071214 | -2.095693 -0.281344375

stimulus

Member_cellular response to GO:0104004 | -2.095693 -0.281344375

environmental stimulus

Summary_Cellular response to R-DRE- -4.621083 -2.055235445

chemical stress 9711123

Member_Cellular response to R-DRE- -4.621083 -2.055235445

chemical stress 9711123

Member_ Cytoprotection by HMOX1 | R-DRE- -4.110741 -1.602884846
9707564

Member_Cellular responses to stimuli | R-DRE- -3.487206 -1.136958102
8953897

Member_ Cellular responses to stress | R-DRE- -3.346223 -1.064488773
2262752

Summary_superoxide metabolic GO:0006801 -4.41675 | -1.880865102

process

Member_superoxide metabolic G0:0006801 -4.41675 -1.880865102

process

Member_superoxide anion generation | GO:0042554 | -3.003403 -0.876887539

Member RHO GTPases Activate R-DRE- -2.795823 -0.734397577

NADPH Oxidases 5668599

Member VEGFA-VEGFR2 Pathway | R-DRE- -2.276056 -0.379337036
4420097

Member Detoxification of Reactive R-DRE- -2.271769 -0.379337036

Oxygen Species 3299685

Member Signaling by VEGF R-DRE- -2.201835 | -0.344802477
194138

53




Summary C-type lectin receptor dre04625 -4.066559 -1.576560173

signaling pathway

Member C-type lectin receptor dre04625 -4.066559 | -1.576560173

signaling pathway

Member Toll like receptor signaling | WP1384 -2.226589 -0.349821753

pathway

Summary ADP metabolic process G0:0046031 -4.05175 -1.576560173

Member ADP metabolic process GO0:0046031 -4.05175 | -1.576560173

Member purine nucleoside GO:0009135 | -3.994354 -1.56048195

diphosphate metabolic process

Member_purine ribonucleoside GO:0009179 | -3.994354 -1.56048195

diphosphate metabolic process

Member ribonucleoside diphosphate | GO:0009185 | -3.831005 -1.420059066

metabolic process

Member_organic acid metabolic GO:0006082 | -3.635049 -1.245292629

process

Member nucleoside diphosphate GO:0009132 | -3.584477 -1.205828947

metabolic process

Member purine-containing compound | GO:0072523 | -3.549555 -1.189761518

catabolic process

Member pyruvate metabolic process | GO:0006090 | -3.364721 -1.067718814

Member Glycolysis / dre00010 -3.307973 | -1.035330075

Gluconeogenesis

Member_glycolytic process GO:0006096 | -3.281417 -1.02428622

Member ADP catabolic process G0O:0046032 | -3.281417 -1.02428622

Member purine nucleoside GO:0009137 | -3.229525 -1.00891085

diphosphate catabolic process

Member_purine ribonucleoside GO:0009181 | -3.229525 -1.00891085

diphosphate catabolic process

Member_ribonucleoside diphosphate | GO:0009191 | -3.229525 -1.00891085

catabolic process

Member_carboxylic acid metabolic GO:0019752 | -3.207982 | -1.007889092

process

Member oxoacid metabolic process G0:0043436 | -3.164322 -0.970860248

Member_pyridine nucleotide catabolic | GO:0019364 | -3.130188 -0.954876869

process

Member pyridine-containing G0:0072526 | -3.130188 -0.954876869

compound catabolic process

Member nucleoside diphosphate GO:0009134 | -3.082595 -0.920847675

catabolic process

Member_Glycolysis R-DRE- -3.019082 | -0.876887539
70171

Member_ Biosynthesis of amino acids | dre01230 -3.004449 -0.876887539

Member_Glycolysis and WP1356 -2.904575 | -0.805836699

gluconeogenesis

Member ATP metabolic process GO:0046034 | -2.732653 -0.692775072
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Member_purine ribonucleotide GO0:0009154 -2.63285 -0.628444262

catabolic process

Member_ribonucleotide catabolic G0:0009261 -2.63285 | -0.628444262

process

Member Glucose metabolism R-DRE- -2.574362 -0.582545285
70326

Member_purine nucleotide catabolic GO:0006195 | -2.400796 -0.47161895

process

Member purine ribonucleoside G0:0009205 -2.33534 | -0.416120468

triphosphate metabolic process

Member_generation of precursor GO:0006091 | -2.332216 -0.416120468

metabolites and energy

Member purine nucleoside GO:0009144 | -2.243519 -0.357617997

triphosphate metabolic process

Member_ Gluconeogenesis R-DRE- -2.213608 -0.349821753
70263

Member nucleotide catabolic process | GO:0009166 | -2.199446 -0.344802477

Member_ribonucleoside triphosphate | GO:0009199 | -2.156653 -0.313908547

metabolic process

Member_carbohydrate derivative GO:1901136 | -2.099476 | -0.281344375

catabolic process

Member_carbohydrate catabolic GO:0016052 | -2.095693 -0.281344375

process

Summary_Metabolism of porphyrins | R-DRE- -3.660852 | -1.260629775
189445

Member Metabolism of porphyrins R-DRE- -3.660852 -1.260629775
189445

Member Heme biosynthesis R-DRE- -3.575382 | -1.205828947
189451

Member_protoporphyrinogen IX GO:0006782 | -3.404862 -1.09942605

biosynthetic process

Member_protoporphyrinogen IX GO:0046501 | -3.404862 -1.09942605

metabolic process

Member_ Glycine, serine and dre00260 -2.862881 -0.784373656

threonine metabolism

Member_hemoglobin biosynthetic GO:0042541 | -2.619817 | -0.619647997

process

Member hemoglobin metabolic G0:0020027 | -2.541029 -0.567578934

process

Member heme biosynthetic process GO:0006783 | -2.271769 | -0.379337036

Member_ porphyrin-containing GO:0006779 | -2.213608 -0.349821753

compound biosynthetic process

Member _tetrapyrrole biosynthetic GO0:0033014 | -2.213608 | -0.349821753

process

Summary_regulation of immune GO0:0002682 | -3.468319 -1.127411159

system process

Member_regulation of immune GO:0002682 | -3.468319 | -1.127411159

system process
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Member_regulation of leukocyte G0:0002685 -2.63285 -0.628444262
migration

Member_regulation of cell adhesion GO:0030155 | -2.015124 | -0.227427433
Summary_Phenylalanine and tyrosine | R-DRE- -3.404862 -1.09942605
metabolism 8963691

Member_ Phenylalanine and tyrosine R-DRE- -3.404862 -1.09942605
metabolism 8963691

Member_ L-phenylalanine metabolic GO:0006558 | -3.255526 | -1.013372089
process

Member_L-phenylalanine catabolic GO:0006559 | -3.255526 -1.013372089
process

Member_erythrose 4- GO:1902222 | -3.122785 -0.954876869
phosphate/phosphoenolpyruvate

family amino acid catabolic process

Member _tyrosine metabolic process GO:0006570 | -3.003403 -0.876887539
Member_proteinogenic amino acid GO:0170040 | -2.400796 -0.47161895
catabolic process

Member Metabolism of amino acids | R-DRE- -2.310433 -0.401230507
and derivatives 71291

Member L-amino acid catabolic GO:0170035 | -2.282427 | -0.379337036
process

Member_erythrose 4- GO:1902221 | -2.271769 | -0.379337036
phosphate/phosphoenolpyruvate

family amino acid metabolic process

Member_aromatic amino acid family | GO:0009074 | -2.213608 -0.349821753
catabolic process

Member_small molecule catabolic GO0:0044282 | -2.208481 -0.347763202
process

Member_proteinogenic amino acid GO:0170039 | -2.065212 -0.258949443
metabolic process

Summary_regulation of neutrophil GO:0045658 | -3.404862 -1.09942605
differentiation

Member_regulation of neutrophil GO0:0045658 | -3.404862 -1.09942605
differentiation

Member_regulation of myeloid cell GO:0045637 | -2.862881 -0.784373656
differentiation

Member_regulation of granulocyte GO0:0030852 | -2.704456 -0.672413339
differentiation

Member_regulation of hemopoiesis GO:1903706 | -2.703148 | -0.672413339
Member IL 4 signaling pathway WP1376 -2.131648 -0.294733217
Member_regulation of leukocyte GO:1902105 | -2.065129 -0.258949443
differentiation

Summary_Cytokine-cytokine receptor | dre04060 -3.345101 -1.064488773
interaction

Member_ Cytokine-cytokine receptor | dre04060 -3.345101 -1.064488773
interaction

Summary_response to oxygen- GO:1901700 | -2.990798 -0.86988683

containing compound
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Member_response to oxygen- GO:1901700 | -2.990798 -0.86988683
containing compound

Member_regulation of defense GO:0031347 | -2.750659 | -0.696694051
response

Member_regulation of response to G0O:0032101 | -2.698382 -0.672147613
external stimulus

Member_regulation of inflammatory | GO:0050727 | -2.562958 -0.575258185
response

Member_response to G0:0032496 | -2.529142 -0.567578934
lipopolysaccharide

Member_cellular response to GO0:0071222 | -2.527506 -0.567578934
lipopolysaccharide

Member_cellular response to GO:0071219 | -2.482201 -0.537381173
molecule of bacterial origin

Member_response to molecule of GO0:0002237 | -2.463634 | -0.522510464
bacterial origin

Member_cellular response to biotic GO:0071216 | -2.314809 -0.40217337
stimulus

Member response to lipid GO:0033993 | -2.194862 -0.343224024
Member_cellular response to oxygen- | GO:1901701 -2.01739 | -0.227427433
containing compound

Summary_Apoptosis WP1351 -2.920582 -0.810665664
Member_Apoptosis WP1351 -2.920582 -0.810665664
Summary vasculogenesis GO:0001570 | -2.597518 -0.601545463
Member vasculogenesis GO:0001570 | -2.597518 -0.601545463

Table 5: Metascape (Zhou et al., 2019) enrichment for all significant genes downregulated

in CVWT/GFWT
CVWT/GFWT DOWN Term Log P Log gq-value
(description)
Summary_circadian regulation of | GO:0032922 -6.13752222 | -2.124516368
gene expression
Member _circadian regulation of G0:0032922 -6.13752222 | -2.124516368
gene expression
Member regulation of circadian GO0:0042752 -5.42126007 | -1.709284216
rhythm
Member_circadian rhythm GO0:0007623 -5.10913548 | -1.681480859
Member_rhythmic process GO0:0048511 -5.09242672 | -1.681480859
Member entrainment of circadian | GO:0043153 -4.27867142 | -1.094518848
clock by photoperiod
Member_entrainment of circadian | GO:0009649 -4.13840888 | -1.074615166
clock
Member response to abiotic G0:0009628 -3.72005604 | -0.834843613
stimulus
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Member_response to temperature | GO:0009266 -3.70172143 | -0.834843613
stimulus

Member_photoperiodism G0:0009648 -3.40274684 | -0.690770985
Member_response to radiation G0:0009314 -2.54683257 | -0.253530928
Member_response to light G0O:0009416 -2.47673622 | -0.204093061
stimulus

Member negative regulation of GO0:0051253 -2.44169903 | -0.190662973
RNA metabolic process

Member_negative regulation of G0:0045934 -2.05865622 | -0.009438196
nucleobase-containing compound

metabolic process

Member_negative regulation of G0:0045892 -2.00782803 0
DNA-templated transcription

Member negative regulation of GO:1902679 -2.00782803 0
RNA biosynthetic process

Summary_fatty acid metabolic G0:0006631 -4.89235788 | -1.578322032
process

Member_fatty acid metabolic GO:0006631 -4.89235788 | -1.578322032
process

Member_monocarboxylic acid G0:0032787 -3.52868595 | -0.744261285
metabolic process

Member_carboxylic acid GO:0019752 -3.25772696 | -0.606448946
metabolic process

Member_oxoacid metabolic G0:0043436 -3.21380716 | -0.581012547
process

Member_organic acid metabolic GO0:0006082 -2.87324789 | -0.404310086
process

Member_organic acid catabolic GO0:0016054 -2.44024083 | -0.190662973
process

Member_carboxylic acid catabolic | GO:0046395 -2.44024083 | -0.190662973
process

Member _fatty acid beta-oxidation | GO:0006635 -2.41048276 | -0.182568384
Member _fatty acid oxidation GO0:0019395 -2.252788 | -0.091040497
Member _lipid oxidation G0:0034440 -2.04719125 | -0.002668353
Member cellular catabolic process | GO:0044248 -2.03584116 0
Summary_ Fatty acid metabolism dre01212 -4.26242666 | -1.094518848
Member Fatty acid metabolism dre01212 -4.26242666 | -1.094518848
Member Fatty acid elongation dre00062 -4.13337851 | -1.074615166
Member_lipid biosynthetic G0:0008610 -3.52681821 | -0.744261285
process

Member _fatty acid biosynthetic GO0:0006633 -3.04348497 | -0.468486561
process

Member_very long-chain fatty GO:0000038 -3.03433438 | -0.468486561
acid metabolic process

Member _fatty acid elongation, GO0:0019367 -2.90683072 | -0.425303784

saturated fatty acid
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Member _fatty acid elongation, GO:0019368 -2.90683072 | -0.425303784
unsaturated fatty acid

Member_fatty acid elongation, GO0:0034625 -2.90683072 | -0.425303784
monounsaturated fatty acid

Member _fatty acid elongation, G0:0034626 -2.90683072 | -0.425303784
polyunsaturated fatty acid

Member monocarboxylic acid G0:0072330 -2.75333908 | -0.356376735
biosynthetic process

Member_small molecule G0:0044283 -2.60273787 | -0.273475822
biosynthetic process

Member_fatty acid elongation G0:0030497 -2.5526385 | -0.253530928
Member_Biosynthesis of dre01040 -2.54226091 | -0.253530928
unsaturated fatty acids

Member very long-chain fatty GO0:0042761 -2.4097707 | -0.182568384
acid biosynthetic process

Summary_organic acid GO:1903825 -3.88839162 | -0.875385766
transmembrane transport

Member_organic acid GO:1903825 -3.88839162 | -0.875385766
transmembrane transport

Member_organic anion transport GO:0015711 -3.82584372 | -0.854230551
Member Amino acid transport R-DRE-352230 | -3.4886744 | -0.730941056
across the plasma membrane

Member Transport of inorganic R-DRE-425393 | -3.30483876 | -0.629660791
cations/anions and amino

acids/oligopeptides

Member_organic acid transport GO:0015849 -3.30024396 | -0.629660791
Member_carboxylic acid GO:1905039 -3.1748522 | -0.576819696
transmembrane transport

Member_Glutamate R-DRE-210500 | -3.01527471 | -0.464666855
Neurotransmitter Release Cycle

Member_organic cation transport | GO:0015695 -2.84029275 | -0.395488622
Member_carboxylic acid transport | GO:0046942 -2.74131919 | -0.356376735
Member SLC-mediated R-DRE-425407 | -2.73195866 | -0.356376735
transmembrane transport

Member_amino acid transport GO:0006865 -2.57494638 | -0.260910534
Member_amino acid import across | GO:0089718 -2.34465603 | -0.137830155
plasma membrane

Member_ neutral amino acid GO0:0015804 -2.32928925 | -0.135827338
transport

Member Neurotransmitter release | R-DRE-112310 | -2.28317089 | -0.109014126
cycle

Member_L-alpha-amino acid GO0:1902475 -2.18052397 | -0.070520902
transmembrane transport

Member amino acid GO0:0003333 -2.11247056 -0.04885472
transmembrane transport

Summary_monoatomic anion G0:0006820 -3.77310883 | -0.839284227

transport
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Member monoatomic anion G0:0006820 -3.77310883 | -0.839284227

transport

Member_inorganic anion transport | GO:0015698 -2.48725908 | -0.206646987

Member_chloride transport G0:0006821 -2.40318254 | -0.182568384

Member_inorganic anion G0:0098661 -2.38766002 | -0.173994716

transmembrane transport

Member_chloride transmembrane | GO:1902476 -2.14585626 | -0.057129697

transport

Member monoatomic ion GO:0006811 -2.08346499 | -0.029500536

transport

Summary_intracellular iron ion GO:0006879 -3.64864296 | -0.811728369

homeostasis

Member _intracellular iron ion G0O:0006879 -3.64864296 | -0.811728369

homeostasis

Member_ Ferroptosis dre04216 -3.18845628 | -0.576819696

Member_chemical homeostasis GO:0048878 -2.66573547 | -0.324827474

Member monoatomic ion G0:0050801 -2.3057635 | -0.125266564

homeostasis

Member homeostatic process G0:0042592 -2.23077905 | -0.087014083

Member_inorganic ion GO0:0098771 -2.19166022 | -0.070520902

homeostasis

Member _intracellular monoatomic | GO:0006873 -2.00713918 0

ion homeostasis

Member_intracellular monoatomic | GO:0030003 -2.00713918 0

cation homeostasis

Member monoatomic cation G0:0055080 -2.00394158 0

homeostasis

Summary Complex IV assembly | R-DRE- -3.41689218 | -0.690770985
9864848

Member Complex IV assembly R-DRE- -3.41689218 | -0.690770985
9864848

Summary_modified amino acid G0:0042398 -2.9093942 | -0.425303784

biosynthetic process

Member modified amino acid G0:0042398 -2.9093942 | -0.425303784

biosynthetic process

Member_modified amino acid GO:0006575 -2.33165339 | -0.135827338

metabolic process

Summary_Phototransduction dre04744 -2.84029275 | -0.395488622

Member_ Phototransduction dre04744 -2.84029275 | -0.395488622

Summary_neurotransmitter GO0:0006836 -2.81396382 -0.38074157

transport

Member neurotransmitter GO:0006836 -2.81396382 -0.38074157

transport

Member_regulation of GO0:0046928 -2.4097707 | -0.182568384

neurotransmitter secretion

Member regulation of GO:0051588 -2.22495867 | -0.087014083

neurotransmitter transport
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Summary_visual perception GO0:0007601 -2.74131919 | -0.356376735

