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Abstract 
Microbial communities colonize diverse vertebrate mucosal surfaces including 

the intestinal tract. These microorganisms, termed the intestinal microbiota, impact 

many aspects of host physiology including metabolism, behavior, and immune 

development. A majority of gut-associated microbes are genetically intractable or are 

difficult to isolate and associate with gnotobiotic model animals, thus the mechanisms 

that mediate their colonization and influence on the host remain undefined. To define 

genetic mechanisms of bacterial colonization and their subsequent impact on host innate 

immune development and function, we utilized a gnotobiotic zebrafish model. 

Comparative analysis of germ free zebrafish (which lack microbiota) and zebrafish 

colonized with either isogenic bacterial mutant pools or complex microbial communities 

has led to the identification of bacterial determinants of colonization (Chapter 2) and 

mechanisms of microbial control of host innate immunity (Chapter 3).   

In Chapter 1, I introduce the intestinal microbiota and experimental strategies to 

interrogate their influence on host immunity. I highlight mechanisms by which animals 

recognize microbiota-derived signals and products. Further, I detail the cellular 

responses that lead to phenotypic alterations of host epithelial and innate immune cells 

following microbiota colonization. In Chapter 2, we use gnotobiotic zebrafish to 

investigate the mechanisms of intestinal colonization of a gut bacterial commensal, 
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Exiguobacterium acetylicum. We performed parallel in vitro and in vivo competitions of 

large pools of E. acetylicum mutants. These experiments identified several mutations that 

are differentially enriched or depleted in vivo. We also elucidated the ability of different 

E. acetylicum strains to colonize the zebrafish intestine utilizing high resolution live 

imaging of labeled strains. Our data indicate that bacterial functional traits, such as 

motility, are not always the major drivers of successful colonization.  

The intestinal microbiota influences the development and function of myeloid 

lineages such as neutrophils, but the underlying molecular mechanisms are unresolved. 

In Chapter 3, we identified the immune effector Serum amyloid A (Saa) as one of the 

most highly induced transcripts in digestive tissues following microbiota colonization in 

gnotobiotic zebrafish. Saa is a conserved secreted protein produced in the intestine and 

liver with enigmatic in vivo functions. We engineered saa mutant zebrafish to test 

requirements for Saa on innate immunity in vivo. Zebrafish mutant for saa displayed 

impaired neutrophil responses to wounding but augmented clearance of pathogenic 

bacteria. Saa’s effects on neutrophils further depend on microbiota colonization, 

suggesting this protein mediates the microbiota’s effects on host innate immunity. To 

test tissue-specific roles of Saa on neutrophil function, we over-expressed saa in the 

intestine or liver and found it to partially complement neutrophil phenotypes observed 

in saa mutants. These results indicate Saa produced by the intestine in response to 

microbiota serves as a systemic signal to neutrophils to restrict activation, decreasing 
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inflammatory tone and bacterial killing potential while simultaneously enhancing their 

ability to migrate to wounds. These findings identify a molecular mechanism that 

promotes innate immune tolerance to the commensal microbiota. In Chapter 4, I offer 

perspectives as to how Saa may function at the crossroads between host metabolism and 

immunity. I posit that Saa, and other microbiota-induced host factors secreted from 

IECs, are the molecular underpinnings symbiosis between host and microbiota and 

orchestrate systemic alterations in host immune function. 
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1. Introduction: Microbial regulation of host innate 
immunity 

The mucosal surfaces of animals are colonized with communities of 

microorganisms termed the microbiota. A significant portion of the microbiota resides 

within the intestine in direct contact with host mucosal secretions immediately adjacent 

to the intestinal epithelium. Signals generated by the microbiota are transduced to the 

host and result in a number of physiologic alterations, including promoting the 

development and function of the host immune system. Perturbations in microbial 

community structure is often associated with disease, suggesting an important role for 

the microbiota in maintaining homeostasis. The immune system is constantly stimulated 

by bacteria residing within the intestinal tract, leading to profound impacts in immune 

development both locally within the gut and at distal sites including the bone marrow. 

Animals that lack a microbiota (germ free, GF), show impaired development of innate 

immune responses against infectious challenge. Despite the importance of the 

microbiota in establishing homeostasis and promoting the generation of robust 

pathogen immunity, this symbiosis must be carefully monitored. Failure of the host to 

provide a barrier against the microbiota contributes to chronic diseases including 

inflammatory bowel disease (IBD). Thus, a delicate balance of microbial stimulation 

must be preserved to ensure animal health. 
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1.1 Compartmentalization of host-associated intestinal 
microbiota 

Dense consortia of microorganisms populate the mucosal surfaces of animals. 

Over the course of evolution, metazoans have co-evolved with these microorganisms 

forming a stable symbiosis that influences animal physiology at the DNA and cellular 

level (McFall-Ngai et al., 2013). These microorganisms are collectively referred to as the 

microbiota, and are comprised of bacteria, fungi, viruses, and protists. Although these 

microbes can be found on distinct body sites (including the skin, nasal cavity, and 

urogenital tract), the most densely populated host tissue is the intestinal tract (Belkaid & 

Hand, 2014). The intestine of vertebrates is comprised of a single epithelial layer that 

forms a tube with a single continuous lumen allowing for the passage and absorption of 

dietary nutrients. Host-associated bacterial communities are spatially distributed along 

the length of the small and large intestine yet the mammalian colon contains the highest 

microbial burden. 

Intestinal epithelial cells (IECs) constitute a physical barrier protecting the host 

against bacterial invasion while maintaining symbiosis with the gut microbiota. Tight 

junction proteins decorate the basolateral surfaces of IECs controls the trafficking of 

molecules from the intestinal lumen into the intestinal mucosa (S. H. Lee, 2015). Mucus, 

composed of glycosylated proteins, along with anti-microbial peptides (AMPs) are 

secreted by a subset of IECs to form a protective chemical barrier (Johansson, Sjovall, & 

Hansson, 2013). The mucus in the small intestine is characterized by a single layer of 
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loose mucus that coats the intestinal epithelium (Johansson et al., 2011). However in the 

colon, there are two layers of mucus, a firm layer directly adjacent to IECs, and a loose 

layer proximal to the lumen (Johansson et al., 2008). The loose mucus layer serves as a 

nutrient source for bacteria which can actively degrade mucus and penetrate deeper 

within the loose mucus layer (Sicard, Le Bihan, Vogeleer, Jacques, & Harel, 2017). 

Despite being spatially restricted within the intestine, bacteria elicit alterations in 

host physiology both locally within the intestine and in distal tissues. Bacterial cellular 

components and secreted metabolites are released into the luminal environment and 

shape numerous aspects of systemic host responses through diverse host detection 

mechanisms (Wells, Rossi, Meijerink, & van Baarlen, 2011). To identify pathways 

through which microbes in the gut shape host responses, many studies have 

characterized the structure and composition of host-associated microbial communities. 

Identification of the members of the microbiota in healthy or diseased hosts has 

correlated particular host phenotypes to the bacterial species that colonize the intestine 

and other host tissues.   

1.2 Experimental approaches and systems to study host-
associated microbiota 

1.2.1 16S rRNA sequencing and shotgun metagenomics 

The advent of high-throughput sequencing paved the way for the taxonomic 

characterization of host-associated microbiota (Jovel et al., 2016). All bacteria contain 

highly conserved 16S ribosomal RNA (rRNA) genes with both variable and conserved 
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regions (Chakravorty, Helb, Burday, Connell, & Alland, 2007). Amplification and 

sequencing of hypervariable regions of the 16S rRNA gene using universal primers can 

distinguish bacterial species within sample communities. Shotgun metagenomics is an 

alternative approach to characterize microbiotas through utilization of high throughput 

sequencing to survey the genomes of microbes within a community. This approach is 

not specific to bacterial species, and it also allows researchers to assess gene content in 

microbial communities (Jovel et al., 2016).  

1.2.2 Genome analysis of microbial metabolic capacity and 
metagenomics 

Large scale high throughput sequencing experiments have identified the 

bacterial constituents associated with health and disease. However, there is growing 

appreciation that the metabolic capabilities of these bacteria shape host biology and 

contribute to disease outcomes and 16S rRNA gene sequencing offers very limited 

information into the microbiota’s metabolic activities. It is estimated that the metabolic 

capacity of the intestinal microbiota surpasses that of the host by approximately 150 fold 

(Rajakovich & Balskus, 2018; Zhu, Wang, & Li, 2010).   

In the intestinal environment, bacteria metabolize a diversity of nutrients and 

produce small molecules that can then either be further metabolized or secreted into the 

extracellular space. In the search for mechanisms of microbiota-host interactions, these 

microbiota-derived small molecules are largely unexplored candidates. Two well 

described examples of gut bacterial metabolites that impact host-microbe symbiosis are 
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short chain fatty acids (SCFAs) and tri-methylamine-N-oxide (TMAO) (W. J. Lee & Hase, 

2014). However this is just scratching the surface of the range of metabolites secreted 

from gut commensals. Bioinformatic analyses of bacterial genomes have identified 

numerous biosynthetic gene clusters thereby defining the metabolic capacity of host-

associated bacteria (Donia et al., 2014). Thus far, a wide range of small molecules have 

been detected from gut commensals including ribosomally synthesized post-

translationally modified peptides (RiPPs) which often have antibiotic activities (Donia & 

Fischbach, 2015). Other bacterial metabolites, such as by-products of bacterial amino 

acid fermentation, have been shown to accumulate in host tissues (Wikoff et al., 2009). 

Ongoing efforts in this field are aimed at systematically identifying bacterial enzymatic 

functions, associated metabolites, and their effects on host physiology and disease. For 

example, recent studies have experimentally identified anti-inflammatory properties of 

Bacteriodetes fragilis polysaccharide A (PSA) and CGR2 mediated plant toxin 

detoxification in Eggerthella lenta (Koppel, Bisanz, Pandelia, Turnbaugh, & Balskus, 2018; 

Mazmanian, Round, & Kasper, 2008). Research in this area will likely have major 

contributions to understanding variable drug efficacy in humans as intestinal microbes 

can potentially transform and metabolize xenobiotics (Turnbaugh, 2018).  
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1.2.3 Animal models and strategies to study host-microbe 
interactions 

1.2.3.1 Gnotobiotics, antibiotic depletion, and super-colonization 

Correlative microbiome studies performed in humans provide insight as to the 

influence of specific disease states or dietary influences on gut microbiota. However, 

mechanistic insights of host-microbe are difficult to gain from human studies due to 

both ethical and logistical issues. Thus, animal models are essential tools for 

experimental manipulations, providing critical insights to diverse biological processes. 

Model organisms commonly used in laboratory research in combination with 

gnotobiotics have provided powerful experimental systems to dissect the influence of 

microbes on hosts. By definition, gnotobiotics implies that all life forms within a system 

are defined. To elucidate the impacts of the collective microbiota on host processes, 

animals can be derived germ-free (GF) through a variety of techniques, resulting in a 

sterile axenic organism devoid of microbes (Fiebiger, Bereswill, & Heimesaat, 2016). 

Specific bacterial strains or complex consortia of interest can then be introduced to 

interrogate the effects of microbiota colonization on host physiology. Gnotobiotic mice 

have been instrumental in studying the influence of microbiota on numerous host 

physiologies ranging from metabolism, development, and immunity. In addition to 

murine models, there are other vertebrate and non-vertebrate animal models that have 

existing methods to be reared under gnotobiotic conditions. Fruit flies, worms, squid, 
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and fishes can be derived GF and subsequently colonized with a variety of microbial 

communities of varying composition and complexity (Kostic, Howitt, & Garrett, 2013). 

Technically challenging and expensive, gnotobiotic husbandry is not always the 

most feasible approach to studying host-microbe relationships. Further, GF animals 

develop in the absence of microbial cues, potentially leading to early life deficits that 

complicate interpretations of various microbe-driven phenotypes at older stages. Thus, 

alternative strategies exist to study microbiota impacts in animal model organisms at 

more distinct temporal resolutions. Longitudinal delivery of antibiotics (ABX), using 

defined cocktails of broad-spectrum antibiotics, is utilized to reduce microbial burden 

(Lundberg, Toft, August, Hansen, & Hansen, 2016; Reikvam et al., 2011). Moreover, ABX 

treatment regimens can be designed to target specific bacterial taxa leveraging 

differences in mechanisms of action of various ABXs (Kennedy, King, & Baldridge, 

2018). Some potential caveats of ABX microbiota depletion include incomplete reduction 

of certain bacterial species, the use of artificial sweeteners to deliver the antibiotic 

solution, the development of intestinal antibiotic resistant bacterial strains, and host 

physiological responses to the antibiotics (Morgun et al., 2015), all which can confound 

results. 

Super-colonization is yet another method to evaluate the impact of particular 

bacterial strains on host responses. This strategy involves colonizing an animal that 

already possesses a complex microbiota (e.g. a Specific pathogen-free mouse, SPF) with 
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a specific microbe of interest. This exposure can occur once or through serial 

inoculations and can be assessed for efficacy via 16S rRNA gene quantification or 

culture. Although less technically challenging, this approach is agnostic to potential 

microbial interactions between the existing complex community, the microbe of interest, 

and the host. Many studies employ this technique to assess host responses to probiotic 

bacteria following delivery of probiotic strains into animals with pre-existing microbial 

communities (S. H. Lee, 2015; Li et al., 2019; Linninge, Xu, Bahl, Ahrne, & Molin, 2019; 

van Baarlen, Wells, & Kleerebezem, 2013). 

1.2.3.2 Zebrafish as a model system 

Zebrafish (Danio rerio) are a genetically tractable vertebrate model organism with 

many advantages to study host-microbiota interactions. Native to fresh water regions of 

India and Nepal, these teleost fish have emerged as a powerful vertebrate model with a 

fully sequenced genome and a complement of genetic tools which facilitate transgenesis 

and mutagenesis (Parichy, 2015). 16S rRNA sequencing studies demonstrated that the 

zebrafish microbiota is dominated by Proteobacteria throughout all developmental 

timepoints, with the expansion of Firmicutes and Fusobacteria at later adult stages 

(Bates et al., 2006; Brugman et al., 2009; Rawls, Samuel, & Gordon, 2004; Roeselers et al., 

2011). Methods to derive zebrafish embryos germ free (GF) and their subsequent rearing 

under gnotobiotic conditions are well established (Pham, Kanther, Semova, & Rawls, 

2008). Zebrafish embryos are fertilized externally and develop for the first 48 hours 
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inside the sterile environment of the chorion, a protective membrane impermeable to 

microbes. Colonization with environmental microbes occurs when larvae hatch from 

their chorions at 3 days post fertilization (dpf), coincident with the lumen formation of 

the developing intestinal tract (Rawls, Mahowald, Goodman, Trent, & Gordon, 2007). 

Notably zebrafish possess conserved digestive physiology and hematopoietic immune 

cell lineages as compared to mammals (Kanther & Rawls, 2010).  

1.2.4 Defined microbial consortia and mono-association strategies to 
study microbial influence on host immunity 

1.2.4.1 Microbial consortia  

Accurately modeling microbiota-driven phenotypes in model organisms has 

presented challenges in reproducibility. It is well established that the composition of the 

intestinal microbiota is a major driver of microbe-associated host responses 

(Macpherson & McCoy, 2015). The specific bacterial strains co-existing symbiotically 

within the gut (termed microbial consortia), is heterogenous and varies not only across 

individuals, but also across geographic areas. Thus experiments performed in different 

animal facilities (including different cages and rooms within a facility) are representative 

of diverse host-associated bacterial populations (McCafferty et al., 2013; Parker, Albeke, 

Gigley, Goldstein, & Ward, 2018; Roeselers et al., 2011). There have been recent efforts 

such as the Mouse Intestinal Bacterial Collection (miBC), to generate a repository of 

bacterial isolates and corresponding genomes from murine models (Lagkouvardos et al., 

2016). This would allow for construction of defined microbial communities with specific 
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metabolic functions that could be used to inoculate GF mice for all experimental analysis 

as well as potentially serving as a precursor to microbial therapies.  

To combat the microbial heterogeneity that leads to facility-specific influences of 

microbiota on host immune development, there are defined bacterial consortia 

(communities) that can be poly-associated into GF mice. One well characterized 

microbial consortia is the Altered Schaedler Flora (ASF) which consists of eight bacterial 

strains isolated from mice (Dewhirst et al., 1999; Schaedler, Dubs, & Costello, 1965). 

Importantly, the selection of this community preceded modern understanding of 

microbiota diversity. Mice colonized with ASF exhibited increased regulatory T cells 

(Treg) production in the colon as compared to GF mice, suggesting that this minimal 

community can impact immune populations (Geuking et al., 2011). However, the 

simplicity of this microbial consortia may lead to an attenuation of previously described 

immune phenotypes from SPF mice. An example of this was recently reported for a 

TLR5 deficient mice. When housed under SPF conditions, SPF TLR5 KO mice develop 

spontaneous colitis (Vijay-Kumar et al., 2007). However, when colonized with ASF these 

mice displayed no signs of inflammation (Chassaing & Gewirtz, 2018).  

Colonization of mice with a defined mixture of 17 strains of Clostridia, that lack 

known toxin and virulence genes, results in increased host TGF-b production and Treg 

expansion in the intestine, independent of host PRRs Myd88, Card9, and Rip2 (Atarashi 

et al., 2011). This defined Clostridia mixture has been associated with protection against 
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TNBS induced intestinal inflammation in mice (Atarashi et al., 2013). More recently, an 

11 member bacterial consortia of low-abundant members of the human gut microbiota 

has been shown to be capable of inducing CD8 T cell production in the intestine of mice, 

with subsequent protection of host against infection with Listeria monocytogenes (Tanoue 

et al., 2019). Despite these insights, the impact of defined communities on host innate 

immune pathways remain largely unexplored and is a topic for future study.  

The main benefit of using defined bacterial consortia is increased reproducibility 

between facilities and labs as well as the potential to reveal genotype-intrinsic 

mechanisms that control dynamics between the host and microbe. Further, use of 

defined microbial consortia facilitates the identification of bacterial strains and factors 

that underlie phenotypes of interest. Despite these strengths, shortcomings of using 

defined communities include the inherent lack of microbial diversity. It is not natural for 

vertebrates to be colonized with a panel of defined organisms, thus phenotypes may be 

overlooked due to the simplicity or absence of key bioactive species.  

1.2.4.1.1 Human microbiota-associated mice 
To  investigate the mechanisms by which human associated microbial 

communities shape the immune system or cause disease, GF mice (or other gnotobiotic 

animal models) can be colonized with human microbial consortia or disease associated 

communities and evaluated for phenotypes (Faith, Ahern, Ridaura, Cheng, & Gordon, 

2014; Mark Welch, Hasegawa, McNulty, Gordon, & Borisy, 2017). Microbiota 

transplantation has linked human disease-associated microbiota with adverse metabolic 
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and inflammatory outcomes in mice (Ridaura et al., 2013). However these approaches 

should be interpreted cautiously as many predominant bacterial species of the human 

gut do not stably colonize mice (Arrieta, Walter, & Finlay, 2016; Rawls, Mahowald, Ley, 

& Gordon, 2006). To address this, researchers have developed human microbial 

communities such as a defined minimal human microbiota, SIHUMI, which contains 7 

strains of dominant human intestinal bacteria that readily colonize mice (Becker, 

Kunath, Loh, & Blaut, 2011). Further, there are stably maintained colonies of mice that 

were colonized from healthy human gut microbiotas (Chung et al., 2012; Surana & 

Kasper, 2017). As observed with a normal SPF microbiota, colonization of GF IL-10 

knockout mice with SIHUMI was able to induce colitis (Eun et al., 2014).   

1.2.4.2 Individual bacterial taxa   

Individual bacterial strains can elicit a profound impact on host immune 

development. For example, segmented filamentous bacteria (SFB) have been identified 

from the ileal mucosa of various vertebrate species (Chen et al., 2018; Ericsson, Hagan, 

Davis, & Franklin, 2014). This strain penetrates the mucus layer forming an intimate 

association with the intestinal epithelium resulting in striking alterations in host Th17 

production. Colonization by SFB in mice induces expression of the secreted protein 

Serum amyloid A (Saa) in IECs, which subsequently stimulates dendritic cells (DCs) in 

the intestinal lamina propria (LP) to promote Th17 expansion (Ivanov et al., 2009; Sano 

et al., 2015). Interestingly, mice obtained from Taconic Farms are colonized with SFB, yet 
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SFB is undetected in mice from Jackson Labs (Ivanov et al., 2009). This suggests that 

isogenic mouse strains used in microbiota studies can have major immunological 

differences under SPF conditions dependent upon their origin. 

Another member of the commensal microbiota, Bacteroides fragilis, robustly 

shapes host immunity. B. fragilis secretes an immunomodulatory molecule, capsular 

polysaccharide A (PSA), that has unique anti-inflammatory properties in vivo. Many 

studies have demonstrated that PSA promotes anti-inflammatory signaling and induces 

Tregs in various tissues, including the brain and intestine with important implications in 

health and disease (Mazmanian et al., 2008; Ochoa-Reparaz et al., 2010; Round & 

Mazmanian, 2010). In a mouse colitis model, PSA derived from this microbe potentiated 

DC mediated T cell Il-10 secretion, conferring protection against intestinal inflammation 

(Dasgupta, Erturk-Hasdemir, Ochoa-Reparaz, Reinecker, & Kasper, 2014). Interestingly, 

strains of B. fragilis isolated from human IBD patients had reduced levels of PSA 

expression due to inversion of the promoter region as compared to healthy controls 

(Blandford, Johnston, Sanderson, Wade, & Lax, 2019). Another specific strain of B. 

fragilis can activate macrophages, promoting phagocytosis, inflammatory gene 

expression, and secretion of nitric oxide (NO) (Deng et al., 2016). Collectively these 

findings illustrate that single bacterial members of the intestinal microbiota can have 

profound influences on host immunity.  
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1.2.4.1.1 Taxa specific impacts on host innate immunity in zebrafish 
Studies in gnotobiotic zebrafish have revealed conserved host responses to 

microbiota colonization (Bates, Akerlund, Mittge, & Guillemin, 2007; Bates et al., 2006; 

Rawls et al., 2006; Rawls et al., 2004). To elucidate the impacts of single bacterial strains 

on host innate immunity, several studies have performed mono-associations in 

gnotobiotic zebrafish larvae with defined bacterial strains. Expression of host innate 

immune genes including myeloperoxidase (mpx) and serum amyloid a (saa) are induced to 

varying degrees in zebrafish digestive tracts following colonization with complex 

microbiota and individual bacterial species. Specific bacterial strains potently induced 

innate immune genes including Pseudomonas aeruginosa PAO1, PAK, and Escherichia coli 

MG1655, whereas other strains including Shewanella sp. and Staphylococcus sp. failed to 

induce transcriptional responses of these innate immune genes (Rawls et al., 2006). 

These findings demonstrate that specific bacterial strains in zebrafish potentiate a robust 

innate immune response.  

Transcription of innate immune genes is largely regulated by transcription factor 

NF-kB. Zebrafish containing a NF-kB transgenic reporter, Tg(NFkB:EGFP), demonstrate 

that microbial signals induce NF-kB signaling in a variety of cell and tissue types in 

larval zebrafish, including the intestine (Kanther et al., 2011). P. aeruginosa, which was 

previously shown to robustly induce innate immune genes in zebrafish intestines, also 

induced Tg(NFkB:EGFP) in IECs (Kanther et al., 2011). Analysis of NF-kB reporter 

expression indicated NF-kB signaling in zebrafish is mediated by bacterial flagellar 
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motility, as P. aeruginosa PAK mutant strains lacking flagellar components did not elicit 

a robust induction of the transgene or expression of innate immune genes (Kanther et 

al., 2011; Rawls et al., 2007).  

To assess functional innate immune consequences of microbial colonization, 

neutrophil recruitment was quantified in gnotobiotic zebrafish larvae mono-associated 

with zebrafish gut isolates (Rolig, Parthasarathy, Burns, Bohannan, & Guillemin, 2015). 

This study demonstrated that specific bacterial isolates, such as Aeromonas sp. and Vibrio 

sp., promoted higher levels of neutrophil abundance in the gut compared to strains like 

Shewanella sp. Further di-associations with these different strains revealed that the 

dominant species (as assessed by CFUs) did not always positively correlate with 

neutrophil recruitment. Findings from this study revealed that Shewanella sp. secreted a 

factor that suppressed gut neutrophil recruitment. Moreover, a secreted 

immunomodulatory protein was identified from Aeromonas sp. that prevented aberrant 

intestinal neutrophil recruitment (Rolig et al., 2018). These data demonstrate that specific 

microbial species can influence host innate immune cells independent of bacterial 

abundance within the gut.  

1.3 Host recognition of microbiota derived signals and products 

The detection of microbes by host cells is critical for the maintenance of 

homeostasis and prevention of pathogenic infection. This balance between host 

tolerance and inflammation is achieved through an intricate molecular cross talk 
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between commensal microbes and host. Microorganisms (e.g. bacteria, fungi, viruses, 

and protozoa) possess highly conserved molecular signatures, referred to as microbe 

associated molecular patterns (MAMPs). MAMPs are recognized as foreign stimuli and 

include microbial surface components such as LPS, peptidoglycan, and flagella. Host 

epithelial and myeloid cells express highly conserved pattern recognition receptors 

(PRRs) both on outer cell surfaces and within the cytoplasm to detect extracellular and 

intracellular signals and coordinate proper immune responses. Activation of host PRRs 

leads to conserved signaling cascades mediated through adaptor proteins and kinases, 

ultimately resulting in increased expression of cytokines, chemokines, and anti-

microbials (Kawasaki & Kawai, 2014). 

Host PRRs are ancient microbial sensors that have co-evolved with symbiotic 

commensal microbiota and pathogens over evolutionary time. The most thoroughly 

characterized host PRRs include Toll like receptors (TLRs) and nucleotide binding 

oligomerization domain (NOD) like receptors (NLRs). First discovered in the fruit fly, 

Drosophila melanogaster, TLRs have been identified in invertebrate and vertebrate species 

from cnidaria to chordates (Chu & Mazmanian, 2013; Lemaitre, Nicolas, Michaut, 

Reichhart, & Hoffmann, 1996). Many TLRs are exposed to the extracellular environment 

on the cell surface however some TLRs are found exclusively within the host cell cytosol, 

located on lysosomal or endosomal membranes (i.e. TLR7, 8, 11, and 13). TLRs detect a 

wide array of MAMPs including LPS, nucleic acid, and flagella. (Kawasaki & Kawai, 
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2014) NLRs, including NOD1 and NOD2 in mammals, are located in the cytoplasm and 

detect intracellular bacterial ligands such as meso-diaminopimelic acid and muramyl 

dipeptide derived from peptidoglycan (Franchi, Warner, Viani, & Nunez, 2009). 

Surveillance of the extracellular and intracellular milieu by PRRs functions to 

activate host immune pathways to promote immunological tolerance or inflammatory 

responses. Following activation of TLR or NLR signaling, intracellular signaling 

adaptors (including MyD88, Traf, and Tram) and cellular kinases are recruited and lead 

to the activation of transcription factors such as NF-kB, STAT, IRF, and AP-1. These 

transcription factors regulate the expression of pro-inflammatory mediators including 

pro-inflammatory cytokines, anti-microbial peptides, and genes involved in chemotaxis 

(Kawasaki & Kawai, 2014).  

In mammals, including mouse and human, upwards of 12 TLRs have been 

identified. PRRs and downstream adaptors have been identified in other vertebrate 

model organisms, including zebrafish. In zebrafish, genomic analysis has identified 

numerous TLRs, some of which are conserved with mammalian counterparts (Li, Li, 

Cao, Jin, & Jin, 2017). As expected, zebrafish TLRs are expressed highly in the skin, 

intestine, and immune cells (Lickwar et al., 2017; Meijer et al., 2004; Z. Wang et al., 2010). 