Member visual perception GO0:0007601 -2.74131919 | -0.356376735

Member_sensory perception of G0:0050953 -2.68649434 | -0.336246327

light stimulus

Summary Keratinization R-DRE- -2.71617007 | -0.356376735
6805567

Member Keratinization R-DRE- -2.71617007 | -0.356376735
6805567

Member Formation of the R-DRE- -2.71617007 | -0.356376735

cornified envelope 6809371

Summary_ Hypertrophy model WP1327 -2.71617007 | -0.356376735

Member_ Hypertrophy model WP1327 -2.71617007 | -0.356376735

Summary_sulfur compound GO:0006790 -2.59628559 | -0.273475822

metabolic process

Member_sulfur compound GO0:0006790 -2.59628559 | -0.273475822

metabolic process

Member_sulfur compound G0:0044272 -2.13418848 | -0.050601551

biosynthetic process

Summary_blood circulation GO0:0008015 -2.3057635 | -0.125266564

Member_blood circulation GO:0008015 -2.3057635 | -0.125266564

Member_heart contraction G0:0060047 -2.22849694 | -0.087014083

Member _circulatory system GO:0003013 -2.20013727 | -0.070520902

process

Member_heart process GO0:0003015 -2.15602161 | -0.062093848

Summary hormone-mediated GO:0009755 -2.27135773 -0.10344992

signaling pathway

Member hormone-mediated GO:0009755 -2.27135773 -0.10344992

signaling pathway

Member response to hormone G0:0009725 -2.0877453 | -0.029500536

Summary_one-carbon metabolic GO0:0006730 -2.22495867 | -0.087014083

process

Member_one-carbon metabolic G0:0006730 -2.22495867 | -0.087014083

process

Summary_steroid biosynthetic GO:0006694 -2.18974455 | -0.070520902

process

Member_steroid biosynthetic G0:0006694 -2.18974455 | -0.070520902

process

Summary_skeletal myofibril GO0:0014866 -2.1697129 | -0.070520902

assembly

Member_skeletal myofibril G0:0014866 -2.1697129 | -0.070520902

assembly

Summary_regulation of glucose GO:0010906 -2.1697129 | -0.070520902

metabolic process

Member_regulation of glucose G0:0010906 -2.1697129 | -0.070520902

metabolic process
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Table 6: Metascape (Zhou et al., 2019) shared upregulated microbial response

Shared Microbial Term LogP Log(q-value)
Response_Up

Summary_gas transport GO:0015669 -8.922885 -4.90987868
Member_gas transport G0:0015669 -8.922885 -4.90987868
Member_oxygen transport GO:0015671 -7.797163 -4.38621746
Member reactive oxygen GO0:0072593 -7.015639 -3.78078489
species metabolic process
Member hydrogen peroxide G0:0042744 -6.523311 -3.48808436
catabolic process
Member_ hydrogen peroxide G0:0042743 -6.133814 | -3.16220059
metabolic process
Member Erythrocytes take up | R-DRE-1247673 -3.628691 -1.26889745
oxygen and release carbon
dioxide
Member_ Erythrocytes take up | R-DRE-1237044 -3.365818 -1.08362234
carbon dioxide and release
oxygen
Member 02/CO2 exchange in | R-DRE-1480926 -3.365818 | -1.08362234
erythrocytes
Member_Transport of small R-DRE-382551 -2.465387 -0.40662354
molecules
Summary_response to hypoxia | GO:0001666 -7.880006 | -4.38621746
Member_response to hypoxia | GO:0001666 -7.880006 -4.38621746
Member_response to G0O:0036293 -7.825314 -4.38621746
decreased oxygen levels
Member response to oxygen GO0:0070482 -7.614795 -4.30075923
levels
Member_response to abiotic G0:0009628 -5.292389 -2.48350278
stimulus
Member_cellular response to GO:0071456 -5.246333 -2.4637757
hypoxia
Member_cellular response to G0:0036294 -5.114658 -2.38040564
decreased oxygen levels
Member_cellular response to GO:0071453 -4.992742 | -2.28076635
oxygen levels
Summary_erythrocyte GO0:0030218 -6.921516 -3.75360783
differentiation
Member_erythrocyte GO0:0030218 -6.921516 | -3.75360783
differentiation
Member_erythrocyte G0:0034101 -6.820019 -3.71010341
homeostasis
Member_myeloid cell G0:0002262 -6.50109 | -3.48808436
homeostasis
Member_homeostasis of G0:0048872 -5.737286 -2.86925601

number of cells
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Member _myeloid cell G0:0030099 -5.532155 -2.69524052
differentiation

Member homeostatic process | GO:0042592 -4.318643 -1.73700135
Member_hemopoiesis GO0:0030097 -4.002697 | -1.54833994
Member multicellular G0:0048871 -3.854008 -1.42078574
organismal-level homeostasis

Member_embryonic GO0:0035162 -3.710862 -1.33132446
hemopoiesis

Member myeloid cell GO:0061515 -3.258626 -1.01647232
development

Member_erythrocyte G0:0048821 -2.96036 -0.78205679
development

Member immune system G0:0002376 -2.956214 -0.78205679
process

Summary_cellular response to | GO:0070887 -5.975689 -3.0418643
chemical stimulus

Member_cellular response to GO:0070887 -5.975689 -3.0418643
chemical stimulus

Member_cellular response to G0:0071466 -4.323794 | -1.73700135
xenobiotic stimulus

Member_response to G0:0009410 -4.009793 -1.54833994
xenobiotic stimulus

Member_ Arachidonate R-DRE-2142753 -3.130461 -0.90984694
metabolism

Member Cytochrome P450 - R-DRE-211897 -3.060039 | -0.85994689
arranged by substrate type

Member_Synthesis of epoxy R-DRE-2142670 -2.911991 -0.74408355
(EET) and

dihydroxyeicosatrienoic acids

(DHET)

Member_Biosynthesis of R-DRE-9018677 -2.433406 | -0.38582988
DHA-derived SPMs

Member_ Biosynthesis of R-DRE-9018678 -2.433406 -0.38582988
specialized proresolving

mediators (SPMs)

Member Phase I - R-DRE-211945 -2.430353 -0.38582988
Functionalization of

compounds

Member_ Biological oxidations | R-DRE-211859 -2.294388 -0.28002671
Member xenobiotic metabolic | GO:0006805 -2.125493 -0.1617049
process

Summary_Cytoprotection by R-DRE-9707564 -5.736134 | -2.86925601
HMOX1

Member_ Cytoprotection by R-DRE-9707564 -5.736134 -2.86925601
HMOX1

Member_Cellular response to | R-DRE-9711123 -5.139349 -2.38161572

chemical stress
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Member_Cellular responses to | R-DRE-2262752 -4.046842 -1.54833994
stress

Member_Cellular responses to | R-DRE-8953897 -3.723964 | -1.33420751
stimuli

Member TP53 Regulates R-DRE-5628897 -2.992837 -0.7993747
Metabolic Genes

Member_Aerobic respiration R-DRE-1428517 -2.586349 -0.49762284
and respiratory electron

transport

Member Respiratory electron | R-DRE-611105 -2.153085 -0.17750599
transport

Summary_organic acid G0:0006082 -4.848242 -2.15745561
metabolic process

Member_organic acid G0:0006082 -4.848242 -2.15745561
metabolic process

Member_carboxylic acid GO0:0019752 -4.031519 | -1.54833994
metabolic process

Member_oxoacid metabolic G0:0043436 -3.993144 | -1.54833994
process

Member_small molecule G0:0044282 -3.480514 | -1.13026602
catabolic process

Member_ proteinogenic amino | GO:0170040 -2.670483 -0.56056711
acid catabolic process

Member_L-amino acid GO:0170035 -2.569358 | -0.48949265
catabolic process

Member_cellular catabolic G0:0044248 -2.362647 -0.33191246
process

Member_alpha-amino acid GO:1901606 -2.284432 -0.28002671
catabolic process

Member_proteinogenic amino | GO:0170039 -2.153969 -0.17750599
acid metabolic process

Member amino acid catabolic | GO:0009063 -2.135366 -0.16768336
process

Member_ L-amino acid G0:0170033 -2.101388 -0.14907972
metabolic process

Member_ organic acid G0O:0016054 -2.001727 -0.08563083
catabolic process

Member carboxylic acid GO0:0046395 -2.001727 -0.08563083
catabolic process

Summary Neutrophil R-DRE-6798695 -4.731062 -2.06047871
degranulation

Member Neutrophil R-DRE-6798695 -4.731062 | -2.06047871
degranulation

Member Innate Immune R-DRE-168249 -3.386489 -1.08362234
System

Member Immune System R-DRE-168256 -2.4005 -0.36521814
Summary ADP metabolic G0:0046031 -4.41269 -1.76141161

process
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Member ADP metabolic GO:0046031 -4.41269 | -1.76141161
process

Member_purine nucleoside GO0:0009135 -4.36342 | -1.74835433
diphosphate metabolic process

Member_purine ribonucleoside | GO:0009179 -4.36342 -1.74835433
diphosphate metabolic process

Member_ purine-containing G0:0072523 -4.290255 -1.72440696
compound catabolic process

Member_ribonucleoside GO:0009185 -4.222798 -1.68691303
diphosphate metabolic process

Member_Glycolysis and WP1356 -4.222798 -1.68691303
gluconeogenesis

Member_ Glycolysis / dre00010 -4.06902 -1.54833994
Gluconeogenesis

Member nucleoside GO:0009132 -4.009383 | -1.54833994
diphosphate metabolic process

Member_generation of G0:0006091 -3.82197 -1.40688483
precursor metabolites and

energy

Member_pyruvate metabolic GO:0006090 -3.817831 -1.40688483
process

Member Biosynthesis of dre01230 -3.788233 -1.38801057
amino acids

Member_glycolytic process GO:0006096 -3.406988 | -1.08362234
Member ADP catabolic GO0:0046032 -3.406988 | -1.08362234
process

Member_purine nucleoside GO0:0009137 -3.364234 | -1.08362234
diphosphate catabolic process

Member_purine ribonucleoside | GO:0009181 -3.364234 | -1.08362234
diphosphate catabolic process

Member_ribonucleoside GO0:0009191 -3.364234 | -1.08362234
diphosphate catabolic process

Member_ pyridine nucleotide G0:0019364 -3.282193 -1.02506159
catabolic process

Member pyridine-containing | GO:0072526 -3.282193 | -1.02506159
compound catabolic process

Member ATP metabolic GO:0046034 -3.258626 | -1.01647232
process

Member_nucleoside GO0:0009134 -3.242791 -1.00793592
diphosphate catabolic process

Member_purine ribonucleoside | GO:0009205 -2.899144 |  -0.73739681
triphosphate metabolic process

Member_purine ribonucleotide | GO:0009154 -2.867075 | -0.71739173
catabolic process

Member_ribonucleotide G0:0009261 -2.867075 -0.71739173
catabolic process

Member_purine nucleoside GO0:0009144 -2.814957 | -0.67118291
triphosphate metabolic process

Member Glycolysis R-DRE-70171 -2.808896 | -0.67095177
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Member_ribonucleoside G0:0009199 -2.734872 -0.60267944
triphosphate metabolic process

Member_purine nucleotide GO:0006195 -2.670483 -0.56056711
catabolic process

Member nucleoside G0:0009141 -2.568 -0.48949265
triphosphate metabolic process

Member nucleotide catabolic | GO:0009166 -2.498088 -0.42956496
process

Member Glucose metabolism | R-DRE-70326 -2.469502 -0.40662354
Member_carbohydrate G0:0016052 -2.408507 -0.36862884
catabolic process

Member_nucleoside phosphate | GO:1901292 -2.304323 -0.28254302
catabolic process

Member pyridine nucleotide G0:0019362 -2.284432 -0.28002671
metabolic process

Member_nicotinamide GO0:0046496 -2.284432 |  -0.28002671
nucleotide metabolic process

Member_ pyridine-containing G0:0072524 -2.207758 -0.20758919
compound metabolic process

Member_carbohydrate GO0:0005975 -2.197526 | -0.20155331
metabolic process

Member_carbohydrate GO:1901136 -2.180996 -0.18917994
derivative catabolic process

Summary_regulation of GO0:0045646 -3.628691 -1.26889745
erythrocyte differentiation

Member_regulation of G0:0045646 -3.628691 -1.26889745
erythrocyte differentiation

Member_regulation of GO0:1903706 -3.232171 -1.00449534
hemopoiesis

Member_regulation of myeloid | GO:0045637 -3.060039 -0.85994689
cell differentiation

Member_regulation of G0:2000026 -2.34867 | -0.32243544
multicellular organismal

development

Member_regulation of immune | GO:0002682 -2.147258 | -0.17564439
system process

Member_regulation of GO:1902105 -2.073175 -0.13571646
leukocyte differentiation

Member_regulation of GO:0051239 -2.024025 | -0.09737921
multicellular organismal

process

Summary_Metabolism of R-DRE-189445 -3.28948 | -1.02506159
porphyrins

Member Metabolism of R-DRE-189445 -3.28948 -1.02506159
porphyrins

Summary_Glycine, serine and | dre00260 -3.060039 -0.85994689
threonine metabolism

Member_Glycine, serine and dre00260 -3.060039 | -0.85994689

threonine metabolism
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Summary_superoxide G0O:0006801 -2.967148 -0.78205679
metabolic process

Member_superoxide metabolic | GO:0006801 -2.967148 -0.78205679
process

Member_response to oxygen- | GO:1901700 -2.724872 -0.59835703
containing compound

Summary_endothelial cell G0:0043542 -2.714189 -0.59327765
migration

Member_endothelial cell G0:0043542 -2.714189 -0.59327765
migration

Summary_transforming GO:0007179 -2.626665 -0.53273732
growth factor beta receptor

signaling pathway

Member _transforming growth | GO:0007179 -2.626665 -0.53273732
factor beta receptor signaling

pathway

Member_response to GO:0071559 -2.626665 -0.53273732
transforming growth factor

beta

Member_cellular response to G0:0071560 -2.626665 -0.53273732
transforming growth factor

beta stimulus

Member_cell surface receptor | GO:0007178 -2.171053 -0.18521764
protein serine/threonine kinase

signaling pathway

Member_response to GO0:0009719 -2.16884 | -0.18521764
endogenous stimulus

Member_cellular response to G0:0071363 -2.114353 -0.15442607
growth factor stimulus

Member_response to growth G0:0070848 -2.101388 -0.14907972
factor

Member_cellular response to G0:0071495 -2.085848 -0.13729986
endogenous stimulus

Member_enzyme-linked GO:0007167 -2.010213 -0.08711181
receptor protein signaling

pathway

Summary_organic hydroxy GO:1901615 -2.518539 -0.44505262
compound metabolic process

Member_organic hydroxy GO:1901615 -2.518539 -0.44505262
compound metabolic process

Summary_supramolecular GO0:0097435 -2.077075 -0.13571646
fiber organization

Member supramolecular fiber | GO:0097435 -2.077075 -0.13571646
organization

Summary_phototransduction G0:0007602 -2.073175 -0.13571646
Member_phototransduction G0:0007602 -2.073175 | -0.13571646
Summary_positive regulation | GO:0010604 -2.042542 -0.10871769

of macromolecule metabolic
process
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Member_ positive regulation of | GO:0010604 -2.042542 -0.10871769
macromolecule metabolic

process

Summary_defense response GO0:0006952 -2.036221 -0.10600092
Member_defense response G0:0006952 -2.036221 -0.10600092

Table 7: Metascape (Zhou et al., 2019) shared downregulated microbial response

Shared Microbial Term LogP Log(q-value)

Response Down
Summary_intracellular iron GO:0006879 -5.162922 | -1.149916365
ion homeostasis
Member _intracellular iron ion | GO:0006879 -5.162922 | -1.149916365
homeostasis
Member _intracellular GO0:0006873 -3.243483 | -0.075574855
monoatomic ion homeostasis
Member _intracellular G0:0030003 -3.243483 | -0.075574855
monoatomic cation
homeostasis
Member_cellular homeostasis | GO:0019725 -2.974457 0
Member _intracellular GO0:0055082 -2.951219 0
chemical homeostasis
Member_Ferroptosis dre04216 -2.774416 0
Member monoatomic cation | GO:0055080 -2.765476 0
homeostasis
Member _monoatomic ion GO0:0050801 -2.617604 0
homeostasis
Member _iron ion transport GO0:0006826 -2.431303
Member Necroptosis dre04217 -2.336136
Member_inorganic ion GO0:0098771 -2.259782
homeostasis
Summary_Phototransduction | dre04744 -4.303841 | -0.591865137
Member Phototransduction dre04744 -4.303841 | -0.591865137
Summary_modified amino G0:0042398 -4.115881 | -0.579996234
acid biosynthetic process
Member_modified amino G0:0042398 -4.115881 | -0.579996234
acid biosynthetic process
Member modified amino GO:0006575 -3.036541 0
acid metabolic process
Summary_visual perception G0:0007601 -3.43065 | -0.075574855
Member visual perception GO0:0007601 -3.43065 | -0.075574855
Member_sensory perception | GO:0050953 -3.382315 | -0.075574855

of light stimulus
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Member_regulation of G GO0:0008277 -2.223597
protein-coupled receptor

signaling pathway

Summary_sulfur compound GO0:0006790 -2.850005
metabolic process

Member_sulfur compound GO0:0006790 -2.850005
metabolic process

Summary_mitochondrial GO0:0006839 -2.833677
transport

Member_mitochondrial GO0:0006839 -2.833677
transport

Member_protein G0:0044743 -2.607578
transmembrane import into

intracellular organelle

Member protein targeting to | GO:0006626 -2.337463
mitochondrion

Member_protein G0:0071806 -2.307869
transmembrane transport

Member_mitochondrial G0:1990542 -2.295771
transmembrane transport

Member_protein localization | GO:0070585 -2.250972
to mitochondrion

Member_establishment of GO:0072655 -2.250972
protein localization to

mitochondrion

Summary small molecule GO0:0044283 -2.741628
biosynthetic process

Member_small molecule G0:0044283 -2.741628
biosynthetic process

Member _fatty acid metabolic | GO:0006631 -2.439774
process

Member Fatty acid dre01212 -2.410559
metabolism

Member_Fatty acid dre00062 -2.307869
elongation

Summary_cellular respiration | GO:0045333 -2.569802
Member_cellular respiration | GO:0045333 -2.569802
Member_ Respiratory electron | R-DRE-611105 -2.277569
transport

Member Aerobic respiration | R-DRE-1428517 -2.052244
and respiratory electron

transport

Summary_protein GO0:0006470 -2.343753
dephosphorylation

Member_protein GO0:0006470 -2.343753
dephosphorylation

Summary_carboxylic acid G0:1905039 -2.259616

transmembrane transport
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Member_carboxylic acid GO:1905039 -2.259616 0
transmembrane transport

Member_L-alpha-amino acid | GO:1902475 -2.250972 0
transmembrane transport

Member_organic acid GO:1903825 -2.224432 0
transmembrane transport

Member_ L-amino acid GO:0015807 -2.096249 0
transport

Summary_chloride transport | GO:0006821 -2.224432 0
Member_chloride transport GO0:0006821 -2.224432 0
Member_chloride GO:1902476 -2.223597 0
transmembrane transport

Table 8: Metascape (Zhou et al., 2019) enrichment for all significant genes upregulated in

CVMut/GFMut

CVMut/GFMut_UP (description) | Term Log P Log(q-value)
Summary Focal adhesion dre04510 -20.31317 -16.300165
Member Focal adhesion dre04510 -20.31317 -16.300165
Member_ Cytoskeleton in muscle dre04820 -19.77598 -16.064003
cells
Member ECM-receptor interaction dre04512 -17.58459 -14.048707
Summary_organic acid metabolic GO0:0006082 -17.45004 -14.039092
process
Member_organic acid metabolic G0:0006082 -17.45004 -14.039092
process
Member_carboxylic acid metabolic GO0:0019752 -15.36579 -12.051754
process
Member oxoacid metabolic process G0:0043436 -15.13085 -11.896
Member monocarboxylic acid G0:0032787 -10.18781 -7.3508917
metabolic process
Member_fatty acid metabolic process | GO:0006631 -2.525482 -1.0968069
Summary_cell adhesion GO:0007155 -14.77553 -11.607622
Member_cell adhesion GO:0007155 -14.77553 -11.607622
Member _cell-cell adhesion G0:0098609 -2.6394 -1.1934204
Summary_muscle structure GO0:0061061 -14.63036 -11.520444
development
Member_muscle structure GO0:0061061 -14.63036 -11.520444
development
Member_muscle organ development | GO:0007517 -14.0598 -11.001038
Member_muscle cell differentiation G0:0042692 -8.884606 -6.1499305
Member_skeletal muscle organ GO0:0060538 -8.734112 -6.0221358
development
Member_muscle cell development GO0:0055001 -8.286662 -5.6715963
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Member_striated muscle tissue G0:0014706 -7.847791 -5.2971834
development

Member_muscle tissue development | GO:0060537 -7.490255 -5.0213172
Member_skeletal muscle tissue GO0:0007519 -6.935244 -4.5582123
development

Member_striated muscle cell G0:0055002 -4.872485 -2.9422647
development

Member_striated muscle cell GO:0051146 -4.750283 -2.8478667
differentiation

Member_skeletal muscle fiber G0:0048741 -4.22969 -2.4361307
development

Member_myotube cell development | GO:0014904 -4.149051 -2.3664945
Member myotube differentiation GO0:0014902 -3.547183 -1.8805298
Summary_cell-substrate adhesion GO:0031589 -12.44628 -9.433275
Member_cell-substrate adhesion GO0:0031589 -12.44628 -9.433275
Member_cell-matrix adhesion GO:0007160 -8.312104 -5.6793096
Member_integrin-mediated signaling | GO:0007229 -5.949566 -3.8225229
pathway

Member_cell adhesion mediated by G0:0033627 -4.351687 -2.5147727
integrin

Summary_tube morphogenesis G0:0035239 -11.66685 -8.6952374
Member_tube morphogenesis G0:0035239 -11.66685 -8.6952374
Member blood vessel morphogenesis | GO:0048514 -11.27118 -8.3373585
Member blood vessel development GO:0001568 -10.90167 -8.0026033
Member vasculature development G0:0001944 -10.419 -7.5521214
Member_angiogenesis G0:0001525 -7.568646 -5.0607897
Member_sprouting angiogenesis G0:0002040 -6.828149 -4.4872405
Summary_small molecule catabolic G0:0044282 -9.762035 -6.9531493
process

Member_small molecule catabolic G0:0044282 -9.762035 -6.9531493
process

Member_alpha-amino acid catabolic | GO:1901606 -8.606175 -5.915388
process

Member_alpha-amino acid metabolic | GO:1901605 -8.327211 -5.6793096
process

Member_amino acid catabolic G0:0009063 -7.673506 -5.1518617
process

Member_cellular catabolic process G0:0044248 -7.536545 -5.0550177
Member Metabolism of amino acids | R-DRE-71291 -7.301819 -4.8451158
and derivatives

Member organic acid catabolic GO0:0016054 -7.203241 -4.7812995
process

Member_carboxylic acid catabolic GO0:0046395 -7.203241 -4.7812995

process
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Member_dicarboxylic acid metabolic | GO:0043648 -6.927765 -4.5582123
process

Member L-amino acid metabolic G0:0170033 -6.712236 -4.4316241
process

Member amino acid metabolic G0:0006520 -6.693868 -4.4212253
process

Member_proteinogenic amino acid GO0:0170039 -5.941291 -3.8203799
metabolic process

Member L-amino acid catabolic G0:0170035 -5.86179 -3.7572695
process

Member_proteinogenic amino acid GO0:0170040 -4.947416 -3.0025958
catabolic process

Member_glutamate metabolic process | GO:0006536 -2.897777 -1.3808938
Summary_Regulation of actin dre04810 -9.093799 -6.3112418
cytoskeleton

Member Regulation of actin dre04810 -9.093799 -6.3112418
cytoskeleton

Summary_enzyme-linked receptor GO:0007167 -8.884183 -6.1499305
protein signaling pathway

Member_enzyme-linked receptor GO:0007167 -8.884183 -6.1499305
protein signaling pathway

Member _cell surface receptor protein | GO:0007169 -8.014645 -5.4487973
tyrosine kinase signaling pathway

Member_Calcium signaling pathway | dre04020 -4.551091 -2.690373
Member positive regulation of cell G0:0008284 -4.367908 -2.5251641
population proliferation

Member_regulation of cell population | GO:0042127 -3.793384 -2.0830731
proliferation

Member MAPK signaling pathway dre04010 -2.85667 -1.3566065
Member ERK1 ERK2 MAPK WP402 -2.832137 -1.3389595
cascade

Summary_wound healing G0:0042060 -8.385165 -5.7145816
Member wound healing G0:0042060 -8.385165 -5.7145816
Member_response to wounding GO:0009611 -6.497004 -4.2763903
Member regulation of body fluid GO:0050878 -5.40655 -3.366672
levels

Member blood coagulation GO:0007596 -4.662051 -2.782584
Member_hemostasis GO:0007599 -4.662051 -2.782584
Member_coagulation GO0:0050817 -4.662051 -2.782584
Member protein activation cascade G0:0072376 -2.98147 -1.4441358
Member blood coagulation, fibrin G0:0072378 -2.98147 -1.4441358
clot formation

Member_homotypic cell-cell G0:0034109 -2.856395 -1.3566065
adhesion

Member_platelet activation G0:0030168 -2.510618 -1.0886394
Summary_ Carbon metabolism dre01200 -8.154311 -5.561075
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Member Carbon metabolism dre01200 -8.154311 -5.561075
Member Glycolysis / dre00010 -6.858821 -4.5085733
Gluconeogenesis

Member_carbohydrate metabolic GO:0005975 -6.752826 -4.4387902
process

Member_ribonucleoside diphosphate | GO:0009185 -6.626047 -4.3689157
metabolic process

Member_pyridine nucleotide G0:0019362 -6.506075 -4.2783991
metabolic process

Member_nicotinamide nucleotide GO0:0046496 -6.506075 -4.2783991
metabolic process

Member ADP metabolic process GO0:0046031 -6.407602 -4.2075092
Member_purine nucleoside GO:0009135 -6.258742 -4.0882412
diphosphate metabolic process

Member_purine ribonucleoside GO:0009179 -6.258742 -4.0882412
diphosphate metabolic process

Member purine-containing G0:0072523 -6.256149 -4.0882412
compound catabolic process

Member_pyridine-containing G0:0072524 -6.111431 -3.9557579
compound metabolic process

Member pyruvate metabolic process | GO:0006090 -6.067849 -3.9181661
Member nucleoside diphosphate GO:0009132 -5.949038 -3.8225229
metabolic process

Member_Glycolysis and WP1356 -5.840822 -3.7416302
gluconeogenesis

Member_glycolytic process GO:0006096 -5.377743 -3.3515089
Member ADP catabolic process G0:0046032 -5.377743 -3.3515089
Member_Glucose metabolism R-DRE-70326 -5.302882 -3.2811023
Member_purine nucleoside GO0:0009137 -5.238897 -3.2470803
diphosphate catabolic process

Member_purine ribonucleoside GO:0009181 -5.238897 -3.2470803
diphosphate catabolic process

Member_ribonucleoside diphosphate | GO:0009191 -5.238897 -3.2470803
catabolic process

Member nucleobase-containing GO0:0055086 -5.197687 -3.2099868
small molecule metabolic process

Member purine-containing GO0:0072521 -5.183866 -3.2002441
compound metabolic process

Member_carbohydrate catabolic GO0:0016052 -5.168555 -3.188973
process

Member_purine ribonucleotide GO:0009154 -5.004375 -3.0405871
catabolic process

Member_ribonucleotide catabolic G0:0009261 -5.004375 -3.0405871
process

Member_ pyridine nucleotide GO:0019364 -4.976074 -3.0275264

catabolic process
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Member_ pyridine-containing G0:0072526 -4.976074 -3.0275264
compound catabolic process

Member_generation of precursor G0:0006091 -4.900486 -2.9630269
metabolites and energy

Member nucleoside diphosphate G0:0009134 -4.851531 -2.9319471
catabolic process

Member Biosynthesis of amino acids | dre01230 -4.764053 -2.8582574
Member_nucleoside phosphate GO0:1901292 -4.734046 -2.8349839
catabolic process

Member Gluconeogenesis R-DRE-70263 -4.709575 -2.8171427
Member_ organophosphate catabolic | GO:0046434 -4.623833 -2.7507059
process

Member_purine nucleotide catabolic | GO:0006195 -4.31735 -2.4918645
process

Member nucleotide catabolic process | GO:0009166 -4.312185 -2.4895104
Member_Glycolysis R-DRE-70171 -4.035067 -2.2626108
Member_organophosphate metabolic | GO:0019637 -3.909759 -2.1602926
process

Member ATP metabolic process G0:0046034 -3.254178 -1.6594735
Member nucleoside phosphate GO0:0006753 -3.249689 -1.6566386
metabolic process

Member_purine nucleotide metabolic | GO:0006163 -3.156229 -1.5777918
process

Member_carbohydrate derivative GO:1901136 -2.902818 -1.3808938
catabolic process

Member_purine ribonucleoside G0:0009205 -2.85027 -1.3518123
triphosphate metabolic process

Member_Metabolism of R-DRE-71387 -2.654819 -1.2005222
carbohydrates

Member_purine nucleoside GO0:0009144 -2.647298 -1.1977728
triphosphate metabolic process

Member_nucleotide metabolic GO:0009117 -2.640134 -1.1934204
process

Member_ribonucleoside triphosphate | GO:0009199 -2.459073 -1.0502935
metabolic process

Member_ribonucleotide metabolic G0:0009259 -2.335423 -0.955886
process

Member_purine ribonucleotide GO:0009150 -2.325663 -0.9491446
metabolic process

Member ribose phosphate metabolic | GO:0019693 -2.158149 -0.8342275
process

Member_nucleoside triphosphate GO0:0009141 -2.082925 -0.7817262
metabolic process

Summary_Glycine, serine and dre00260 -8.142717 -5.561075
threonine metabolism

Member_Glycine, serine and dre00260 -8.142717 -5.561075

threonine metabolism
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Summary_ Biological oxidations R-DRE- -7.826292 -5.2904076
211859

Member_ Biological oxidations R-DRE- -7.826292 -5.2904076
211859

Member Phase I - Functionalization | R-DRE- -6.575553 -4.3259753

of compounds 211945

Member_ Biosynthesis of DHA- R-DRE- -5.990695 -3.8527506

derived SPMs 9018677

Member Biosynthesis of specialized | R-DRE- -5.990695 -3.8527506

proresolving mediators (SPMs) 9018678

Member_cellular response to GO:0071466 -5.704356 -3.6258486

xenobiotic stimulus

Member_response to xenobiotic G0:0009410 -5.40655 -3.366672

stimulus

Member Cytochrome P450 - R-DRE- -4.97843 -3.0275264

arranged by substrate type 211897

Member_ xenobiotic metabolic G0O:0006805 -4.614939 -2.7449482

process

Member Biosynthesis of maresins R-DRE- -4.409053 -2.5604003
9018682

Member Aspirin ADME R-DRE- -4.264117 -2.4579371
9749641

Member Biosynthesis of maresin- R-DRE- -4.035067 -2.2626108

like SPMs 9027307

Member Xenobiotics R-DRE- -3.868784 -2.1480343
211981

Member_ Synthesis of epoxy (EET) R-DRE- -3.513276 -1.8562962

and dihydroxyeicosatrienoic acids 2142670

(DHET)

Member Miscellaneous substrates R-DRE- -3.379185 -1.7397348
211958

Member Metabolism of lipids R-DRE- -2.715042 -1.2485788
556833

Member_ Arachidonate metabolism R-DRE- -2.6267 -1.1830681
2142753

Member CYP2EI reactions R-DRE- -2.263271 -0.9120777
211999

Member_Fatty acids R-DRE- -2.160979 -0.8355021
211935

Summary heart development GO:0007507 -7.538567 -5.0550177

Member_heart development GO0:0007507 -7.538567 -5.0550177

Member _tissue morphogenesis G0:0048729 -4.834553 -2.9184576

Member_morphogenesis of an G0:0002009 -3.718352 -2.0234099

epithelium

Member_epithelial tube GO0:0060562 -3.566633 -1.8980197

morphogenesis

Member_heart morphogenesis G0:0003007 -3.046601 -1.4929874

75




Member _embryonic heart tube G0:0035050 -2.282856 -0.9240267
development

Summary_One carbon pool by folate | dre00670 -7.250182 -4.8053774
Member_ One carbon pool by folate dre00670 -7.250182 -4.8053774
Member_one-carbon metabolic G0:0006730 -5.681345 -3.6128215
process

Member One carbon metabolism WP1355 -3.814146 -2.0999936
Member _tetrahydrofolate G0:0035999 -2.70796 -1.2464045
interconversion

Member_glycine biosynthetic process | GO:0006545 -2.383322 -0.9956282
Member _tetrahydrofolate metabolic G0:0046653 -2.362912 -0.9803339
process

Member Glyoxylate and dre00630 -2.185307 -0.8562484
dicarboxylate metabolism

Member_ Folate transport and dre04981 -2.076241 -0.7784028
metabolism

Summary_actin cytoskeleton G0:0030036 -7.181643 -4.7706971
organization

Member actin cytoskeleton G0:0030036 -7.181643 -4.7706971
organization

Member_actin filament-based process | GO:0030029 -7.010625 -4.620868
Member_supramolecular fiber G0:0097435 -5.58907 -3.530307
organization

Member_cytoskeleton organization G0:0007010 -4.822937 -2.910302
Member_actomyosin structure G0:0031032 -4.597093 -2.7333067
organization

Member myofibril assembly G0:0030239 -2.921519 -1.3942344
Member_cellular component G0:0010927 -2.895589 -1.3808938
assembly involved in morphogenesis

Member_cellular anatomical entity G0:0032989 -2.895589 -1.3808938
morphogenesis

Member_sarcomere organization GO0:0045214 -2.44458 -1.0368796
Summary_Arginine and proline dre00330 -7.03478 -4.6345578
metabolism

Member_ Arginine and proline dre00330 -7.03478 -4.6345578
metabolism

Member modified amino acid GO:0006575 -6.520049 -4.2783991
metabolic process

Member_ phosphagen metabolic GO0:0006599 -3.892265 -2.1602926
process

Member phosphocreatine metabolic | GO:0006603 -3.892265 -2.1602926
process

Member phosphagen biosynthetic G0:0042396 -3.892265 -2.1602926
process

Member phosphocreatine GO0:0046314 -3.892265 -2.1602926

biosynthetic process
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Member modified amino acid G0:0042398 -3.008655 -1.4610316
biosynthetic process

Member_Creatine metabolism R-DRE-71288 -2.108058 -0.8043218
Summary_cellular response to G0:0071495 -6.903387 -4.5435937
endogenous stimulus

Member_cellular response to G0:0071495 -6.903387 -4.5435937
endogenous stimulus

Member_cellular response to GO0:0070887 -6.784084 -4.4612741
chemical stimulus

Member_response to endogenous GO0:0009719 -6.413762 -4.2075092
stimulus

Member_cellular response to G0:0032870 -3.707743 -2.0148837
hormone stimulus

Member_response to hormone GO0:0009725 -3.368922 -1.7343141
Summary_regulation of cell G0:0030334 -6.811756 -4.4799912
migration

Member_regulation of cell migration | GO:0030334 -6.811756 -4.4799912
Member_regulation of cell motility G0:2000145 -5.760593 -3.6718663
Member_positive regulation of cell G0:0030335 -5.49357 -3.4396051
migration

Member_regulation of locomotion G0:0040012 -4.981992 -3.0275264
Member_positive regulation of cell G0:2000147 -4.89556 -2.9617352
motility

Member_positive regulation of GO0:0040017 -4.623833 -2.7507059
locomotion

Member_positive regulation of G0:0002687 -3.889797 -2.1600925
leukocyte migration

Member_regulation of leukocyte G0:0002685 -3.136839 -1.5599962
migration

Member_positive regulation of G0:0002690 -3.061903 -1.5008938
leukocyte chemotaxis

Member_regulation of leukocyte G0:0002688 -2.869688 -1.3618323
chemotaxis

Member_positive regulation of G0:0050921 -2.105491 -0.8034485
chemotaxis

Member_regulation of neutrophil G0:1902622 -2.064973 -0.7704686
migration

Summary_aromatic amino acid GO0:0009074 -6.728169 -4.4326448
family catabolic process