Some ligands have been identified for zebrafish TLRs, and are largely consistent with 

what is observed in mammalian TLR signaling (Li et al., 2017). However, a thorough 

understanding of PRR signaling in zebrafish is lacking due to a paucity of functional 
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evidence, and further complicated by increased paralogy due to partial genome 

duplication during teleost evolution. 

1.4 Microbial programming of host steady-state innate immunity 

The innate immune system is an ancient host response to invading 

microorganisms wherein humoral and cellular components function synergistically to 

protect the host from infection. As compared to adaptive immunity, innate immune 

responses occur within short temporal timescales and are relatively non-specific, 

although there is emerging evidence suggesting that there is innate immune memory 

(Netea et al., 2016). Secreted anti-microbial proteins and complement factors target and 

kill microbes while phagocytic and antigen presenting innate immune cells play 

essential roles in host defense. Myeloid cells, including macrophages (matured from 

monocytes) and neutrophils, are professional phagocytic white blood cells that engulf 

microorganisms and necrotic cells. Immediately following infection or injury, circulating 

neutrophils extravasate (leave circulation) and migrate towards the wounded area 

following chemotactic gradients. Neutrophils are the first innate immune cell to be 

recruited to injury and act quickly to non-specifically neutralize infectious threats 

through a variety of cytotoxic mechanisms (Kolaczkowska & Kubes, 2013). Other innate 

immune cells, such as macrophages are recruited and help promote clearance and 

resolution of inflammation within affected tissues. 
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 Notably, these myeloid cells secrete a variety of cytokines and antibacterial 

factors which shape the local immune environment. The function of innate immune cells 

is tightly regulated since inappropriate or prolonged activation is deleterious to host 

health. Intriguingly, the intestinal microbiota is a source of microbial cues that provides 

tonic immune stimulation to the host. The host has evolved molecular mechanisms to 

sense and respond to commensal microbes, preventing undue inflammatory responses 

promoting immune tolerance. As reviewed in the sections below, the microbiota has co-

evolved with the host innate immune system promoting the development of robust 

systemic innate immunity. Host associated commensal microorganisms enhance the 

production, activation, and function of innate immune cells. In states of disease where 

there is microbial dysbiosis, it is likely that shifts in the microbiota lead to dysregulation 

of host innate immunity, thus contributing to disease progression.  

1.4.1 Systemic innate immune development 

1.4.1.1 Regulation of myelopoiesis by the microbiota 

Despite being spatially compartmentalized within anatomical compartments 

including the intestine, oral cavity, skin, and urogenital tract, the microbiota impacts 

systemic host innate immune processes (McFall-Ngai et al., 2013). Systemic innate 

immune homeostasis is largely mediated through the counterbalancing of the 

production and turnover of innate immune cells (Mitroulis, Kalafati, Hajishengallis, & 

Chavakis, 2018). It is well established that GF animals have systemic reductions of innate 
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immune cell populations including neutrophils, monocytes, and macrophages (Kanther 

et al., 2014; Khosravi et al., 2014). 

 

Figure 1. Microbiota regulation of innate immune cell development and 
function 

Bacteria colonize the intestine and secrete metabolites and shed cell surface 
antigens (MAMPs). IECs detect microbial stimuli via PRRs on the apical cell surface. 
Activation of PRRs leads to signaling cascades and the alteration of gene expression 

programs, including activation of immune genes. IEC secreted proteins and microbial 
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MAMPs diffuse systemically and modulate innate immune cell development in bone 
marrow. 

 
In mammals the generation of myeloid cells, such as granulocytes and 

monocytes, begins in the bone marrow (BM). Hematopoietic stem cells (HSCs) give rise 

to multipotent progenitors (MPPs) which then can differentiate into both myeloid 

committed common myeloid progenitors (CMPs) and lymphocyte progenitors (CLPs). 

Further fate commitment of CMPs to restricted granulocyte-macrophage progenitors 

(GMPs), dendritic cell/monocyte progenitors, or erythrocyte-megakaryocyte progenitors 

occurs upstream of more restricted progenitor cell populations. These dynamics are 

tightly regulated through the concerted action of pro-inflammatory cytokines, growth 

factors, and extrinsic factors such as microbial signals. The production of myeloid cells, 

termed myelopoiesis, is critical to sustain the appropriate circulating levels of 

neutrophils and monocytes in both health (steady-state) and disease.  

Inflammatory insults such as infection, result in an increase in the myeloid pool 

by instigating “emergency granulopoiesis” (Manz & Boettcher, 2014). This enhanced 

production of granulocytes (phagocytic myeloid innate immune cells) is a host-

protective mechanism to combat infection as evidenced by increased susceptibility to 

infectious diseases in neutropenic individuals (Kuderer, Dale, Crawford, Cosler, & 

Lyman, 2006; Spoor, Farajifard, & Rezaei, 2019). Intriguingly, several studies have 

described that host associated commensal microorganisms influence the generation of 

innate immune cells at steady state with important consequences in infectious challenge. 
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Collectively, these findings suggest that the microbiota communicate with multipotent 

progenitor cells in the BM, ensuring the proper maintenance of innate immune cell 

populations. This molecular dialog between commensal microbiota and BM 

hematopoietic cells promotes animal health and homeostasis in the presence of a 

microbe rich environment.  

The microbiota influence hematopoietic lineages at multiple stages of 

differentiation and commitment (Table 1). Studies in mice have demonstrated that the 

microbiota influence BM HSCs. Upon ABX depletion of the microbiome, there are 

reported decreases in HSC numbers in BM, and this is suspected to be mediated through 

STAT1 signaling (Josefsdottir, Baldridge, Kadmon, & King, 2017). Although this conflicts 

with reports that find no difference in HSC numbers between GF and SPF mice  

(Khosravi et al., 2014), this could be attributed to different microbiota compositions 

between facilities, or the impacts of ABX microbiota depletion vs GF husbandry. ABX-

treated and GF mice also possess fewer BM granulocyte and monocyte progenitors 

(GMPs), which correlates with reduced numbers of BM and circulating neutrophils and 

monocytes and depends on MyD88 and TLR4 signaling (Deshmukh et al., 2014; 

Khosravi et al., 2014). Collectively, these findings indicate levels of BM and circulating 

myeloid cells are augmented through host detection of molecular cues such as MAMPs 

derived from commensal microorganisms via PRR signaling.  



 

23 

Signals derived from the microbiota communicate with distal tissues including 

progenitor cells in the BM. Interestingly, the complexity of host associated microbiotas is 

positively correlated with the enhancement of steady state myelopoiesis (Balmer et al., 

2014). This indicates that there are likely multiple microbial cues that can be detected by 

the host HSCs and progenitor cells in BM. Further, these microbially-derived signals are 

present in host circulation as transfer of serum from SPF mice to GF mice expands BM 

myeloid cell pools. These microbial signals are heat stable and signal via MyD88 and 

TICAM1 signaling (Balmer et al., 2014). Moreover, exposure of GF mice to MAMPs is 

sufficient to promote differentiation of GMPs to myeloid cells, suggesting that microbial 

patterns likely expand the BM myeloid cell pool (Khosravi et al., 2014). A recent study 

by Mitroulis et al. documented that injection with fungal cell wall component, b-glucan, 

stimulates HSCs and expands the myeloid cell pool (Mitroulis, Ruppova, et al., 2018). 

Taken together, these findings indicate microbial products signal via PRRs to modulate 

the expansion of the BM myeloid pool in response to microbiota (Balmer et al., 2014) 

(Figure 1).  
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Table 1: Microbiota regulation of hematopoietic lineages  

 

During steady state hematopoiesis, homeostasis is maintained by the coupled 

generation and elimination of immune cell subsets. For example, mature “aged” 

neutrophils and monocytes in circulation alter their surface expression of receptors and 

are recruited out of circulation where they undergo apoptosis and are subsequently 

cleared by other phagocytic cells (Janssen, Bratton, Jakubzick, & Henson, 2016). 

lineage reference location
Response to 
microbiota Husbandry

Khosravi et al., 2014 BM NC GF 
Balmer et al., 2014 BM ↑ GF/ABX

Mitroulis et al., 2018 BM ↑ B-glucan inj
Josefsdottir et al., 2017 BM ↑ ABX
Josefsdottir et al., 2017 BM ↑ ABX

Mitroulis et al., 2018 BM ↑ B-glucan inj
Khosravi et al., 2014 BM NC GF

Josefsdottir et al., 2017 BM NC ABX
Mitroulis et al., 2018 BM ↓ B-glucan inj
Khosravi et al., 2014 BM NC GF

Josefsdottir et al., 2017 BM NC ABX
Deshmukh et al., 2014 BM ↑ ABX
Mitroulis et al., 2018 BM ↑ B-glucan inj
Balmer et al., 2014 BM ↑ GF

Khosravi et al., 2014 BM/spleen ↑ GF
Khosravi et al., 2014 BM/spleen ↑ GF/ABX

Zhang et al.,2015 BM/circulating/spleen ↑ ABX/GF
Hergott et al.,2016 BM/circulating/spleen ↑ ABX/GF

Deshmukh et al., 2014 BM/circulating ↑ GF/ABX
Zhang et al.,2015 BM/circulating/spleen ↑ GF/ABX

Hergott et al., 2016 BM/circulating/spleen ↑ ABX/GF
Balmer et al., 2014 BM/circulating ↑/NC GF

Josefsdottir et al., 2017 circulating NC GF
Khosravi et al., 2014 BM/spleen ↑ GF
Balmer et al., 2014 spleen ↑ GF
Zhang et al.,2015 BM/spleen ↓/↑ ABX

Balmer et al., 2014 BM/circulating ↑/NC GF
Josefsdottir et al., 2017 BM/circulating ↑/NC ABX

macrophages

granulocytes

HSC

MPP

CMP

GMP

neutrophils

monocytes
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Reduction in systemic abundance of macrophages, neutrophils, and monocytes in GF 

and ABX treated animals may also be the result of differences in innate immune cell life-

span and turnover. Signals from the intestinal microbiota, specifically peptidoglycan, 

promoted longevity of neutrophils and monocytes in circulation via a NOD1 dependent 

mechanism (Hergott et al., 2016). Further, a neomycin sensitive cohort of bacteria 

suppresses circulating phagocyte turnover. Notably, neomycin treatment did not result 

in a significant decrease in bacterial abundance (Hergott et al., 2016). Take together this 

illustrates that specific bacterial taxa can impact host innate immune cell dynamics.  

The life-span of innate immune cells is regulated by the commensal microbiota. 

In steady state and in inflamed conditions, there are different subsets of neutrophils 

with variable pro-inflammatory properties that correlate with their age (i.e. how long 

they have been in circulation following migration from BM). In instances of 

inflammation, there is an increase in the number of aged neutrophils, suggesting that 

environmental stimuli govern the lifespan of these cell populations. Aged neutrophils 

and monocytes are more inflammatory compared to their younger less mature 

counterparts as assessed by NET (neutrophil extracellular traps) formation (D. Zhang et 

al., 2015; X. Zhang et al., 2004). Moreover, gene expression analysis demonstrated that 

aged circulating neutrophils express higher levels of cytokines and chemokines.  

The microbiota promote neutrophil longevity (ageing) in circulation via a MyD88 

and TLR2/4 signaling axis (D. Zhang et al., 2015). Moreover, when challenged with 
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experimental sepsis via injection of LPS, “aged” neutrophils from ABX treated mice 

formed fewer NETs and animals had increased survival (D. Zhang et al., 2015). 

Stimulation with TLR2 and TLR4 substrates, peptidoglycan and LPS (but not NOD1/2 

activator mTriDAP), increased neutrophil abundance and aging in ABX microbiota 

depleted mice (D. Zhang et al., 2015). This highlights that multiple microbial signals 

regulate neutrophil longevity in circulation. This also contrasts with previous studies 

that find NOD1 signaling suppresses apoptosis of circulating neutrophils (Hergott et al., 

2016). Mice with myeloid cell-specific MyD88 deletion had reductions in the population 

of aged neutrophils (D. Zhang et al., 2015). Ultimately, these findings demonstrate that 

neutrophils are constantly primed by microbial and tissue signals while in circulation 

likely via TLR signaling. Interestingly, administration of a single broad spectrum 

antibiotic, neomycin, in mice did not alter the number of aged neutrophils relative to 

SPF controls (Hergott et al., 2016). This raises the possibility that there are specific 

bacterial taxa/products or a threshold of microbial stimuli necessary to augment 

neutrophil ageing in circulation.  

1.4.2 Microbiota-regulation of innate immune function  

1.4.2.1 Regulation of innate immune cell activation by the microbiota 

Innate immune cells can detect environmental and microbial stimuli via 

conserved PRRs expressed on their cell surface and intracellular cytosolic compartment. 

Upon detection of pro-inflammatory stimuli, a number of phenotypic changes occur 
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including alterations in metabolism, transcription, motility, surface receptor expression 

profile, and ROS production (El-Benna et al., 2016; Glass & Natoli, 2016; Miralda, 

Uriarte, & McLeish, 2017). These alterations lead to a “primed” phenotype which is an 

important transition state for fine-tuning innate immune cell behavior both in health and 

following infection or injury. In GF rats, there are defects in reactive oxygen species 

(ROS) production in circulating neutrophils (Ohkubo, Tsuda, Suzuki, El Borai, & 

Yamamura, 1999). In GF zebrafish, neutrophils express lower levels of pro-inflammatory 

RNAs including mpx, tnfa, and AMPs pgylrp2 and pglyrp5 (Murdoch et al., 2019), 

Espenschied et al., unpublished, (Kanther et al., 2014). Similarly, dendritic cells (DCs) 

isolated form non-mucosal organs in GF mice failed to induce the expression of pro-

inflammatory transcripts following stimulation with PRR ligands ex vivo (Ganal et al., 

2012). Analysis of activating histone marks on the promoter elements of pro-

inflammatory genes indicated a reduction in GF mice, correlating with reduced NF-kB 

and IRF3 mediated gene expression. This study suggests that signals from the 

microbiota drive epigenetic changes in innate immune cell populations, leading to 

altered transcriptional activation following pro-inflammatory stimuli.  

Signals from the microbiota can shape myeloid cell activation in distal tissues 

including the liver and the lung. Alveolar macrophages respond transcriptionally to the 

presence of commensal microbiota in homeostasis. These transcriptional changes are 

predominantly associated with a pro-inflammatory gene activation signature  (M. Cheng 
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et al., 2017). Tryptophan metabolites secreted by the intestinal microbiota suppress pro-

inflammatory macrophage phenotypes in the liver, including reducing expression of 

pro-inflammatory cytokines Tnfa, Il1b, and MCP-1 (Krishnan et al., 2018). Interestingly 

following a high fat diet, the level of these microbial tryptophan metabolites was 

attenuated, leading to increased inflammatory tone in macrophages. This suggests that 

the microbiota has suppressive roles, preventing hyper-activation of host immune cells 

in homeostasis, and these can be perturbed in disease states. Collectively, these results 

suggest that the intestinal microbiota promotes priming of host innate immune cells in 

homeostasis. 

1.4.2.2 Microbiota-regulation of innate immune responses to infection and injury 

The proper development of the innate immune system is required for full 

functional responses to inflammatory insults, ensuring the maintenance of host health. 

Following infection or injury, the concerted action of innate immune cells play critical 

roles in promoting pathogen clearance and removing necrotic tissue, while enhancing 

wound resolution and a return to homeostasis. As there are global reductions in the 

number of circulating and tissue-associated innate immune cells in GF animals, it is no 

surprise that there are associated defects in responding to and resolution of infection 

and wounding.  

The microbiota promotes the recruitment of innate immune cells to sites of 

trauma. Immediately following injury, local secretion of cytokines leads to a signaling 
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cascade that attracts circulating neutrophils and promotes their extravasation into the 

damaged tissue for immediate recruitment to the site of injury (J. Wang, 2018). In 

zebrafish, the intestinal microbiota augments neutrophil recruitment to a caudal fin 

amputation (Kanther et al., 2014). This suggests that microbial signals are necessary for 

proper neutrophil function in response to a sterile injury. Similarly, work in murine 

models demonstrates that neutrophil extravasation and recruitment following 

intraperitoneal injection of chemoattractant zymosan is reduced in GF and ABX treated 

mice as compared to SPF. Moreover, this response is mediated by commensal microbiota 

activation of MyD88 (Karmarkar & Rock, 2013).  

Host-associated microbiota protects the host against systemic infection from 

bacterial pathogens (including E. coli and L. monocytogenes) by elevating numbers of 

circulating and BM neutrophils and monocytes through “emergency granulopoiesis” 

(Deshmukh et al., 2014; Khosravi et al., 2014). In ABX treated mice, reductions in the 

circulating granulopoietic cytokine G-CSF may be critical in the failure to mount a 

granulocytic response to infections (Deshmukh et al., 2014). Products derived from the 

microbiota can also mediate the killing activity of host BM myeloid cells. Microbiota 

derived signals, such as peptidoglycan, can be detected in serum of colonized mice, 

indicating that microbial factors can transverse the intestinal mucosa and enter 

circulation (Clarke et al., 2010). NOD1 detection of peptidoglycan derived from the gut 

microbiota enhances  BM neutrophil phagocytosis of S. pneumoniae and S. aureus (Clarke 
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et al., 2010). Collectively, the intestinal microbiota enhances the number of myeloid cells 

as well as their bactericidal activity.  

The microbiota also promotes innate immune responses to bacterial infection in 

distal tissues, including the lung. In a mouse model of respiratory infection with 

Klebsiella pneumoniae, the microbiota promoted bacterial killing activity of alveolar 

macrophages via NOD1/2 (Clarke, 2014a). Similar findings were reported with S. 

pneumonia respiratory infection where alveolar macrophages exhibited attenuated 

responses to pro-inflammatory stimuli and reduced phagocytotic activity in ABX treated 

mice vs controls, and the effects of the gut microbiota were mediated by NOD2 (Brown, 

Sequeira, & Clarke, 2017; Schuijt et al., 2016). Thus, the microbiota shapes immunity 

both systemically and in distinct tissue environments. 

1.5 Control of innate immune development by IEC secreted 
products in response to microbiota colonization 

The intestine is constantly stimulated with environmental factors from both diet 

and the complex microbial community residing within the lumen. A single layer of IECs 

must form a protective border against microbial invasion while simultaneously 

absorbing nutrients and detecting potential threats to homeostasis. To maintain a 

symbiotic relationship with the gut microbiota, IECs must detect and respond to 

bacterial signatures without becoming hyper-activated. IECs are critical in transducing 

information to other distal tissues, including innate immune cells, regarding the state of 
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microbiota colonization. IECs are important modulators of host innate immunity and 

dynamically respond to microbiota colonization in a number of ways detailed below.  

1.5.1 IEC transcriptional and epigenetic changes 

IECs coordinate responses to environment stimuli largely through mediating 

transcriptional programs. Gene expression is regulated through the action of 

transcription factors (TF) that bind to cis-regulatory elements (CREs) in enhancer and 

promoter regions throughout the genome. Enhancer regions are often situated in regions 

of open chromatin, depleted of nucleosomes, allowing for TF binding and control of 

transcription in a tissue-specific manner. Active or poised enhancers can be identified in 

regions of open chromatin marked by specific nucleosome post-translational 

modifications including acetylation and methylation at conserved lysine residues (i.e. 

H3K27ac or H3K27me4) (Calo & Wysocka, 2013). Upon TF binding in an enhancer, 

transcription is either activated or suppressed, resulting in shifts in gene expression.  

Microbiota colonization of the intestine induces a robust change in IEC gene 

expression programs (Davison et al., 2017; El Aidy et al., 2013; Larsson et al., 2012; 

Lickwar et al., 2017; Sommer, Nookaew, Sommer, Fogelstrand, & Backhed, 2015) yet 

does not change overall chromatin accessibility (Camp et al., 2014). These data suggest 

that microbiota-dependent differential gene expression in the intestine does not rely on 

remodeling of the existing chromatin landscape, and is likely driven by TF activity. 

Moreover, analysis of enhancer activation using chromatin-immunoprecipitation (ChIP) 
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sequencing for acetylation marks associated with active enhancers (H3K27ac) illustrated 

that microbiota colonization was correlated with activation of enhancers associated with 

microbially-induced genes in mouse small intestinal IECs (Davison et al., 2017). 

Collectively, these data suggest that the microbiota influence multiple gene-regulatory 

mechanisms which ultimately affect host gene-expression programs.  

Recognition of microbially-derived signals and metabolites through PRRs 

expressed in IECs contributes to the host immune response. Gene Ontology (GO) 

analysis of up-regulated genes in IECs following microbiota colonization include an 

over-representation of innate immune and defense response pathways (Camp et al., 

2014; Davison et al., 2017; Lickwar et al., 2017). More specifically, the intestinal 

microbiota promote the expression of complement factors, AMPs, chemokines, and 

cytokines (Camp et al., 2014; Davison et al., 2017; El Aidy et al., 2013; Rawls et al., 2006) 

(Table 2). The coordinated up-regulation of these secreted immunomodulatory factors 

following microbiota colonization shapes local and systemic innate immunity.  

1.5.2 IEC secreted products 

IECs secrete a myriad of AMPs that are cytotoxic against bacterial species in the 

intestine. AMP secretion establishes a zone devoid of microbes in the mucus, promoting 

host immune tolerance and circumventing adverse host inflammatory responses 

(Vaishnava et al., 2011). This is partly accomplished through a large arsenal of IEC-

derived AMPs including lysozyme, C type-lectins, cathelicidins, and defensins 
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(Mukherjee & Hooper, 2015). These AMPs exert bactericidal activity through a variety of 

enzymatic and non-enzymatic mechanisms, often disrupting the bacterial cell wall. The 

variety of AMPs generated by IECs is likely reflective of the diversity of bacteria 

colonizing the intestine. A well described class of AMPs is the antimicrobial-

regenerating islet-derived (REG)-3 lectins. RegIIIg is secreted predominantly in the small 

intestine and prevents bacterial colonization of the single loose layer of mucus 

(Vaishnava et al., 2011). RegIIIg is directly bactericidal against gram positive bacteria and 

its expression is mediated via MyD88. Intestinal barrier function, maintained by mucus 

and AMP production, is compromised in Myd88DIEC KO mice, suggesting that TLR 

signaling is critical in establishing host-microbe symbiosis in the gut (Vaishnava et al., 

2011). Other AMPs, such as resistin-like molecule β (RELMβ), are secreted in the colon 

where there is the highest density of intestinal bacteria (Propheter, Chara, Harris, Ruhn, 

& Hooper, 2017).  

Several cytokines, chemokines, and other immunomodulatory proteins are 

constitutively expressed or induced in IECs following microbiota colonization (Table 2) 

(Brand et al., 2006; Camp et al., 2014; Davison et al., 2017; El Aidy et al., 2013; Gewirtz, 

Navas, Lyons, Godowski, & Madara, 2001; Roulis, Armaka, Manoloukos, Apostolaki, & 

Kollias, 2011; Schiering et al., 2014; Shirota, LeDuy, Yuan, & Jothy, 1990; von Moltke, Ji, 

Liang, & Locksley, 2016). These host factors are secreted and can have autocrine or 

paracrine effects on adjacent cells or tissues.  As many innate and adaptive immune cell 
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types reside within the LP, IEC-derived cytokine factors shape the activation and 

function of the local immune cell milieu and promote proper immune development 

during homeostasis (Wells et al., 2011). To this end, IEC transcription of inflammasome-

dependent cytokines, Il1B and Il18, is induced following microbiota colonization. These 

cytokines promote innate immune cell recruitment and epithelial homeostasis 

(Dinarello, 2009; Dupaul-Chicoine et al., 2010; Zaki et al., 2010). Thus elevated IEC 

expression of AMPs and cytokines in colonized animals is tightly regulated to promote 

intestinal immune tolerance to microbes. 
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Table 2. Constitutive and inducible secreted innate immune proteins 
expressed in mammalian IECs 

 

1.6 Conclusions and future directions 

It is clear that the intestinal microbiota has a defining influence on the 

development of vertebrate innate immunity in both health and disease. However the 

Reg1 AMP Davison et al., 2017 Camp et al., 2014., 2014
Reg3a AMP El Aidy et al., 2013, Camp et al., 2014
Reg3b AMP Davison et al., 2017 Camp et al., 2014 El Aidy et al., 2013
Reg3g AMP Davison et al., 2017 El Aidy et al., 2013
Defa3 AMP Camp et al., 2014.
Defa17 AMP Camp et al., 2014.
Defa20 AMP Camp et al., 2014.
Defa21 AMP Davison et al., 2017
Defa22 AMP Davison et al., 2017
Defa24 AMP Davison et al., 2017 El Aidy et al., 2013
Pglyrp1 AMP Davison et al., 2017 Camp et al., 2014., 2014El Aidy
Pglyrp2 AMP El Aidy et al., 2013
Lyz1 AMP Davison et al., 2017 El Aidy et al., 2013, Camp et al., 2014
Tnfa cytokine Roulis et al., 2011
Il6 cytokine Shirota et al., 1990
Il1b cytokine Davison et al., 2017 Camp et al., 2014
Il8 cytokine Gewirtz et al., 2001
Il25 cytokine von Moltke et al., 2016
Il33 cytokine Schiering et al., 2014
Il22 cytokine Brand et al., 2005
Il23 cytokine Davison et al., 2017 Camp et al., 2014., 2014
Il18 cytokine Davison et al., 2017 El Aidy et al., 2013
Mmp7 matrix metalloproteinase Davison et al., 2017 El Aidy et al., 2013
Mmp14 matrix metalloproteinase Davison et al., 2017 El Aidy et al., 2013
Mmp15 matrix metalloproteinase El Aidy et al., 2013
Mmp28 matrix metalloproteinase Davison et al., 2017 El Aidy et al., 2013
Saa1 AMP/cytokine-like Davison et al., 2017 Camp et al., 2014 El Aidy et al., 2013
Saa2 AMP/cytokine-like Camp et al., 2014. El Aidy et al., 2013
Saa3 AMP/cytokine-like Davison et al., 2017 Camp et al., 2014
Ccl3 chemokine Davison et al., 2017 El Aidy et al., 2013
Clc4 chemokine Davison et al., 2017
Ccl5 chemokine Camp et al., 2014., 2014El Aidy et al., 2013
Ccl6 chemokine Davison et al., 2017 El Aidy et al., 2013
Ccl9 chemokine El Aidy et al., 2013
Ccl20 chemokine Davison et al., 2017 El Aidy et al., 2013
Ccl24 chemokine Davison et al., 2017
Ccl25 chemokine Davison et al., 2017 El Aidy et al., 2013

Innate Immune Effectors expressed in IECs
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exact mechanisms by which the microbiota shapes host innate immune function remains 

poorly undefined.  To systematically interrogate the impact of IEC-derived mediators on 

innate immunity, analysis of myelopoiesis, innate immune cell turnover, and activation 

should be performed in conditional villin-CRE KO mice.  

On the other hand, microbe-derived factors that translocate through the LP and 

enter systemic circulation may also contribute to innate immunity. A handful of 

bacterial factors have been identified (such as AIMA, PSA, and peptidoglycan) that 

interact with host immune processes (Clarke et al., 2010; Hergott et al., 2016; Mazmanian 

et al., 2008; Rolig et al., 2018). However, the intestine is colonized by thousands of 

distinct microbial species with distinct metabolic profiles (Almeida et al., 2019). While 

the diversity of microorganisms in the intestine presents a large pool of molecular 

candidates which potentially shape host innate immune development and function, this 

has yet to be rigorously explored.
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2. Genetic analysis of mechanisms of colonization of a 
zebrafish gut commensal 

The work discussed in this chapter is unpublished at the time of submission. This is a 

collaborative project between the laboratories of John F. Rawls and Raphael H. Valdivia. The 

generation of sequencing libraries and subsequent read mapping to the E. acetylicum genome was 

performed by Sena Bae and Olaf Mueller. In vivo and in vitro experiments discussed in this chapter 

were performed by Caitlin C. Murdoch. The authors are Caitlin C. Murdoch, Sena Bae, Olaf 

Mueller, Raphael H. Valdivia, and John F. Rawls. 