Member_aromatic amino acid family | GO:0009074 -6.728169 -4.4326448
catabolic process

Member_aromatic amino acid GO0:0009072 -5.624816 -3.5612002
metabolic process

Member_erythrose 4- GO:1902221 -3.979963 -2.2246355
phosphate/phosphoenolpyruvate

family amino acid metabolic process

Member Phenylalanine metabolism | dre00360 -3.057534 -1.5008938
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Member_tyrosine metabolic process | GO:0006570 -2.856395 -1.3566065
Member L-phenylalanine metabolic | GO:0006558 -2.285635 -0.9248758
process

Member_ L-phenylalanine catabolic GO0:0006559 -2.285635 -0.9248758
process

Member_erythrose 4- GO:1902222 -2.116615 -0.8043218
phosphate/phosphoenolpyruvate

family amino acid catabolic process

Member Tyrosine metabolism dre00350 -2.042705 -0.7531552

Table 9: Metascape (Zhou et al., 2019) enrichment for significant genes downregulated in

CVMut/GFMut
CVMut/GFMut DOWN Term LogP Log(q-value)
(description)
Summary_Spliceosome dre03040 -22.913548 -18.90054227
Member_Spliceosome dre03040 -22.913548 -18.90054227
Member RNA splicing G0:0008380 -18.718413 -15.00643701
Member mRNA processing GO:0006397 -18.49077 -14.95488554
Member mRNA metabolic process G0:0016071 -18.268753 -14.85780758
Member mRNA processing WP467 -17.490689 -14.17665342
Member RNA splicing, via GO:0000375 -16.394064 | -13.28414849
transesterification reactions
Member RNA splicing, via G0:0000377 -16.394064 -13.28414849
transesterification reactions with
bulged adenosine as nucleophile
Member mRNA splicing, via G0:0000398 -16.394064 | -13.28414849
spliceosome
Member RNA biosynthetic process G0:0032774 -13.935668 -10.8769044
Member mRNA Splicing - Major R-DRE-72163 | -12.435304 -9.501479233
Pathway
Member mRNA Splicing R-DRE-72172 | -12.435304 -9.501479233
Member Processing of Capped R-DRE-72203 | -12.435304 -9.501479233
Intron-Containing Pre-mRNA
Member RNA processing G0:0006396 -12.376541 -9.477478528
Member Metabolism of RNA R-DRE- -7.7905407 -5.139262665
8953854
Summary_Nucleocytoplasmic dre03013 -10.632004 -7.765126493
transport
Member Nucleocytoplasmic dre03013 -10.632004 -7.765126493
transport
Member mRNA transport G0:0051028 -8.8427784 -6.043465302
Member nucleic acid transport G0:0050657 -8.1960471 -5.484071242
Member RNA transport GO:0050658 -8.1960471 -5.484071242
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Member_establishment of RNA G0:0051236 -8.1960471 -5.484071242

localization

Member RNA localization GO:0006403 -7.5737864 | -4.940991781

Member_nuclear export GO:0051168 -7.291735 -4.676669113

Member RNA export from nucleus G0:0006405 -6.2689904 -3.739848317

Member mRNA export from nucleus | GO:0006406 -6.2614925 -3.739848317

Member nucleocytoplasmic transport | GO:0006913 -6.2357144 -3.727858534

Member_nuclear transport GO:0051169 -6.1509904 | -3.656498483

Member_nucleobase-containing G0:0015931 -5.0484396 -2.716675002

compound transport

Member poly(A)+ mRNA export GO:0016973 -2.9579669 | -0.993826807

from nucleus

Summary Metabolism of proteins R-DRE- -9.0276952 -6.190780627
392499

Member Metabolism of proteins R-DRE- -9.0276952 -6.190780627
392499

Member Post-translational protein R-DRE- -8.8260222 -6.043465302

modification 597592

Member_ Class I MHC mediated R-DRE- -5.371386 -2.971164055

antigen processing & presentation 983169

Member Adaptive Immune System R-DRE- -4.3496126 -2.121936567
1280218

Member Antigen processing: R-DRE- -3.8502525 -1.697550399

Ubiquitination & Proteasome 983168

degradation

Member Neddylation R-DRE- -3.100778 | -1.108961474
8951664

Summary_mitochondrial respirasome | GO:0097250 -7.9105623 -5.219775711

assembly

Member_mitochondrial respirasome G0:0097250 -7.9105623 -5.219775711

assembly

Member mitochondrial respiratory G0:0033108 -7.0799871 -4.481954645

chain complex assembly

Member cytochrome complex G0:0017004 -6.0154157 -3.533888755

assembly

Member_mitochondrion organization | GO:0007005 -5.7982176 -3.364995376

Member_mitochondrial cytochrome ¢ | GO:0033617 -3.1108073 -1.114834812

oxidase assembly

Member_respiratory chain complex GO0:0008535 -2.9376456 -0.98909775

IV assembly

Summary_ribonucleoprotein complex | GO:0022613 -7.8771886 -5.20660543

biogenesis

Member_ribonucleoprotein complex | GO:0022613 -7.8771886 -5.20660543

biogenesis

Member rRNA processing GO0O:0006364 -3.4716107 -1.393222063

Member ribosome biogenesis G0:0042254 -3.3419856 -1.302107597
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Member rRNA metabolic process G0:0016072 -3.1959149 -1.195746248

Member Ribosome biogenesis in dre03008 -2.0846823 -0.393895785

eukaryotes

Summary_protein-containing G0:0065003 -6.6919226 -4.110280538

complex assembly

Member_protein-containing complex | GO:0065003 -6.6919226 -4.110280538

assembly

Member protein-containing complex | G0O:0043933 -5.8079077 -3.364995376

organization

Member_ protein-RNA complex G0:0022618 -5.0218395 -2.699029711

assembly

Member_spliceosomal snRNP GO0:0000387 -4.870392 | -2.572732072

assembly

Member_ protein-RNA complex GO0:0071826 -4.7599034 -2.471173448

organization

Member_spliceosomal complex G0:0000245 -2.6495396 -0.763638593

assembly

Summary_Oxidative phosphorylation | dre00190 -6.6127225 -4.046874634

Member Oxidative phosphorylation | dre00190 -6.6127225 -4.046874634

Member_ Respiratory electron R-DRE- -3.8355005 -1.691726395

transport 611105

Member_respiratory electron G0:0022904 -2.9576146 -0.993826807

transport chain

Member_aerobic electron transport GO0:0019646 -2.6544105 -0.765256306

chain

Member mitochondrial ATP GO:0042775 -2.6544105 -0.765256306

synthesis coupled electron transport

Member_electron transport chain G0:0022900 -2.613029 | -0.751248888

Member_cellular respiration G0:0045333 -2.5737095 -0.722897523

Member ATP synthesis coupled G0:0042773 -2.4622432 -0.645137041

electron transport

Member_Aerobic respiration and R-DRE- -2.458554 | -0.644205276

respiratory electron transport 1428517

Member_oxidative phosphorylation G0:0006119 -2.121919 -0.421907066

Summary_Cellular responses to stress | R-DRE- -6.3130203 -3.762412454
2262752

Member_Cellular responses to stress | R-DRE- -6.3130203 -3.762412454
2262752

Member Cellular responses to stimuli | R-DRE- -5.2093221 -2.868414112
8953897

Member Gene expression R-DRE-74160 | -5.0117066 -2.697670721

(Transcription)

Member RNA Polymerase 11 R-DRE-73857 | -4.2802812 -2.066615874

Transcription

Member TP53 Regulates Metabolic R-DRE- -3.256348 -1.234568255

Genes 5628897
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Member Transcriptional Regulation | R-DRE- -2.8849414 -0.95111679

by TP53 3700989

Member Generic Transcription R-DRE- -2.5715505 -0.722897523

Pathway 212436

Summary_protein folding G0O:0006457 -5.9086606 -3.439722844

Member_protein folding G0:0006457 -5.9086606 -3.439722844

Member_protein maturation G0:0051604 -3.2290837 -1.224678063

Member_'de novo' protein folding GO:0006458 -2.5517092 |  -0.708965076

Member 'de novo' post-translational | GO:0051084 -2.1210457 -0.421907066

protein folding

Summary_Iron uptake and transport R-DRE- -5.8274906 -3.370787205
917937

Member_Iron uptake and transport R-DRE- -5.8274906 -3.370787205
917937

Member Transferrin endocytosis and | R-DRE- -5.260296 -2.900502648

recycling 917977

Member Amino acids regulate R-DRE- -5.260296 -2.900502648

mTORCI1 9639288

Member_ Cellular response to R-DRE- -5.260296 -2.900502648

starvation 9711097

Member_Insulin receptor recycling R-DRE-77387 | -4.6141204 -2.358705616

Member_Signaling by Insulin R-DRE-74752 | -4.1730477 -1.966221843

receptor

Member ROS and RNS production in | R-DRE- -3.6562079 | -1.535296681

phagocytes 1222556

Member Phagosome dre04145 -2.500157 -0.674671901

Member_ proton transmembrane G0:1902600 -2.4500085 -0.638399764

transport

Summary Proteasome assembly R-DRE- -5.6206256 -3.19868433
9907900

Member_ Proteasome assembly R-DRE- -5.6206256 -3.19868433
9907900

Member Proteasome dre03050 -3.8206111 -1.682666528

Member Regulation of mRNA R-DRE- -2.9483676 -0.98909775

stability by proteins that bind AU-rich | 450531

elements

Member Mitotic G2-G2/M phases R-DRE- -2.524526 | -0.690497057
453274

Member G2/M Transition R-DRE-69275 -2.524526 -0.690497057

Member Nuclear events mediated by | R-DRE- -2.2037775 -0.478573418

NFE2L2 9759194

Member KEAPI1-NFE2L2 pathway R-DRE- -2.1890823 -0.468332522
9755511

Member Cellular response to R-DRE- -2.0269799 -0.371908867

chemical stress 9711123

Summary mRNA surveillance dre03015 -5.4391826 -3.028236783

pathway
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Member mRNA surveillance dre03015 -5.4391826 -3.028236783

pathway

Member RNA catabolic process G0:0006401 -3.4734026 -1.393222063

Member_nucleic acid catabolic GO:0141188 -3.044656 | -1.061033912

process

Member mRNA catabolic process G0:0006402 -2.5039774 -0.67566297

Member nuclear-transcribed mRNA | GO:0000184 -2.3036107 -0.548283463

catabolic process, nonsense-mediated

decay

Member nuclear-transcribed mRNA | GO:0000956 -2.2293757 -0.490527663

catabolic process

Summary RNA polymerase 11 R-DRE- -5.3034598 -2.9137032

transcribes snRNA genes 6807505

Member RNA polymerase 11 R-DRE- -5.3034598 -2.9137032

transcribes snRNA genes 6807505

Member _transcription by RNA GO0:0006366 -4.4377184 -2.20232374

polymerase 11

Member _transcription initiation at G0:0006367 -3.8054194 -1.673227112

RNA polymerase Il promoter

Member DNA-templated GO0:0006352 -3.4957465 -1.396554499

transcription initiation

Member_ Estrogen signaling WP1330 -2.524526 -0.690497057

Member DNA-templated GO:0006351 -2.4416408 | -0.632754966

transcription

Member Formation of TC-NER Pre- | R-DRE- -2.1210457 -0.421907066

Incision Complex 6781823

Member TP53 Regulates R-DRE- -2.0367496 -0.379464692

Transcription of DNA Repair Genes 6796648

Summary Immune System R-DRE- -5.2433372 -2.893089231
168256

Member_ Immune System R-DRE- -5.2433372 -2.893089231
168256

Member_Innate Immune System R-DRE- -2.718325 -0.809122882
168249

Summary_establishment of protein GO:0045184 -4.8697346 | -2.572732072

localization

Member_establishment of protein G0:0045184 -4.8697346 -2.572732072

localization

Member _intracellular transport GO0:0046907 -4.4371783 -2.20232374

Member _intracellular protein G0O:0006886 -2.8069883 -0.88034233

transport

Summary_ Mitochondrial translation | R-DRE- -4.7116071 -2.438963962

clongation 5389840

Member Mitochondrial translation R-DRE- -4.7116071 -2.438963962

elongation 5389840

Member Mitochondrial translation R-DRE- -4.7116071 -2.438963962

termination 5419276
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Member Mitochondrial translation R-DRE- -4.6207114 -2.358705616
5368287

Member_Translation R-DRE-72766 | -2.6367337 -0.757960296

Summary Phototransduction dre04744 -4.6082835 -2.358705616

Member Phototransduction dre04744 -4.6082835 -2.358705616

Member_Inactivation, recovery and R-DRE- -4.0653492 -1.871887292

regulation of the phototransduction 2514859

cascade

Member_ The phototransduction R-DRE- -3.8472334 -1.697550399

cascade 2514856

Member_ Visual phototransduction R-DRE- -3.2367427 -1.22547074
2187338

Member_ Sensory Perception R-DRE- -2.0090728 -0.357794799
9709957

Summary_Activation of BH3-only R-DRE- -4.3323861 -2.111771956

proteins 114452

Member Activation of BH3-only R-DRE- -4.3323861 -2.111771956

proteins 114452

Member _Intrinsic Pathway for R-DRE- -3.4662971 -1.393222063

Apoptosis 109606

Member_Activation of BAD and R-DRE- -3.4617452 -1.393222063

translocation to mitochondria 111447

Member Regulation of localization of | R-DRE- -2.9579669 -0.993826807

FOXO transcription factors 9614399

Member Apoptosis R-DRE- -2.6156451 -0.751248888
109581

Member FOXO-mediated R-DRE- -2.5732464 -0.722897523

transcription 9614085

Member Programmed Cell Death R-DRE- -2.369939 -0.589929262
5357801

Summary_protein localization to GO0:0033365 -4.1413025 -1.941210047

organelle

Member_protein localization to G0:0033365 -4.1413025 -1.941210047

organelle

Member_mitochondrial transport GO0:0006839 -3.7699274 | -1.643412228

Member protein localization to GO:0070585 -2.6119664 -0.751248888

mitochondrion

Member_establishment of protein GO0:0072655 -2.6119664 -0.751248888

localization to mitochondrion

Member_establishment of protein GO:0072594 -2.5676353 -0.721946788

localization to organelle

Member_mitochondrial GO0:1990542 -2.5077332 | -0.676570986

transmembrane transport

Summary_regulation of RNA splicing | GO:0043484 -4.023135 -1.836203964

Member_regulation of RNA splicing | GO:0043484 -4.023135 -1.836203964

Member_regulation of alternative G0:0000381 -2.369939 -0.589929262

mRNA splicing, via spliceosome
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Member_regulation of mRNA G0:0048024 -2.1756634 -0.459322734
splicing, via spliceosome

2.2.5 elf3 regulates gene expression in larval zebrafish independent of
microbial status

Having evaluated the impact of e/f3 mutation on host response to microbiota, we next
wanted to evaluate how elf3 mutation affects gene expression beyond the microbial response. To
do this, we identified elf3-dependent genes that are similarly differential in both the CVMut/GFMut
and GFMut/GFWT comparisons. We found that 52% of elf3-dependent genes were up- or
downregulated in both microbial conditions (Fig.4D, closed black circles in Fig.4F). This common
genotypic effect included enrichment of genes involved in mRNA stability, proline metabolism,
and response to cellular stress (Table 8). Conversely, pyruvate and glycerophospholipid metabolic
pathways along with mucins and mucin-associated genes (mucl3a, mucSe, and mucmsl) were
downregulated independent of microbial status in elf3 mutants. We also identified defense response
genes (irgll, nos2a, crp7) among the shared downregulated genes, indicating potential
immunologic roles for e/f3 independent of microbial stimulation. Together, these results uncover

diverse elf3-dependent transcriptional programs in zebrafish larvae.
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Table 10: Metascape (Zhou et al., 2019) enrichment upregulated genotypic response

Shared genotype response Term LogP Log(q-value)
Upregulated in CVMut/CVWT and
GFMut/GFWT

Summary Regulation of mRNA R-DRE-450531 | -4.48202323 | -0.46901738
stability by proteins that bind AU-rich
elements
Member Regulation of mRNA stability | R-DRE-450531 | -4.48202323 | -0.46901738
by proteins that bind AU-rich elements
Member KEAP1-NFE2L2 pathway R-DRE-9755511 | -4.00670694 | -0.33467607
Member_ Class | MHC mediated antigen | R-DRE-983169 | -3.51518332 | -0.33467607
processing & presentation
Member Neddylation R-DRE-8951664 | -3.5114984 | -0.33467607
Member Assembly of the pre- R-DRE-68867 -3.47432511 | -0.33467607
replicative complex
Member DNA Replication Pre- R-DRE-69002 -3.47432511 | -0.33467607
Initiation
Member Regulation of PTEN stability R-DRE-8948751 | -3.38260464 | -0.33467607
and activity
Member Antigen processing: R-DRE-983168 | -3.34547961 | -0.33467607
Ubiquitination & Proteasome
degradation
Member DNA Replication R-DRE-69306 -3.25466982 | -0.33467607
Member Proteasome assembly R-DRE-9907900 | -3.25466982 | -0.33467607
Member_ Cellular responses to stress R-DRE-2262752 | -3.22612135 | -0.33467607
Member_Cellular response to chemical | R-DRE-9711123 | -3.20473837 | -0.33467607
stress
Member Adaptive Immune System R-DRE-1280218 | -3.20155389 | -0.33467607
Member Deubiquitination R-DRE-5688426 | -3.16417095 | -0.32725636
Member_Cyclin E associated events R-DRE-69202 -3.06312155 | -0.25423568
during G1/S transition
Member Cyclin A:Cdk2-associated R-DRE-69656 -3.0276197 | -0.24506277
events at S phase entry
Member_Antigen processing-Cross R-DRE-1236975 | -2.95909997 | -0.23522609
presentation
Member PTEN Regulation R-DRE-6807070 | -2.95909997 | -0.23522609
Member_ Cellular responses to stimuli R-DRE-8953897 | -2.9469402 | -0.23522609
Member_ G1/S Transition R-DRE-69206 -2.92601264 | -0.23522609
Member_S Phase R-DRE-69242 -2.7710928 | -0.12340987
Member ubiquitin-dependent protein GO:0006511 -2.76701094 | -0.12340987
catabolic process
Member_Ub-specific processing R-DRE-5689880 | -2.75620448 | -0.12340987
proteases
Member Proteasome dre03050 -2.71354701 | -0.11103028
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Member modification-dependent GO0:0019941 -2.68679106 | -0.10514898
protein catabolic process