2.1 Summary 

High-throughput sequencing studies have illustrated that distinct microbial 

communities colonize vertebrate mucosal surfaces including the intestinal tract. These 

microorganisms impact many aspects of host physiology including metabolism, 

behavior, and immune development. However, a majority of gut microbes are 

genetically intractable and thus the mechanisms that mediate their colonization and 

influence on host remain undefined. Previous studies from our lab have identified a 

Firmicutes species, Exiguobacterium acetylicum, that promotes lipid absorption in larval 

zebrafish (Semova et al., 2012). The mechanisms by which E. acetylicum successfully 

colonizes the zebrafish gut and promotes host lipid metabolism remain a gap in 

knowledge. Lacking genetic tools, Bae et al. constructed a draft genome sequence and 

generated a library of isogenic mutants using EMS chemical mutagenesis (Bae, Mueller, 
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Wong, Rawls, & Valdivia, 2016). Here, we performed parallel in vitro and in 

vivo competitions of large pools of E. acetylicum mutants and identified several 

differentially enriched or depleted strains in vivo. We elucidated the ability of different 

E. acetylicum strains to colonize the intestine in subsequent studies with gnotobiotic 

zebrafish utilizing a combination of pairwise in vivo competitions and high resolution 

live imaging. Our data indicate that certain phenotypic traits traditionally thought to be 

positively associated with successful colonization, such as motility, may not be the 

primary drivers of successful colonization. Collectively, our data demonstrate in vivo 

screening of bacterial mutant libraries can be used to identify novel genes that promote 

colonization or other phenotypes of interest. More broadly, this experimental platform 

could be applied to other genetically intractable gut isolates. 

2.2 Rationale and background  

The intestine harbors dense communities of bacteria that play important roles in 

shaping host physiology. It is well established that perturbations in vertebrate associated 

microbial communities are linked to disease, including inflammatory bowel disease 

(IBD) and metabolic disorders (Rooks et al., 2014; Turnbaugh & Gordon, 2009). Several 

large-scale culture-independent genomic studies have detailed the diversity of microbial 

taxa that inhabit the intestinal tract of vertebrates thereby laying the framework to 

understand how specific microbes impact host health and disease. However, few studies 

offer mechanistic insights into how diverse gut bacteria influence host phenotypes. This 
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is due, in part, to the difficulty of culturing these strains utilizing conditions commonly 

used in the laboratory. Moreover, many gut bacterial isolates are genetically intractable 

and thus lack the genetic tools for experimental manipulation. Many classical genetic 

approaches including insertional mutagenesis, transformation, and complementation via 

trans-expression of genes, are poorly described for many intestinal bacterial isolates. 

Despite these obstacles, chemical mutagenesis leverages the ability of mutagens to 

generate point mutations in the genome and can be applied to most culturable bacteria 

of interest (Francis, Allen, Shrestha, & Sorg, 2013; Nguyen & Valdivia, 2012).  

Exiguobacterium acetylicum is a peritrichous gram positive bacilli belonging to the 

phylum Firmicutes that colonizes diverse ecosystems including the soil and vertebrate 

hosts (Keynan, Weber, & Sprecher, 2007; Selvakumar et al., 2010). A previous study 

identified a strain of E. acetylicum, (ZWU0009) that colonizes the zebrafish intestine in a 

diet-dependent manner (Semova et al., 2012). Interestingly, Semova et al. found that E. 

acetylicum promotes intestinal dietary lipid absorption and metabolism in larval 

zebrafish fed an acute high fat diet. This response was specific to E. acetylicum, as other 

representative bacterial taxa failed to elicit this effect. Treatment with filtered spent 

media from E. acetylicum culture was sufficient to promote intestinal lipid absorption, 

demonstrating that E. acetylicum secretes a factor that impacts host dietary fat 

absorption. However, a lack of genetic tools for E. acetylicum stymied further 

mechanistic analysis of the bacterial pathways responsible for modulating host lipid 
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metabolism. More recently, a study generated an experimental platform to test gene 

function in this E. acetylicum zebrafish gut isolate, chemically mutagenizing E. acetylicum 

using the alkylating agent ethyl methyl sulfonate (EMS) (Bae et al., 2016). Subsequent 

isolation of thousands of EMS E. acetylicum mutant strains provides an exciting 

opportunity to dissect the genetic mechanisms of colonization fitness for a 

representative Firmicutes in zebrafish.  

Here, we use purifying selection with complex pools of mutagenized strains of E. 

acetylicum to identify essential genes for zebrafish colonization as compared to in vitro 

competition in rich BHI growth medium. Gnotobiotic zebrafish larvae were colonized 

with large pools of E. acetylicum mutants for 3 days, following which bacterial strains 

were culture enriched prior to extraction of genomic DNA. High throughput sequencing 

identified numerous single nucleotide variants (SNVs) in a diverse set of genes that were 

enriched following in vivo selection in zebrafish as compared to in vitro growth in BHI.  

This study illustrates that complex competitions of bacterial mutant pools can be 

passaged in gnotobiotic zebrafish to select for strains with increased in vivo fitness. We 

identified a non-motile strain, NMM11, that hypercolonized in vivo. Moreover, despite 

displaying motile behavior in vitro, analysis of E. acetylicum zebrafish colonization 

suggests that the WT strain is largely non-motile in vivo. Results from this work suggest 

that the flagellar structure of E. acetylicum may play an important structural role in 

adherence and subsequent intestinal colonization in zebrafish. Collectively, this work 
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provides insights into the symbiosis between a representative Firmicutes, E. acetylicum, 

and its natural animal host.  

2.3 Results and discussion 

2.3.1 Screening E. acetylicum mutant pools in gnotobiotic zebrafish 
larvae identifies SNVs enriched in vivo 

To elucidate E. acetylicum genes with critical functions for in vivo colonization, we 

designed an experimental scheme using gnotobiotic zebrafish in combination with an 

existing library of EMS mutagenized E. acetylicum (Figure 2A,B). Stationary phase E. 

acetylicum EMS mutants grown from a single 384-well plate were pooled and inoculated 

into germ free (GF) zebrafish larvae at 6 days post fertilization (6 dpf, 0 days post 

inoculation, dpi). Importantly, at this developmental stage larval zebrafish eat 

exogenous nutrients and possess a formed and functional intestinal tract which is 

amenable to microbial colonization. Following three days of colonization with this 

complex strain mixture (3 dpi), larval zebrafish were pooled, dissociated, and 

subsequently inoculated into BHI liquid media for 16 hours to enrich for bacterial strains 

prior to isolation of genomic DNA for high throughput sequencing (Fig 2A). In parallel, 

the same input complex strain mixture was also grown in vitro in BHI liquid medium for 

16 hours, before genomic DNA was isolated and prepared for high throughput 

sequencing to identify SNVs associated with in vitro fitness (Fig 2B). By comparing in 

vitro and in vivo output communities, we sought to identify novel genes that promote 

colonization of zebrafish larvae.  
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Figure 2: Experimental design for E. acetylicum assays in zebrafish. 

(A) Gnotobiotic zebrafish were colonized, fed a sterilized diet, and maintained 
for 2-3 days prior to imaging, bacterial CFU plating, or homogenization and culture 

enrichment of bacterial strains (dpf- days post fertilization, dpi- days post inoculation). 
Each text box color denotes a distinct E. acetylicum colonization strategy and respective 
endpoint assay (red – complex mutant pools, blue – pairwise competitions, or green – 

fluorescently labeled strain mono-associations). (B) Experimental scheme for parallel in 
vitro growth (in BHI) and in vivo passage (in zebrafish) of mutant E. acetylicum pools 

prior to high throughput sequencing.  
 
Three independent experiments were performed with distinct complex E. 

acetylicum strain mixtures pooled from individual 384-well plates. Each complex strain 

mixture included fully sequenced non-motile E. acetylicum control strains (Table 6) to aid 

in the detection of depletion or enrichment events and ensure the proper sequencing 
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depth was achieved. Sequencing was also performed on each input mutant strain 

mixture and used to calculate the enrichment or depletion of SNVs following in vivo or 

in vitro competition.  

Sequencing identified a total of 10,999 SNVs in the input mutant pool which was 

reduced to 10,588 following in vitro BHI culture. Following in vivo passage through 

zebrafish, only 6,113 SNVs were detected by sequencing. To evaluate differential SNV 

enrichment and depletion for in vitro and in vivo conditions, the Log2 fold change 

(Log2FC) was calculated for detected SNV frequencies following in vitro (BHI) and in 

vivo (zebrafish) competitions relative to input SNV frequencies (Fig 3A,B). Linear 

regression analysis of these data generated an r2 value of 0.115, indicative of a poor fit 

and highlighting the non-linear relationship between enriched or depleted SNVs in vivo 

as compared to in vitro (Fig 3C). These data suggests that there are different 

environmental pressures selecting for distinct bacterial genotypes in gnotobiotic 

zebrafish as compared to in vitro BHI culture.  
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Figure 3: Sequencing identifies E. acetylicum SNVs differentially enriched and 
depleted following in vivo vs in vitro competition 

(A) Log2FC of SNVs in the E. acetylicum genome mapped along chromosomal 
location relative for both in vitro and in vivo mutant competitions. SNVs associated with 

E. acetylicum strain NMM11 illustrated separately.  (B) Ratio of the FC of SNVs in vivo 
versus in vitro relative to input SNV frequencies. (C) Scatter plot and linear regression 
analysis (with 95% confidence bands) of SNV frequencies relative to input from in vivo 

vs in vitro competitions demonstrates a poor correlation. (D) Distribution of SNV 
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frequencies vs input. (E) “UpSet” plot graphically demonstrating quantification of 
shared enriched or depleted SNVs (vs input) following in vivo and in vitro competitions. 

For panel D, a cutoff of Log2 FC >1 and <-1 was applied for at least one comparison. 
 

Pathway analysis of genes containing SNVs enriched or depleted following in 

vivo zebrafish competition was performed using DAVID (Huang da, Sherman, & 

Lempicki, 2009a, 2009b). SNVs that were depleted following in vivo competition were 

enriched in genes functionally classified to Gene Ontology (GO) categories including 

small molecule biosynthesis, biosynthesis of secondary metabolites and amino acids, 

and pyruvate and purine metabolism (Table 3, Figure 4A). E. acetylicum SNVs that were 

enriched following in vivo passage in zebrafish were found in genes assigned to 

numerous GO categories including DNA metabolic processes and amino acid 

metabolism (Table 4, Figure 4B). Interpretation of gene enrichment and pathway 

analysis is limited due to the number of mutations per bacterial strain used in these 

studies. The particular bacterial SNV(s) associated with colonization defects or success 

remain undefined and need to be elucidated through further experimental analysis.  
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Figure 4. DAVID pathway analysis of enriched or depleted SNVs in vivo. 

(A-B) DAVID pathway analysis of genes associated with SNVs depleted (A) and 
enriched (B) in vivo. Representative GO terms are unique to either enrichment or 

depletion of SNVs. 
 



 

47 

Table 3: Depleted in vivo SNV pathway analysis 

DAVID pathway analysis of genes associated with SNVs depleted in vivo 
(Log2FC £ 1 in vivo). 

 

 

Table 4. Enriched in vivo SNVs pathway analysis 

DAVID pathway analysis of genes associated with SNVs enriched in vivo 
(Log2FC ³ 1 in vivo). 
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In fact there are groups of SNVs that behave dissimilarly depending on 

environment. In vivo, 24 SNVs were depleted that were enriched in vitro. Moreover, 

there were 176 SNVs enriched in vivo that were depleted in vitro, suggesting a strong 

selective pressure in zebrafish (Fig 3E). Analysis of the magnitude of fold enrichment 

following competition further revealed that in general SNV frequencies were more 

spread following in vivo competition as compared to in vitro (Fig 3D). Hierarchal 

clustering revealed distinct groups of SNVs that behave similarly following competition, 

with some clusters of SNVs enriched specifically in vivo (IV, V) or in vitro (III) (Fig 5). 

Importantly, the association of many of these SNVs may be driven by the existence of 

numerous SNVs within a single bacterial strain.  
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Figure 5: Hierarchical clustering of SNVs following in vivo and in vitro 
competition 

Hierarchical clustering of the log2FC of SNVs following in vitro and in vivo 
competition compared to input. A cutoff of Log2 FC >1 and <-1 was applied for at least 

one comparison. 
 

2.3.2 A non-motile strain hypercolonizes in vivo 

Previous in vivo studies of E. acetylicum colonization in gnotobiotic zebrafish 

larvae revealed that bacterial in vitro flagellar motility was positively associated with in 
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vivo colonization fitness (Bae et al., 2016). Surprisingly, analysis of high throughput 

sequencing from a mutant pool of E. acetylicum strains revealed that a non-motile control 

strain, NMM11, was the most enriched in vivo with an observed 500 fold change over 

input levels (Fig 3A, Fig 5). Interestingly, NMM11 failed to outcompete other mutant 

strains in BHI culture, indicating that this strain possess increased fitness specifically in 

vivo (Fig 3A).   

Since we had access to a complete genome sequence of NMM11, we evaluated 

the genetic mutations to predict what SNV(s) may contribute to enhanced fitness in vivo. 

NMM11 has a total of 13 mutations (Table 5). Three of these mutations fall within 

intergenic regions, and thus likely do not affect gene function. Nine of the remaining 10 

mutations are non-synonymous and fall within predicted open reading frames (ORFs). 

These mutations may result in either gains or losses of protein function.  

Table 5: Mutations in E. acetylicum NMM11. 

 

SNV location gene predicted protein mutation
284118
839232
845739 hrc Heat-inducible transcription repressor HrcA non-synonomous
913415 ppk Polyphosphate kinase non-synonomous

2440797 multidrug resistance protein MdtH non-synonomous
2472236 ptsG_2 PTS system glucose-specific EIICBA component non-synonomous
2652777 dosP Oxygen sensor protein DosP nonsense
2672663
2753530 carbamoyl phosphate synthase-like protein non-synonomous
2962719 Zinc-type alcohol dehydrogenase-like protein non-synonomous
3007553 rsbV Anti-sigma-B factor antagonist non-synonomous
3025890 hypothetical protein non-synonomous
3154530 hypothetical protein non-synonomous

NMM11 Mutations
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Interestingly there is a single nonsense mutation within an ORF that has a 

predicted ‘PAS’ signaling domain as well as both ‘GGDEF’ and ‘EAL’ domains 

homologous to the oxygen sensor protein DosP (Taylor & Zhulin, 1999). The ‘GGDEF’ 

and ‘EAL’ domains are predicted to possess phosphodiesterase and diguanylate cyclase 

activity respectively. Proteins with these domains are ubiquitous throughout the 

bacterial kingdom, and often function to synthesize and degrade secondary messenger 

bis-(3’-5’)-cyclic diguanosine monophosphate (cyclic di-GMP) (Jenal, Reinders, & Lori, 

2017). Cyclic di-GMP levels are tightly regulated in bacteria and influence diverse traits 

including virulence, biofilm formation, motility, and surface adaptation (Hengge, 2009; 

Romling, Gomelsky, & Galperin, 2005). In silico analysis of protein sequence revealed 

that this nonsense mutation in NMM11 is predicted to produce a truncated DosP 

homolog, with a partial ‘GGDEF’ domain and absent  ‘EAL’ domain, perhaps causing 

the observed defect in in vitro motility (Fig 6, Fig 8A). 

 

Figure 6: Predicted protein domains in DosP homolog in E. acetylicum  

Protein BLAST of putative DosP homolog of E. acetylicum identifies conserved 
‘GGDEF’ and ‘EAL’ domains that are truncated by a nonsense mutation in NMM11. 

 
Experimental evidence for DosP function exists from other bacterial species. In E. 

coli the N-terminal PAS domain of DosP detects environmental oxygen levels through 
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binding of heme. Once bound to heme, the C-terminus of the protein functions to 

degrade cyclic di-GMP and thus impacts biofilm formation (T. Shimizu, 2013; Tagliabue, 

Maciag, Antoniani, & Landini, 2010). These data in combination with NMM11’s in vitro 

motility and in vivo colonization phenotype are suggestive that the E. acetylicum DosP 

homolog may have a similar role in regulating intracellular cyclic-di-GMP levels. The 

ligand for the PAS signaling domain of the E. aceytlicum DosP homolog remains 

unknown, and this should be assayed in future experiments. Although cyclic-di-GMP 

levels from NMM11 grown in vitro in BHI were unchanged compared to WT E. 

acetylicum (data not shown), many E. coli mutant strains with mutations in 

‘GGDEF’/’EAL’ domain containing proteins have dysregulated biofilm matrix 

production with no concomitant alterations in intracellular cyclic-di-GMP levels 

(Sarenko et al., 2017). This suggests that ‘GGDEF’/’EAL’ containing proteins may 

function in concert with other enzymes, forming complex protein networks to fine tune 

local levels of cyclic-di-GMP (Sarenko et al., 2017). Thus we speculate that loss of DosP 

function in E. acetylicum may lead to differences in local cyclic-di-GMP signaling and 

explain NMM11’s robust colonization fitness in vivo and defective motility in vitro. To 

test this further, we could knockout DosP in E. coli, and rescue with either the WT or 

truncated E. acetylicum DosP protein from NMM11. RNA-sequencing and in vivo 

competition experiments using this heterologous platform would illustrate DosP specific 

phenotypes observed in NMM11 E. acetylicum. Moreover, efforts to develop methods to 
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generate targeted genetics deletion of DosP (or other genes of interest) in E. acetlicum can 

be developed.   

Although the DosP mutation (or some combination of other mutations) in 

NMM11 confers markedly improved fitness in vivo, it comes with a fitness cost in vitro. 

Analysis of in vitro growth of NMM11 in BHI over 24 hours coupled with in vitro 

competition against WT E. acetylicum indicated that NMM11 has a significant growth 

defect as compared to the WT strain (Fig 7A,B). This suggests that NMM11 is well-suited 

to colonize larval zebrafish and this specific niche promotes robust colonization of this 

strain.  

To confirm the findings from our initial screen, we performed pairwise 

competitions between NMM11 and WT E. acetylicum strains in gnotobiotic zebrafish 

larvae (Fig 2A). As expected, we observed that NMM11 RifR could outcompete WT E. 

acetylicum RifS when inoculated into larval zebrafish (Fig 7C) despite having a growth 

defect and decreased fitness in vitro (Fig 7A,B).  
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Figure 7: NMM11 has an in vitro growth defect but increased fitness in vivo. 

(A) Growth curves of indicated E. acetylicum strains over 24 hours in BHI culture. 
(B) In vitro competition between NMM11 RifR and WT E. acetylicum in BHI. (C) In vivo 
competition of NMM11 RifR and WT E. acetylicum in gnotobiotic zebrafish. (D) In vivo 

competition of motile NMM11sup1 RifR and WT E. acetylicum in gnotobiotic zebrafish. For 
panels C and D, CFUs were quantified from inoculum, at 0 days post inoculation (dpi), 
and 3 dpi. Panels A, C, and D were analyzed with a one-way ANOVA with a Tukey’s 

multiple comparisons test. Data in panel A was analyzed within the 24 hour time point. 
Panel B was analyzed by a t-test. 

 

To test if NMM11’s in vitro motility phenotype was necessary for increased in 

vivo colonization, we isolated a NMM11 spontaneous suppressor mutant through serial 

plating on soft BHI and selection for mutants that regained in vitro motility (Bae et al., 
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2016). Interestingly, the increased in vivo fitness of NMM11 was abrogated upon 

regaining motility as illustrated by competition between a NMM11 suppressor strain 

(NMM11sup1,which has a single mutation in PilZ) and WT (Fig 7D, Fig 8A,B). However it 

is formally possible that NMM11sup1 has decreased in vivo fitness because it is hyper-

motile as compared to WT E. acetylicum (Fig 8A,B). This increased motility may impair 

this strain’s ability to adhere to the host intestinal epithelium, or may aggravate host 

immune responses. The suppressor mutation in NMM11sup1 in PilZ could also be 

associated with decreased in vivo fitness. PilZ contributes to the biogenesis of surface pili 

in other bacterial species, thus E. acetylicum NMM11sup1 may have an altered surface 

structure that diminishes colonization efficiency (Alm, Bodero, Free, & Mattick, 1996; 

Amikam & Galperin, 2006; Pratt, Tamayo, Tischler, & Camilli, 2007). Collectively these 

data suggest that NMM11 has elevated fitness specifically in vivo, and this increased 

fitness is dependent upon motility behavior.  

Future experiments should measure the host immune responses to colonization 

by WT, NMM11, NMM11sup1, or Hag1Q222* E. acetylicum strains to determine the role of (1) 

flagellar apparatus and (2) flagellar motility on host immunity. Measuring host 

inflammatory transcripts from dissected guts, intestinal recruitment of innate immune 

cells, or reporter activity of genes including NFkB and tnfa in gnotobiotic zebrafish 

larvae mono-associated with each of the strains described above will illustrate if 

increased motility in vitro correlates with heightened host immune responses. Coupled 
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electron microscopy as well as proteomics of isolates bacterial cell membranes would 

illuminate differences in bacterial cell wall composition and its role on in vivo 

colonization.   

 

Figure 8. Motility behavior of E. acetylicum strains in vitro 

(A) Swarming behavior of indicated E. acetylicum strains on 0.3% BHI agar. (B) 
Quantification of swarming motility shown in panel A as measured by spot diameter. 

Panel B analyzed by a one-way ANOVA with a Tukey’s multiple comparisons test. 
 

2.3.3 E. acetylicum establishes an intimate association with the 
intestinal epithelium and is non-motile in vivo  

Since we have previously identified motility as a trait associated with improved 

colonization fitness of E. acetylicum in zebrafish utilizing flagellar biosynthesis mutants 

(Bae et al., 2016), we next sought to determine if NMM11 was motile in vivo. We predict 

that the in vivo intestinal environment of zebrafish may elicit different motility or biofilm 

phenotypes of NMM11 relative to what is observed in BHI culture. Bacterial strains were 
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incubated with a fluorescent dye (DyLight-NHS-Ester) that covalently binds to proteins 

on the bacterial cell wall and allows for visualization by fluorescent confocal microscopy 

(Fig 9A,B). Importantly incubation with DyLight did not impact bacterial viability (data 

not shown). 

 

Figure 9: In vitro DyLight-NHS staining of E. acetylicum strains. 

(A,B) Confocal images of stationary phase WT (A) and NMM11 (B) E. acetylicum 
strains labelled with DyLight-NHS-Ester (63x). 

 
At 6 dpf, GF zebrafish were mono-associated with labelled E. acetylicum strains 

and intestinal bacterial colonization and motility were assessed using in vivo confocal 

microscopy at 2 dpi (Fig 2A). All E. acetylicum strains appeared to form a close 

association with the host intestinal epithelium (Fig 10A-D) and with food boluses 

transiting through the intestinal lumen (data not shown). Moreover, some bacteria even 

appeared to form denser community structures (as indicated by red arrowhead in Fig 

10D) potentially representing biofilm formation. 
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Figure 10: In vivo mono-associations of labelled E. acetylicum in gnotobiotic 

zebrafish larvae. 

(A-D) Confocal imaging of 8 dpf gnotobiotic zebrafish larval mono-associated 
with DyLight labelled WT (A,C) or NMM11 (B,D) E. acetylicum in the intestine. Orange 

ROIs enlarged in panels C and D. Red arrows depict bacterial associations with the 
intestinal epithelium. Scale bar = 10 µm. 

 
In vivo motility phenotypes were assessed for WT and NMM11 along the length 

of the larval zebrafish intestine. While WT E. acetylicum is flagellated and motile in vitro, 

a Hag1Q222* mutant strain lacks flagella and is non-motile (as assessed by in vitro 
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swarming) (Bae et al., 2016). Thus, mono-association of zebrafish with the Hag1Q222* 

strain allows us to define the baseline motion of bacteria due to fluid within the intestine 

as well as bacterial twitching motility. Surprisingly, all E. acetylicum strains tested failed 

to exhibit motile behaviors in vivo as assessed by time-lapse confocal imaging (data not 

shown). These data imply that in vitro motility phenotypes do not always correlate to in 

vivo motility behavior.  

Bacteria are exquisitely sensitive to environmental signals which regulate their 

motility behaviors, thus many bacterial strains likely exhibit different motility 

phenotypes in in vitro culture compared to in vivo environments. This highlights the 

need for complementary in vivo analysis of motility behaviors of gut bacterial isolates, as 

opposed to solely relying on in vitro assays. It is also possible that DyLight labelling 

impacts bacterial motility due to its association with the outer surface of bacterial cells. 

Moreover, the confocal imaging (Fig 10) reveals a close association with bacteria and 

host epithelium yet it is difficult to resolve the position of the bacteria in relation to IECs. 

Thus, future studies should test alternative cellular dyes and imaging strategies to 

address these potential caveats.  

Bacterial motility is often associated with improved in vivo fitness, promoting 

colonization and infection of animal hosts (Aihara et al., 2014; Dobrijevic, Abraham, 

Jamet, Maguin, & van de Guchte, 2016; Kajikawa, Suzuki, & Igimi, 2018; Lane et al., 

2005; Riazi et al., 2013; Sicard et al., 2017). Bacteria possess many chemotaxis receptors 
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allowing them to follow chemical gradients (e.g oxygen or nutrients) within the intestine 

(Freter, O'Brien, & Macsai, 1981; Tamar, Koler, & Vaknin, 2016). Flagellar motility allows 

for bacteria to locate nutrient rich areas or niches with the most optimal conditions for 

successful colonization. In addition, motility is important for some strains to adhere to 

and penetrate the host mucus layer, giving them access to crucial nutrients or promoting 

virulence (Sicard et al., 2017).   

However bacterial motility is not required for intestinal colonization. There are a 

number of non-motile bacterial strains that inhabit the gut. Some studies have even 

noted an underrepresentation of motility and chemotaxis pathways in the genomes of 

gut bacterial isolates compared to closely related non-intestinal bacterial isolates 

(Dobrijevic et al., 2016). This may be because motile strains have an increased likelihood 

of being recognized by host immune detection (Cullender et al., 2013). Despite these 

findings, flagellar motility likely confers increased in vivo fitness for some bacterial 

strains considering the energetic cost for bacteria to evolve with flagella in association 

with animal hosts. To this end, flagellar structures have important roles for bacterial 

adherence to host mucosal surfaces (Haiko & Westerlund-Wikstrom, 2013).  

Collectively, these data suggest that E. aceytlicum flagella are important for 

colonization, yet do not promote robust in vivo motility. This supports a model wherein 

E. acetylicum flagella are structurally important for intestinal colonization perhaps by 
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promoting adherence to the host epithelium and subsequent formation of bacterial 

biofilms.  

2.4 Experimental procedures 

2.4.1 Bacterial strains and growth conditions 

Bacterial strains of WT and EMS mutagenized Exiguobacterium acetylicum 

(ZWU0009) (Table 6) were published previously (Bae et al., 2016) or isolated from the 

EMS chemical mutagenesis described in Bae et al., 2016. All strains were grown in BHI 

media (Sigma 70138) supplemented with or without 1 µg / mL Rifampin (Sigma R3501) 

at 30°C under aerobic conditions in the dark. Liquid cultures were grown with agitation 

on a roller drum.    

Table 6: Sequenced bacterial strains used in this study. 

A selection of fully sequenced non-motile E. acetylicum mutants (NMM) with or 
without resistance to Rifampin. 

 

 

strain in vitro  motility
WT parent motile
WT parent RifR motile
Hag1^Q222* non-motile
NMM11 non-motile
NMM11 RifR non-motile
NMM11 sup1 motile
RpfG_1^Q187* non-motile
RpfG_1^Q187* RifR non-motile
RpfG_1^Q277* motile
RpfG_1^Q277* RifR motile
NMM191 non-motile
NMM105 non-motile
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2.4.2 Labelling bacterial strains  

Fluorescent staining of WT and mutant strains of E. acetylicum was performed 

using DyLight-NHS Ester (488, 594, and 650, ThermoFisher 46402, 46413 , 62265) (Koch, 

Yang, Lamers, Stougaard, & Spaink, 2018). Briefly, individual strains were grown 

overnight in liquid BHI, shaking, at 30°C under aerobic conditions to stationary phase. 

All strains were adjusted to an OD600 of 2.5 in BHI and 1 mL of culture was pelleted 

and washed with 1 mL 0.1M of Na2CO3 (pH 8.3-9). Strains were subsequently incubated 

for 2 hours in a solution containing 6.5 µl of DyLight dye (488, 594, or 650) in 293.5 µl 

0.1M Na2CO3 protected from light on a nutator at room temperature. Following 

incubation, labelled bacteria were pelleted and were washed 3 times in 1 mL of sterile 

PBS. Strains were then either mounted on 3% low melt agarose for confocal imaging, or 

inoculated into 6 dpf gnotobiotic zebrafish larvae. 

2.4.3 Zebrafish husbandry 

Zebrafish larvae were maintained on a 14:10 hour light:dark cycle in a 28.5°C 

incubator, and are of indeterminate sex. Gnotobiotic zebrafish were generated following 

natural mating and reared as described previously (Pham et al., 2008) with the following 

exception: GZM with antibiotics (AB-GZM) was supplemented with 50 µg / ml 

gentamycin (Sigma, G1264).  
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2.4.3.1 In vivo competitions with E. acetylicum mutant pools 

Beginning at 5 dpf larvae were fed approximately 2.5 mg / day of double 

irradiated High Vitamin Zeigler powder diet (Zeigler Brothers Inc.) as described (Bae et 

al., 2016) (Table 7). At 6 dpf groups larvae were inoculated with a pool of E. acetylicum 

mutant strains obtained from a single 384-well plate from the E. acetylicum EMS mutant 

library (library plates 7, 8, and 23 respectively from Bae et al., 2016). The inoculum 

solution was prepared by combining OD600-normalized overnight cultures grown from 

select 384-well plates with fully-sequenced E. acetylicum non-motile control strains (non-

motile control strains, denoted nmm, included in Table 5). At the day of zebrafish 

colonization (6 dpf, 0 dpi), the complex strain mixture was pelleted and resuspended in 

450 µl of sterile PBS for every 2 mL of strain mixture that was pelleted. Subsequently, 3 – 

5 flasks of gnotobiotic zebrafish larvae were colonized by immersion as follows: 83.8% of 

media was removed from each flask (leaving approximately 5 mL of GZM), and 400 µl 

of strain mixture was added to each flask. After 30 minutes of immersion in the E. 

acetylicum strain mixture, 25 mL of GZM was added to each flask. Each flask 

subsequently underwent two consecutive 83.3% media changes. Daily media changes 

were performed from 6 dpf (0 dpi) to the endpoint at 3 days post inoculation (3 dpi or 9 

dpf).  

At 9 dpf, larval zebrafish were euthanized by tricaine overdose (using filtered 3 

mM tricaine) and pooled per flask into groups of approximately 20 – 25 larvae. Fish 
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were gently washed once with 1 mL of sterile 1X PBS, then resuspended in 500 µl of 

sterile 1X PBS. A Tissue-Tearor (Biospec) was used to homogenize the larval pools (set to 

max setting for 1 minute). Subsequently 450 µl of fish homogenate was used to inoculate 

100 mL of liquid BHI in a 250 mL flask.  

Additionally, GZM media samples were collected by pelleting 25 mL of spent 

GZM media from each experimental flask. Pellets were resuspended in 500 µl sterile 1X 

PBS and 450 µl was used to inoculate 100mL of liquid BHI.  

All cultures were grown at 30°C shaking at 250 RPM for 16-24 hours.  After 16 

hours of growth, 5 mL of culture was removed and pelleted for genomic DNA extraction 

and subsequent library preparation.   

2.4.3.2 In vivo pairwise competitions with E. acetylicum mutant and WT RifR and RifS 

strains 

Larval zebrafish were derived GF and maintained as described above with the 

following exceptions. The inoculum solution was prepared by combining OD600-

normalized (final OD 2.5 in BHI) overnight cultures grown from E. acetylicum RifR and 

RifS strains at the ratio 1:25 RifR:RifS and mixed thoroughly by pipetting. The resulting 

strain mixture was pelleted and resuspended in sterile 1X PBS (1 mL of strain mixture 

per experimental flask – resuspended in 450 µl of sterile PBS). Gnotobiotic 6 dpf (0 dpi) 

larvae were colonized with the strain mixture by immersion as described above with the 

following exception: during the 30 minute incubation, 200 µl of GZM from each flask 

containing the RifR:RifS strain mixture (inoculation media) was plated for CFUs using 
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serial dilutions on paired BHI and BHI / Rif 1µg/mL plates and grown overnight at 30°C 

in the dark. Following the 30 minute incubation, 5 larval fish / flask (3 – 5 flasks / 

experiment) were pooled, euthanized by tricaine overdose (filter sterilized 3mM 

tricaine), resuspended in 500 µl sterile 1X PBS, and homogenized using the Tissue 

Tearor. Subsequently, serial dilutions were plated on paired BHI and BHI / Rif 1µg/mL 

plates for a 0 dpi timepoint to measure colonization efficiency. Plates were grown 

overnight at 30°C in the dark. CFUs were enumerated after 16 hours of growth. 

At 9 dpf (3 dpi), larval zebrafish were euthanized with filter sterilized 3 mM 

Tricaine and pooled into groups of 5 larvae per replicate ( 2 – 3 replicates / flask / 3 – 5 

flasks / experiment ). Pooled larvae were washed once gently in 1 mL of sterile 1X PBS 

and then resuspended in 500 µl sterile PBS, and homogenized using the Tissue Tearor. 

Serial dilutions were plated on paired BHI and BHI/Rif 1µg / mL plates for the 3 dpi 

timepoint. Plates were grown overnight at 30°C in the dark. CFUs were enumerated 

after 16 hours of growth.  

2.4.3.3 Mono-associations with fluorescently labeled E. acetylicum strains 

Larval zebrafish were derived GF and maintained as described above with the 

following exceptions. At 6 dpf (0 dpi), fluorescently labeled bacteria (generated using 

methods detailed above) were resuspended in 450 µl of sterile PBS, and 400 µL of 

labeled bacteria were used to colonize each respective flask. Following two washes in 
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GZM following colonization by immersion at 0 dpi, there were no daily media changes 

prior to imaging analysis.    

2.4.3.4 In vivo zebrafish imaging 

Time-lapse confocal imaging of mono-associated DyLight labelled E. acetylicum 

in zebrafish larvae was performed at 1 and 2 dpi using the Zeiss 780 inverted with the 

20X water objective. Just prior to imaging, larvae were euthanized with 3 mM tricaine.   

Table 7: Calculated proximate composition of customized Zeigler zebrafish 
larval diets 

 

2.4.4 In vitro bacterial competitions 

Bacterial strains were grown overnight in liquid BHI using conditions described 

above. Overnight cultures were normalized to an OD600 of 2.5 in BHI, and mixed 

together at desired ratio (1:25 RifR:RifS). 400 µl of strain mixture was subsequently grown 

for 16-20 hours in 100 mLs BHI shaking at 30°C. Serial dilutions were plated on paired 

BHI and BHI/Rif 1µg / mL plates, grown in the dark at 30°C overnight, and CFUs 

enumerated after 16 hours.  

Calculated proximate composition of customized Zeigler zebrafish larval diets

Ingredient Control (C) High vitamin (HV)
Protein 45.14 45

Fat 15.09 15.07
Carbohydrate 12.11 12.09

Vitamin supplement 1x 4x
Ash 19.92 19.57

Gross Energy kcal/100g 450.96 450.07

* Proximate compositions shown as g/100g wet weight
* Carbohydrate calculations do not include fiber.
* Diets at <100mm particle size, and sterilized by minimum 50kGy radiation.
* All compositions estimated for content prior to irradiation.
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2.4.5 In vitro bacterial motility assays 

Bacterial strains were grown overnight in liquid BHI using conditions described 

above. Overnight cultures were normalized to an OD600 of 2.5 in BHI. Subsequently, 1µl 

of OD normalized culture was spotted into the center of BHI 0.3% agar plates and 

incubated overnight at 28°C. Motility was assessed by measuring swarming behavior as 

described previously (Bae et al., 2016). 

2.4.6 Bioinformatic analysis of differential SNV frequencies  

For all bioinformatic analysis, SNVs were filtered to remove duplicates, 

synonymous mutations, and hypothetical proteins. Log2 fold changes were calculated 

comparing SNV frequency following in vivo colonization or in vitro competition to input 

SNV frequency. For hierarchical clustering and generation of an ‘UpSet’ plot, a cutoff of 

Log2 FC >1 and <-1 was applied (experimental competition SNV frequency/input SNV 

frequency). Heat maps were generated in R with the following code:   hm4 <- 

pheatmap(ExiguoComp, cluster_cols=FALSE, scale="column", color=brewer.pal(5, 

"PRGn"), clustering_distance_rows="maximum", fontsize_row=2, labels_row=rlab, 

cellheight=2.2, cellwidth = 20); > ggsave("ExiguoComp_labels_hm4.eps", hm4, width=6, 

height=48, dpi=300). The following code was used to generate an ‘UpSet’ plot using R: 

upset(setdata, nsets=4, keep.order=TRUE, mainbar.y.label="Number of SNVs", 

order.by="freq") 
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2.4.7 Statistical analysis 

Statistical analyses were performed with GraphPad Prism v.7.  Data are 

presented as mean ± SEM. For comparisons between 2 groups a two tailed student’s t-

test or Mann-Whitney test was applied. For comparisons between 3 or more groups, a 

one-way ANOVA with Tukey’s multiple comparisons test was used.  Significance was 

set as p < 0.05, and denoted as: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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3. Intestinal Serum amyloid A suppresses neutrophil 
activation and bactericidal activity in response to 
microbiota colonization 

The work discussed in this chapter is published in PLOS Pathogens (PMID: 30845179) 

under the same title. The authors are Caitlin C. Murdoch, Scott T. Espenschied, Molly A. Matty, 

Olaf Mueller, David M. Tobin, and John F. Rawls. 

3.1 Summary 

The intestinal microbiota influences the development and function of myeloid 

lineages such as neutrophils, but the underlying molecular mechanisms are unresolved. 

Using gnotobiotic zebrafish, we identified the immune effector Serum amyloid A (Saa) 

as one of the most highly induced transcripts in digestive tissues following microbiota 

colonization. Saa is a conserved secreted protein produced in the intestine and liver with 

described effects on neutrophils in vitro, however its in vivo functions remain poorly 

defined. We engineered saa mutant zebrafish to test requirements for Saa on innate 

immunity in vivo. Zebrafish mutant for saa displayed impaired neutrophil responses to 

wounding but augmented clearance of pathogenic bacteria. At baseline, saa mutants 

exhibited moderate neutrophilia and altered neutrophil tissue distribution. Molecular 

and functional analyses of isolated neutrophils revealed that Saa suppresses expression 

of pro-inflammatory markers and bactericidal activity. Saa’s effects on neutrophils 

depend on microbiota colonization, suggesting this protein mediates the microbiota’s 

effects on host innate immunity. To test tissue-specific roles of Saa on neutrophil 



 

70 

function, we over-expressed saa in the intestine or liver and found that sufficient to 

partially complement neutrophil phenotypes observed in saa mutants. These results 

indicate Saa produced by the intestine in response to microbiota serves as a systemic 

signal to neutrophils to restrict aberrant activation, decreasing inflammatory tone and 

bacterial killing potential while simultaneously enhancing their ability to migrate to 

wounds.  

3.2 Rationale and Background 

The vertebrate intestine is densely colonized with complex communities of 

micro-organisms, collectively referred to as the intestinal microbiota. Studies using 

gnotobiotic animals have demonstrated that microbiota colonization is required for the 

normal development of an innate immune system capable of mounting appropriate 

responses to diverse challenges such as infection and injury (Gensollen, Iyer, Kasper, & 

Blumberg, 2016). Despite being spatially confined to the intestinal lumen by physical 

and chemical barriers such as the intestinal epithelium and mucus, the microbiota 

influences both local and systemic host immune development and function (Belkaid & 

Hand, 2014; Belkaid & Harrison, 2017). However, the specific molecular mechanisms by 

which the microbiota impacts local and systemic host immune responses remain poorly 

defined.  

Intestinal epithelial cells (IECs) serve as the primary host interface with the 

intestinal microbiota and secrete a myriad of factors following microbial colonization 
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(Peterson & Artis, 2014). We and others have hypothesized that these microbiota-

induced IEC products may mediate the microbiota’s influences on the host immune 

system (Wells et al., 2017; Wells et al., 2011). Previous studies have identified a secreted 

host factor, Serum Amyloid A (Saa), that is potently up-regulated in the intestine 

following microbial colonization in zebrafish and mice (Davison et al., 2017; Derebe et 

al., 2014; El Aidy et al., 2013; Kanther et al., 2011; Rawls et al., 2006). SAA is highly 

conserved amongst vertebrates, existing as a single gene in fishes and birds and as a 

multi-gene family in mammals (Kanther et al., 2014; Uhlar & Whitehead, 1999). While 

basal SAA production is stimulated by the microbiota, SAA production is also markedly 

augmented following acute injury and infection as a part of the acute phase response, 

whereby circulating levels can reach 1 mg/mL (Gabay & Kushner, 1999; Steel & 

Whitehead, 1994; Uhlar & Whitehead, 1999). Moreover, SAA is elevated in chronic 

pathological conditions where both local and circulating concentrations are positively 

correlated with inflammation. Accordingly, SAA is an established biomarker for chronic 

inflammatory diseases such as diabetes, atherosclerosis, and inflammatory bowel 

disease (IBD) (Chambers, Stross, Barry, & Whicher, 1987; Noble et al., 2008; Okahara et 

al., 2005; Scheja et al., 2008; Yang et al., 2006). Taken together, SAA’s high degree of 

evolutionary conservation coupled with its strong induction following inflammatory 

stimuli suggests important roles for SAA in health and disease.  
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Previous studies have reported both pro- and anti-inflammatory effects of SAA 

on host immune responses. The vast majority of these studies have been conducted in 

vitro using recombinant human SAA (rhSAA), which has been shown to directly 

influence granulocytes, including monocytes and neutrophils, promoting the production 

of inflammatory cytokines, reactive oxygen species (ROS), and directing motility 

(Badolato et al., 1994; H. Cai et al., 2007; Furlaneto & Campa, 2000; R. He, Sang, & Ye, 

2003; Patel, Fellowes, Coade, & Woo, 1998). Recent reports have also shown that 

mammalian SAAs can bind retinol and mediate host responses during infection (Derebe 

et al., 2014). Moreover, induction of SAA in the intestine following colonization with 

specific microorganisms such as segmented filamentous bacteria (SFB) can shape local 

adaptive immune cell development by promoting Th17 differentiation (Atarashi et al., 

2015; Sano et al., 2015). However, a fuller assessment of SAA’s in vivo functional roles 

has remained elusive due to the existence of multiple SAA gene paralogs in mammals (3 

in humans, 4 in mice) and the use of cell-culture based assays performed with rhSAA 

that behaves dissimilarly to endogenous SAA protein (Christenson et al., 2013; Kim, de 

Beer, Wroblewski, Webb, & de Beer, 2013).  

The existence of a single SAA ortholog in fishes provides interesting 

opportunities to define SAA’s in vivo functional roles. We previously demonstrated that 

partial (~30%) knockdown of saa transcript in zebrafish influenced tissue-specific 

neutrophil behaviors in vivo, leading us to hypothesize that Saa regulates neutrophil 
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activity in homeostasis (Kanther et al., 2014). However, Saa’s influence on systemic 

neutrophil function in homeostasis and in the relevant contexts of injury and infection 

remained unresolved. Neutrophils are professional phagocytic myeloid cells that play 

critical roles in host defense against pathogens. The most abundant immune cell in 

circulation and the first to be recruited to sites of injury, neutrophils eliminate microbial 

invaders and debris through a variety of mechanisms including phagocytosis, 

generation of ROS, and secretion of anti-microbial peptides (Deniset & Kubes, 2016; 

Kolaczkowska & Kubes, 2013). Neutrophils are conditioned by host and microbially 

derived signals, including pathogen associated molecular patterns (PAMPs) and 

damage associated molecular patterns (DAMPs), allowing for proper responses to 

inflammatory stimuli (El-Benna et al., 2016; Miralda et al., 2017). Previous studies have 

shown that microbial colonization of the intestine promotes neutrophil differentiation, 

activation, and response to peripheral injury (Balmer et al., 2014; Bugl et al., 2013; Clarke 

et al., 2010; Deshmukh et al., 2014; Kanther et al., 2011; Kanther et al., 2014; Karmarkar & 

Rock, 2013; D. Zhang et al., 2015). However the signaling molecules that mediate these 

interactions in vivo remain largely unknown.  

3.3 Results 

Here, using zebrafish, we demonstrate that Saa is a host factor that signals 

microbial status in the intestine to extra-intestinal populations of immune cells and 

directs their responses to inflammatory stimuli. Zebrafish share highly conserved 
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hematopoietic programs with other vertebrates, including specification of myeloid 

lineages, which can be coupled with optical transparency and genetic tractability to 

allow for high resolution in vivo imaging of innate immune processes (Hall, Flores, 

Storm, Crosier, & Crosier, 2007; Harvie & Huttenlocher, 2015). Moreover, the zebrafish 

genome encodes a single saa ortholog, allowing us to generate the first-ever saa null 

vertebrate model. By comparing wild-type zebrafish to those that lack saa or express it 

only in intestinal epithelial cells or hepatocytes, we reveal Saa’s impact on systemic 

neutrophil activity in homeostasis and following bacterial infection and wounding. 

Using tissue specific rescue, we demonstrate that liver- and intestinally-derived Saa can 

shape systemic neutrophil function and intestinal Saa can even restore neutrophil 

defects observed in germ-free zebrafish. 

3.3.1 Saa promotes neutrophil migration during injury and 
homeostasis  

To investigate Saa’s effects on neutrophil function in vivo, we first generated saa 

mutant zebrafish, identifying three independent deletion alleles all resulting in 

frameshift mutations within saa exon 2 (Fig 11A-C). The largest saa deletion allele (22 

bp, designated rdu60, homozygous mutants hereafter referred to as saa-/-) resulted in 90% 

reduced saa mRNA (Fig 11D-F). saa-/- zebrafish survived to adulthood and exhibited no 

gross developmental abnormalities (Fig 11H-L).  
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Figure 11: Generation of saa mutant zebrafish. 

(A) Sequence of CRISPR/Cas9 induced deletions in the coding region of zebrafish 
saa exon 2. (B-C) In silico translation of mutant allele rdu60 revealed a frame shift 

mutation in exon 2 with a predicted early stop codon, indicated by the asterisk. (D) qRT-
PCR of 6 dpf whole larvae demonstrated negligible saa mRNA expression in saa 

homozygous mutant zebrafish (saardu60/rdu60 or saa-/-). (E) qRT-PCR of 6 dpf whole larvae 
from trans-heterozygous saardu60/rdu61 in-crosses revealed reduced saa mRNA levels relative 
to WT controls. (F) qRT-PCR of dissected digestive tracts from 6 dpf WT and saa-/- larvae 

demonstrated significantly reduced saa mRNA levels. (G) qRT-PCR of 6 dpf whole 
larvae from homozygous saardu62/rdu62 in-crosses demonstrated reduced saa mRNA levels 

relative to WT controls. (qRT-PCR shown in panels D-G included 4-8 replicates / 
genotype, n ³ 20 larvae / replicate). (H) Representative genotype distributions exhibited 
no deviation from expected Mendelian outcomes indicating no difference in viability of 
saa-/- animals (p = 0.8257) (from two independent experiments, actual number of animals 
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from each genotype overlaid on bars). (I-J) Morphometric analysis illustrated loss of saa 
does not impact growth [standard length (SL), height at anterior of anal fin (HAA)] in 6 

dpf larvae (n ³ 26 larvae). (K-L) Confocal micrographs of transverse sections from 
transgenic WT and saa-/- 6 dpf larvae positive for TgBAC(cldn15la:EGFP)pd1034Tg (which 

labels IEC basolateral membranes with a Cldn15la-GFP fusion protein), and 
immunofluorescence labeling with the brush-border antibody 4E8 demonstrated 

intestinal architecture is qualitatively normal in mutant animals (scale bar = 50 µm). (M) 
qRT-PCR of 6 dpf whole larvae following a tail amputation showed no significant 
induction of saa. (N) lyz:GFP+ neutrophil recruitment to caudal fin wound 6 hours 

following amputation in 6 dpf zebrafish larvae revealed decreased neutrophil 
recruitment in saa compound mutants (saardu60/rdu62) versus WT controls (n ³ 35 larvae / 
genotype at 6 hour time point).   In panels  D, F, G, I, J, M and N a t-test was used. In 

panel E, a Mann-Whitney test was applied. A chi-squared test was used to test for 
deviation from Mendelian distribution in H. Data are presented as mean ± SEM. * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
 

We performed caudal fin amputations on WT and saa-/- Tg(lyz:EGFP) larvae and 

quantified neutrophil recruitment to the wound margin, observing fewer neutrophils at 

6 hours post-wounding in saa-/- larvae (Fig 12A,B, Fig 11N). Further, in vivo imaging 

revealed that neutrophils in the vicinity of the wound moved with reduced mean speed 

in saa mutant larvae (Fig 12C).  Importantly, saa mRNA was not upregulated at 6 hours 

post amputation in WT larvae (Fig 11M), demonstrating acute saa induction did not 

affect neutrophil activity. Thus, Saa is required for neutrophil mobilization to sites of 

injury independent of systemic induction. 

Given that Saa affects neutrophil responses to injury, we tested if Saa regulates 

basal neutrophil behavior. Analysis of neutrophils in homeostasis revealed Saa 

promoted neutrophil speed in the trunk and linear migration in the intestine (Fig 12G-J), 

consistent with our prior saa morpholino data (Kanther et al., 2014). Considering saa is 
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expressed in IECs (Kanther et al., 2011), we reasoned that Saa may promote neutrophil 

recruitment to the intestine. Indeed, we observed fewer intestine-associated neutrophils 

in saa-/- larvae (Fig 12D-F).  These data demonstrate that Saa promotes neutrophil 

recruitment to distinct tissues such as the intestine at homeostasis as well as to 

peripheral injury. 

 

Figure 12: Saa mediates neutrophil behavior in vivo.   

(A-B) Imaging and quantification of lyz:EGFP+ neutrophils recruited to tail 
wound margin over 6 hours following caudal fin amputation (dashed red line indicates 
wound margin; scale bar = 250 µm) (n ³ 24 larvae / genotype at 6 hour time point). (C) 
Measurement of lyz:DsRed+ neutrophil speed from time-lapse imaging in caudal fin 
tissue over 6 hour period following amputation (n = 4 larvae / genotype, 87-112 cells 
tracked / genotype). (D-E) Representative images of 6 dpf Tg(lyz:DsRed) WT and saa-/- 
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larvae (scale bar = 500 µm). (F) Enumeration of intestine-associated lyz:EGFP+ cells in 6 
dpf larvae (n = 32-40 larvae / genotype). (G-J) Quantitative analysis of lyz:EGFP+ 

neutrophil behavior from time-lapse imaging of distinct anatomical compartments 
(intestine and trunk, ROIs in panel D) in 6 dpf larval zebrafish (6 larvae / genotype, ³ 23 

cells analyzed / genotype / tissue). Data analyzed by t-test. For panel B, statistical 
comparisons were performed within each time point. Data are presented as mean ± 

SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
 

3.3.2 Saa restricts systemic neutrophil abundance and bactericidal 
activity 

Given that saa loss is associated with impaired neutrophil recruitment to wounds 

and healthy tissues, we asked whether systemic neutrophil abundance is altered in saa 

mutants.  We enumerated systemic neutrophils by flow cytometry (Fig 13, Fig 14A) and 

consistently observed elevated neutrophil abundance in saa-/- larvae. This was 

corroborated by increased expression of the granulocyte marker genes lysozyme C (lyz), l-

plastin (lcp), and the granulopoetic cytokine colony stimulating factor 3a (csf3a, also known as 

gcsf1a) in 6 days post fertilization (dpf) whole larvae (Fig 14D-F). Morphological 

classification of lyz+ neutrophils into sub-populations from cytospin preparations 

(adapted from (Keightley et al., 2017) revealed an over-representation of immature lyz+ 

neutrophils in saa deficient animals compared to WT controls (Fig 14B,C). Together, 

these data demonstrate a novel role for Saa regulating neutrophil maturation in vivo.  
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Figure 13: Isolation and characterization of neutrophils from WT and saa 
mutant zebrafish larvae. 

(A) Gating strategy for isolation of lyz:EGFP+ neutrophils from 6 dpf zebrafish 
larvae. (B) The mean fluorescence intensity (MFI) of the lyz:EGFP+ neutrophil population 

was not significantly different between WT and saa mutant larvae. (C) qRT-PCR 
revealed no significant difference in lysozyme C (lyz) transcript levels in sorted lyz+ 

neutrophils from WT and saa mutant larvae. (D) Quantification of intracellular ROS 
levels as indicated by CellROX staining measured by flow cytometry in lyz:EGFP+ 

neutrophils from WT and saa mutant larvae showed no significant difference. (E-F) qRT-
PCR analysis of sorted neutrophils revealed no differential expression of genes 

associated with pro-myelocyte progenitors (cpa4, cpb1, cel.2) or apoptotic markers (cyba, 
p53, bcl2a, baxa) between WT or saa mutants. (For panels B - F: n ³ 4 replicates / genotype, 

n = 60 – 90 larvae / genotype). In panels B-F data was analyzed by t-test. Data are 
presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
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Figure 14: Saa regulates neutrophil abundance and maturation. 

(A) Flow cytometry analysis of lyz:EGFP+ neutrophil abundance from whole 6 
dpf WT and saa mutant zebrafish larvae (results are combined from 3 independent 
experiments, ³ 4 replicates / genotype / experiment, 60-90 larvae / replicate). (B-C) 

Morphological analysis of lyz:DsRed+ neutrophil cytospins stained with Wright-Giemsa 
from adult WT and saa mutant zebrafish kidneys (5-6 adult zebrafish kidneys / genotype 

/ experiment, 2 independent experiments, n ³ 199 cells analyzed / genotype / 
experiment) (scale bar = 10 µm). (D-F) qRT-PCR of leukocyte-associated transcripts 

lysozyme C (lyz), l-plastin (lcp), and colony-stimulating factor 3a (csf3a) from 6 dpf whole 
zebrafish larvae (n = 4 replicates / genotype / timepoint, 25-30 larvae / replicate). Data in 
panel A analyzed by t-test. Data in panel C analyzed by chi-squared test. Data in panels 

D-F analyzed by one-way ANOVA with Tukey’s multiple comparisons test. Data are 
presented as mean ± SEM.  * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 

  
Exposure to PAMPs or inflammatory host molecules can elicit defined neutrophil 

transcriptional responses, reflecting their activation state (Malcolm, Arndt, Manos, 

Jones, & Worthen, 2003; Subrahmanyam et al., 2001; Wright, Thomas, Moots, & 

Edwards, 2013; Yao et al., 2015; X. Zhang et al., 2004). Gene expression analysis of FACS-
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isolated neutrophils revealed elevated expression of genes encoding pro-inflammatory 

cytokines (tnfa, il1b), antimicrobial peptides (pglyrp2, pglyrp5), and regulators of ROS 

production (mpx, ncf1) in saa-/- larvae (Fig 16A). These transcriptional differences suggest 

Saa restricts basal neutrophil activation. As neutrophils primarily function to clear 

microbial infections (Borregaard, 2010; Mayadas, Cullere, & Lowell, 2014), we co-

cultured neutrophils isolated from adult zebrafish kidney with non-pathogenic 

Escherichia coli then assessed bacterial viability. Isolated neutrophils from both WT and 

saa-/- fish were viable ex vivo and exhibited morphological responses to bacteria (e.g., 

extending cytosolic projections; Fig 16B, Fig 15A-E,J). Co-culture with E. coli induced il1b 

mRNA in WT neutrophils, demonstrating zebrafish neutrophils respond 

transcriptionally to bacteria ex vivo (Fig 16C). Moreover, il1b transcript levels were 

significantly increased in unstimulated saa mutant adult kidney neutrophils compared 

to WT, consistent with our observations from larval neutrophils (Fig 16A,C). However, 

following co-culture with E. coli, il1b in WT neutrophils reached similar levels measured 

in saa-/- neutrophils (Fig 16C).  