Member_modification-dependent GO0:0043632 -2.66934319 | -0.10349537
macromolecule catabolic process

Member Activation of NF-kappaB in B | R-DRE-1169091 | -2.53426018 | -0.08585798
cells

Member Degradation of GLI1 by the R-DRE-5610780 | -2.53426018 | -0.08585798
proteasome

Member Mitotic G1 phase and G1/S R-DRE-453279 | -2.52892788 | -0.08585798
transition

Member Metabolism of amino acids R-DRE-71291 -2.52501461 | -0.08585798
and derivatives

Member_ Cross-presentation of soluble R-DRE-1236978 | -2.49445524 | -0.08585798
exogenous antigens (endosomes)

Member_ Autodegradation of the E3 R-DRE-349425 | -2.49445524 | -0.08585798
ubiquitin ligase COP1

Member Regulation of ornithine R-DRE-350562 | -2.49445524 | -0.08585798
decarboxylase (ODC)

Member_Stabilization of p53 R-DRE-69541 -2.49445524 | -0.08585798
Member Ubiquitin-dependent R-DRE-75815 -2.49445524 | -0.08585798
degradation of Cyclin D

Member RUNXI regulates transcription | R-DRE-8939236 | -2.49445524 | -0.08585798
of genes involved in differentiation of

HSCs

Member Degradation of AXIN R-DRE-4641257 | -2.45600828 | -0.08585798
Member The role of GTSEI in G2/M R-DRE-8852276 | -2.45600828 | -0.08585798
progression after G2 checkpoint

Member Downstream signaling events | R-DRE-1168372 | -2.41883546 | -0.08585798
of B Cell Receptor (BCR)

Member AUF1 (hnRNP DO0) binds and | R-DRE-450408 | -2.41883546 | -0.08585798
destabilizes mRNA

Member Regulation of RUNX2 R-DRE-8939902 | -2.41883546 | -0.08585798
expression and activity

Member GSK3B and BTRC:CULL1- R-DRE-9762114 | -2.41883546 | -0.08585798
mediated-degradation of NFE2L.2

Member Degradation of DVL R-DRE-4641258 | -2.38286048 | -0.08585798
Member UCH proteinases R-DRE-5689603 | -2.38286048 | -0.08585798
Member CDK-mediated R-DRE-69017 -2.38286048 | -0.08585798
phosphorylation and removal of Cdc6

Member Switching of origins to a post- | R-DRE-69052 -2.38286048 | -0.08585798
replicative state

Member_Synthesis of DNA R-DRE-69239 -2.38286048 | -0.08585798
Member Regulation of RUNX3 R-DRE-8941858 | -2.38286048 | -0.08585798
expression and activity

Member Nuclear events mediated by R-DRE-9759194 | -2.38286048 | -0.08585798

NFE2L2
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Member FBXL7 down-regulates R-DRE-8854050 | -2.34801369 -0.0674016
AURKA during mitotic entry and in

early mitosis

Member p53-Dependent G1 DNA R-DRE-69563 -2.31423133 | -0.06465347
Damage Response

Member p53-Dependent G1/S DNA R-DRE-69580 -2.31423133 | -0.06465347
damage checkpoint

Member G1/S DNA Damage R-DRE-69615 -2.31423133 | -0.06465347
Checkpoints

Member_Transcriptional regulation by R-DRE-8878159 | -2.31423133 | -0.06465347
RUNX3

Member Metabolism of polyamines R-DRE-351202 -2.2814549 | -0.05377888
Member GLI3 is processed to GLI3R R-DRE-5610785 | -2.2814549 | -0.05377888
by the proteasome

Member_Signaling by the B Cell R-DRE-983705 -2.2814549 | -0.05377888
Receptor (BCR)

Member Transcriptional regulation by R-DRE-8878166 | -2.24963059 | -0.03596528
RUNX2

Member SCF(Skp2)-mediated R-DRE-187577 | -2.18864365 0
degradation of p27/p21

Member Hedgehog ligand biogenesis R-DRE-5358346 | -2.18864365 0
Member Asymmetric localization of R-DRE-4608870 | -2.13091676 0
PCP proteins

Member_proteolysis involved in protein | GO:0051603 -2.10716772 0
catabolic process

Member G2/M Checkpoints R-DRE-69481 -2.10317906 0
Member Hedgehog 'on' state R-DRE-5632684 | -2.07614561 0
Member TCF dependent signaling in R-DRE-201681 | -2.02177326 0
response to WNT

Member protein catabolic process G0:0030163 -2.01649833 0
Member_Transcriptional regulation by R-DRE-8878171 | -2.00511646 0
RUNX1

Summary_proline metabolic process GO0:0006560 -3.67735539 | -0.33467607
Member proline metabolic process GO:0006560 -3.67735539 | -0.33467607
Member Arginine and proline dre00330 -2.45678835 | -0.08585798
metabolism

Summary_regulation of cilium assembly | GO:1902017 -2.70906278 | -0.11103028
Member_regulation of cilium assembly | GO:1902017 -2.70906278 | -0.11103028
Member_photoreceptor cell GO0:0042461 -2.05577029 0
development

Summary_cellular response to stress G0:0033554 -2.35591349 -0.0674016
Member _cellular response to stress GO0:0033554 -2.35591349 -0.0674016
Member DNA damage response G0:0006974 -2.27325443 | -0.05264027
Member DNA repair GO0:0006281 -2.05278262 0
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Summary_protein-containing complex G0:0031503 -2.18253225 0
localization
Member_protein-containing complex G0:0031503 -2.18253225 0
localization
Summary_Arachidonate metabolism R-DRE-2142753 | -2.04978467 0
Member_Arachidonate metabolism R-DRE-2142753 | -2.04978467 0

Table 11: Metascape (Zhou et al., 2019) enrichment for downregulated genotypic response

Downregulated in Term LogP Log(q-value)
CVMut/CVWT and
GFMut/GFWT

Summary Pyruvate metabolism dre00620 -2.681571 0
Member Pyruvate metabolism dre00620 -2.681571 0
Summary glycerophospholipid GO:0046474 -2.608686 0
biosynthetic process
Member_ glycerophospholipid GO:0046474 -2.608686 0
biosynthetic process
Member_glycerolipid biosynthetic | GO:0045017 -2.438718 0
process
Member phosphatidylinositol GO:0046854 -2.425476 0
phosphate biosynthetic process
Member_phospholipid GO:0008654 -2.176605 0
biosynthetic process
Member lipid biosynthetic process | GO:0008610 -2.149296 0
Member Phosphatidylinositol dre04070 -2.11776 0
signaling system
Summary_regulation of cell shape | GO:0008360 -2.516644 0
Member_regulation of cell shape G0:0008360 -2.516644 0
Member regulation of GO:0050767 -2.285668 0
neurogenesis
Member positive regulation of cell | GO:0010720 -2.279603 0
development
Member_regulation of cell G0:0022604 -2.175305 0
morphogenesis
Summary_defense response GO:0006952 -2.228793 0
Member defense response GO:0006952 -2.228793 0

2.2.6 Interaction genes integrate microbial status and elf3-genotype

After examining the separate effects of microbial status and elf3 genotype on the larval

transcriptome, we investigated the effects of interactions between both variables on gene
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expression. For example, transcription factor stat4 is downregulated in mutants and fails to be
microbially induced at a magnitude comparable to WT (Fig.6A), suggesting its expression results
from the integration of both genotypic and microbial information. When we compared the overlap
of up- and down-regulated genes for each of our 4 RNA-seq comparisons, we noted strong
overlap (43%) between genes upregulated in the CVWT/GFWT comparison and those
downregulated in the CVMut/GFMut comparison (Fig.6B). This overlap, which is representative
of genes like stat4, was consistent with our functional enrichment analysis (Fig.2D). In contrast,
there was less (28%) overlap between the genes downregulated in the CVWT/GFWT comparison
and those upregulated in CVMut/CVWT (Fig.6B). These data support the predictions of our
functional genomic meta-analyses (Fig.1) that elf3 is preferentially required for microbially
induced responses.

As a more stringent approach to interrogate interactions between elf3 genotype and
microbial status, we generated likelihood ratio test (LRT) data for our RNA-seq (Lickwar et al.,
2022; Love et al., 2014). This LRT analysis identified several gene expression patterns that have
either a negative or positive interaction log, fold change that describes how the genes behave
across our four conditions (Fig. 6C, Fig.6D). Immune processes like cytokine signaling and MHC
class I antigen presentation were enriched in the negative log2 fold change interaction gene
signature (Table 12). In fact, approximately 20% of this interaction signature can be classified as
putative immune response genes (Fig.6C). Closer inspection of immune gene expression across
all 4 conditions revealed 3 major patterns. The first pattern consisted of immune genes that are
induced by microbiota in WT but not elf3 mutants like stat4 and other immune responsive
transcription factors (irf1b and irfla) as well as mediators of cytokine signaling (i/17rel, il20ra,
soc3b) (Fig.6E). Notably, we also identified ETS TF ehf, which has emerging roles in
inflammation and immune response (Oyelakin et al., 2022; Wu et al., 2008), in this pattern

(Fig.6F). The second pattern identified immune genes that failed to be microbially induced in elf3
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mutants but exhibited high expression in GF mutants. The elf3 gene fell into this category,
suggesting that e/f3 might regulate its own expression in addition to expression of immune
regulators like IRF TFs (irf9 and irf10) and genes important for viral responses (mxc) (Fig.6F).
Lastly, we also observed immune genes like stingl, ifi35, and malt3 (Ge et al., 2015; Levraud et
al., 2019) that were significantly downregulated in mutants in CV conditions despite not being
significantly upregulated by microbiota in WT larvae. Together, these data indicate that elf3
mutants have an attenuated immune response to microbial colonization. Interestingly, the positive
log2 fold change interaction (96 out of total 393 genes) signature revealed upregulation of
intermediate filament and extracellular matrix components specifically in mutants under CV
conditions (Table 13) suggesting that these components might be compensatory for the blunted

immune response.
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Figure 6: Identification of interaction genes that integrate elf3 genotype and microbial status.

(A) Plot of the z-scored normalized counts for significant interaction gene stat4 where each dot represents 1
replicate for the indicated experimental condition (P adjusted <.05). (B) Pairwise comparisons of maximum
possible overlap between the significant up-or-downregulated genes for each of the 4 RNA-seq comparisons.
(C) Volcano plot depicting the log, fold change (x-axis) vs. -logio p-value (y-axis) for significant interaction
genes identified via likelihood ratio test (LRT) analysis (P adjusted <.05). (D) Heatmap of the z-scored
normalized counts for all significant interaction genes. Out of a total of 393 genes, 96 genes have a positive
log>FC and 297 genes have a negative logoFC (P adjusted <.05). (E) Bar plot of the z-scored normalized
counts for genes representative of the attenuated microbial response in e/f3 mutant larval. All depicted genes
are significant interaction genes (P adjusted <.05). (F) Bar plot of the z-scored normalized counts for example
immune response genes that fail to be microbially induced in e/f3 mutant larval at a magnitude comparable
to wild-type and additionally exhibit high expression in GF conditions. All depicted genes are significant
interaction genes (P adjusted <.05).
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Table 12: Metascape (Zhou et al., 2019) negative log,FC interaction

negative log,FC (description) Term LogP Log(q-value)
Summary_immune system process | GO:0002376 -11.32902 -7.316016343
Member_immune system process | G0O:0002376 -11.32902 -7.316016343
Member biological process G0:0044419 -9.884043 -6.172067363
involved in interspecies interaction
between organisms
Member_response to external G0:0043207 -9.124343 -5.724295477
biotic stimulus
Member_response to other GO:0051707 -9.124343 -5.724295477
organism
Member_response to biotic G0:0009607 -9.038331 -5.724295477
stimulus
Member_response to bacterium GO0:0009617 -6.903142 -3.793226436
Member_response to external GO0:0009605 -6.511313 -3.49830671
stimulus
Member defense response GO:0006952 -5.916525 -3.017462588
Member_immune response GO:0006955 -5.249651 -2.467094412
Member_defense response to G0:0042742 -5.217497 -2.459763317
bacterium
Member_defense response to other | GO:0098542 -4.979939 -2.245687241
organism
Member_regulation of G0:0050727 -4.26647 -1.684827731
inflammatory response
Member regulation of defense G0:0031347 -3.779185 -1.243300479
response
Member_regulation of response to | GO:0080134 -2.931608 -0.608798541
stress
Member_defense response to GO0:0140546 -2.911994 -0.606558329
symbiont
Member_regulation of response to | G0O:0032101 -2.856356 -0.583713237
external stimulus
Member_innate immune response | GO:0045087 -2.077078 0
Summary_ Antigen Presentation: R-DRE-983170 -7.790317 -4.555462625
Folding, assembly and peptide
loading of class | MHC
Member Antigen Presentation: R-DRE-983170 -7.790317 -4.555462625
Folding, assembly and peptide
loading of class | MHC
Member Class | MHC mediated R-DRE-983169 -6.048658 -3.114833262
antigen processing & presentation
Member Immune System R-DRE-168256 -5.481414 -2.614535802
Member_antigen processing and G0:0002474 -5.426288 -2.589373475

presentation of peptide antigen via
MHC class I
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Member Adaptive Immune R-DRE-1280218 -4.76188 -2.078150972
System

Member_antigen processing and G0:0048002 -4.748734 -2.078150972
presentation of peptide antigen

Member ER-Phagosome pathway | R-DRE-1236974 -4.358732 -1.760699721
Member Endosomal/Vacuolar R-DRE-1236977 -4.358732 -1.760699721
pathway

Member_antigen processing and G0:0019882 -4.137209 -1.571361541
presentation

Member_Antigen processing- R-DRE-1236975 -3.353011 -0.942065259
Cross presentation

Member_Innate Immune System R-DRE-168249 -2.973293 -0.63250161
Member Neutrophil degranulation | R-DRE-6798695 -2.754517 -0.51966212
Member_positive regulation of GO0:0045785 -2.038833 0
cell adhesion

Summary_Herpes simplex virus 1 | dre05168 -7.534102 -4.366193769
infection

Member Herpes simplex virus 1 dre05168 -7.534102 -4.366193769
infection

Member Cytosolic DNA-sensing | dre04623 -2.814586 -0.55745508
pathway

Member NOD-like receptor dre04621 -2.758256 -0.51966212
signaling pathway

Summary Proteasome dre03050 -6.73885 -3.680086312
Member Proteasome dre03050 -6.73885 -3.680086312
Member Proteasome assembly R-DRE-9907900 -6.310617 -3.33900346
Member Post-translational protein | R-DRE-597592 -2.688498 -0.460822294
modification

Member proteasomal protein GO0:0010498 -2.434015 -0.24708436
catabolic process

Summary_ C-type lectin receptor dre04625 -5.302595 -2.493709334
signaling pathway

Member C-type lectin receptor dre04625 -5.302595 -2.493709334
signaling pathway

Summary reactive oxygen species | GO:0072593 -4.832123 -2.120147625
metabolic process

Member reactive oxygen species | GO:0072593 -4.832123 -2.120147625
metabolic process

Member_gas transport GO:0015669 -4.591491 -1.940212678
Member_Erythrocytes take up R-DRE-1247673 -3.886099 -1.335491193
oxygen and release carbon dioxide

Member hydrogen peroxide GO0:0042744 -3.621649 -1.152711086
catabolic process

Member_Erythrocytes take up R-DRE-1237044 -3.621649 -1.152711086
carbon dioxide and release oxygen

Member 02/CO2 exchange in R-DRE-1480926 -3.621649 -1.152711086

erythrocytes
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Member_ oxygen transport GO:0015671 -3.404204 -0.982262327
Member hydrogen peroxide GO0:0042743 -3.404204 -0.982262327
metabolic process

Summary_nucleotide-sugar G0:0009225 -4.518225 -1.885430649
metabolic process

Member_nucleotide-sugar G0:0009225 -4.518225 -1.885430649
metabolic process

Member nucleotide-sugar G0:0009226 -3.621649 -1.152711086
biosynthetic process

Member_ Biosynthesis of dre01250 -3.459081 -1.014277292
nucleotide sugars

Member Amino sugar and dre00520 -2.862782 -0.583713237
nucleotide sugar metabolism

Summary_Cytokine-cytokine dre04060 -3.672899 -1.152711086
receptor interaction

Member_ Cytokine-cytokine dre04060 -3.672899 -1.152711086
receptor interaction

Summary_response to virus GO:0009615 -3.478296 -1.021592237
Member_response to virus GO:0009615 -3.478296 -1.021592237
Member Apoptosis WP1351 -2.791083 -0.541505291
Summary_positive regulation of G0:0043525 -3.339572 -0.939350152
neuron apoptotic process

Member_positive regulation of GO0:0043525 -3.339572 -0.939350152
neuron apoptotic process

Member regulation of neuron G0:0043523 -2.964294 -0.63250161
apoptotic process

Summary_cytokine-mediated GO0:0019221 -3.163297 -0.77353999
signaling pathway

Member_cytokine-mediated G0:0019221 -3.163297 -0.77353999
signaling pathway

Member_cellular response to GO0:0071345 -3.044007 -0.684213529
cytokine stimulus

Member_response to cytokine G0:0034097 -2.862142 -0.583713237
Member_response to peptide GO:1901652 -2.862142 -0.583713237
Member_Signaling by Interleukins | R-DRE-449147 -2.442061 -0.248599057
Summary_response to G0:0032496 -3.102012 -0.722474714
lipopolysaccharide

Member_response to GO0:0032496 -3.102012 -0.722474714
lipopolysaccharide

Member_response to molecule of | GO:0002237 -3.045365 -0.684213529
bacterial origin

Member_cellular response to GO0:0071222 -2.679849 -0.459235204
lipopolysaccharide

Member_cellular response to G0:0071219 -2.644365 -0.430699409
molecule of bacterial origin

Member cellular response to GO:0071216 -2.512514 -0.312421365

biotic stimulus
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Member_response to lipid G0:0033993 -2.207137 -0.032980177
Summary_chaperone cofactor- GO:0051085 -2.964266 -0.63250161
dependent protein refolding