To assess neutrophil bactericidal activity, we enumerated CFUs following 4 

hours of co-culture and found saa-/- neutrophils killed significantly more bacteria than 

WT neutrophils (Fig 16D). To interrogate possible mechanisms of bacterial clearance, we 

labeled neutrophils with CellROX ex vivo and measured levels of intracellular ROS by 

confocal microscopy (Fig 15F,G). Bacterial exposure resulted in decreased ROS in both 
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WT and saa-/- neutrophils, indicating bacteria stimulated neutrophil degranulation (Fig 

16E). Interestingly, neutrophils from saa mutant animals had elevated levels of ROS 

relative to WT controls both at baseline and after bacterial stimulation (Fig 16E), which is 

consistent with their augmented bacterial killing activity (Fig 16D). Collectively, these 

data indicate neutrophils from saa mutants are aberrantly activated as evidenced by 

elevated pro-inflammatory mRNA expression, augmented bactericidal activity, and 

elevated ROS production, and suggest Saa restricts systemic neutrophil inflammatory 

tone in vivo.  
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Figure 15: Isolation and culture of zebrafish neutrophils ex vivo. 

(A) Gating strategy for isolation of CellROX labeled lyz:DsRed+ neutrophils from 
adult zebrafish kidneys. (B-E) Low magnification (10x) confocal images of lyz:EGFP+ 

neutrophils labeled with CellROX ex vivo (scale bar = 200 µm). (F-G) Imaging of CellROX 
labeled lyz:EGFP+ neutrophils isolated from WT and saa mutant zebrafish revealed 
cytoplasmic punctae (indicated by white arrows). Red dashed box indicates region 
enlarged to show cytoplasmic CellROX punctae (Scale bar = 20 µm). (H) The mean 

fluorescence intensity (MFI) of the lyz:DsRed+ population was unchanged between WT, 
saa-/-, or saa-/-;Tg(cldn15la:saa) neutrophils (4 replicates / genotype). (I) Quantification of 
intracellular ROS levels as indicated by CellROX staining measured by flow cytometry 

of lyz:DsRed+ neutrophils illustrated no significant difference in baseline CellROX levels 
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between genotypes (4 replicates / genotype). (J) Measurement of lyz:EGFP+ neutrophil 
viability as assessed by Propidium Iodide (PI) staining demonstrated no significant 

differences between genotypes after 4 hours of co-culture with E. coli (relative to 
maximum PI signal from lysed neutrophils) (4 replicates / genotype). In panels H-I, data 
were analyzed by one-way ANOVA with Tukey’s multiple comparisons test. In panel J, 
data were analyzed by t-test. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001 
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Figure 16: Saa suppresses neutrophil transcriptional activation and bactericidal 
activity.   

(A) qRT-PCR of pro-inflammatory mRNAs from sorted neutrophils from 6 dpf 
WT and saa mutant zebrafish larvae (5,000-12,000 lyz:EGFP+ cells / replicate, 3-6 

replicates / genotype / experiment, 60-90 larvae / replicate). (B) Microscopic analysis 
revealed neutrophils isolated from adult zebrafish kidneys extend protrusions in 
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response to bacterial signals ex vivo (white arrows; scale bar = 20 µm).  (C) il1b expression 
in un-stimulated and E. coli exposed lyz:EGFP+ neutrophils from WT and saa mutant 
zebrafish following 4 hours ex vivo culture (3-5 replicates / genotype / condition). (D) 
CFU quantification of bacterial concentration following 4 hour co-culture of isolated 

lyz:EGFP+ neutrophils from WT and saa mutant zebrafish with E. coli (MOI 2). (E) 
Quantification of intracellular ROS levels by CellROX fluorescence from neutrophils 

cultured ex vivo with and without E. coli (lyz:EGFP+ cells isolated from 6 zebrafish adult 
kidneys / genotype, quantification of ³ 177 cells / condition). In panels C and E, a one-

way ANOVA with Tukey’s multiple comparisons test was used. Data in panels A and D 
were analyzed with a t-test. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001 
 

3.3.3 Intestinally-derived Saa alters neutrophil distribution and 
activity  

Since saa is highly expressed in the larval zebrafish intestine and liver following 

microbiota colonization (Kanther et al., 2011), we reasoned that Saa produced by specific 

tissues might differentially affect systemic neutrophil conditioning. Saa produced by the 

liver enters circulation and has systemic affects (Urieli-Shoval, Linke, & Matzner, 2000), 

however the distal influences of intestinally-derived saa remained unresolved. We 

generated a transgenic line to drive expression of zebrafish saa in hepatocytes using a 

2.8kb promoter fragment from the zebrafish fabp10a gene [Tg(-

2.8fabp10a:saa);cmlc2:EGFPrdu66, hereafter referred to as Tg(fabp10a:saa)] (Cheung et al., 

2012; Cox et al., 2016; A. G. Cox et al., 2014; Her, Chiang, Chen, & Wu, 2003). We crossed 

this transgene into the saa mutant background and assessed whether hepatic saa was 

sufficient to rescue neutrophil defects observed in saa mutant animals.  

Despite elevated levels of saa transcript in saa-/-;Tg(fabp10a:saa) relative to saa-/- 

mutant larvae (Fig 19A), we still observed reduced intestinal neutrophil recruitment 
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compared to WT controls (Fig 19B). To test the impact of liver-derived saa on neutrophil 

function, we quantified neutrophil recruitment to the wound margin following caudal 

fin amputation. Neutrophil recruitment at 6 hours post wounding was restored to WT 

levels in saa-/-;Tg(fabp10a:saa) larvae, demonstrating that hepatic saa is sufficient to restore 

neutrophil response to peripheral injury (Fig 19C). To further investigate the effects of 

hepatic-derived Saa on neutrophil function, we quantified bactericidal activity of 

neutrophils from WT, saa-/-, and saa-/-;Tg(fabp10a:saa) zebrafish. Whereas E. coli is cleared 

quickly by the zebrafish immune system, Pseudomonas aeruginosa is capable of 

establishing systemic infections (Clatworthy et al., 2009; Herbomel, Thisse, & Thisse, 

1999). Interestingly, transgenic hepatic saa was sufficient to restore P. aeruginosa killing 

activity of isolated neutrophils to WT levels in ex vivo co-culture (Fig 19D). These data 

establish that saa produced in the liver is capable of influencing a distinct subset of 

systemic neutrophil functions, promoting their ability to migrate to wounds yet 

restricting bacterial killing.   

Given that the intestine serves as a primary interface between the host and 

microbiota, and that saa is transcriptionally upregulated in the intestine following 

microbial colonization, we sought to determine if intestinally-derived saa could also 

influence systemic neutrophil phenotypes. To do so, we first needed to engineer 

transgenic zebrafish in which saa is expressed specifically in IECs. While several 

zebrafish promoters have been identified with intestine-restricted activity, they only 
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drive transgene expression in subsets of IECs (e.g., the fabp2/ifabp promoter is active in 

enterocytes in the anterior intestine) (Her, Chiang, & Wu, 2004; Kanther et al., 2011). 

Since zebrafish cldn15la is expressed more broadly and specifically in IECs (Alvers, 

Ryan, Scherz, Huisken, & Bagnat, 2014; Z. Wang et al., 2010), we queried adult zebrafish 

IEC FAIRE-seq data and identified a 349 bp open chromatin region in the cldn15la 

promoter which contains predicted binding sites for intestine-specific transcription 

factors including Cdx2 (Fig 17A,B) (Lickwar et al., 2017). To confirm intestinal specificity 

of this cldn15la promoter fragment, we used this element to drive expression of mCherry 

[Tg(-0.349cldn15la:mCherry)], and observed mCherry fluorescence restricted to IECs (Fig 

17C-F, Fig 18A-E, Fig 19E,F) (Flores et al., 2008; Lickwar et al., 2017). Gene expression 

analysis of enterocyte marker fabp2 and pan-IEC marker cldn15la in FACS-isolated 

mCherry+ and negative cells from Tg(-0.349cldn15la:mCherry) larvae revealed strong 

enrichment in the mCherry+ fraction, further validating the IEC specificity of this 

promoter (Fig 17G,H, Fig 19G).  
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Figure 17: Characterization of the zebrafish cldn15la promoter used to drive 
intestine-specific saa expression. 

(A) UCSC genome browser view of the zebrafish cldn15la gene locus with the 
translational start indicated by the red arrow.  Pink bar represents the cloned 349 bp 

promoter region upstream of the cldn15la gene used to drive intestine-specific transgene 
expression. Tracks for vertebrate conservation, FAIRE-seq and motifs for transcription 
factors important of IEC gene expression programs (identified by HOMER) are shown 
below the locus (Lickwar et al., 2017). (B) Expression pattern of endogenous cldn15la 

along the length of the intestine in adult zebrafish, as measured by microarray in Wang 
et al., 2010 (Z. Wang et al., 2010). (C) Representative stereoscope images of IEC specific 

cytosolic mCherry expression in 5 dpf Tg(-0.349cldn15la:mCherry)rdu65 larvae compared to 
non-transgenic (NTG) controls (scale bar = 500 µm). White dashed line indicates the 

intestine. (D) Quantification of mCherry fluorescence in the indicated tissues of 6 dpf 
Tg(-0.349cldn15la:mCherry) and non-transgenic control larvae demonstrated intestine-

restricted mCherry reporter activity (n = 7 larvae / genotype). (E) Representative 
confocal micrographs of immunostained transverse sections of  Tg(-

0.349cldn15la:mCherry) 6 dpf larvae along the anterior-posterior axis labeled with the 
absorptive cell brush border-specific antibody 4E8 illustrated transgene expression in 

absorptive enterocytes (scale bar = 20 µm). (F) Representative immunofluorescence 
images of transverse sections from Tg(-0.349cldn15la:mCherry) 6 dpf larvae stained with 
secretory cell-specific antibody 2F11 demonstrated weak expression in secretory cells, 

including enteroendocrine cells (outlined by red dashed lines) and goblet cells (outlined 
by green dashed lines) (scale bar = 20 µm). (G) Gating strategy for isolation of -

0.349cldn15la:mCherry+ IECs from larval zebrafish. (H) qPCR for mCherry transcript in 
sorted Tg(-0.349cldn15la:mCherry) IECs showed enrichment as compared to negative 

fraction (13,000 -0.349cldn15la:mCherry+ or mCherry negative cells / replicate, 4 
replicates / genotype, 30 larvae / replicate). Data in panel D analyzed by one-way 

ANOVA with Tukey’s multiple comparison’s test. Data in panel H analyzed by a Mann-
Whitney test. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

< 0.0001 
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Figure 18: Comparison of Tg(-0.349cldn15la:mCherry) and 
TgBAC(cldn15la:EGFP) expression patterns.   

(A) Widefield fluorescence images of IEC-specific cytosolic mCherry expression 
in 6 dpf double transgenic Tg(-0.349cldn15la:mCherry)rdu65 ; TgBAC(cldn15la:EGFP) pd1034Tg 
larvae demonstrated overlap in mCherry and GFP expression domains (scale bar = 500 
µm). (B) Representative confocal micrographs of immunolabeled transverse sections 

from anterior (upper) and posterior (lower) intestinal segments of Tg(-
0.349cldn15la:mCherry)rdu65;TgBAC(cldn15la:EGFP) pd1034Tg 6 dpf larvae revealed expression 

of both mCherry and EGFP in IECs (scale bar = 20 µm). (C) Representative maximum 
intensity projections from single plane illumination microscopy (SPIM) z-stacks of Tg(-

0.349cldn15la:mCherry)rdu65;TgBAC(cldn15la:EGFP) pd1034Tg 6 dpf larvae (scale bar = 500 µm). 
(D-E) High magnification single slice lightsheet images of the intestinal epithelium in a 
representative 6 dpf Tg(-0.349cldn15la:mCherry)rdu65;TgBAC(cldn15la:EGFP) pd1034Tg larva. 
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We next generated Tg(-0.349cldn15la:saa;cmlc2:EGFP) zebrafish [subsequently 

denoted Tg(cldn15la:saa)], which express zebrafish saa in IECs (Fig 20A,B). To confirm 

that saa expression was restricted to IECs, we crossed Tg(-0.349cldn15la:mCherry) and 

Tg(cldn15la:saa) adults, then sorted mCherry+ IECs and measured levels of saa expression 

in mCherry+ and negative fractions from WT and Tg(cldn15la:saa) 6 dpf larvae (Fig 

17G,H). We observed significantly higher saa levels in mCherry+ IECs isolated from 

Tg(cldn15la:saa) larvae compared to WT IECs and both negative fractions (Fig 18H). This 

data indicates that saa expression in Tg(cldn15la:saa) larvae is driven specifically in IECs.  

We crossed this transgene into the saa mutant background, and asked whether 

IEC-derived Saa could complement saa-/- neutrophil defects. As expected, we observed 

fewer intestine-associated neutrophils in each intestinal segment of saa-/- larvae (from 

anterior to posterior, segments 1-3). Intestinally-derived Saa was sufficient to partially 

complement this mutant phenotype, with an increased abundance of intestine-

associated neutrophils in all segments (Fig 19I,J). Thus Saa produced in IECs, unlike 

hepatic Saa, is sufficient to promote neutrophil recruitment to the intestine, suggesting 

Saa is a neutrophil chemoattractant in vivo. To determine if systemic neutrophil function 

was altered by intestinally-derived Saa, we performed caudal fin amputations. At 6 

hours post amputation, neutrophil recruitment to the wound in saa-/-;Tg(cldn15la:saa) 

larvae was equivalent to the WT response (Fig 19K), demonstrating intestinally-derived 
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saa is sufficient to restore neutrophil mobilization to the caudal fin in otherwise saa 

deficient larvae.  

To test the effects of intestinally-derived Saa on neutrophil function, we 

measured bactericidal activity of neutrophils from WT, saa-/-, and saa-/-;Tg(cldn15la:saa) 

zebrafish. We observed reduced survival of both P. aeruginosa and E. coli following co-

culture with saa-/- neutrophils vs WT controls. However, neutrophils from 

Tg(cldn15la:saa)+ saa-/- zebrafish exhibited comparable bactericidal activity to WT 

neutrophils (Fig 19L, Fig 20D). Additionally, following P. aeruginosa co-culture, 

neutrophils from WT, saa mutant, and saa-/-;Tg(cldn15la:saa) zebrafish exhibited 

comparable il1b transcript induction (Fig 19M), demonstrating that neutrophils from 

each genotype are responsive to bacterial stimulation ex vivo. These findings 

demonstrate intestinally-derived Saa is sufficient to constrain bactericidal activity of 

neutrophils. Considering the profound effects of saa levels and source on neutrophil 

antibacterial function ex vivo, we asked if intestinal Saa influenced bacterial clearance in 

vivo using systemic P. aeruginosa infection. As neutrophils play an important role in P. 

aeruginosa clearance in vivo (Brannon et al., 2009; Phennicie, Sullivan, Singer, Yoder, & 

Kim, 2010), we postulated that differences in bacterial clearance between WT and saa 

deficient larvae would be largely driven by differences in neutrophil activation and 

behavior. Larval zebrafish were injected with P. aeruginosa via the caudal vein to achieve 

systemic infection and bacterial burden was assessed from whole zebrafish larvae. 
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Consistent with our ex vivo results, we observed enhanced bacterial clearance in saa-/- 

larvae which is restored to WT levels in saa-/-;Tg(cldn15la:saa) larvae (Fig 19N). 

 

Figure 19: Intestinally-derived Saa regulates systemic neutrophil activity. 

(A) qRT-PCR of saa from whole 6 dpf larvae of the indicated genotypes (n = 4 
replicates / genotype, 25-30 larvae / replicate) (B) Enumeration of intestine-associated 

lyz:DsRed+ neutrophils along the anterior to posterior axis (segment 1 to segment 3) in 6 
dpf larvae (n ³ 25 larvae / genotype). (C) lyz:DsRed+ neutrophil recruitment to caudal fin 
wound 6 hours following amputation in 6 dpf zebrafish larvae (n ³ 25 larvae / genotype 
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at 6 hour time point). (D) CFU quantification of bacterial concentration following 4 hour 
co-culture of lyz:DsRed+ adult zebrafish neutrophils with P. aeruginosa (P.a., MOI 0.2) (8 
replicates / genotype). (E) Representative stereoscope images of IEC specific mCherry 
expression in 6 dpf Tg(-0.349cldn15la:mCherry)rdu65 larvae compared to non-transgenic 

(NTG) controls. White dashed line indicates the intestine (scale bar = 500 µm). (F) 
Representative confocal micrograph of immunostained transverse section of Tg(-

0.349cldn15la:mCherry) 6 dpf larvae labeled with the absorptive cell brush border-specific 
antibody 4E8 (scale bar = 20 µm). (G,H) qRT-PCR of cldn15la, fabp2, and fabp10a (G) from 
sorted Tg(-0.349cldn15la:mCherry)+ IECs and saa (H) from cldn15la:mCherry+ and negative 
cells isolated from 6 dpf larvae of indicated genotypes (13,000 -0.349cldn15la:mCherry+ 

or mCherry negative cells / replicate, 4 replicates / genotype, 30 larvae / replicate). (I) 
qRT-PCR of saa from 6 dpf larval dissected digestive tissue of the indicated genotypes (n 
= 4 replicates / genotype, 25-30 larvae / replicate) (J) Enumeration of intestine-associated 

lyz:DsRed+ neutrophils in 6 dpf larvae (n = 30 larvae / genotype). (K) lyz:DsRed+ 
neutrophil recruitment to caudal fin wound 6 hours following amputation in 6 dpf 

zebrafish larvae (n ³ 18 larvae / genotype at 6 hour time point). (L) CFU quantification of 
bacterial concentration following 4 hour co-culture of lyz:DsRed+ adult zebrafish 

neutrophils with P. aeruginosa (K, P.a., MOI 0.2) (3-6 replicates / genotype). (M) il1b qRT-
PCR from lyz:DsRed+ neutrophils co-cultured with and without P.a. ex vivo for 4 hours 

(n ³ 2 replicates / condition). (N) CFU quantification of in vivo P.a. bacterial burden 
following systemic infection of larval zebrafish at 5 days post infection (dpi) (data from 3 
independent experiments, n ³ 30 larvae / genotype). Data in panels A-D and H-N were 

analyzed by one-way ANOVA with Tukey’s multiple comparisons test. A Mann-
Whitney test was applied to panel G. For panels C and K, statistical comparisons were 
performed amongst samples within the same time point. Data are presented as mean ± 

SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
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Figure 20: Intestinal expression of zebrafish saa using cldn15la promoter. 

(A) qRT-PCR analysis of dissected digestive tracts and carcasses (remaining 
tissues following removal of the intestine) from 6 dpf larvae of indicated genotypes 

revealed significant increase in saa expression in transgenic larvae is restricted to the gut 
(4 replicates / genotype, 20 larvae / replicate). (Bates et al., 2007) (B) qRT-PCR of saa from 
whole 6 dpf larvae of the indicated genotypes (n = 4 replicates / genotype, 15-20 larvae / 
replicate). (C) Enumeration of lyz:DsRed+ wound-associated neutrophils at 6 hours post 
amputation revealed intestinally-derived saa does not affect neutrophil recruitment in 

WT larvae (n ³ 32 larvae / genotype at 6 hour time point). (D) CFU quantification of 
bacterial concentration following 4 hour co-culture of lyz:DsRed+ adult zebrafish 

neutrophils with E. coli (MOI 2) (3-6 replicates / genotype). Data in panel A analyzed by 
a two-way ANOVA with p values reported in the table. Data in panel B was analyzed 

with a Kruskal-Wallis test. Data in panels C-D analyzed by one-way ANOVA with 
Tukey’s multiple comparison’s test. Data are presented as mean ± SEM. * p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001 
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Flow cytometry revealed that transgenic intestinal Saa did not significantly alter 

systemic neutrophil abundance in saa-/- larvae whereas liver derived Saa returned 

neutrophil abundance to WT levels (Fig 21A,C). Moreover, qRT-PCR analysis of 

neutrophils isolated from both saa-/-;Tg(cldn15la:saa) and saa-/-;Tg(fabp10a:saa) larvae 

revealed persistently elevated expression of pro-inflammatory and anti-microbial 

effectors (pglyrp2, tnfa, il1b, ncf1) (Fig 21B,D). Thus, liver and intestinal expression of saa 

was sufficient to rescue only a subset of neutrophil defects observed in saa mutant 

animals. These observations highlight the potential requirement for other tissue sources, 

presentation, or temporal control of Saa to condition different aspects of systemic 

neutrophil function. Collectively, these data demonstrate that expression of saa in the 

intestinal epithelium and liver is sufficient to promote neutrophil recruitment to a 

peripheral wound and to restrict bactericidal activity in vivo and ex vivo, but is unable to 

dampen elevated neutrophil pro-inflammatory mRNA profiles observed in saa mutant 

zebrafish. These results further resolve the local and systemic roles for intestinal Saa, 

promoting neutrophil recruitment to the intestine as well as shaping systemic neutrophil 

migratory and bacterial killing activity. 
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Figure 21: Transgenic Saa is insufficient to dampen transcriptional activation 
of neutrophils in saa mutant zebrafish larvae. 

(A) FACS revealed no significant difference in abundance of lyz:DsRed+ 
neutrophils in 6 dpf saa-/- larvae as compared to saa-/-;Tg(cldn15la:saa) larvae (4 replicates / 

genotype / experiment, n ³ 60 larvae / replicate, data pooled from 2 independent 
experiments). (B) qRT-PCR of pro-inflammatory mRNAs from lyz:DsRed+ neutrophils 

isolated from both saa-/- and saa-/-;Tg(cldn15la:saa) larvae revealed persistent 
transcriptional activation as compared to WT (4 replicates / genotype, n ³ 60 larvae / 

replicate). (C) FACS demonstrated increased abundance of lyz:DsRed+ neutrophils in 6 
dpf saa-/- larvae which is restored to WT levels in saa-/-;Tg(fabp10a:saa) larvae (4 replicates / 

genotype / experiment, n ³ 60 larvae / replicate, data pooled from 2 independent 
experiments). (D) qRT-PCR of pro-inflammatory mRNAs from lyz:DsRed+ neutrophils 

isolated from both saa-/- and saa-/-;Tg(fabp10a:saa) larvae revealed persistent 
transcriptional activation as compared to WT (4 replicates / genotype, n ³ 60 larvae / 

replicate). Data in panels A-D were analyzed by one-way ANOVA with Tukey’s 
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multiple comparisons test. Data are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p 
< 0.001, **** p < 0.0001 

 

3.3.4 Microbiota-induced Saa suppresses neutrophil pro-
inflammatory mRNA production and promotes migration to a tail 
wound 

We and others have shown that the intestinal microbiota influences a variety of 

neutrophil phenotypes both in homeostasis and following injury (Clarke et al., 2010; 

Deshmukh et al., 2014; Kanther et al., 2014; Karmarkar & Rock, 2013). Since our results 

indicate that Saa suppresses neutrophil activation (Fig 16A,D,E) and previous studies 

have reported Saa has direct bactericidal activity (Eckhardt et al., 2010; Hari-Dass, Shah, 

Meyer, & Raynes, 2005; Hirakura, Carreras, Sipe, & Kagan, 2002) we speculated that saa 

deficiency may impact microbiota composition. We used 16S rRNA gene sequencing to 

compare bacterial communities in the digestive tracts of co-housed saa-/- and WT sibling 

zebrafish at both larval and adult stages. We found that saa genotype had no significant 

effects on gut bacterial community composition as measured by alpha- or beta-diversity 

metrics at larval (6 dpf) or adult (70 dpf) stages (Tables 8 and 9). These findings 

demonstrate that Saa does not broadly impact gut microbiota composition in zebrafish.  
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Table 8: Statistical analysis of alpha-diversity comparisons from 16S rRNA 
gene sequencing (Kruskal-Wallis test).  

Bacterial communities in WT and saa-/- mutant (MUT) guts were not significantly 
different by any of these metrics, whereas WT/MUT guts were significantly different 

from their housing water (H2O) as expected. 
 

 

Group 1 Group 2 H p-value q-value
6d.H2O (n=8) 6d.MUT (n=15) 10.84821958 0.000988908 0.002439429
6d.H2O (n=8) 6d.WT (n=14) 7.835169492 0.005123935 0.006987184
6d.MUT (n=15) 6d.WT (n=14) 0.09340235 0.759895529 0.759895529
70d.H2O (n=5) 70d.MUT (n=12) 10 0.001565402 0.002609004
70d.H2O (n=5) 70d.WT (n=15) 10.73042169 0.001053884 0.002439429
70d.MUT (n=12) 70d.WT (n=15) 0.729835014 0.392936672 0.421003577

Group 1 Group 2 H p-value q-value
6d.H2O (n=8) 6d.MUT (n=15) 10.41666667 0.001248831 0.006020723
6d.H2O (n=8) 6d.WT (n=14) 7.453416149 0.006331617 0.010552694
6d.MUT (n=15) 6d.WT (n=14) 0.007619048 0.930443263 0.930443263
70d.H2O (n=5) 70d.MUT (n=12) 5.377777778 0.02039484 0.03059226
70d.H2O (n=5) 70d.WT (n=15) 4.954285714 0.026026074 0.035490101
70d.MUT (n=12) 70d.WT (n=15) 2.002380952 0.15705234 0.196315425

Group 1 Group 2 H p-value q-value
6d.H2O (n=8) 6d.MUT (n=15) 15 0.000107511 0.000403167
6d.H2O (n=8) 6d.WT (n=14) 13.58385093 0.00022814 0.000570349
6d.MUT (n=15) 6d.WT (n=14) 0.121904762 0.726977734 0.726977734
70d.H2O (n=5) 70d.MUT (n=12) 10 0.001565402 0.002348103
70d.H2O (n=5) 70d.WT (n=15) 10.71428571 0.001063115 0.001989576
70d.MUT (n=12) 70d.WT (n=15) 0.952380952 0.329113986 0.352622128

Group 1 Group 2 H p-value q-value
6d.H2O (n=8) 6d.MUT (n=15) 10.84821958 0.000988908 0.002439429
6d.H2O (n=8) 6d.WT (n=14) 7.835169492 0.005123935 0.006987184
6d.MUT (n=15) 6d.WT (n=14) 0.09340235 0.759895529 0.759895529
70d.H2O (n=5) 70d.MUT (n=12) 10 0.001565402 0.002609004
70d.H2O (n=5) 70d.WT (n=15) 10.73042169 0.001053884 0.002439429
70d.MUT (n=12) 70d.WT (n=15) 0.729835014 0.392936672 0.421003577

Group 1 Group 2 H p-value q-value
6d.H2O (n=8) 6d.MUT (n=15) 5.4 0.020136752 0.037756409
6d.H2O (n=8) 6d.WT (n=14) 4.770186335 0.028956691 0.048261152
6d.MUT (n=15) 6d.WT (n=14) 0.007619048 0.930443263 0.983453831
70d.H2O (n=5) 70d.MUT (n=12) 8.711111111 0.003162764 0.012805467
70d.H2O (n=5) 70d.WT (n=15) 6.63047619 0.010024846 0.025062115
70d.MUT (n=12) 70d.WT (n=15) 1.60952381 0.204558753 0.278943754

Group 1 Group 2 H p-value q-value
6d.H2O (n=8) 6d.MUT (n=15) 5.4 0.020136752 0.050341879
6d.H2O (n=8) 6d.WT (n=14) 6.377329193 0.011558724 0.034676173
6d.MUT (n=15) 6d.WT (n=14) 0.007619048 0.930443263 0.930443263
70d.H2O (n=5) 70d.MUT (n=12) 7.511111111 0.006131953 0.022994825
70d.H2O (n=5) 70d.WT (n=15) 7.56 0.005967799 0.022994825
70d.MUT (n=12) 70d.WT (n=15) 1.866666667 0.171857339 0.214821674

Simpson

Chao1

Evenness

Observed OTUs

Shannon

Faith Phylogenetic Diversity
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Table 9: Statistical analysis of beta-diversity comparisons from 16S rRNA gene 
sequencing (PERMANOVA). 