Member_chaperone cofactor- GO:0051085 -2.964266 -0.63250161
dependent protein refolding

Member 'de novo' post- GO:0051084 -2.919151 -0.606558329
translational protein folding

Member_'de novo' protein folding | GO:0006458 -2.8338006 -0.568988161
Member chaperone-mediated G0:0061077 -2.609945 -0.40311916
protein folding

Member_protein folding GO0:0006457 -2.312883 -0.132385684
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Table 13: Metascape (Zhou et al., 2019) positive logFC Interaction Genes

positive log,FC (description) Term LogP Log(q-value)
Summary_intermediate filament-based | GO:0045103 -3.566803 0
process
Member_intermediate filament-based G0:0045103 -3.566803 0
process
Member_intermediate filament GO0:0045104 -3.566803 0
cytoskeleton organization
Member_wound healing G0:0042060 -2.54381
Member_response to wounding G0O:0009611 -2.028539
Summary_striated muscle tissue G0:0014706 -3.242155
development
Member_striated muscle tissue G0:0014706 -3.242155 0
development
Member muscle tissue development GO:0060537 -3.189267 0
Member muscle structure development | GO:0061061 -2.985631 0
Member_muscle cell differentiation G0:0042692 -2.931658 0
Member_striated muscle cell G0:0055002 -2.677205 0
development
Member_positive regulation of G0:0045944 -2.576577 0
transcription by RNA polymerase 11
Member Adipogenesis WP1331 -2.530511 0
Member myofibril assembly G0:0030239 -2.478823 0
Member _striated muscle cell GO:0051146 -2.44626 0
differentiation
Member muscle cell development G0:0055001 -2.379571
Member_cellular component assembly | GO:0010927 -2.370528
involved in morphogenesis
Member_cellular anatomical entity G0:0032989 -2.370528 0
morphogenesis
Member_ actomyosin structure G0:0031032 -2.181278 0
organization
Member_supramolecular fiber G0:0097435 -2.16179 0
organization
Member_skeletal muscle tissue GO:0007519 -2.07999 0
development
Member_positive regulation of GO0:0010557 -2.002798 0
macromolecule biosynthetic process
Summary_ Transport of inorganic R-DRE- -3.099589 0
cations/anions and amino 425393
acids/oligopeptides
Member_ Transport of inorganic R-DRE- -3.099589 0
cations/anions and amino 425393

acids/oligopeptides
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Member SLC-mediated transmembrane | R-DRE- -2.115726
transport 425407

Summary_negative regulation of RNA | GO:0051253 -3.095561
metabolic process

Member negative regulation of RNA G0O:0051253 -3.095561
metabolic process

Member negative regulation of G0:0045934 -2.864951
nucleobase-containing compound

metabolic process

Member negative regulation of DNA- | GO:0045892 -2.505947
templated transcription

Member_negative regulation of RNA G0:1902679 -2.505947
biosynthetic process

Summary_extracellular matrix GO0:0030198 -2.900055
organization

Member_extracellular matrix GO0:0030198 -2.900055
organization

Member_extracellular structure G0:0043062 -2.900055
organization

Member_external encapsulating G0:0045229 -2.889613
structure organization

Summary_monoatomic anion transport | GO:0006820 -2.261394
Member _monoatomic anion transport GO0:0006820 -2.261394
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Table 14: Identification of Interaction Immune Genes

Gene Symbol

negative log, fold change interaction term

psmb9a

i110

irak3

il13

stat4

socs3b

1120ra

i122ra2

casp8l12

mxc

atf3

tnfrsfla

irflb

tmem173

il17a/f1

122

ill17rala

tnfrsf9a

ccl19b

casp8

malt2

irf9

bcl3

malt3

tapbp.1

calr3a

b2m

casp3b

mhclzba

tapl

gbpl

gbp2

psmb8a

psmb12

caspb

mpegl.2
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irf10

irf8

irfla
zmp:0000001138
itln2

etv7

tapbpl
mhcllla

rbpms

mpx

npsn

hspa5

psmbl3a
uba7
lonrfll
hsp70.3
hbbe2
lyz

agr2
il17rel
cxcll8a.l
nfkbiz
irf2

psmel

psme?2

psmb10

positive log; fold change interaction term | crfb12

prira

2.2.7 Mapping differentially expressed genes in larval zebrafish to cell-type
specificity

Since the bulk RNA-seq data captured responses throughout the whole larvae, we sought
to identify the cellular origins of the gene expression differences. To do this, we performed
hierarchal clustering of all differentially expressed genes in the RNA-seq data and previously
annotated cell-specific marker genes (Massaquoi et al., 2023) (Fig.7A). This analysis revealed

that many of the genes differentially expressed as a function of microbial status and elf3 genotype
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are also strongly expressed by distinct cell types (Fig.7B-F, Fig.8 A-B, Fig.9C-E). For example,
elf3 genotype had significant effects on the expression of pancreatic marker genes (Fig. 7D). We
found pancreatic marker genes like cel. 1, cel.2, and cpal that were upregulated in mutants in both
microbial conditions (Fig. 7D). This is interesting since previous work reveals that EIf3
expression levels in the pancreatic epithelium increase during development from embryonic days
E12.5 to E18.5 in mice (Kobberup et al., 2007), and elf3 regulates epithelial identity genes in a
pancreatic adenocarcinoma cell line (CFPAC-1) (Diaferia et al., 2016). Microbial independent
roles for Elf3 in epithelial tissue development is supported by the literature (Flentjar et al., 2007;
Ng et al., 2002; Yoshida et al., 2000).

We also found microbially responsive transcriptional programs associated with specific
cell types like the intestine and neurons that are unique to the e/f3 mutant genotype. We identified
several genes that were specifically downregulated in mutants in GF conditions that were also
marker genes for digestive tissues like the intestine (apoea, cldni5a, and vill) and liver (f2 and
c8a) (Fig.7B-C). Conversely, neuronal marker genes like eno2, nrsnl, and sox4a were
downregulated in the CVMut condition (Fig. 9E).

Finally, we looked for cell-specific marker genes that followed the same gene expression
pattern as the attenuated immune response we observed in colonized e/f3 mutants. Red blood cell
(RBC) and immune cell marker genes followed this pattern (Fig.8E-F). We observed blunted
induction of RBC (hbbel. 1, hbbel.3, hbbe2) and leukocyte (Icpl, corola, ikzfT) marker genes
(Table 4). We also found that several highly specific neutrophil marker genes (/yz, npsn, mpx, and
mmp13a) were microbially induced in WT but not mutant larvae (Fig.8F). These data taken
together suggest that e/f3 function regulates specific aspects of the hematopoietic response to

colonization.
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Figure 7: Differentially expressed genes in larval RNA-seq exhibit cell-type specificity.

(A) Schematic of application of cell-type specific calls to significant differentially expressed genes (DEGs)
in the RNA-seq dataset. Significant DEGs were identified and clustered with cell marker genes identified in
a scRNA-seq dataset generated from the disassociated cells of 6 dpf zebrafish (Massaquoi et al., 2023). The
resulting clustered heatmap is featured in Fig.S4, and the heatmaps below are visualizations of example genes
for each cell type. (B-G) Heatmaps of the gene z-scored normalized counts for diverse cell markers such as
the liver/intestine (B), intestine (C), exocrine pancreas (D), red blood cells (RBCs) (E), and immune cells
(F). All genes are significant in at least 1 of the 4 RNA-seq comparisons (P adjusted < .05). The color of the
asterisk next to each gene indicates in which comparison(s) the gene is significantly differential
(CVMut/GFMut: maroon, CVWT/GFWT: orange, GFMut/GFWT: blue, and CVMut/CVWT: green). Genes
in yellow font are significant interaction genes. The blue numbers to the left of each heatmap indicate the
cell type cluster the example marker genes represent (Fig. S2). The heatmaps on the far right show the log,
fold change of the indicated gene as a function of cell marker enrichment (Massaquoi et al., 2023).
Abbreviations: int proximal = intestine small/proximal; int mid gut/ileum = intestine mid gut/ileum;
exo_panc = exocrine pancreas; RBCs= red blood cells; M = macrophages.
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Figure 8: Identification of putative cell-type specific responses among differentially expressed genes
in larval RNA-seq (part 1)
(A) Clustered heatmap of the log, fold change of all significant differentially expressed genes in the RNA-
seq analysis of this study plotted with the log, fold change of cell type marker genes identified in a previous
scRNA-seq dataset (Massaquoi et al., 2023) uses disassociated cells from whole 6 dpf zebrafish. The blue
boxes and associated numbers indicate clusters of genes that are commonly markers for the same cell types
and are usually similarly differentially expressed across comparisons in the RNA-seq analysis. (B) Heatmap
of the gene z-scored normalized counts for all significant differentially expressed genes in at least 1 of the 4
RNA-seq comparisons (P adjusted < .05) ordered by the genes in A.
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Figure 9: Identification of putative cell-type specific responses among differentially expressed genes
in larval RNA-seq (part 2).

(C-E) Heatmaps of z-scored normalized counts for example (C) neuromasts, (D) gill/pharynx/neuromast
tissue and (E) neuronal marker genes. All genes in the heatmap are significant in at least 1 RNA-seq
comparison. The asterisk next to each gene is colored to indicate which comparison(s) the gene is
significantly differential (CVMut/GFMut: maroon, CVWT/GFWT: orange, GFMut/GFWT: blue, and
CVMut/CVWT: green). The blue numbers to the left of each blue, white, and red heatmap indicates the
specific cell type cluster the example genes represent (Fig. S4A). The red and black heatmaps show the log,
fold change enrichment of each gene for the indicated cell type (Massaquoi et al., 2023). Abbreviations:
neuron_01 = Cerebellum Purkinje cells; neuron_02 = ZFIN-Habenula/Atlas-Sensory Neuron; neuron_03 =
forebrain; neuron 04 = MHBNeurGlutAll; neuron 05 = MHBNeurGlutAII/MHBNeurGABAAII/Cranial
ganglion; neuron 06 = MHBNeurGlutAII/MHBNeurGABAAII; neuron 07 = RetDiff/CranGangAllb,
MHBNeurGABA/GIutAIl/SCDiff; CranGang/Ent = Cranial Ganglion with Enteric Neurons, neuron 8 =
MHBNeurGABAAII, MHBNeurGlutAll; neurons_sens, olfact, etc = neurons/sensory/olfactory/hair cells;
epithelia_01 = epithelial: gill/basal/periderm/ionocyte; epithelia 02: epithelial: gill/basal/periderm/ionocyte
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2.2.8 elf3 mutation reduces adult survival in zebrafish

Since elf3 mutants fail to induce an appropriate immune response to the microbiota,
we hypothesized that elf3 mutant fish might develop immune-related pathologies. Adult
elf3 mutants of both sexes presented a range of clinical pathologies such as abnormal
swimming behavior indicative of impaired swim bladder buoyancy, ulcer development on
the body flank, or erythema (Fig.10A-B). Approximately 11% of evaluated mutants (30
out of 284) presented one or more of these observable pathologies compared to 1% of
observed wild-type adults (5 out of 441) (Fig.10A-B&D). Overall, elf3 mutant adults
exhibit poor survival fitness, as we recovered > 40% fewer mutants than expected when
genotyping both alleles at adulthood (Fig.10E-F, Fig.11A-E).

To track the reduced survival, we longitudinally assayed animals in mixed elf3
genotype heterozygous tanks as well as separate homozygous WT and mutant tanks
starting from 2 months to approximately 12 months of age (Fig.8E-F, Fig.9C-E).
Repeated genotyping of fish from heterozygous tanks revealed a (43%) reduction in
mutant survival by 12 months of age (Fig.10E). To rule out that e/f3 mutant survival
effect was driven by competition between genotypes, we assessed survival in

homozygous tanks and observed similar reduced survival (51%) (Fig.10F).
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Figure 10: elf3"- adults present immune-related pathologies and exhibit poor survival.

(A-B) Venn diagram of observed clinical signs of health deterioration, such as abnormal swimming,
erythema, and ulcer development in elf3** (A) and elf3” (B) adults. (C) Comparison of the genotypic ratios
observed in adult zebrafish > 90 dpf generated from heterozygous in-crosses of elf3"- parents to expected
Mendelian outcomes. (D) Representative images of severe (middle) and milder (bottom) ulcers in e/f3” adults
compared to healthy elf3** adults (top). (E) Kaplan Meier survival curve of co-housed e/f3 genotypes starting
from the initial observation at 60 dpf (dotted line) and ending at 371 dpf. Repeated genotyping events
occurred at 60 dpf, 100 dpf, 277 dpf, and 368 dpf. (F) Kaplan Meier survival curve of separately housed
elf3** and elf3” adults starting from the initial observation at 60 dpf (dotted line) and ending at 371 dpf. P-
values were calculated for (A) using a chi-square goodness-of-fit test and for (E-F) using an overall log-rank
test followed by Bonferroni corrected log-rank tests for individual comparisons when required.
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Figure 11: elf3” adults of both alleles exhibit premature death.

(A-B) Observed elf3 allele genotyping cohorts [C] for rdul03 (A) and rdul02 (B) adults (> 90 dpf) compared
to expected Mendelian outcomes. The data represented in (A) provide the cohort breakdown of the compiled
genotyping presented in Fig.5A. (C) Comparison of observed genotypic ratios to expected Mendelian ratios
of elf3 genotypes (rdul03) at 60 dpf. These data represent the starting genotypic ratios for the longitudinal
study in the heterozygous tanks referenced in Fig.5E (D-E) Standard length measurements of elf3 genotypes
in heterozygous (mixed genotype, D) or homozygous (elf3*/* or elf3” only, E) tanks at 60 dpf. These data
represent the start of the longitudinal study referenced in Fig. SF. P-values for (A-B) were calculated using
a chi-square goodness-of-fit test and (D&E) using a one-way ANOVA with Tukey’s multiple comparisons
post-test.
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2.2.9 elf3 moribund mutants exhibit swim bladder inflammation

To understand the pathologies associated with reduced elf3 mutant survival, we performed
histological analysis on 14 moribund elf3 mutants and healthy wild-type controls. Adults were
defined as moribund based on presentation of the aforementioned clinical signs (abnormal
swimming, ulcer, and/or erythema). Four moribund mutants had granulomas in locations including
the liver, ovary, and coelomic cavity, while no granulomas were detected in WT animals (Fig.12A).
Mycobacterial infections are a common cause of granulomas in zebrafish (Kent et al., 2004; Watral
& Kent, 2007; Whipps et al., 2012), so we used detection methods such as acid-fast stain (Astrofsky
et al., 2000) as well as an infection assay (Takaki et al., 2013) to assess susceptibility. All the
granulomas were acid fast negative, suggesting non-mycobacterial contributions to granuloma
formation (Fig.12A). When we injected standard doses of Mycobacterium marinum into 2 dpf wild-
type and elf3 mutant larvae, we observed no significant difference in bacterial burden between
genotypes at 5 days post infection (dpi, or 7dpf) (Fig.12A). Therefore, while elf3 appears to be
required for aspects of the immune response to microbiota in larvae (Fig.4), it does not alter
susceptibility to M. marinum infection during larval stages.

Our histological analysis also revealed extensive inflammation of the swim bladder and
surrounding tissue (i.e. aerocystitis/peri-aerocystitis) in 13 out of 14 elf3”" adults, whereas only 1
out of 14 elf3"" controls had minimal inflammation between swim bladder compartments
(Fig.12B-C). To test if the aerocystitis is associated with bacterial infection, the swim bladders of
moribund e/f3 mutant zebrafish displaying aberrant swimming behavior and WT controls were
removed, homogenized, and plated on rich media to evaluate the bacterial load. Whereas none of
the tested WT animals (n = 4) showed significant bacterial burden associated with the homogenized
swim bladders, the swim bladders in 4 out of 6 the e/f3 mutant animals displayed abundant bacterial
growth with a single colony morphology emerging from each animal. 16S rRNA gene sequencing

of the isolated bacteria revealed that two mutants were infected with hemolytic Vibrio cholerae and
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two mutants were infected with nonhemolytic Pseudomonas oleovorans. Together, these results
indicate that moribund status in adult e/f3 mutants is associated with aerocystitis/peri-acrocystitis
and accompanying swim bladder infection, and/or non-mycobacterial granuloma formation.

We were curious if these histopathological phenotypes arose prior to reaching moribund
status. Histopathological examination of e/f3 mutant and wild-type fish approximately 5 months in
age (14 per genotype) that were free of the clinical signs of health deterioration did not show
substantial inflammation phenotypes, suggesting that e/f3 mutants likely do not present long-term
internal pathologies that precede external moribund presentations (Fig.13B-D). These
histopathological data combined with our survival and clinical observations support a working
model wherein e/f3 mutant adults are more susceptible to sporadic infection-associated aerocystitis,
peri-aerocystitis, and granuloma formation, leading to abnormal swimming behavior and ultimately

death.
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Figure 12: moribund elf3”- adults develop aerocystitis.

(A) Representative images of granulomas that can develop in moribund e/f3” adults in the liver and
coelomic cavity. For each example granuloma, there is a hematoxylin and eosin (H&E) stained
image, an acid-fast stained image, and a Gram-stained image to assess the overall morphology of
the granuloma as well as test for the presence of Mycobacterium. (B-C) Representative images of
the coelomic cavity of healthy appearing, wild-type controls (B) and moribund mutant (C) adults
(histopathological evaluation of 14 moribund mutants and 14 wild-type controls). The two inset
images featured below are magnified images of the swim bladder that highlight the inflammation
observed in the anterior and posterior chambers of the moribund e/f3 mutant. Scanned images were
rotated or vertically reflected for consistent body orientation across all images.

109



0.9829 0.0005 0.1956
5x107 1

4x107

Fluorescence area (um)

Figure 13: Healthy appearing elf3” adults present normal histopathology.

(A) Comparison of the bacterial burden of fluorescent Mycobacterium marinum (Mm:tdTomato) in elf3 wild-
type and mutant larvae 5-days post infection (dpi). Hematoxylin and eosin (H&E) stained images of wildtype
(B,C) and mutant (D) adult zebrafish from our cross-sectional analysis of adults that appeared to be healthy
based on external appearance and behavior. Panel C shows the one animal, a wild-type individual that
displayed inflammation based on histologic analysis. This animal also had granulomatous inflammation in
the kidney (green insert). The magnified insert images show the swim bladder (yellow) and layers of the swim
bladder wall (blue). Scanned images were rotated or vertically reflected for consistent body orientation across
all images (n = 13/14 normal wildtype, 1/14 inflamed wildtype, 14/14 normal mutant). P-values for (A) were
calculated using a one-way ANOVA with Tukey’s multiple comparisons post-test.
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2.2.10 Discussion

Our findings here establish Elf3 as a microbially-regulated TF that is also required for
mediating diverse host responses to microbiota. Our finding that E/f3 genes are commonly
induced by commensal microbiota in digestive tissues in zebrafish and mice is in accord with
previous studies showing Elf3 homologs are induced by bacterial pathogens (Haber et al., 2017;
van der Vaart et al., 2013; van Soest et al., 2011) and symbionts (Chun et al., 2008) in diverse
animal species. Previous literature indicated many roles for e/f3 including regulation of epithelial
identity and differentiation (Ng et al., 2002; Suzuki et al., 2021), inflammation (Grall et al., 2005;
Rudders et al., 2001; Wu et al., 2008), extracellular matrix (ECM) organization (Sarmabh et al.,
2022) and epithelial-mesenchymal transition (Lin et al., 2024; Yeung et al., 2017; Zheng et al.,
2018). However, it remained unclear if e/f3 could integrate information derived from microbes to
affect downstream host transcriptional processes and whether this would uncover additional
physiologic roles. By comparing the transcriptome of mutant and wild-type zebrafish larvae
reared in GF and CV conditions, our data suggest that e/f3 is indeed important for microbially
responsive transcriptional programs. We observed attenuation of host immune genes in colonized
elf3 mutants that supports previous findings that EIf3 regulates cytokine expression in response to
pro-inflammatory stimuli in human bronchial epithelial cells (Wu et al., 2008), synovial
fibroblasts (Kouri et al., 2023), and chondrocytes (Otero et al., 2012). The attenuated host
immune response also included several hematopoietic marker genes, which is consistent with a
finding that e/f3 mediates T-cell priming in a murine model of pulmonary inflammation
(Kushwabh et al., 2011). Curiously, e/f3 is required for microbial upregulation of several
hematopoietic cell markers despite not being strongly expressed in red blood or innate immune
cells under conventionally-reared conditions (Fig.S1). However, it is important to note that as
with all other transcriptional differences that we’ve discussed, we do not have evidence that elf3

is directly involved in this effect. Previous literature indicates that epithelial cells can signal
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through MMPs to enhance macrophage recruitment in response to Mycobacterium marinum
(Volkman et al., 2010), and our dataset indicates that there is an attenuation of microbial
induction of mmp13a in elf3 mutants. It is possible that e/f3 mutation has direct or indirect effects
on epithelial to immune cell crosstalk. We also found that e/f3 is required for full expression of
other microbially induced TFs (i.e. IRFs) and cytokines that putatively facilitate the crosstalk
between epithelial and other host tissues and the immune system. This aligns with emerging
evidence that elf3 directly binds to the IRF6 promoter in a human gastric cancer cell line (Li et
al., 2019) and to the interferon epsilon (IFNg) in HEK293 cells (Fung et al., 2024).

Our findings also suggest there might be el/f3-dependent transcriptional programs like
ECM organization and assembly that are specific to the state of microbial colonization. For
example, ECM organizational genes were previously demonstrated to be upregulated in
conventionally-reared elf3 knockdown larvae compared to controls (Sarmah et al., 2022). In
accord, we found in our study that ECM organization genes were upregulated in e/f3 mutant
larvae compared to wildtype only in CV conditions. We also note that not all the demonstrated
functions of elf3, such as regulation of epithelial-mesenchymal transition seen in numerous
human cell culture studies (Lin et al., 2024; Yeung et al., 2017; Zheng et al., 2018), exhibited a
strong transcriptional signature in our work. This suggests that there might be a degree of genetic
redundancy or species differences in e/f3 functions across species or certain tissues.

We found that elf3 mutants exhibit reduced survival fitness as adults despite normal
development and expected Mendelian ratios in larvae. One possibility for the lack of a survival
phenotype in larvae includes differences in immune biology at developmental stages. The
adaptive immune response in developing zebrafish is not mature and functional until
approximately 4-6 weeks post-fertilization (Lam et al., 2004). Our 6 dpf RNA-seq results do not
permit evaluation of how elf3 mutation affects mature adaptive immune responses, which may

have important implications for the spontaneous illness and death we observed elf3” adults. It is
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also possible the reported adult phenotype in elf3 mutants is due to differences in the microbial
composition of relevant host tissues (e.g., swim bladder and intestine) and that these differences
are less prevalent at larval stages. The microbiota associated with elf3”" adult tissues for instance
might be more differential and linked to increased infection susceptibility compared to wildtype
animals. Future 16S rRNA sequencing studies are needed to assess the effects of e/f3 mutation on
the microbiota at larval and adult stages as well as pre-clinical vs. clinical states.

Interestingly, we found that EIf3 is protective against spontaneous inflammation of the
swim bladder (aerocystitis) even though elf3 does not appear to be expressed in the adult swim
bladder (Zheng et al., 2011). In larval zebrafish, elf3 is expressed along the gastrointestinal tract
including the esophagus, pharynx, and pneumatic duct (Fig.S1A). A putative cause for the
aerocystitis is infectious agents, such as ascending bacteria, that could migrate from the digestive
tract through the pneumatic duct to the infect the swim bladder. Alternatively, or in concert,
reduced function of the pneumatic duct in e/f3 mutants could cause or impair swim bladder
buoyancy regulation and subsequently render the duct and swim bladder susceptible to
inflammation and infection.

Taken together, our transcriptomic and whole animal histopathologic analyses indicate that
elf3 transcriptionally mediates host-microbiota interactions as well as microbe-independent
programs important for animal physiology. Our model presents putative direct or indirect roles of
elf3 in the upregulation of immune/defense responses and hematopoiesis while facilitating the
downregulation of abiotic responses and organic acid metabolism in response to microbes (Fig. 7).
elf3 also putatively mediates metabolic programs like proline and pyruvate metabolism and cellular
stress responses in a microbe-independent manner (Fig. 7). Additional studies are needed to
understand if the role of e/f3 in protection against aerocystitis is related to its role in host-microbiota

interactions or not.
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This study indicates that elf3 transcriptionally mediates host immune responses to the
microbiota and is important for adult survival under standard housing conditions. While our
results establish putative direct and indirect target genes of e/f3 upon microbial stimulation,
additional studies are needed to understand the larger upstream pathways involved in regulating
elf3 expression and microbial responsiveness as well as direct EIf3 target genes. Our
identification of conserved NF-kB binding sites in the e/f3 promoter (Fig.1) is consistent with
previous findings that these NF-kB mediates elf3 expression in diverse cell types (Grall et al.,
2003; Rudders et al., 2001; Wu et al., 2008). Future genetic or pharmacological studies that
directly test the ability of these TFs to regulate e/f3 will provide additional context to its role

mediating host-microbiota interactions.
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Figure 14: Summary model indicating putative roles for e/f3 in zebrafish
elf3 has roles in mediating host transcriptional responses to the microbiota as well as transcriptional
programs important for microbe-independent physiologic functions. In response to microbes, elf3
mediates the upregulation of genes involved in immune and defense response well as hematopoietic
marker genes while mediating the downregulation of genes with roles abiotic responses (e.g.,
circadian rhythm) and organic acid metabolism. Additionally, e/f3 mutation results in the
upregulation of transcriptional programs like proline metabolism and response to stress and the
downregulation of pyruvate and glycerophospholipid metabolism genes in a microbe-independent
manner. el/f3 mutation has significant consequences for the survival of adult zebrafish; however, it
remains unclear if this effect is related to the role of elf3 in host-microbiota interactions. All the
putative roles for elf3 indicated in this model could be direct or indirect.
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2.3 Methods

2.3.1 Ethics Statement
All zebrafish experiments were performed in accordance with the protocol approved by
the Duke University Institutional Animal Care and Use Committee (IACUC protocol number

A061-22-03).

2.3.2 Zebrafish husbandry

Husbandry of conventionally reared zebrafish was performed as previously described
(Murdoch et al., 2019; Wen et al., 2021). Zebrafish stocks maintained on a Ekkwill (EK) or a
mixed EK/Tiibingen long fin (TL) background were housed on a Pentair recirculating aquaculture
system timed to a 14/10- hour light/dark cycle at 28°C (Wen et al., 2021). Early larval fish were
given a Zeigler AP100 powered diet twice per day until 14 dpf, at which point the fish were fed
Artemia (brine shrimp) in the morning followed by an afternoon feeding with powdered Gemma
Micro diet. Fish are maintained on this two-part diet through adult stages.

Generation and maintenance of gnotobiotic larvae was performed as previously described
(Pham et al., 2008) with the addendum that the “antibiotic-containing gnotobiotic zebrafish
medium” (AB-GZM) was supplemented with 50 ug/ml gentamycin (Sigma-Aldrich, G1264)
(Murdoch et al., 2019). Genotyping of larval and adult zebrafish was performed using standard
whole larvae preparations or fin tissue resection methods with the extracted genomic DNA using
the primers listed in Table 12. For imaging experiments, fish were anesthetized in buffered

Tricaine prior to mounting.
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2.3.3 Key resources

Table 15: Biological reagents

Type of reagent Name of reagent Source
Danio rerio mutant allele elf312 (A 19 bp) This study
Danio rerio mutant allele elf31% (A 12 bp) This study

Table 16: Primers

Name Sequence Source
elf3 rdul02 F | CCGAGTTTGAGCTACTAGACAACA This study
elf3 rdul02 R GAATTGTAGACTGGACCACCA This study
elf3 rdul03 F ACTCTTGCTCTTTCTGACAGGTA This study
elf3_rdul03_R AACCGGTCTCCTCTATCCTCC This study
8F AGAGTTTGATCCTGGCTCAG (Weisburg et al., 1991)
1492R GGTTACCTTGTTACGACTT (Weisburg et al., 1991)

2.3.4 Generation of mutant zebrafish lines

The elf3 locus was mutated via CRISPR/Cas9-based genome editing as previously
described (Davison et al., 2017; Heppert et al., 2022; Wen et al., 2021). The “CRISPRscan” tool
(https://www.crisprscan.org/) was used to identify the target sequence of both guide RNAs
(gRNA). For elf3"!?? the gRNA was generated via in vitro transcription. This gRNA (120
ng/ul) was injected into one-to-two cell stage, wild-type embryos in an injection mixture that
included “Cas9 mRNA (150 ng/ul), 0.05% phenol red, 120 mM NaCl, and 20 mM Hepes Buffer
(pH 7.0)” (Heppert et al., 2022; Murdoch et al., 2019; Wen et al., 2021). For elf3%!% a

synthesized gRNA targeting the DNA binding domain was purchased from IDTDNA. One-to-two
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cell stage, wild-type embryos were injected with a mixture of this gRNA (80 ng/ul), Cas9 protein
(300 ng/ul), and 0.06% phenol red. For both alleles, mutagenesis events in injected embryos were
detected via Heteroduplex Mobility Assay. Founders for both alleles were identified via Sanger
sequencing of PCR products that spanned the CRISPR target site. elf3""/%? was identified as a 19
bp deletion, which is predicted to result in a premature stop codon after amino acid 235 (Fig.S2).
elf3"1% was identified as a 12 bp in frame deletion (Fig.S2). Founders were outcrossed to wild-

type fish to propagate both alleles and generate stable lines.

2.3.5 Cell isolation and RNA extraction for total RNA sequencing

elf3"" and elf3""!% Jarvae were pooled separately from at least two clutches of
homozygous incrosses from parental cousins. Larvae were euthanized in buffered Tricaine (n= 6-
16 pooled larvae per experimental replicate) and stored at 4°C in RNAlater (Thermo Fisher,
AM?7020) for 16 hours prior to long-term storage at —80°C. RNA extraction was performed as
previously described (Heppert et al., 2022). To start the RNA extraction process, the larvae were
washed in 1 mL of cold GZM. Next, 1 mL of TRIzol (Thermo Fisher, 15596026) was added to
each replicate tube, and the larvae were homogenized with a 27-gauage needle and syringe (25
total passes). Following homogenization, the RNA extraction process was completed with the
PureLink RNA Mini Kit (Invitrogen, 12183018A). To ensure high quality RNA for sequencing,
the eluted RNA was prepared for additional clean up with the Zymo RNA Clean and
Concentrator Kit (Zymo Research, R1017) Total RNA was stored indefinitely at —80°C until
submission to the Duke Sequencing and Genomic Technologies Shared Resource (SGT). The
SGT Core generated stranded mRNA libraries (KAPA HyperPrep) and performed 150 bp paired-

end sequencing in one 10B lane of the NovaSeq X Plus.

2.3.6 Bulk RNA-seq analysis
Initiation of the bulk RNA-sequencing analysis was performed as previously described

(Heppert et al., 2022). Raw sequencing files were uploaded to the Galaxy server, where the paired
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reads were subsequently trimmed using Trim Galore! to remove adapter sequences and low-
quality scoring reads. These reads were mapped to the Danio rerio reference genome (GRCz11)
with default STAR RNA-seq (Dobin et al., 2013) parameters using the Lawson lab transcriptome
annotations as a gene model (v4.3.2 GTF) (Lawson et al., 2020). Mapped reads per gene were
quantified via FeatureCounts with default parameters (Liao et al., 2014) and the resulting counts
for each replicate were used to compute differential expression analysis and likelihood ratio test
(LRT) via DESeq2 (Lickwar et al., 2022; Love et al., 2014). Deseq2 and its plotPCA function
were used to generate the PCA plot of normalized counts for each replicate. The Venn diagram of
significant differentially expressed genes was generated online via
(http://bioinformatics.psb.ugent.be/webtools/Venn/). To identify GO biological processes and
other pathways enriched in our lists of differentially expressed genes, we used the default settings

of Metascape (Zhou et al., 2019).

2.3.7 Brightfield and color camera images of zebrafish

To generate brightfield images of larval zebrafish, anesthetized fish were mounted in 3%
methylcellulose and imaged with a Leica DFC 365FX camera attached to a Leica M205 FA
stereomicroscope similarly to the protocol described in (Murdoch et al., 2019). Colored images of
anesthetized adult zebrafish were taken with a Leica DFC425 camera attached to a Nikon SMT-

2T dissecting scope.

rdul03 gurvival

2.3.8 Longitudinal assessment of e/
We in-crossed elf3™"1% heterozygous adults and separately in-crossed elf3"" and elf3”
siblings to generate the heterozygous (n = 4 tanks) and homozygous (n = 2 tanks per genotype)
that we observed over time. For the heterozygous tanks, we genotyped the fish with standard fin
resection methods at 60 dpf to obtain the starting genotypic ratios and performed genotyping

rounds at 100 dpf, 277 dpf, and 368 dpf to monitor ratios. For the homozygous tanks, we

performed tank counts at the same timepoints that the genotyping was conducted with 4
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additional timepoints (130 dpf, 194 dpf, 232 dpf, 313 dpf). All survival data is presented in the
form of Kaplan Meier survival curves. A death event was defined as any fish that was found
dead, euthanized for a humane endpoint, or fish presumed dead resulting from decreased “n” at
time of tank count. Moribund fish presenting clinical signs of health deterioration such as
abnormal swimming, ulcers, and erythema were euthanized for a humane endpoint. Several of
these euthanized moribund fish were prepared for adult histopathological assessment. Wild-type

controls that were euthanized specifically to serve as controls for the histopathological assessment

were considered censored and are indicated as such in the Kaplan Meier survival curve as ticks.

rdul03 gyurvival

2.3.9 Longitudinal assessment of ¢/
Moribund elf3 mutant adults ranging from 202 to 501 dpf were euthanized along with
sex-matched, similarly aged wild-type controls (< 20 dpf difference) in preparation for paired
analysis. For the cross-sectional cohort, mutant and wild-type adults (7 males and 7 females per
genotype) were euthanized at 154 dpf. Euthanized fish were prepared for whole animal histology
according to the ZIRC Public Wiki fixation protocol (www.zebrafish.org) with the addendum that
the de-calcified fish were rinsed for 3 hours in running DI water before immersion in a graded
ethanol series ranging from 25% to 70%. The fish were stored in 70% ethanol prior to shipping to
the Oregon Veterinary Diagnostic Laboratory at Oregon State University, where the fish were
embedded in paraffin blocks, sectioned (along the paramedial plane), and stained to produce
hematoxylin and eosin (H&E), acid fast, and Gram-stained slides. The Duke BioRepository and
Precision Pathology Center (BRPC) generated 40X whole slide scans using a Leica Aperio
GT450 scanner. Histopathologic evaluation of the scanned slides was performed in a blinded
analysis by a board-certified veterinary pathologist that was either paired (moribund) or unpaired

(cross-sectional cohort). For consistency, all histology images depicted in the publication were

either rotated or vertically reflected for head left orientation.
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2.3.10 Larval zebrafish infections with Mycobacterium marinum

2 dpf larval zebrafish from homozygous incrosses of elf3 wild-type and homozygous
mutant parents were anesthetized with tricane and approximately 200 fluorescent bacteria (FB) of
wild-type, red fluorescent M. marinum were injected into the caudal vein of each larval zebrafish
with a borosilicate needle. The infected zebrafish were subsequently recovered in E3 medium
containing 1-phenyl 2-thiourea (PTU). Any embryos damaged in the process of injection or
infected with incorrect dosage were removed from the experiment at 1 dpi. Final images were taken

at 5 dpi. Fluorescent bacteria were quantified as previously described (Takaki et al., 2013).