Bacterial communities in WT and saa-/- mutant (MUT) guts were not significantly 
different by any of these metrics, whereas WT/MUT guts were significantly different 

from their housing water (H2O) as expected. 
 

 

Group 1 Group 2 Sample size pseudo-F p-value q-value
6d.H2O 6d.MUT 23 9.710676626 0.001 0.001363636
6d.H2O 6d.WT 22 9.665690878 0.001 0.001363636
6d.MUT 6d.WT 29 0.916930734 0.553 0.553
70d.H2O 70d.MUT 17 10.81391064 0.002 0.002307692
70d.H2O 70d.WT 20 12.37290625 0.001 0.001363636
70d.MUT 70d.WT 27 1.275344245 0.119 0.1275

Group 1 Group 2 Sample size pseudo-F p-value q-value
6d.H2O 6d.MUT 23 11.72303376 0.001 0.0015
6d.H2O 6d.WT 22 10.35076436 0.001 0.0015
6d.MUT 6d.WT 29 0.393271902 0.934 0.934
70d.H2O 70d.MUT 17 8.998130913 0.001 0.0015
70d.H2O 70d.WT 20 10.93560994 0.001 0.0015
70d.MUT 70d.WT 27 0.396353439 0.816 0.874285714

Group 1 Group 2 Sample size pseudo-F p-value q-value
6d.H2O 6d.MUT 23 8.191011555 0.001 0.001153846
6d.H2O 6d.WT 22 8.314089531 0.001 0.001153846
6d.MUT 6d.WT 29 0.792868311 0.819 0.819
70d.H2O 70d.MUT 17 6.29605003 0.001 0.001153846
70d.H2O 70d.WT 20 7.071145881 0.001 0.001153846
70d.MUT 70d.WT 27 0.449691029 0.801 0.819

Group 1 Group 2 Sample size pseudo-F p-value q-value
6d.H2O 6d.MUT 23 5.264493744 0.001 0.00125
6d.H2O 6d.WT 22 5.400166784 0.001 0.00125
6d.MUT 6d.WT 29 0.916218743 0.661 0.661
70d.H2O 70d.MUT 17 7.533691 0.001 0.00125
70d.H2O 70d.WT 20 7.692192669 0.001 0.00125
70d.MUT 70d.WT 27 1.174809096 0.217 0.2325

Unweighted UNIFRAC

Weighted UNIFRAC

Jaccard

Bray-Curtis
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Since saa is potently induced following microbial colonization (Fig 23A), we 

asked if Saa regulates neutrophil activation in response to the microbiota. We isolated 

neutrophils from 6 dpf gnotobiotic WT and saa-/- larvae, and found expression of pro-

inflammatory mRNAs was significantly elevated in WT neutrophils from 

conventionalized (CV) zebrafish vs germ-free (GF) controls, confirming microbiota-

derived signals induce neutrophil pro-inflammatory mRNA expression (Fig 23B). 

Comparison of the same transcripts in neutrophils from saa-/- zebrafish reared under CV 

and GF conditions revealed augmented induction of mRNAs following microbiota 

colonization. Since neutrophil pro-inflammatory mRNA levels were comparable 

between WT GF and saa-/- GF larvae, we conclude the microbiota potentiates 

transcriptional activation observed in saa-/- larvae (Fig 23B). To assess the impact of the 

microbiota on neutrophil function in WT and saa mutant animals, we measured 

neutrophil recruitment to peripheral tail wound injury in GF larvae. Unlike our previous 

observations in conventionally reared larvae (Fig 12B), neutrophil recruitment to the fin 

wound was indistinguishable in GF saa-/- and GF WT larvae at 6 hours post wounding 

(Fig 22). This indicates that neutrophil recruitment defects only manifest in saa-/- mutants 

when colonized with a microbiota. These data further demonstrate that Saa functions to 

restrict aberrant activation of neutrophils by the microbiota at homeostasis, thus 

allowing neutrophils to respond appropriately to injury. 
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Figure 22: Neutrophil recruitment defects in saa deficient larvae are 
microbiota dependent. 

(A) lyz:EGFP+ neutrophil recruitment to caudal fin wound margin 6 hours after 
amputation in 6 dpf gnotobiotic GF WT and GF saa-/- zebrafish larvae was not 

significantly different (n ³ 33 larvae / genotype / condition at the 6 hour timepoint). Data 
analyzed by two-way ANOVA. 

 
Given that the microbiota induces saa expression in the intestine, and GF WT 

zebrafish larvae have diminished neutrophil responses to wounding compared to 

conventionalized WT siblings  (Kanther et al., 2011), we asked if transgenic saa 

expression in IECs was sufficient to rescue neutrophil deficiencies in GF animals. 

Consistent with previous findings, we observed reduced neutrophil wound recruitment 

to caudal fin amputation in GF WT larvae vs CV controls (Kanther et al., 2014). 

Transgenic intestinal saa expression in GF larvae rescued neutrophil mobilization to the 

wound margin 6 hours after injury (Fig 23C). These data support a working model 

wherein Saa produced by IECs in response to the microbiota promotes local recruitment 

of neutrophils to the intestine while limiting aberrant systemic neutrophil activation by 
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the microbiota, thereby allowing neutrophils to effectively respond to subsequent 

challenges such as peripheral injury (Fig 23D).  
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Figure 23: Microbiota-induced Saa conditions neutrophils in vivo. 

(A) qRT-PCR of saa from gnotobiotic zebrafish larvae following microbiota 
colonization (CV) at 3 dpf versus germ free (GF) (3 replicates / condition / timepoint, n ³ 

20 larvae / replicate). (B) qRT-PCR of neutrophils isolated from 6 dpf gnotobiotic WT 
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and saa mutant zebrafish larvae (3 replicates / genotype / condition, n ³ 27 larvae / 
replicate). (C) lyz:EGFP+ neutrophil recruitment to caudal fin wound margin 6 hours 

after amputation in 6 dpf gnotobiotic WT and Tg(cldn15la:saa) sibling zebrafish larvae (n 
³ 18 larvae / genotype / condition at the 6 hour timepoint). (D) Working model depicting 
signals from the microbiota evoking production of intestinal and hepatic Saa leading to 
shared and distinct effects on systemic neutrophil function. Statistical comparisons of 

data in panel in A were performed within each time point and analyzed by t-test. Data 
in panel B analyzed by two-way ANOVA with p values reported in the table. Data in 
panel C analyzed by one-way ANOVA with Tukey’s multiple comparisons test.  Data 

are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
 

3.4 Discussion 

Previous reports in mice and zebrafish have demonstrated that the microbiota 

influences diverse aspects of neutrophil biology, including increased abundance and 

longevity, enhanced wound recruitment, and elevated bacterial killing (Balmer et al., 

2014; Bugl et al., 2013; Clarke et al., 2010; Hergott et al., 2016; Kanther et al., 2011; 

Kanther et al., 2014; Karmarkar & Rock, 2013; D. Zhang et al., 2015). However, few 

studies conclusively identify host or microbial factors that mediate the microbiota’s 

influences on neutrophils. Here we demonstrated that Saa induced following 

colonization transduces information regarding intestinal microbiota, regulating diverse 

aspects of neutrophil biology (Fig 23D). In colonized zebrafish at homeostasis, Saa 

promoted neutrophil maturation and mobilization to the intestine while suppressing 

systemic neutrophil abundance and pro-inflammatory gene expression. During 

inflammatory challenge, Saa restricted neutrophil anti-bacterial activity yet promoted 

neutrophil recruitment to a wound. While in vitro studies suggest rhSAA promotes pro-

inflammatory cytokine (TNFa, IL-1b, and IL-8) and ROS production (Furlaneto & 
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Campa, 2000; Hatanaka, Furlaneto, Ribeiro, Souza, & Campa, 2004; Hatanaka, 

Monteagudo, Marrocos, & Campa, 2007; Hatanaka, Pereira Ribeiro, & Campa, 2003; 

Migita et al., 2014; Ribeiro et al., 2003), the pro-inflammatory effects of rhSAA (rhSAA; 

Peprotech, Rocky Hill, NJ, USA) on granulocytes contrasts with reports using purified 

endogenous SAA (Christenson et al., 2013; Kim et al., 2013). Thus, our in vivo analysis 

clarifies conflicting reports of Saa’s effects on neutrophils. 

Our results establish Saa as a major host factor mediating microbial control of 

neutrophil function. Expression of saa is negligible in germ-free zebrafish larvae, but is 

potently induced following microbial colonization (Davison et al., 2017; Kanther et al., 

2011). We therefore reasoned that neutrophil defects in colonized saa-/- larvae would 

phenocopy those exhibited in WT germ-free larvae. In accord, we observed decreases in 

neutrophil migratory behavior, intestinal association, and wound recruitment in GF WT 

and colonized saa-/- larvae (Bates et al., 2007; Galindo-Villegas, Garcia-Moreno, de 

Oliveira, Meseguer, & Mulero, 2012; Kanther et al., 2011; Kanther et al., 2014). We 

demonstrated intestinally-derived Saa was sufficient to partially complement neutrophil 

deficiencies in saa-/- zebrafish and could restore neutrophil wound recruitment in defects 

GF WT larvae. These results indicate that intestinally-derived Saa conditions neutrophils 

in vivo following microbiota colonization. As we have previously shown that 

colonization with different bacterial taxa leads to varied levels of saa induction (Rawls et 

al., 2006), this signaling axis may facilitate taxa-specific effects on host innate immune 
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development. Further, it is possible that mammalian SAA paralogs similarly condition 

neutrophils, as a subset of Saa genes are induced in mouse intestinal tissues following 

microbial colonization (Davison et al., 2017; Derebe et al., 2014; Eckhardt et al., 2010; El 

Aidy et al., 2013). As broad-spectrum antibiotics usage can dramatically impact the 

microbiota (L. M. Cox et al., 2014; Ekmekciu et al., 2017; Sekirov et al., 2008) and 

antibiotic treatment results in reduced intestinal Saa in mice (Morgun et al., 2015), our 

model predicts antibiotic treatment could be associated with Saa-mediated aberrations 

in neutrophil function. We speculate that secondary infections that can occur following 

antibiotic use (Yoon & Yoon, 2018) could be due in part to concomitant alterations in 

SAA production. 

The mammalian SAA gene family is comprised of both constitutively-expressed 

and acutely-inducible forms. There are four described paralogs in humans and mice, 

with much focus placed upon the acute forms which are upregulated following 

inflammatory stimuli as part of the acute phase response (Uhlar & Whitehead, 1999). 

Following injury or trauma, hepatic production of the canonical acute SAA paralogs, 

SAA1 and SAA2, is dramatically induced. These secreted proteins enter circulation and 

associate with high density lipoproteins (HDL) (Coetzee et al., 1986), although the 

functional consequences of this interaction remain unclear. Notably, these acute forms 

are not only expressed in the liver, as they have also been detected in tissues including 

the small and large intestine where IECs produce them in response to microbial and 
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inflammatory stimuli (Atarashi et al., 2015; Camp et al., 2014; Davison et al., 2017; 

Derebe et al., 2014; Eckhardt et al., 2010; Gutfeld et al., 2006; Reigstad & Backhed, 2010).  

In contrast, SAA4 is constitutively expressed in the liver and is not induced by the 

microbiota or injury (Camp et al., 2014; Larsson et al., 2012; Uhlar & Whitehead, 1999). 

Our previous and present analyses indicate that the single zebrafish saa homolog is 

inducible by microbial stimuli with negligible constitutive expression in germ-free 

animals, suggesting zebrafish have minimal or no constitutive Saa activity.  

Whole animal Saa1-/-Saa2-/- double knockout mice (which still possess Saa3 – an 

acute extra-hepatic SAA that is a pseudogene in humans) and whole animal Saa3-/- 

knockout mice are both sensitive to chemically-induced enterocolitis (Eckhardt et al., 

2010; G. Zhang et al., 2018), suggesting SAA protects against intestinal inflammation. 

Moreover, following colonization with segmented filamentous bacteria (SFB), induction 

of Saa1/2 in mouse small intestinal epithelial cells stimulates expression of effector 

cytokines (IL-17) in T helper cells and promotes Th17 cell expansion and mucosal 

defense (Atarashi et al., 2015; Ivanov et al., 2009; Sano et al., 2015). Our data indicate that 

IEC-derived Saa is important for neutrophil recruitment to the larval zebrafish intestine, 

which may play an important homeostatic role in host defense, mitigating breaches in 

barrier by commensal or pathogenic microbes. Mouse and human SAAs have also been 

described as retinol binding proteins that can bind dietary vitamin A with important 

implications in bacterial infections (Derebe et al., 2014). Furthermore, expression of SAA 
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in IECs and the liver of mice requires dietary vitamin A (Derebe et al., 2014). We 

speculate that vitamin A, the microbiota, and perhaps other environmental factors 

interactively regulate SAA expression and subsequently influence the development and 

function of the innate immune system.  

In this study we uncover tissue specific influences of Saa on both local and 

systemic neutrophil biology. Although our transgenic lines express saa at levels above 

endogenous saa transcript, we believe these transgenic levels are still within the 

physiologic range as circulating levels of Saa protein can reach 1 mg/mL (Gabay & 

Kushner, 1999; Steel & Whitehead, 1994; Uhlar & Whitehead, 1999).  Using these tissue 

specific promoters allowed us to disentangle the contribution of different tissue sources 

of Saa on host neutrophil responses. Our data indicate that Saa from the intestine and 

liver can impact neutrophil activities, such as promoting neutrophil recruitment to 

peripheral injury and suppressing bacterial killing. However, only Saa produced from 

IECs was sufficient to promote local neutrophil recruitment to the intestine. We 

speculate that both intestinal and hepatic Saa shape systemic neutrophil responses to 

injury by entering circulation from their respective origins. In zebrafish, microbiota 

induction of Saa is NF-kB and Myd88 dependent (Kanther et al., 2011), and microbial 

factors, including LPS and flagellar function, are sufficient to induce Saa (Rawls et al., 

2007; Rawls et al., 2006). Future studies aimed at delineating tissue specific induction of 

Saa by microbial signals are needed to understand how specific bacterial factors 
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promote Saa production. Differential activity of SAA from the intestine versus liver may 

be due in part to differences in protein complex formation and downstream receptor 

recognition, as mammalian SAAs are known to associate with other proteins in HDL 

particles (Frame & Gursky, 2016). Our model suggests that in cases of chronic intestinal 

inflammation (e.g. inflammatory bowel disease) when SAA is expressed at high levels in 

the intestine, there may be SAA-mediated impacts on host systemic innate immune 

function (Chambers et al., 1987; Noble et al., 2008; Okahara et al., 2005).  

Saa is thought to directly and indirectly influence in epithelial homeostasis in the 

mammalian intestine through direct bactericidal activity in the intestinal lumen and by 

shaping host mucosal innate and adaptive immunity (Eckhardt et al., 2010; Hari-Dass et 

al., 2005; Sano et al., 2015). Studies in mice have demonstrated that acute Saas are 

expressed in IECs, and can be secreted both into the lumen and basolaterally, potentially 

aiding in the clearance of pathogenic bacteria (Camp et al., 2014; Derebe et al., 2014; 

Eckhardt et al., 2010; Reigstad & Backhed, 2010). We did not detect significant alterations 

in intestinal microbiota composition in our saa mutant zebrafish when co-housed with 

WT controls. However, it remains possible that saa mutation may impact microbiota 

composition or density when genotypes are housed separately.  

Our discovery that Saa functions in the microbiota-neutrophil axis motivates 

interest in underlying mechanisms. Neutrophil functions are largely regulated through 

“priming,” whereby microbial products (e.g. LPS, peptidoglycan, and flagellin) and host 
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factors (e.g. TNFa, IL-1b, IL-8, GM-CSF, and ATP) signal to neutrophils, preparing them 

for response to additional stimuli (El-Benna et al., 2016; Summers et al., 2010). 

Intriguingly, many priming factors are induced in the zebrafish and mammalian 

intestine by the microbiota (e.g. TNFa, IL-1b, and GM-CSF) (Camp et al., 2014; Davison 

et al., 2017; Derebe et al., 2014; Kanther et al., 2011; Lickwar et al., 2017). Primed 

neutrophils exhibit enhanced bacterial killing, altered motility, and transcriptional 

changes (Miralda et al., 2017). Once believed to be transcriptionally quiescent, several 

studies have reported neutrophil transcriptional responses to various priming stimuli in 

vitro (Malcolm et al., 2003; Subrahmanyam et al., 2001; Wright et al., 2013; X. Zhang et 

al., 2004) and in vivo (Kenyon et al., 2017; Kobayashi et al., 2004; Yao et al., 2015). We 

demonstrate Saa restricts neutrophil pro-inflammatory gene expression and show 

induction of pro-inflammatory genes in neutrophils from colonized vs GF WT zebrafish, 

which is augmented in saa-/- larvae. Consistent with our gene expression results, Saa 

limits primed neutrophil phenotypes of ROS production and bacterial killing in vivo and 

ex vivo. We propose Saa is upregulated following microbiota colonization to temper 

aberrant neutrophil priming by microbial products and production of host inflammatory 

mediators, thus limiting collateral damage to host tissues (Kruger et al., 2015; Segel, 

Halterman, & Lichtman, 2011; J. Wang, 2018). Similarly, a recent report using Saa3 

knockout mice demonstrated that Saa3 suppresses bone marrow derived dendritic cell 

response to LPS (Ather & Poynter, 2018), mirroring the anti-inflammatory effects of Saa 
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on zebrafish neutrophils demonstrated here. It will be interesting to determine if SAA’s 

pleiotropic effects on diverse cell types are mediated by different receptors, oligomeric 

state, or binding other molecules such as retinol (Ye & Sun, 2015). 

Our data reveal that Saa promotes neutrophil maturation in adult zebrafish. A 

recent study showed that mature neutrophils exhibit increased motility and response to 

stimuli (Evrard et al., 2018). While it is possible that altered neutrophil maturation may 

underlie the phenotypes we observe in saa mutants, some maturation-associated 

phenotypes (e.g. ROS production and bacterial killing) were elevated in neutrophils 

from saa-/- zebrafish. Thus, Saa may differentially affect neutrophils at different stages of 

development and maturation. 

Collectively, our findings highlight the importance of intestinal and hepatic Saa 

effecting systemic neutrophil development and function, suppressing their 

inflammatory tone and increasing mobilization to wounds. More broadly, our findings 

suggest that the ontogenetic and microbial control of priming factors is important for 

vertebrate immunological development.  

3.5 Experimental Procedures  

3.5.1 Ethics statement 

Zebrafish studies were approved by the Institutional Animal Care and Use 

Committees of Duke University Medical Center (protocol number A115-16-05) in 

accordance with the Public Health Service Policy on the Human Care and Use of 
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Laboratory Animals under the Unites States of America National Institutes of Health 

(NIH) Office of Laboratory Animal Welfare (OLAW).  

3.5.2 Animal husbandry 

All zebrafish lines were maintained on a mixed Tübingen (Tü) / TL background 

on a 14:10 hour light:dark cycle in a recirculating aquaculture system. From 5 dpf to 14 

dpf, larvae were fed Zeigler AP100 <50-micron larval diet (Pentair, LD50-AQ) twice 

daily and Skretting Gemma Micro 75 (Bio-Oregon, B5676) powder once daily. Beginning 

at 14 dpf, larvae were fed Artemia (Brine Shrimp Direct, BSEACASE) twice daily, 

supplemented with a daily feed of Skretting Gemma Micro 75. From 28 dpf, 

the Gemma Micro 75 diet was replaced with Gemma Micro 300 (Bio-Oregon, B2809). At 

the onset of breeding age or sexual maturity, adult fish were given a 50/50 mix of 

Skretting Gemma Micro 500 (Bio-Oregon, B1473) and Skretting Gemma Wean 0.5 (Bio-

Oregon, B2818) and one feeding of Artemia daily.  

Larvae were also maintained on a 14:10 hour light:dark cycle in a 28.5ºC 

incubator, and are of indeterminate sex. Gnotobiotic zebrafish were generated following 

natural mating and reared as described previously (Pham et al., 2008) with the following 

exception: GZM with antibiotics (AB-GZM) was supplemented with 50 µg / ml 

gentamycin (Sigma, G1264). Conventionally raised zebrafish were maintained at a 

density of £ 1 larva / mL, and at 3 dpf groups of 30 larvae were transferred to 10 cm petri 

dishes containing 20 mL gnotobiotic zebrafish media (GZM), inoculated with 3 mL 
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filtered system water (5µm filter, SLSV025LS, Millipore) and fed autoclaved ZM-000 

zebrafish diet (1% w/v stock concentration (in RO H2O), 0.0025% w/v final concentration, 

Zebrafish Management Ltd.) (Kanther et al., 2011). TgBAC(cldn15la:EGFP)pd1034Tg (which 

expresses a Cldn15la-EGFP fusion protein), Tg(lyz:DsRed)nz50 and Tg(lyz:GFP)nz117 have 

been previously characterized (Alvers et al., 2014; Hall et al., 2007). 

3.5.3 Zebrafish mutagenesis  

Targeted deletion of the saa gene was performed using CRISPR/Cas9 gene 

editing targeting the second exon of saa as described (Davison et al., 2017). Briefly, the 

guide RNA sequence was designed using the “CRISPR Design Tool” 

(http://crispr.mit.edu/). Guide RNA oligos (Table 10, primers P1 and P2) were ligated 

into pT7-gRNA plasmid (Addgene, 46759), which, following BamHI (New England 

Biolabs, R0136L) digest, was in vitro transcribed using MEGAshortscript T7 kit 

(ThermoFisher, AM1354) (Jao, Wente, & Chen, 2013). Cas9 mRNA was generated from 

XbaI (New England Biolabs, R0145S) digested pT3TS-nls-zCas9-nls plasmid (Addgene, 

46757), and in vitro transcribed using mMESSAGE mMACHINE T3 kit (ThermoFisher, 

AM1348) (Jao et al., 2013). A cocktail consisting of 150 ng/µL of nls-zCas9-nls and 120 

ng/µL of gRNA, 0.05% phenol red, 120 mM KCl, and 20 mM HEPES (pH 7.0) was 

prepared, and approximately 1-2 nL was injected directly into the cell of one cell stage 

Tü zebrafish embryos. Mutagenesis was initially screened using Melt Doctor High 

Resolution Melting Assay (ThermoFisher, 4409535), and identified three independent 
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alleles which were confirmed as deletions by Sanger sequencing of TOPO-cloned PCR 

products. Subsequent screening of the D22 (allele designation rdu60) was performed by 

PCR (primers P3 and P4, Table 10) and products were resolved on 2% agarose TBE gels. 

Screening of the D2 and D5 alleles (allele designations rdu61 and rdu62 respectively) was 

performed by PCR amplification using primers P3 and P4 (Table 10), followed by 

purification and Hha1 digest (New England Biolabs, R0139S). All mutant alleles (rdu60, 

rdu61, and rdu62) result in the loss of a single Hha1 restriction site present in the WT 

sequence.  

3.5.4 Zebrafish transgenesis 

For generation of transgenic zebrafish expressing saa in intestinal epithelial cells 

(IECs) or liver hepatocytes, the following strategy was employed utilizing Tol2 mediated 

transgenesis (https://onlinelibrary.wiley.com/doi/abs/10.1002/dvdy.21343). A 349 bp 

region of the zebrafish cldn15la promoter was PCR amplified from Tü genomic DNA 

using primers P5 and P6 (Table 10), digested the FseI and AscI (New England Biolabs, 

R0588 and R0558), and ligated into the p5E 381 vector that had been linearized with the 

same enzymes to generate p5E-0.349cldn15la.  The -2.8kb fabp10a p5E vector was kindly 

provided by Brian Link. The full-length zebrafish saa coding sequence was PCR 

amplified from Tübingen whole-larvae cDNA using primers P7 and P8 (Table 10) and 

subcloned into the plasmid pENTR-AleI using In Fusion (Takara Bio, 638909) to 

generate pME-saa.  Both p5E-0.349cldn15la and pME-saa were verified by PCR and 
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Sanger sequencing. A 4-way Gateway LR reaction was performed using LR Clonase II 

(ThermoFisher, 12538120) to recombine p5E-0.349cldn15la or p5E-2.8fabp10a, with pME-

saa, and p3E-polyA 229 into pDEST 395 (which contains a bicistronic cmlc2:EGFP 

reporter), yielding the following constructs: -0.349cldn15la:saa:polyA;cmlc2:EGFP and -

2.8fabp10a:saa:polyA;cmlc2:EGFP. These plasmids were co-injected with transposase 

mRNA into Tü embryos at the single cell stage respectively, as described elsewhere 

(Lickwar et al., 2017). Injected F0 larvae were subsequently screened for mosaic EGFP 

expression in the heart, raised to adulthood, and used to establish stable lines for four 

independent alleles of Tg(-0.349cldn15la:saa;cmlc2:EGFP) (rdu64, rdu67, and rdu68) and 

Tg(-2.8fabp10a:saa;cmlc2:EGFP) (rdu66). Experiments were conducted with both larval 

and adult zebrafish positive for rdu64, rdu67, rdu68 and rdu66 and non-transgenic 

siblings used as controls. 

To confirm IEC specificity of the 349 bp cldn15la promoter fragment, we also 

recombined p5E-0.349cldn15la, pME-mCherry 386 (cytosolic mCherry), and p3E-polyA 

with pDEST 394, and injected this construct into single cell Tü embryos. Mosaic F0 larvae 

were raised to adulthood, screened for germline transmission, and used to establish 

stable lines for three independent alleles of Tg(-0.349cldn15la:mCherry:polyA). All three 

alleles displayed mCherry expression restricted to the intestine, and allele rdu65 was 

maintained for further analysis.   
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3.5.5 Caudal fin amputation assay 

Larval zebrafish were anaesthetized with 0.75 mM Tricaine and mounted in 3% 

(w/v) methylcellulose (in GZM). Caudal fins were amputated using a surgical scalpel 

(Surgical Specialties Sharpoint, 72-2201) and fish were revived into 10 cm dishes 

containing either GZM (for experiments with conventionally reared larvae) or AB-GZM 

without gentamycin (for experiments with gnotobiotic larvae). At 15 minutes, 3 hours, 

and 6 hours post wounding, animals were euthanized and fixed in 4% PFA / 1x PBS 

overnight at 4ºC on an orbital platform. Larvae were subsequently washed with 1x PBS 

3-5 times at room temperature.  Imaging was performed with a Leica M205 FA equipped 

with a Leica DFC 365FX camera using either GFP or mCherry filters. Lyz+ cells were 

enumerated at the tail wound margin using the Fiji Cell Counter plugin. Fish that were 

wounded at the notochord or were moribund were excluded from analysis.   