2.3.11 Isolation and identification of swim bladder bacteria

To evaluate swim bladder infection in elf3 mutant zebrafish, we selected moribund
mutant fish that were displaying aberrant swimming behavior and wild-type control siblings (n =
6 mutants and n = 4 wildtype). Immediately following euthanasia in buffered Tricaine, the fish
were soaked in 10% PVP-iodine (Ricca 3955-16) for 2 minutes, gently scrubbed with PVP-iodine
soaked kimwipes, and re-submerged in the iodine solution for an additional 2 minutes. Swim
bladders were dissected with sterile instruments, homogenized with a pestle, and plated on blood
agar plates (tryptic soy agar base with 5% sheep blood, VWR 10324-332) under aerobic and
anaerobic conditions. Cultured bacteria were isolated and their 16S rRNA genes were PCR
amplified (Table S1), Sanger sequenced and classified using SILVA (Glockner et al., 2017; Quast

etal., 2013; Yilmaz et al., 2014).
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3. Conclusions

Animals are in constant interaction with the surrounding microbial environment. For over
a century, scientists have questioned the effects of these microorganisms on basic aspects of
animal physiology. Questions about the role of microbes in biological processes such as nutrient
metabolism and immune function continue to fuel many areas of biomedical research. If microbes
can influence so many diverse aspects of host physiology, then there must be sensing and
response mechanisms in place that help to facilitate these interactions. The work presented in this
manuscript provides additional insight for one highly conserved transcription factor (e/f3) that has
a role in mediating host responses in larval zebrafish. However, many questions remain about
how this transcription factor acts within broader transcriptional networks for mediating this
response and how conserved this finding might be to other vertebrates. In this conclusion, I have
addressed the limitations of the current work as well as provided recommendations for future

research that builds on these findings.

3.1 Limitations and future work
3.1.1 Characterizing EIf3 protein function and protein-protein interactions

In this study, we used bulk RNA-sequencing to compare the transcriptional profile of elf3
wildtype and mutant larvae reared with or without the presence of microbes. Our transcriptomic
analyses allowed us to conclude that e/f3 has a role in mediating how larval zebrafish respond to
microbial stimuli. We know that in our dataset as well as other datasets generated from the
digestive tissue of zebrafish, that e/f3 mRNA transcript levels are increased in conventionalized
(CV) larvae compared to germ-free (GF). However, it is important to note that mRNA levels are
just one aspect of gene expression that we probed with our transcriptomic approach. We did not
address EIf3 protein levels in this study. mRNAs serve as the template for protein translation, and
it is assumed in many cases of differential expression that increases or decreases in mRNA

transcript levels are correlated with respective changes in protein abundance (Buccitelli &
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Selbach, 2020; Koussounadis et al., 2015). Curiously, it is estimated from genome wide mRNA-
protein correlation studies in mammalian cells that roughly 40% of variation in protein abundance
can be explained by changes in mRNA transcript levels (Buccitelli & Selbach, 2020). This
correlation may be higher or lower for specific genes and can be cell-type dependent (Buccitelli
& Selbach, 2020). We cannot conclude from this work whether the microbiota can induce Elf3
protein abundance or alter its sub-cellular localization (e.g., nuclear vs cytoplasmic). Future
exploration of EIf3 protein might explicitly address these points even with the use of other
systems such as cultured cells, organoids, and animal models. Previous studies indicate that EIf3
has distinct nuclear versus cytoplasmic roles in transforming mammary epithelial cells (Prescott
et al., 2004) and that its expression is stronger and more nuclear in the inflamed colonic tissue of
mice treated with dextran sulfate-sodium compared to controls (Li et al., 2015). These data
suggest that subcellular localization can influence the biological roles of Elf3 and that
inflammatory signaling might enhance nuclear translocation. It would be interesting to learn if the
microbiota informs subcellular localization of EIf3 in epithelial cells and ask questions about
what other proteins Elf3 interacts with to elicit a host response. What proteins does EIf3 interact
with in the nucleus and/or cytoplasm that enhance or inhibit its activity? Are there EIf3 interactor
proteins that are specific to the microbial status of the host? How does elf3 mutation affect the
protein-protein interactions between other immune responsive host factors? Previous in vitro
studies indicate IL-1B induces the expression of the transcriptional co-activator complex p300-
CBP, which in turn interacts with ELF3 to enhance transcription of target genes like nitric oxide
synthase 2 (NOS2)(Wang et al., 2004). Conversely, Ku70 and Ku86 proteins inhibit the
transcriptional activity of ELF3 (Wang et al., 2004). I am particularly interested to see if ELF3
interacts with transcriptional co-activators like NFKBIZ and other proteins that mediate NF-kB
signaling (Kohda et al., 2016; Yamamoto et al., 2004). While some of this future protein-protein

interaction work would be performed in cultured cells or organoids, there are also methods for

123



generating protein-protein interactions networks in zebrafish using proximity-based biotinylation
assays (Pronobis et al., 2021; Xiong et al., 2021).

Another limitation of our work is our inability to determine where EIf3 protein binds in
the genome. We are unable to distinguish between the direct and indirect target genes identified
in our larval bulk RNA-seq dataset. While it was encouraging to see differentially expressed
genes in our dataset that have been demonstrated as direct ELF3 targets in cell culture (e.g.,
zebrafish mmp13a and human MMP13), we do not have data that reveal what genes EIf3 directly
regulates in response to microbes. This is particularly noteworthy because there are several
immune responsive transcription factors like irf15 and stat4 that fail to be induced by microbes in
the elf3 mutants. It is likely that these TFs also have a role in the attenuation of the immune
response observed in colonized e/f3 mutants. ChIP-seq is approach that would help identify direct
Elf3 targets; however, it is a strategy that hinges on availability of high-quality ChIP-grade
antibodies that are not currently available in zebrafish or in mice. The “Biotin ChIP-seq” method
is a newer protocol that leverages the affinity of biotin to streptavidin beads to circumvent the
need for TF specific antibodies in zebrafish (Lukoseviciute et al., 2018; Lukoseviciute et al.,
2020). In this approach, researchers generate a stable transgenic reporter line in which the
transcription factor of interest is tagged by an AVI tag that is targeted by BirA biotin ligase
(Lukoseviciute et al., 2020). This transgenic reporter is then crossed to another transgenic reporter
in which biotin ligase is ubiquitously expressed in the nucleus of all cells (Lukoseviciute et al.,
2020). In the resulting double transgenic progeny, the transcription factor of interest is
biotinylated and thus after subsequent crosslinking of the protein to DNA, can be pulled down
with streptavidin beads similarly to how antibody coated beads pulldown TF-DNA complexes in
traditional ChIP-seq protocols (Lukoseviciute et al., 2020). This approach was previously used to
elucidate the transcriptional program regulated by foxd3 during neural crest development in

zebrafish (Lukoseviciute et al., 2018). It is likely that this approach would need to be optimized to
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work for elf3; however, I anticipate that approaches like this will continue to improve our ability
to understand TF binding without the need for specific, high-quality antibodies. Overall, I think
that there are exciting protein-based studies that can help further define the role of EIf3 in

mediating host responses to microbes.

3.1.2 Generation of elf3 transgenic reporters

While this work establishes that e/f3 is a microbially responsive transcription factor in
larval zebrafish, we do not know what upstream host transcription factors and other mediators
regulate its expression and microbial responsiveness. We were able to identify that the elf3
promoter has conserved NF-kB and Egrl binding motifs; however, attempts to perform structure-
function analyses with the elf3 promoter to identify cis-regulatory regions and test whether these
TFs might regulate elf3 expression were inconclusive. The biggest challenge in the success of
these experiments is the presence of repetitive simple sequence in the upstream promoter of
zebrafish elf3, which is not highly amenable to cloning. We were unable to clone or synthesize
the approximately 1900 bp upstream promoter region containing both TF binding motifs;
however, we were able to generate a transgenic reporter line with the roughly 300 bp more
proximal promoter that contains the NF-kB motif (data not shown). This reporter recapitulates
expression of elf3 in epithelial tissues like the intestine, neuromasts, and pronephric duct
observed in published in sifu data (Sarmah et al., 2022) (data not shown). Preliminary qRT-PCR
analysis of GFP transcript levels in GF and CV transgenic larvae suggest that reporter expression
is not microbially responsive and thus does not recapitulate microbial induction of endogenous
elf3 (data not shown). Future studies are needed to more explicitly test the genetic requirements
for NF-kB, Egrl, and other host factors for the microbial induction of elf3 in larval zebrafish.
Even though my thesis lab was previously successful in using the structure-function approach to
identify a microbially responsive cis-regulatory region for angptl4 (Camp et al., 2012), I would
recommend future studies of elf3 transcriptional control use other transgenesis and mutagenesis
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approaches. Pharmacological inhibition is another way to test the requirement of these host
factors for the microbial induction of elf3; however, identification of efficacious inhibitors for use
in larval zebrafish is challenging.

My recommendation for addressing putative upstream regulators of elf3 is to start with
the generation a transgenic zebrafish reporter line using CRISPR-mediated knock-in strategies
(Cronan & Tobin, 2019; Levic et al., 2021; Wilson et al., 2021). This approach can include
designing and injecting a single guide RNA (sgRNA) that targets the last intron of elf3 (Levic et
al., 2021). The double stranded DNA break that is induced is then repaired with the assistance of
a dsDNA PCR donor that contains the endogenous sequence for the gene fused to fluorescent
protein and polyadenylation sequences (Levic et al., 2021). Success with this knock-in approach
would result in a fluorescently tagged EIf3 protein amenable to visualization with confocal
microscopy. Important considerations include the fact that this tagging might negatively impact
the expression, localization, and activity of EIf3 in vivo, so validation experiments confirming
that these processes are not impaired are recommended. This knock-in approach can also be used
to generate a N-terminus tag, but due to the highly repetitive nature of the sequence upstream of
elf3 coding sequence, it might be challenging to identify effective sgRNAs that cut within the
target region. This consideration should also be applied to CRISPR-mediated promoter knock-in
strategies in which a fluorescent reporter driven by a minimal promoter [e.g., heat shock protein
70 (hsp70) or cellular oncogene fos (c-fos)] is inserted approximately 200-600 base pairs
upstream of the transcriptional start site (Auer et al., 2014; Kimura et al., 2014). Because the
reporter is inserted so close to the TSS, its predicted that the regulatory landscape acting on the
endogenous gene expression will similarly act upon the minimal promoter driving reporter gene
expression (Auer et al., 2014; Kimura et al., 2014). Thus, it is anticipated that the reporter
expression will closely recapitulate endogenous expression of the gene of interest (Auer et al.,

2014; Kimura et al., 2014). These transgenesis strategies are quite promising, but what if they are
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not successful for elf3 specifically? Another method for visualizing elf3 expression in larval
zebrafish is to generate and hybridize hybridization chain reaction (HCR) probes to e/f3 mRNA
transcripts using RNA-FISH protocols (Childers et al., 2024; Choi et al., 2018; Munjal et al.,
2021). This variation on traditional, semi-quantitative in situ hybridization methods enables more
precise quantification of mRNA molecules in vivo (Choi et al., 2018). Researchers can compare
the fluorescence intensity of the probes between experimental conditions to generate hypotheses
about the effects of the treatment on gene expression. This strategy for visualizing e/f3 expression
is particularly advantageous when there are experimental time constraints. The probes can be
used immediately in wildtype animals compared to the months long waiting process involved in
the generation of stable transgenic reporters. Previously published elf3 in situ hybridization data
in developing larvae indicate that elf3 is expressed in diverse tissues like the gut, pronephric duct,
neuromasts, notochord, among others (Sarmah et al., 2022). These data can be used to validate
elf3 expression patterns identified with the discussed tools.

Once the concern of generating elf3 transgenic reporter or HCR probes has been
addressed, there are so many exciting ways in which these tools could be applied to answer
questions about the expression and microbial responsiveness of elf3. For instance, is there tissue
specificity associated with upregulation of e/f3 in response to microbiota? One of the limitations
of the current work is that the bulk RNA-seq experiments were performed using RNA extracted
from whole larvae at a singular timepoint. As a result, we do not have the resolution to address
the spatiotemporal dynamics of microbial induction of elf3. It would be informative to compare
germ-free and conventionalized transgenic larvae at various timepoints following microbial
exposure to identify if there are (1) specific tissue types in which reporter expression is induced
and (2) the earliest and latest timepoints in which reporter expression is CV larvae is higher than
GF. These imaging experiments could be coupled with qRT-PCR assessment of e/f3 mRNA

levels in specific tissues to validate if the reporter recapitulates dynamic changes in endogenous
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elf3 transcripts. We could use the validated reporter to begin addressing if transcription factors
like NF-kB, Egrl, or other immune signaling host factors (pattern recognition receptors, adapter
proteins, etc.) mediate its expression and microbial responsiveness. Future work might start with
injecting pools of sgRNAs targeting these host factors in transgenic embryos and comparing elf3
reporter expression or HCR probe fluorescence to control fish injected with sgRNAs targeting
pigmentation genes that produce obvious phenotypes when mutated (Sarmah et al., 2022). While
it is possible that the host factors mediating the tissue-specific expression of elf3 are differential
to those that regulate its microbial responsiveness, completing these CRISPR pool experiments
under conventional conditions is preferable for generation of a candidate gene list. A good
candidate mediator is a gene for which CRISPR pool-mediated knockdown results in significant
reductions in elf3 reporter expression or HCR probe fluorescence. These experiments might
ultimately lead to injecting CRISPR pools in gnotobiotic experiments for comparisons between
GF and colonized animals; however, there may be pitfalls associated with keeping the injected
fish GF. It might be more advantageous to perform these experiments once stable mutant lines of
the candidates have been generated.

Additional uses of the proposed elf3 transgenic and HCR probe approaches include
performing monoassociation experiments with isolated bacterial strains to determine if there is
specificity for microbial induction of e/f3. Transcriptomic data from published larval
monoassociations suggest that elf3 expression is not induced following colonization by
Exiguobacterium sp. ZWUO0009, but it is induced in response to Chryseobacterium sp. ZOR0023
monoassociation (Koch et al., 2018).These data suggest that there are microbe-specific factors
that contribute to the microbial responsiveness of elf3. Future gnotobiotic experiments featuring a
panel of bacterial strains in wildtype larvae could address whether some microbes are more potent
in their induction of elf3 than others and putatively identify microbes that even suppress elf3

expression. Interesting bacterial candidates identified in these experiments might lead to future
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work testing whether it is a bacterial component or secreted effector that can induce elf3
expression and eventually attempt to identify specific bacterial metabolites that mediate elf3. It is
also possible to perform gnotobiotic experiments in which germ-free larvae are exposed to
“microbe associated molecular patterns” (MAMPs) including flagellin, lipopolysaccharide, and
peptidoglycan to determine whether these components can induce elf3 expression in larvae
(Newman et al., 2013). These data could also inform the CRISPR-pool mediated approaches for
understanding upstream host factors that mediate elf3 expression because many of these MAMPs
are recognized by specific pattern recognition receptors (Akira et al., 2001; Li & Wu, 2021). For
instance, a specific response to flagellin suggests that toll-like receptor 5 (¢/r5a/b) is a putative
mediator of elf3 expression, and this could be further tested in gnotobiotic experiments with ¢/r5
mutant larvae (Akira et al., 2001; Li & Wu, 2021). It would be preferable to perform imaging
assays to visualize these effects; however, qRT-PCR analysis of elf3 transcript levels in whole

larvae or specific tissue types would suffice.

3.1.3 elf3 infections models

In this work, we observed that e/f3 mutant adults had poor survival that was associated
with swim bladder inflammation. This observation has sparked several questions about the factors
initiating health deterioration. What triggers the swim bladder inflammation? Are microbes
causative? One of my greatest hopes for the future of the elf3 project is investigation of putative
causal microbes for swim bladder inflammation. I would like to see a much larger screen of
bacteria cultured from the swim bladders of moribund e/f3”~ mutants and wildtype controls. A
larger “n” for these experiments compared to what we have reported here would help draw more
definitive conclusions about whether there is a consistent pattern of culturable microbes within or
surrounding the swim bladder of fish presenting abnormal swimming behaviors. Future work
could then attempt to perform injection or immersion exposure models with candidate microbes
and report whether e/f3 mutants are more susceptible than wildtype animals. Identification of a
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causal microbe could also be used to address questions about the disparity in survival between
elf3 larvae and adults. Are there unique aspects of the role of elf3 in larval zebrafish that render
them more resistant to infection? These experiments could be performed if there is a way to
experimentally induce swim bladder inflammation at both developmental stages.

While the idea of isolating a putative causal microbe is proactive, there are several
pitfalls that would make this work particularly challenging. It is possible that the swim bladder
inflammation we observe in mutants precedes colonization of the swim bladder by opportunistic
microbes, and thus, isolated microbes are not causal but are simply able to take advantage of the
pre-existing inflamed environment. Another important consideration is that there is potential for
the causal microbe or microbes to be viral or fungal and not bacterial. Previous research indicates
that an isolated Rhabdovirus can cause swim bladder infection in carp (Bachmann & Ahne,
1974). Techniques for culturing virus from the swim bladders of e/f3 mutant swim bladders
would require additional expertise. Finally, it is also possible that there is a causal microbe or
consortium of microbes that cannot be cultured using standard laboratory techniques, and thus, a
limitation in current available tools might prevent the establishment of an e/f3 infection model.

The other perspective of an elf3 infection model is to apply the elf3 allele to current
infection models in zebrafish and evaluate whether mutants have an increased susceptibility to
infection. The data from the larval bulk RNA-seq experiments suggest that e/f3 mutants exhibit
an attenuated immune response in response to microbes. It is possible that this attenuated immune
response might leave elf3 mutant larvae and adults more susceptible to opportunistic microbes
and other pathogens. My hope is that the e/f3 mutants can serve as a resource for the zebrafish
community similarly to how other immune signaling mutants (e.g., mydS88, tlr2, etc.) are used to
investigate host factors mediating responses to infection (van der Sar et al., 2006; van der Vaart et

al., 2013; van Soest et al., 2011).
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3.2 Concluding remarks

In this work, we identified epithelial transcription factor e/f3 as a mediator of host-
microbiota interactions in larval zebrafish. I remain extremely optimistic that many of the
remaining questions introduced in this chapter will be addressed by the field within the next few
years. Humans and other animals are constantly navigating the push and pull between beneficial
and harmful interactions with microbes, and thus a greater understanding of what facilitates these
interactions has important implications for improving human health and combatting disease. I
believe that investigation of host-microbiota interactions will remain an important scientific field
for innovation and therapeutic intervention as we continue to navigate dynamic changes (e.g.,

climate change, urbanization, etc.) on our planet.
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