3.5.6 In vivo imaging and cell tracking analysis 

Larval zebrafish were anaesthetized and mounted in 100 µL 0.75% (w/v in GZM) 

low melt agarose (Fisher Scientific, BP165-25) with 0.6 mM Tricaine in 96-well clear-

bottom black-walled plates (Greiner Bio-One, 655090), and overlaid with 100 µl GZM 

containing 0.375 mM Tricaine. For homeostatic behavioral analysis, time lapse imaging 

was performed for 10 or 15 minutes and frames acquired at 30s intervals on a Zeiss Axio 

Observer with a Photometrics Evolve EMCCD camera and a 5x objective (NA 0.16, WD 

18.5 mm). For live imaging following caudal fin amputation, larvae were mounted as 
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described above and imaged for 6 hours at 2 or 5 minute intervals on an inverted Zeiss 

Axio Observer Z1 microscope equipped with an Xcite 120Q light source (Lumen 

Dynamics), an MRm camera (Zeiss), and a 20X objective lens (NA 0.4, WD 7.9 mm). Fish 

that were wounded at the notochord, moribund, or damaged during mounting were 

excluded from analysis. Automated cell tracking was performed using the MTrack2 

plugin for Fiji. For cell tracking following caudal fin amputation, a region of interest 

(ROI) was drawn from the posterior end of the notochord to the wound margin. For 

neutrophil behavior analysis in homeostasis, two distinct ROIs were analyzed.  An ROI 

(396 pixels by 52 pixels, w x h) was drawn over the intestine ending at the cloaca, and 

another ROI (364 pixels by 152 pixels, w x h) was positioned dorsally to the intestine in 

the trunk. We subsequently filtered tracking results to include cells that were tracked for 

³ 3 consecutive frames. Speed and meandering index were calculated as previously 

described (Kanther et al., 2014).  

3.5.7 Epifluorescence stereomicroscopy 

Larval zebrafish from pooled clutches were anaesthetized in 0.75 mM Tricaine 

and mounted in 3% methylcellulose. Between 15 and 30 fish / genotype were imaged on 

a Leica M205 FA microscope equipped with a Leica DFC 365FX camera using identical 

magnification and exposures. Neutrophil recruitment to the intestine was quantified 

from 8-bit images with Fiji software using the Cell Counter plug in as described 

previously (Kanther et al., 2014).  
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For quantifying mCherry fluorescence mean grey values were measured in FIJI. 

Equal size ROIs were drawn in the liver, trunk, or eye. To quantify intestinal 

fluorescence, an ROI was drawn around the entire intestine. All mean grey values were 

normalized by subtracting background signal.  

3.5.8 Light sheet microscopy 

For in vivo light sheet microscopy, 6 dpf zebrafish larvae were anesthetized in 

0.75 mM Tricaine in GZM, mixed with 1% LMP Agarose in GZM supplemented with 

0.75 mM Tricaine, and drawn up into a glass capillary tube. The agarose was allowed to 

polymerize for at least 10 minutes prior to imaging. Agarose-embedded larvae were 

extruded from the capillary into an imaging chamber filled with GZM supplemented 

with 0.75 mM Tricaine and heated to 28.5°C. Single Plane Illumination Microscopy 

(SPIM) was performed with a Zeiss Lightsheet Z.1 Microscope equipped with a 20x 

aqueous immersion objective (1.0 NA, 2.4 mm WD). Two channel acquisition was 

performed with frame switching using 488 nm and 561 nm excitation lines, and z-series 

were acquired with a 7.32 µm interval. Image-processing was performed using 64-bit 

FIJI. 

3.5.9 Fluorescence Activated Cell Sorting (FACS) 

For FACS, replicate pools of 60-90 lyz+ larvae or 30 Tg(-0.349cldn15la:mCherry)+ 

larvae of the indicated genotypes were euthanized with 3 mM Tricaine and washed for 5 

minutes with deyolking buffer (55 mM NaCl, 1.8 mM KCl and 1.25 mM NaHCO3). 
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Larvae were transferred to gentleMACS “C” tubes (Miltenyi Biotec, 130-096-334) 

containing 5 mL Buffer 1 [HBSS supplemented with 5% heat-inactivated fetal bovine 

serum (HI-FBS, Sigma, F2442) and 10 mM HEPES (Gibco, 15630-080)].  Larvae were 

dissociated using a combination of enzymatic and mechanical disruption.  Following 

addition of Liberase (Roche, 05 401 119 001, 5 µg / mL final), DNaseI (Sigma, D4513, 2 

µg/mL final), Hyaluronidase (Sigma, H3506, 6 U / mL final) and Collagenase XI (Sigma, 

C7657, 12.5 U / mL final), samples were dissociated using pre-set program C_01 on a 

gentleMACS dissociator (Miltenyi Biotec, 130-093-235), then incubated at 30°C on an 

orbital platform at 75 RPM for 10 minutes.  The disruption-incubation process was 

repeated 4-6 times, after which 400 µL of ice-cold 120 mM EDTA (in 1x PBS) was added 

to each sample.  Following addition of 10 mL Buffer 2 [HBSS supplemented with 5% HI-

FBS, 10 mM HEPES and 2 mM EDTA], samples were filtered through 30 µm cell 

strainers (Miltenyi Biotec, 130-098-458) into 50 mL conical tubes.  Filters were washed 

with 10 mL Buffer 2, and samples were centrifuged at 1800 rcf for 15 minutes at room 

temperature.  The supernatant was decanted, and cell pellets were resuspended in 500 µl 

Buffer 2.  For CellROX (Invitrogen C10491 or C10444) labeling experiments, cells were 

then resuspended in 500 µL Buffer 2 and transferred to individual wells of a 24-well 

plate.  CellROX was added to a final concentration of 1 µM, and samples were incubated 

for 45 minutes in the dark at 28.5°C on a tilting platform.  Samples were transferred to 

FACS tubes (Falcon, 352052), and DNaseI (5 µg / mL; Sigma, D4513) and 7-AAD (Sigma, 



 

122 

A9400, 5 µg / mL) were added.  FACS was performed with either Beckman Coulter 

MoFlo XDP, Beckman Coulter Astrios, Becton Dickinson Diva, or Sony SH800S cell 

sorters at the Duke Cancer Institute Flow Cytometry Shared Resource. Single-color 

control samples were used for compensation and gating. Viable neutrophils or IECs 

were identified as 7-AAD- lyz+ or 7-AAD- mCherry+ respectively. Data were analyzed 

with FloJo v10 (Treestar, CA). 

3.5.10 Ex vivo zebrafish neutrophil culture 

Kidneys were dissected from adult male and female transgenic lyz+ zebrafish of 

the indicated genotypes. Fish were of standard length 25.72mm±1.18mm (mean±S.D.).  

Single cell suspensions were generated by enzymatic treatment of dissected kidneys 

with DNaseI (2 µg / mL) and Liberase (5 µg / mL final) with gentle agitation on a fixed 

speed orbital platform (VWR, 82007-202) for 20 minutes at room temperature. Enzymes 

were deactivated by the addition of EDTA as described above and cell suspensions were 

filtered through 30 µm filters and either stained with 1 µM CellROX for 1 hour at 28ºC 

and/or stained with 7-AAD (5 µg/mL) or Propidium Iodide (PI, Sigma, P21493, 5 µg / 

mL).  Viable (7-AAD- or PI-) lyz+ cells were collected into poly-D-lysine (Sigma, P7280-

5MG, 33 µg / mL) coated 96 well black-wall clear-bottom plates (Corning, 3603) 

containing 100 µl RPMI1640 (Gibco, 11835030) supplemented with 10% HI-FBS at a 

density of 15,000 cells per well.  A total of 6-9 kidneys per genotype were pooled and 

used to seed 4-6 wells. DsRed-expressing Escherichia coli MG1655 (pRZT3, (Rawls et al., 
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2007)) or GFP-expressing Pseudomonas aeruginosa PAO1 (pMF230, (Brannon et al., 2009)) 

were cultured aerobically overnight shaking at 37°C in LB supplemented with either 

tetracycline (10 µg / mL) or carbenicillin (100 µg / mL), respectively. Bacteria (100 µL) 

were subsequently sub-cultured into 5 mL selective LB media and grown at 37°C with 

shaking under aerobic conditions to an OD600 of 0.7 - 1, diluted in sterile 1x PBS (Gibco, 

14190) to a concentration of 104 bacterial / µL (E. coli) or 103 bacteria / µL (P. aeruginosa), 

and added isolated neutrophils at an MOI of 2 or 0.2 respectively.  Neutrophils were co-

cultured with bacteria for 2 to 4 hours at 28ºC with gentle agitation in the dark.  Serial 

dilutions of co-culture supernatants were prepared in sterile 1x PBS and plated on 

selective media. Plates were incubated aerobically at 28ºC for 24 hours and CFUs were 

enumerated.   

For imaging studies, neutrophils were collected as described above with the 

following modification: cells were collected into poly-D-lysine coated thin-bottom 96 

well plates (Greiner, 655090).  Neutrophils were imaged on a Zeiss 710 inverted confocal 

microscope with 10x (NA 0.45) or 63x oil objectives (NA 1.40) with or without addition 

of bacteria. 

To measure neutrophil viability, 96 well black wall clear bottom plates 

containing 15,000 cells / well were incubated with or without E. coli MG1655 (MOI 2, 

grown as described above) for 3.5 hours. Propidium Iodide (PI) was added to a final 

concentration of 6 µg/mL to each well, and plates were incubated for an additional 30 
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minutes at 28.5°C before reading fluorescence at 535/620 (Ex/Em, nm) with a BioTek 

Synergy2 plate reader.  As a positive control, lyz+ cells were incubated with Triton X-100 

(20% v/v) for 3 hours, then incubated at 65°C for 30 minutes prior to PI staining. Data are 

shown as % of maximum PI signal. 

3.5.11 Cytospins and scoring of neutrophil maturation 

For morphological assessment, 15,000-30,000 viable lyz+ cells isolated by FACS 

from adult dissected kidneys as described above were sorted into 500 µl Buffer 2. 

Cytospins were performed immediately following collection with a Cytospin 3 

(Shandon) by centrifuging cell suspensions for 3 minutes at 800 rcf. Slides were dried 

overnight at room temperature, fixed with absolute methanol, then stained with Wright 

Giemsa (Sigma, WG16) according to the manufacturer’s instructions. Slides were imaged 

with a Leica DMRA2 compound microscope with a PL APO 40x air objective (NA 0.85, 

WD 0.11mm) and Q Imaging Micropublisher Digital color camera. Twenty individual 

ROIs were imaged per genotype, and cells were classified based on distinct nuclear 

morphology by a blinded investigator as described (Keightley et al., 2017).  

3.5.12 Gene expression analysis 

Pools of 20-30 whole larvae, dissected digestive tracts, or carcasses were collected 

into 1 mL of TRIzol (ThermoFisher, 15596026) and stored at -80°C. For experiments 

measuring transcripts from digestive tract versus carcass, dissections were performed as 

described previously (Bates et al., 2007) on 6 dpf larvae to remove the digestive tract 
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(including intestine, liver, and pancreas). Digestive tracts were dissected and pooled into 

TRIzol (15-20 per replicate). The remaining carcasses were collected and pooled into 

TRIzol. Tissues were homogenized by passing samples 10-15 times through a 27-gauge 

needle. RNA was isolated following the manufacturer’s protocol with the following 

modification: a second wash with 70% ethanol (prepared in DEPC-treated H2O) was 

performed. For gene expression analysis of sorted neutrophils, viable lyz+ (4000-6000 

cells / replicate) cells were collected into 750 µL TRIzol LS (ThermoFisher 10296010).  For 

validation of the -0.349cldn15la promoter, 13,000 Tg(-0.349cldn15la:mCherry)+ and 

mCherry negative cells per replicate were collected into 750 µL of TRIzol LS. RNA was 

isolated using a NORGEN RNA Cleanup and Concentrator Micro-Elute Kit (Norgen 

Biotek, 61000), and samples eluted in 10 µL from which 8 µL of RNA was treated with 

DNaseI (New England Biolabs, M0303L). cDNA was synthesized using the iScript kit 

(Bio-Rad, 1708891). Quantitative PCR was performed in duplicate 25µl reactions using 

2X SYBR Green SuperMix (PerfeCTa, Hi Rox, Quanta Biosciences, 95055) run on an ABI 

Step One Plus qPCR instrument using gene specific primers (Table 10). Data were 

analyzed with the DDCt method. 

3.5.13 In vivo bacterial infections 

Pseudomonas aeruginosa (PAO1) carrying a constitutively expressed GFP plasmid 

(pMF230) (Brannon et al., 2009) was grown in LB media supplemented with 100 µg / mL 

carbenicillin overnight shaking at 37ºC. Overnight culture was concentrated to an 
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OD600 of 5 (approximately 2x109 bacteria / mL) then frozen in aliquots. At 1 dpf, larvae 

were treated with 45 µg / mL 1-phenyl-2-thiourea (PTU) to inhibit melanization. Larvae 

were infected at 2 dpf by a genotype-blinded investigator. To achieve systemic infection, 

bacteria were injected into circulation via the caudal vein with borosilicate needles along 

with a phenol red tracer (3% w/v) as described previously (Beerman et al., 2015), and 

any larvae that were damaged by injections were excluded from analysis. 

Approximately 150-300 CFU of P. aeruginosa PAO1 GFP was injected per larvae. To 

enumerate CFUs in the inoculum, the injection dose was plated before and after 

infections on LB agar plates supplemented with 100 µg / mL carbenicllin. Immediately 

following infection larvae were screened for even dosing by fluorescence microscopy, 

and significantly under- or over-infected larvae were excluded from further analysis by 

an investigator blinded to genotype. To quantify bacterial burden, individual larvae 

were homogenized in 500 µL sterile 1x PBS using a Tissue-Tearor (BioSpec Products, 

985370) at 24 hour intervals, and serial dilutions were plated on selective media (LB agar 

supplemented with 100 µg/mL carbenicillin). P. aeruginosa CFUs were enumerated 

following aerobic incubation for 24 hours at 28°C.  

3.5.14 Zebrafish immunohistochemistry 

For immunostaining, 6 dpf larval zebrafish were fixed in 4% PFA/1x PBS 

overnight at 4ºC on an orbital platform, then washed 3-5x with 1x PBS the following 

day.  Larvae were mounted in 4% low melt agarose in cryo-molds molds (Tissue-Tek) 
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and 200 µm transverse sections cut using a Leica VT1000S vibratome. Sections were 

transferred to 24-well plates, washed 3x in 1x PBS at room temperature, and 

permeabilized with 1x with PBS containing 0.1% (v/v) Triton x-100 (PBS-T) for 30 

minutes at RT. Sections were blocked in 5% (v/v) donkey serum in PBS-T for 1 hour at 

room temperature, then incubated with primary antibodies diluted in blocking buffer 

overnight at 4°C with agitation (mouse anti 4E8, Abcam, ab73643, 1:200; mouse anti 

2F11, Abcam, ab71286; rabbit anti DsRed, Clontech, 632496, 1:200; chicken anti GFP, 

AVES, GFP-10x0, 1:200). Sections were washed with PBS, then incubated with species-

specific secondary antibodies [(ThermoFisher, A10042, A32728, A11039, 1:200) and 

Hoechst 33258 (ThermoFisher, H3569, 1:1000)] diluted in PBS-T for 2-4 hours at room 

temperature on a tilting platform. Sections were then washed 3x with 1x PBS then 

mounted and coverslipped on slides using mounting media containing DAPI (Vector 

Laboratories, Inc, H-1200). Slides were imaged with a Zeiss LSM 780 upright confocal 

microscope equipped with a GaAsP array detector using a 63x oil objective (NA 1.4, WD 

0.19 mm). 

3.5.15 16S rRNA gene sequencing 

Adult heterozygous saardu60/+ zebrafish were bred naturally and the resulting 

embryos were collected into system water and pooled at 0 dpf. Fertilized embryos were 

sorted at equal densities into autoclaved 3L tanks filled with system water at 1 dpf (50 

embryos per 3 liter tank). Zebrafish of both WT and saa mutant genotypes were co-
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housed for the duration of the experiment. Larvae were maintained under static 

conditions until 6 dpf, at which time water flow and feeding were begun. Dissected 

digestive tracts and environmental water samples were collected at two time points: 6 

dpf and 70 dpf. At 6 dpf zebrafish were sampled prior to first feeding, and fish sampled 

at 70 dpf were fed using the standard facility diet (as described above in animal 

husbandry) beginning at 6 dpf. For each timepoint, fish were sampled from a minimum 

of 5 tanks. For the 6 dpf timepoint DNA was isolated from 14 WT and 15 saa mutant 

intestines. For the 70 dpf timepoint, DNA was isolated from 15 WT and 12 saa mutant 

intestines. For water samples, 50 mL of water was collected from each tank and filtered 

using 0.2 µm MicroFunnel Filter Units (Pall Corporation, 4803). Filters were removed 

from filter units with sterile forceps, transferred to Eppendorf tubes and snap frozen in a 

dry ice/ethanol bath. For intestinal samples, digestive tracts were dissected and flash 

frozen and either carcasses or fin were reserved for genotyping. Fish samples were 

genotyped to identify homozygous saa+/+ and saardu60/rdu60 zebrafish prior to submission for 

genomic DNA extraction.  

The Duke Microbiome Shared Resource (MSR) extracted bacterial DNA from gut 

and water samples using a MagAttract PowerSoil DNA EP Kit (Qiagen, 27100-4-EP) that 

allows for the isolation of samples in a 96 well plate format using a Retsch MM400 plate 

shaker. DNA was extracted from ³12 fish per genotype per time point, and from 5 to 8 

different tanks per timepoint to control for tank effects. Sample DNA concentration was 
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assessed using a Qubit dsDNA HS assay kit (ThermoFisher, Q32854) and a PerkinElmer 

Victor plate reader. Bacterial community composition in isolated DNA samples was 

characterized by amplification of the V4 variable region of the 16S rRNA gene by 

polymerase chain reaction using the forward primer 515 and reverse primer 806 

following the Earth Microbiome Project protocol (http://www.earthmicrobiome.org/). 

These primers (515F and 806R) carry unique barcodes that allow for multiplexed 

sequencing. Equimolar 16S rRNA PCR products from all samples were quantified and 

pooled prior to sequencing.  Sequencing was performed by the Duke Sequencing and 

Genomic Technologies shared resource on an Illumina MiSeq instrument configured for 

150 base-pair paired-end sequencing runs. 

Subsequent data analysis was conducted in QIIME2 (https://qiime2.org), the 

successor of QIIME (Caporaso et al., 2010). Paired reads were demultiplexed with qiime 

demux emp-paired, and denoised with qiime dada2 denoise-paired (Callahan et al., 

2016). Taxonomy was assigned with qiime feature-classifier classify-sklearn (Fabian 

Pedregosa, 2011), using a naive Bayes classifier, trained against the 99% clustered 16S 

reference sequence set of SILVA, v. 1.19 (Quast et al., 2013). A basic statistical diversity 

analysis was performed, using qiime diversity core-metrics-phylogenetic, including 

alpha- and beta-diversity, as well as relative taxa abundances in sample groups. The 

determined relative taxa abundances were further analyzed with LEfSe (Linear 
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discriminant analysis effect size) (Segata et al., 2011), to identify differential biomarkers 

in sample groups.  

3.5.16 Statistical methods 

All experiments were repeated at least two times and statistical analyses were 

performed with GraphPad Prism v.7.  Data are presented as mean ± SEM. For 

comparisons between 2 groups a two tailed student’s t-test or Mann-Whitney test was 

applied. For comparisons between 3 or more groups, a one-way ANOVA with Tukey’s 

multiple comparisons test was used.  For experiments with 2 independent variables, a 

two-way ANOVA was performed. Significance was set as p < 0.05, and denoted as: * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Sample sizes are indicated in the figure 

legends. 

3.5.17 Data availability 

All data are available from Dryad (doi:10.5061/dryad.174667c). 16S rRNA 

sequencing data have been deposited in the NCBI SRA (PRJNA512204). 
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Table 10: Primers used in this study (qRT-PCR, cloning and genotyping). 

 

Oligos for cloning guide RNAs
P1 SAA gRNA ex2a F TAGGAAGCGATACCACTGCGCC

P2 SAA gRNA ex2a R AAACGGCGCAGTGGTATCGCTT

Primers for Saa mutation screening and genotyping
P3 crisprSAA F1 CATGAAGCTTCTTCTTGCTGTGCTGG

P4 crisprSAA R1 GGAATAACAACTGACCTCCAGCGGCTTCTCC

P9 saa genotyping R2 intron CATAACACTATCAAGTTGTCCCAAATTGTG

Primers for cloning danio rerio cldn15la promoter
P5 dr cldn15laF AAGGCCGGCCGCTGTTCACAGTGATTCCCTCACTAATGG

P6 dr cldn15laR AAGGCGCGCCCAACCTCAGAAATCCAAAATTCAAGGGAAG

Primers for cloning danio rerio saa CDS
P7 drSAA pME F: ccgcccccttcaccATGAAGCTTCTTCTTGCTGTGCTGG

P8 drSAA pME R:  tcggcgcgcccacccttTCAGTACTTTATGGGCAGGCCTTTAG

qRT-PCR Primers
Dr_l-plastin_F TGTCTGTGCCCGACACCAT Kanther et al., 2014

Dr_l-plastin_R GGCGGAGGCAGAGTTCAG Kanther et al., 2014

Dr_gcsfa_F GCTTTTTGATTGGTGTTGCTATAATG Statchura et al., 2013

Dr_gcsfa_R CAACGATCCCCACTAATGTGAA Statchura et al., 2013

Dr_elfa_F CTTCTCAGGCTGACTGTGC Marjoram et al., 2015

Dr_elfa_R CCGCTAGGATTACCCTCC Marjoram et al., 2015

Dr_nfkbiaa_F GCCGGACAGCCCTTAAATTC Kanther et al., Gastro., 2011

Dr_nfkbiaa_R TCATAAATACAATCGTCCTCAGACATG Kanther et al., Gastro., 2011

Dr_lyzC_F TCGTGTGAAAGCAAGACACTGGGA Kanther et al., Gastro., 2011

Dr_lyzC_R ACTCGGTGGGTCTTAAACCTGCTT Kanther et al., Gastro., 2011

Dr_pglyrp2_F TGCAGGAGGATTTCACCATTC Oehlers et al., 2011

Dr_pglyrp2_R CTGGGCAGCTGGTGGTTACT Oehlers et al., 2011

Dr_pglyrp5_F GACACACAAACACCGTGGACAT Oehlers et al., 2011

Dr_pglyrp5_R CCCCATCCTCTGCCTTCATA Oehlers et al., 2011

Dr_cpa4_F GGATTCAGGGCTGGATTTCTG

Dr_cpa4_R CTCATCCAAAAGGTCCTGCAC

Dr_cpb1_F GTCAAGGTGATGATTGATAATCTTCAG

Dr_cpb1_R GTATTCTTTCCAATCTTCAGAAGGTGC

Dr_cel.2_F GATGCACCTGGTAACTATGGAC

Dr_cel.2_R GGTGAAATAATCTGGAAGTTGACACTG

Dr_tnfaip3_F GAACCAACGGAGATGGGAATTG

Dr_tnfaip3_R CTCCCAGTTCAGCGTGCTG

Dr_18S_F CACTTGTCCCTCTAAGAAGTTGCA Kanther et al., Gastro., 2011

Dr_18S_R GGTTGATTCCGATAACGAACGA Kanther et al., Gastro., 2011

Dr_mpx_1F TCCAAAGCTATGTGGGATGTGA Kanther et al., Gastro., 2011

Dr_mpx_1R GTCGTCCGGCAAAACTGAA Kanther et al., Gastro., 2011

Dr_ncf2_F1 CTGGATGCCATTCTGAAACATAAGCTG Kanther et al., 2014

Dr_ncf2_R1 GATGGAACATTGTCTATTTGAGGCTG Kanther et al., 2014

Dr_il1b_F TGGACTTCGCAGCACAAAATG Kanther et al., 2014

Dr_il1b_R GTTCACTTCACGCTCTTGGATG Kanther et al., 2014

Dr_tnfa_F GCGCTTTTCTGAATCCTACG Marjoram et al., 2015

Dr_tnfa_R TGCCCAGTCTGTCTCCTTCT Marjoram et al., 2015

Dr_saa_F CGCAGAGGCAATTCAGAT Kanther et al., Gastro., 2011

Dr_saa_R CAGGCCTTTAAGTCTGTATTTGTTG Kanther et al., Gastro., 2011

Dr_nfkbiab_F CTCACCGAGGACGGAGACA Kanther et al., Gastro., 2011

Dr_nfkbiab_R CTCTTCGGGATAACGCAATCA Kanther et al., Gastro., 2011

Dr_p53_F1 ATAAGAGTGGAGGGCAATCAGCGA

Dr_p53_R1 AGTGATGATTGTGAGGATGGGCCT

Dr_baxa_F1 CGGAGATGAGCTGGATGGAAA

Dr_baxa_r1 GAAAAGCGCCACAACTCTTCC

Dr_bcl2a_F1 TCTTCGAGTTTGGTGGGACCATGT Ji W., et al, J. App. Tox, 2012

Dr_bcl2a_R1 TACATCTCCACGAAGGCATCCCAA Ji W., et al, J. App. Tox, 2012

Dr_fabp2_F TCAACGGGACCTGGAAAGTC Oehlers et al., 2011

Dr_fabp2_R CCCATTTGTTCCATGAACTTCTC Oehlers et al., 2011

mCherry_F CCCCGTAATGCAGAAGAAGA

mCherry_R TCTTGGCCTTGTAGGTGGTC

Dr_cldn15la_F CACCACATCGACCCTGTATG Clelland ES, et al.Gen and Comp Endo., 2010

Dr_cldn15la_R TACCGGCTATTCTGCCTTTG Clelland ES, et al.Gen and Comp Endo., 2010

S1 Table. Primers used in this study (qRT-PCR, cloning and genotyping).
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4. Conclusions and ongoing questions 
4.1 Introduction 

Animals have evolved in the presence of diverse microbial communities. These 

microbes are intimately associated with the host, colonizing mucosal surfaces beginning 

at birth and this symbiosis is maintained throughout development. Due to tonic 

stimulation of host immune and metabolic pathways by the microbiota, homeostasis is 

characterized as a state of physiologic inflammation. Perturbation of host-associated 

microbial communities leads to a number of metabolic and auto-immune disorders, 

underscoring the importance of the microbiota in animal health. Through my work I 

have focused on what phenotypic traits promote bacterial fitness in the intestine 

(Chapter 2)  and how microbiota colonization shapes host innate immunity (Chapter 3).  

In this chapter, I discuss ongoing questions and uncharted avenues of host-

microbiota research extending from themes and findings of my own work. Reflecting on 

potential caveats and limitations from my efforts to understand host-microbe 

interactions, I provide an experimental framework of testable hypotheses to move the 

field forward. I focus heavily on the intersection of host metabolism and immunity. I 

evaluate the potential convergence of lipoprotein metabolism and host innate immune 

development following microbiota colonization and its implications in health and 

disease.  
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4.2 Mechanisms of SAA-mediated innate immune responses 

In Chapter 3, I elucidated Saa-dependent neutrophil priming following 

microbiota colonization in zebrafish. Using transgenic over-expression of zebrafish saa 

from the intestine and liver, I uncovered tissue specific roles for Saa on neutrophil 

function. However, the mechanism(s) by which Saa mediates its effects on neutrophils 

remains unknown. Saa could act either directly or indirectly on neutrophils, potentiating 

anti-inflammatory effects in colonized animals (Fig 24). Neutrophils are decorated with 

PRRs on their cell surface which recognize microbial MAMPs (microbe associated 

molecular patterns) and host DAMPs (damage associated molecular patterns) (J. Wang, 

2018). Saa may function similarly to a DAMP, signaling directly via neutrophil receptors 

to elicit functional changes in vivo (Fig 24A,C). Expression and subsequent secretion of 

Saa is associated with changes in whole animal gene expression programs in zebrafish 

(see Appendix B). Some combination of these differentially expressed host factors could 

indirectly exert an anti-inflammatory influence on neutrophils (Fig 24B,E). 

I found that Saa produced from different tissues had specific roles on neutrophil 

conditioning in vivo. These differences might arise from differential Saa-protein complex 

formation prior to receptor activation (Fig 24A). In general, higher-order protein 

structures are poorly described for vertebrate SAAs as they are difficult to crystalize. 

Recent findings suggest that human and mouse SAAs form hexamers or tetramers 

respectively (Derebe et al., 2014; Lu, Yu, Zhu, Cheng, & Sun, 2014; Sack, 2018). I 
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speculate that Saa may form different multimeric structures dependent upon tissue of 

origin or levels of expression, underlying tissue specific effects on host innate immunity.  

 

Figure 24. Potential mechanisms of in vivo Saa-neutrophil interactions 

(A-F) Schematic representation of Saa mediated influence directly or indirectly 
on neutrophils (A) Saa directly binds to PRRs (pink ovals) or binds in complex with 

specific proteins (orange or black hexagon). (B) Saa indirectly promotes expression of 
anti-inflammatory factor(s) from another cell which then binds to neutrophil PRRs. (C) 

Saa binds directly to neutrophil PRRs and blocks signaling of pro-inflammatory 
mediators (orange hexagon) through competitive inhibition. (D) Saa neutralizes pro-

inflammatory factors (orange hexagons) preventing recognition by neutrophil PRRs. (E) 
Saa blocks induction of a pro-inflammatory factor from another cell (F) Saa acts 

upstream of neutrophils on a myeloid progenitor cell.  

4.2.1 Host receptors 

Many host receptors are thought to be required for Saa activity including; SR-B1, 

FRPL1, FPR2, TLR2, TLR4, RAGE, P2X7, and CD36 (Badolato et al., 1994; Baranova et al., 
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2010; L. Cai, de Beer, de Beer, & van der Westhuyzen, 2005; N. Cheng, He, Tian, Ye, & 

Ye, 2008; Christenson, Bjorkman, Tangemo, & Bylund, 2008; Hatanaka et al., 2007; R. He 

et al., 2003; R. L. He et al., 2009; H. Y. Lee et al., 2008; Migita et al., 2014; Niemi et al., 

2011; Sack, 2018; Sandri et al., 2008; Song et al., 2009; Ye & Sun, 2015). However, many of 

these receptors were identified in cell culture systems using recombinant human SAA1/2 

(rhSAA, Peprotech) and these interactions have not been clearly shown to involve direct 

SAA - receptor binding. Thus interpretation of these interactions should be taken 

cautiously due to evidence that rhSAA stimulates immune responses through different 

pathways and at varying degrees of magnitude compared to endogenous SAA 

(Christenson et al., 2013; Kim et al., 2013). Genetic or pharmacologic approaches of host 

receptor blockade in combination with tissue specific saa overexpression could be 

utilized to test putative host receptor – Saa interactions using neutrophil recruitment to a 

caudal fin injury as a read out. Zebrafish whole animal genetic mutants exist for several 

PRRs and other host receptors including tlr2, p2x7, cd36, and tlr5 (Koch et al., 2018; 

Matty et al., 2019). If Saa is directly detected by neutrophils (Fig 24A), Saa-receptor 

binding on the neutrophil cell surface would presumably lead to intracellular cascades 

resulting in decreased expression of pro-inflammatory mRNAs and suppression of 

bactericidal activity. Neutrophils from larval zebrafish express a number of PRRs and 

other receptors including cd36, p2x7, tlr2 and tlr5 (Espenschied et al., unpublished). 

Alternatively, direct binding of SAA to a neutrophil receptor, may be a form of 
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competitive inhibition blocking pro-inflammatory signaling from other cytokines or 

MAMPs (Fig 24C). 

Recent reports demonstrate that mammalian SAAs are retinol binding proteins 

(Derebe et al., 2014). Retinoic acid has described roles in myeloid cell commitment and 

in the maturation of neutrophils through binding of transcription factors, with 

consequences on gene expression patterns in myeloid cell progenitors (Lawson & 

Berliner, 1999). Thus it is possible that SAA functions as a shuttle for retinol during 

innate immune development, allowing proper maturation and activation of neutrophils. 

Saa could also indirectly restrict inflammatory signaling by other cytokines or 

PAMPs on neutrophils. In silico structural analysis of SAA protein domains indicate 

alpha helical regions marked by both hydrophobic and hydrophilic faces, which could 

promote non-specific protein and molecular interactions (Frame & Gursky, 2017). This 

highlights a potential role of Saa-protein interactions that neutralize inflammatory 

signaling cascades by masking inflammatory molecules from recognition by host PRRs 

(Fig 24D). Finally, Saa could contribute to innate immune memory, influencing myeloid 

progenitor cells within hematopoietic tissues (Fig 24F). This is supported by quantifiable 

differences in neutrophil abundance in saa mutant zebrafish (Chapter 3). Additionally, 

transcripts associated with macrophages (such as mpeg) are similarly enriched in saa 

deficient animals as measured by RNA-sequencing (see Appendix B). Collectively, this 

suggests a granulocyte precursor may be differentially activated by Saa, giving rise to 
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increased populations of myeloid cells. Collectively, these Saa-dependent mechanisms 

would constitute a novel host protective strategy of immune tolerance to the microbiota 

(Fig 24A-F).  

Conversely, Saa may interact (either directly or indirectly) with neutrophils to 

influence their longevity or turnover in vivo. There is evidence that neutrophil lifespan in 

mammals is associated with differences in neutrophil inflammatory tone (D. Zhang et 

al., 2015).  

4.3 Innate immunity in zebrafish versus mammals: key 
similarities and differences 

Zebrafish are a model system well-suited to explore the functional consequences 

of microbiota colonization on innate immunity. Notably, zebrafish possess highly 

conserved hematopoietic lineages as compared to mammalian counterparts. Early in 

development (~22-33 hours post fertilization), primitive immune cells are derived from 

the yolk sac and the intermediate cell mass ICM (analogous to the mammalian yolk sac) 

(Kanther & Rawls, 2010). Definitive hematopoiesis starts at approximately one day post 

fertilization, giving rise to multilineage immune cells including neutrophils and 

macrophages. HSCs (runx, c-myb, and cd41 positive) travel from the aorta-gonad-

mesonephros (AGM) to populate the caudal hematopoietic tissue (CHT), kidney, and 

thymus (Carradice & Lieschke, 2008). Importantly, myeloid cells including monocytes, 

macrophages, neutrophils, and eosinophils have been described in zebrafish (Carradice 

& Lieschke, 2008; Gore, Pillay, Venero Galanternik, & Weinstein, 2018). Transcriptomic 
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and functional analysis of zebrafish myeloid cells indicate that these populations 

function analogously to mammalian counterparts (Renshaw & Trede, 2012). 

4.3.1 Limitations of the zebrafish model 

Despite the conserved features of the zebrafish innate immune system and the 

numerous advantages (optical transparency, cost, and genetic tractability), there are 

limitations to studying immune responses in zebrafish. At early stages of development 

(prior to 4 weeks of age), zebrafish do not possess a fully functional adaptive immune 

system (Lam, Chua, Gong, Lam, & Sin, 2004). As such, studies performed in larval 

zebrafish evaluate innate immune responses in the absence of adaptive immunity. 

Although this separation can be leveraged as a strength, there are numerous functional 

innate and adaptive immune interactions that aren’t accessible in zebrafish larvae. 

Technical limitations of the zebrafish render certain mammalian phenotypic assays 

nearly impossible. The small size of the larval and adult zebrafish precludes 

longitudinal fecal and blood sampling as well as restricting terminal tissue harvest. 

Molecular tools including antibodies are lacking in fish, making validation of mutants 

and immunofluorescence assays challenging.   

  In mammals, there are significant numbers of circulating white blood cells 

including neutrophils and monocytes (Scheiermann, Frenette, & Hidalgo, 2015). 

Intriguingly, neutrophils and macrophages (leukocytes) in larval zebrafish reside largely 

within tissues including the caudal hematopoietic tissue (CHT), intestine, and the 
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kidney with few cells in circulation at homeostasis (data not shown, (Yoo & 

Huttenlocher, 2011). Moreover, leukocytes are commonly associated with the intestine in 

healthy larval zebrafish. Neutrophil intestinal infiltration in mammals is a common sign 

of inflammation and is rarely observed in healthy animals (Erben et al., 2014). Thus at 

baseline, leukocyte homeostasis is distinct in zebrafish, perhaps reflective of the density 

and type of microorganisms that zebrafish encounter throughout development in an 

aqueous environment. It should also be considered that larval zebrafish solely rely on 

innate immune defense for the first month of life in an environment teeming with 

bacteria. This may require that leukocytes populate the intestine and other tissues to 

prevent breaches in host barriers.  

Innate immune cells are often characterized by their surface receptor expression 

in mammalian studies. As myeloid cells mature or become activated in different tissues, 

the receptors that are located on the cell surface changes (Scheiermann et al., 2015; 

Weiskopf et al., 2016; Yu et al., 2016). These surface markers are associated with 

differences in underlying phenotypes are used to distinguish heterogenous populations 

of leukocytes. Unfortunately due to the limited number of antibodies raised against fish 

epitopes, profiling of subsets of innate immune cells based on surface marker expression 

is not currently feasible. However, the ease of transgenesis in zebrafish allows for the 

spatial detection of specific cellular lineages using promoter driven transcriptional 

reporters, protein fusions, or BAC transgenics.  
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The presence of a single saa paralog within the zebrafish genome makes zebrafish 

a tractable model to study Saa-dependent immune responses with complete genetic 

control, yet there are some limitations to take into consideration. The mammalian SAA 

gene family consists of both acute and constitutive forms of SAA. This is further 

complicated by diverse tissue expression patterns observed between mammalian SAA 

paralogs. For example, mouse Saa3 is mainly expressed in the gut and adipose tissue 

whereas Saa1/2 are expressed from liver and intestine (Ather & Poynter, 2018; Reigstad 

& Backhed, 2010; Sanada et al., 2016). This is contrasted by a single Saa in zebrafish, that 

behaves more similarly to acute mammalian SAAs in that it is up-regulated following 

microbial and inflammatory stimuli.  

It is likely that the expansion of the mammalian SAA gene family has led to 

neofunctionalization of different SAAs. This is further underscored by their unique 

transcriptional responsiveness to stimuli (even within the same tissue – for example 

Saa3 and Saa1/2 the intestine (Eckhardt et al., 2010)) and divergent protein sequences 

(Uhlar & Whitehead, 1999). There remains a gap in knowledge as to the native 

oligomeric forms of mammalian SAAs. It is possible that mammalian SAAs form 

multimers based upon tissue site of expression and SAA gene (Derebe et al., 2014; Lu et 

al., 2014). Thus our findings from zebrafish Saa may not be completely extensible to 

mammalian SAA function due to its simplicity. To address some of these caveats, it 

would be interesting to rescue saa zebrafish mutants with different paralogs of human 
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and mouse SAAs to determine if particular SAA paralogs can rescue zebrafish saa 

dependent neutrophil recruitment or activation phenotypes. 

4.4 Neutrophil priming following microbiota colonization 

Neutrophils are professional phagocytic innate immune cells with crucial roles in 

host immune responses. In humans neutrophils are the most abundant white blood cell 

in circulation and are among the first innate immune cell populations to be recruited to 

injury (Rosales, 2018). Neutrophils are derived from hematopoietic compartments 

(including the bone marrow in mammals, and the kidney in adult zebrafish) from 

hematopoietic stem cells and common myeloid progenitors (Kanther & Rawls, 2010; 

Mitroulis, Ruppova, et al., 2018). In mammals, neutrophils mature within the bone 

marrow (BM) and are released into circulation following chemokine signaling (Devi et 

al., 2013). Neutrophil maturation has often been defined based on classification of 

nuclear morphology and cytoplasmic staining, however a recent report uncovered the 

presence of different subsets of neutrophils within the BM of mice (Evrard et al., 2018). 

This work highlights that neutrophils are not a homogenous cellular population. A 

variety of phenotypic markers have been previously used to described heterogenous 

populations of neutrophils in health and disease including: (1) expression of surface 

markers, (2) nuclear morphology, and (3) density (J. Wang, 2018). Despite these insights, 

the functional heterogeneity of circulating neutrophils remains poorly defined and 

constitutes an area of future study.  
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At baseline, neutrophils in circulation are characterized by a rounded 

morphology with minimal responsiveness to inflammatory stimuli. Exposure to 

differential concentrations and mixtures of inflammatory cues such as MAMPs and 

DAMPs enhances neutrophil responsiveness to activating stimuli through a process 

termed “priming” (Miralda et al., 2017). A myriad of functional changes underlie 

neutrophil priming yet this process has proven difficult to study in vivo due to 

difficulties in imaging in murine models (Yao et al., 2015). In culture, neutrophils and 

other immune cells are primed via exposure to purified cytokines and MAMPs 

including TNFa and LPS to elicit enhanced ROS production or phagocytic activity (El-

Benna et al., 2016). Interestingly, RNA-sequencing studies of neutrophils primed with 

different stimuli in vitro display differential gene expression patterns, suggesting that 

various stimuli alter neutrophil responses in different ways (Wright et al., 2013). Many 

priming factors are induced following microbiota colonization, illustrating that the 

microbiota likely primes neutrophils in homeostasis (Camp et al., 2014; Davison et al., 

2017; El Aidy et al., 2013; Lickwar et al., 2017).  

Previous studies using murine models have demonstrated that neutrophil ageing 

and turnover is regulated by microbiota, with an increase in circulating aged neutrophils 

in CV mice vs GF (D. Zhang et al., 2015). Older neutrophils are more inflammatory 

implying that these cells are cumulatively primed by inflammatory stimuli encountered 

in circulation or tissue environments (Hergott et al., 2016; D. Zhang et al., 2015). 
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Increased accumulation of host and microbial cellular debris and inflammatory 

mediators are associated with tissue injury or infection. Stimulation of immune cells by 

inflammatory mediators proximal to injuries can lead to immune cell activation and 

priming (El-Benna et al., 2016; Miralda et al., 2017). Interestingly, studies in zebrafish 

have demonstrated that neutrophils can reverse migrate from wounds back into 

circulation (Powell et al., 2017). This raises the possibility neutrophils become primed 

following exposure to DAMPs and MAMPs in injured tissues.  

Bactericidal and migratory function of neutrophils from CV animals are known 

to be enhanced as compared to GF (Clarke, 2014b; Kanther et al., 2014; Khosravi et al., 

2014). For example, previous reports in mice have demonstrated that peptidoglycan 

from the microbiota can be detected in serum and bone marrow (BM), enhancing the 

killing activity of BM neutrophils ex vivo (Clarke et al., 2010). Collectively these findings 

demonstrate that CV neutrophils are differentially primed by microbiota signals. Future 

studies should address how the complex in vivo tissue environment influences 

neutrophil priming in homeostasis and disease.   

4.4.1 Evaluating neutrophil priming in gnotobiotic zebrafish larvae 

The optical transparency of zebrafish larvae coupled with the ability to derive 

animals GF can be leveraged to assess neutrophil priming in vivo following microbiota 

colonization and injury. Transgenic lines such as Tg(lyz:EGFP) label neutrophil 

populations within larval zebrafish (Hall et al., 2007; Mathias et al., 2009). To visualize 
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neutrophil priming in vivo, reporters of genes and pathways known to be 

transcriptionally induced following priming (e.g. NF-kB, tnfa, il1b, and mpx) can be 

crossed into neutrophil reporter lines and assessed by high resolution imaging and flow 

cytometry in GF vs CV animals. Gene expression for pro-inflammatory transcripts in 

double positive (tnfa+/il1b+/or NF-kB +) lyz+ populations of FACS neutrophils vs single 

positive lyz+ cells will reveal what transcripts are up-regulated following microbial 

stimulation in “primed” neutrophils. In CV zebrafish larvae, there should be an 

increased number of lyz+ neutrophils that are also NF-kB, tnfa, il1b, or mpx positive. A 

ROS probe, CellROX, can also be utilized to image the basal intracellular ROS levels in 

neutrophils in GF vs CV larvae. Together, these experiments can provide spatial 

information as to what populations of neutrophils are primed following microbiota 

colonization and at what timescales. Work from mouse suggests that microbial cues act 

on innate immune cells in distal tissues including the bone marrow, thus it is likely that 

systemic differences in neutrophil priming occur via secreted host factors and microbial 

products that permeate the intestinal mucosa and enter circulation (Hergott et al., 2016).  

To evaluate the functional consequences of neutrophil priming following 

microbiota colonization in zebrafish larvae, neutrophils can be isolated from GF and CV 

larvae and incubated ex vivo with bacteria (as described in Chapter 3). Quantification of 

bacterial viability following co-culture will reflect the bactericidal activity of isolated 

neutrophils. I speculate that neutrophils from CV larvae will be primed more potently 
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than GF due to the presence of microbial cues, thus CV neutrophils should have 

augmented bactericidal activity. Indeed this has been observed in mammalian models in 

vivo and ex vivo (Clarke et al., 2010; Deshmukh et al., 2014).   

4.4.1.1 Microbiota induced neutrophil chromatin modifications  

It is possible that neutrophils, or their progenitor cell populations, possess innate 

immune memory in response to microbial cues. Innate immune memory to microbiota 

could promote neutrophil anti-microbial and chemotactic functions in response to 

inflammatory stimuli consistent to phenotypes observed in vertebrate models. This is a 

newly emerging concept of innate immune training, whereby innate immune cells 

display genomic alterations that augment responses to repeated inflammatory stimuli 

(Mitroulis, Ruppova, et al., 2018; Netea et al., 2016; Netea, Schlitzer, Placek, Joosten, & 

Schultze, 2019). MAMPs from gut microbiota could “train” innate immune cells, 

including neutrophils, to be more inflammatory following additional stimulation with 

MAMPs/DAMPs from infection or tissue injury.   

To determine if there are changes at the genome level that underlie neutrophil 

priming following microbial colonization, granulocyte progenitors and mature 

neutrophils can be isolated from GF and CV mice and used as input for genomic assays. 

However, while it is possible to isolate sufficient numbers of neutrophils from 

gnotobiotic zebrafish larvae for RNAseq, it is technically and logistically challenging to 

obtain sufficient input material for other genomic assays. Thus, neutrophils and 
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granulocyte progenitors (such as GMPs) can be isolated from mouse BM and mature 

neutrophils can be isolated from circulation and subsequently used for (1) RNA-seq, (2) 

DNaseI hypersensitivity assays, and (3) ChIP-seq for activated, poised, and latent 

histone markers (i.e. H3K27ac, H3Kme3, and H3K4me1 respectively) (Netea et al., 2016). 

In combination, these approaches would identify microbially regulated (1) gene 

expression patterns (2) open chromatin regions, and (3) active enhancers.  

Following microbiota colonization, neutrophils from zebrafish become 

transcriptionally activated, expressing higher levels of inflammatory cytokines and 

AMPs ((Murdoch et al., 2019), Espenschied et al., unpublished). It remains unknown 

whether changes in open chromatin regions or differential enhancer activation underlie 

changes in gene expression. These genomic changes would result in longer term 

functional impacts of neutrophil priming. Because neutrophils are relatively short lived, 

it may be more likely that chromatin-level changes occur in myeloid progenitor 

populations (Kolaczkowska & Kubes, 2013).  

4.4.2 Sub-sets of neutrophils in zebrafish 

Neutrophils are a phenotypically heterogenous population of innate immune 

cells (Silvestre-Roig, Hidalgo, & Soehnlein, 2016). To characterize sub-populations of 

neutrophils in zebrafish, novel transgenic lines should be generated to label 

transcriptional markers of activation and development. High resolution longitudinal 

imaging following microbiota colonization would reveal spatial distributions of 
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neutrophil populations expressing these markers. Moreover, time-lapse imaging can 

address the longevity of different populations using a photoconvertible protein, Dendra, 

driven off of the lyz neutrophil specific promoter (Yoo & Huttenlocher, 2011). 

Photoconversion of neutrophils within specific tissues (including the CHT, kidney, and 

intestine) will provide insight as to the existence of “tissue resident” neutrophil 

populations as well as the spatial distributions of old (mature) vs young (immature) 

neutrophils. This tool can also be used to address questions including the inflammatory 

state of newly derived and aged neutrophils in zebrafish. 

In parallel, transcriptomics can be employed as an unbiased approach to identify 

sub-populations of systemic neutrophils in zebrafish. Single cell RNA-seq of neutrophils 

isolated from Tg(lyz:EGFP) GF and CV zebrafish larvae will identify the transcriptional 

heterogeneity in neutrophil populations. These lyz+ populations can be defined and 

grouped dependent upon expression levels of maturation or effector genes similar to 

previous studies in mammals (Evrard et al., 2018). I would speculate that animals 

colonized with a microbiota would have increased subsets of neutrophils with 

inflammatory gene signatures and heightened maturation as compared to GF.    

4.5 Effects of SAA on other cell and tissue types in health and 
disease 

4.5.1 Lipid metabolism and macrophage function 

SAA is the archetypal acute phase reactant, reaching circulating levels up to 

1mg/mL following injury or trauma during the acute phase response (Uhlar & 
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Whitehead, 1999). The acute phase response (APR) is a well-defined molecular cascade 

orchestrated to clear pathogens, debris, and promote resolution following inflammatory 

insult (Moshage, 1997). Interestingly SAA has described roles as an apolipoprotein 

secreted from the liver following injury or trauma as part of the APR. Following 

secretion, SAA replaces Apoa1 as the predominant apolipoprotein on HDL in circulation 

(SAA-HDL) mediating systemic effects on metabolism and inflammatory response 

(King, Thompson, & Tannock, 2011).  

Dietary lipids are essential for whole organismal energy balance, yet are 

insoluble in aqueous solution. Lipoproteins facilitate the systemic distribution of lipids 

and cholesterol from the intestine and liver to distal tissues (such as adipose and skeletal 

muscle) via circulation. Lipoprotein particles are typically defined by a hydrophobic 

triglyceride/cholesterol-ester rich core surrounded by free cholesterol and phospholipids 

associated with lipoproteins (Feingold & Grunfeld, 2000). Ultracentrifugation of serum 

reveals unique lipoprotein fractions including, LDL (low-density lipoprotein, Apob 

containing lipoprotein), vLDL (very low-density lipoprotein, Apob containing 

lipoprotein), and HDL (high density lipoprotein, Apoa containing lipoprotein). The 

lipoproteins that decorate the surface of lipoprotein particles serve many important 

structural and functional roles including: (1) facilitating recognition by host receptors (2) 

providing a structural scaffold (3) guiding the formation of the lipoprotein particle and 

(4) enhancing or restricting enzymatic reactions for lipoprotein metabolism (Feingold & 
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Grunfeld, 2000). Following a meal, fatty acids (FAs) and cholesterol are absorbed by 

IECs and packaged into triglyceride rich chylomicrons (Apob containing lipoprotein 

particle) for transport to distal tissues. vLDL are generated in the liver and transport 

lipids to distal tissues becoming LDL in the process. LDL is predominantly recycled by 

the liver via interaction with LDL receptor. Notably, small LDL particles are pro-

atherogenic and high circulating levels are associated with cardiovascular disease 

(Manjunath, Rawal, Irani, & Madhu, 2013).  

High density lipoprotein (HDL) is a heterogenous class of lipoprotein molecules 

known for their anti-inflammatory and anti-atherogenic properties. Apoa1 is the major 

lipoprotein constituent of HDL. HDL primarily functions to transport cholesterol from 

peripheral tissues to the liver in a process termed reverse cholesterol transport (RCT). 

RCT is mediated through ATP-binding cassette transporter (ABCA1) and scavenger 

receptor, class B type 1 (SR-B1) – Apoa1 interactions in peripheral tissue, the intestine, 

and liver (Feingold & Grunfeld, 2000).   

Immediately following inflammatory trauma, hepatic protein production 

dramatically shifts marked by potent induction of acute phase reactants, namely CRP 

(C-Reactive protein) and SAA (Gruys, Toussaint, Niewold, & Koopmans, 2005). 

Interestingly, SAA associates with HDL during the APR and replaces Apoa1 as the 

major HDL lipoprotein. Studies have reported that 95% of circulating SAA are 

associated with HDL (SAA-HDL) during the APR (Sack, 2018). Of note, there is a small 
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amount of lipid-free SAA detected in circulation (Sack, 2018). SAA-HDL is thought to 

aid in the recycling of cholesterol from damaged tissue and macrophages by attenuating 

RCT. Thus SAA is speculated to be an evolutionarily host protective molecule in 

instances of acute inflammation (Jahangiri, 2010). However prolonged expression of 

SAA in chronic disease, such as rheumatoid arthritis and type 2 diabetes, is associated 

with functionally dysregulated HDL that has pro-atherogenic properties (Gomez Rosso 

et al., 2014; Tsun et al., 2013).  

It is speculated that HDL-SAA particles are more inflammatory and contribute to 

the development chronic inflammatory disease. Proteomic characterization of HDL from 

human subjects with aortic plaque shows an enrichment of SAA and with a concomitant 

decrease in HDL mediated cholesterol efflux capacity (Gordon et al., 2018). To test the 

impact of SAAs on HDL structure and function, Saa1 Saa2 double knockout mice (Saa1/2 

DKO) were generated. At baseline, Saa1/2 DKO mice exhibited no differences in Apoa1 

clearance. Further, during an induced APR, Saa1/2 DKOs exhibited no differences in 

HDL size, turnover, or levels compared to WT mice (M. C. de Beer et al., 2010). 

However, Saa3 is still expressed in Saa1/2 DKO mice, and studies have demonstrated 

that Saa3 associates with circulating HDL in mice (Tannock et al., 2018). This raises the 

possibility that mouse Saa3 may functionally impact HDL during inflammation. 

SAA-HDL has been linked to impaired RCT and receptor binding (Artl, Marsche, 

Lestavel, Sattler, & Malle, 2000; Banka et al., 1995; Zimetti et al., 2017). Work from Han et 
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al. demonstrated that SAA-HDL failed to access the plasma membrane of adipocytes to 

perform RCT (Han et al., 2016). Moreover, the defect in HDL cholesterol efflux 

experienced following acute inflammation was rescued using HDL isolated from 

inflamed Saa1/2 DKO mice and not inflamed WT mice, suggesting that SAA remodels 

HDL in a way that impairs cholesterol efflux (Vaisar et al., 2015). Collectively, these 

studies suggest that there are SAA-mediated HDL functional alterations that underlie its 

documented pro-inflammatory properties. 

4.5.1.1 Test the hypothesis that Saa modulates cholesterol efflux from IECs in 
response to microbiota colonization in zebrafish. 

Zebrafish are an established model system for the study of lipoprotein 

metabolism. Homologs of the major mammalian apolipoproteins (apoa1, apob, apoc, and 

apoe) have been identified in the zebrafish genome and exhibit similar expression 

patterns and responsiveness to dietary stimuli (C. Liu et al., 2015; Otis et al., 2015). 

Additionally, the APR has been documented in zebrafish larvae characterized by the 

induction of canonical acute phase proteins including Saa (Lin et al., 2007). Zebrafish saa 

mutants present an exciting opportunity to study Saa-mediated metabolic 

reprogramming during acute and chronic inflammation. Importantly, zebrafish possess 

a single ortholog of saa, making saa mutant zebrafish the first completely SAA deficient 

animal model. In combination with tissue specific overexpression lines generated in 

Chapter 3 (Murdoch et al., 2019), these genetic reagents allow for the dissection of tissue 

specific sources of Saa on host cholesterol homeostasis.  



 

153 

HDL is generated and secreted by the liver and intestine with important roles in 

host cholesterol metabolism (Brunham et al., 2006). The intestine is the primary site of 

dietary cholesterol absorption and thus functions as a critical component in RCT. Genes 

involved in the absorption and transport of cholesterol are expressed in IECs in fish and 

mammals (Camp et al., 2014; Davison et al., 2017; Lickwar et al., 2017). Moreover, 

studies in mice have demonstrated that GF animals have reduced cholesterol absorption 

and reduced serum cholesterol levels (Zhong et al., 2015). However this contrasts with 

reports that levels of circulating HDL cholesterol are unchanged in GF mice (Velagapudi 

et al., 2010). Despite these contradictions, it is well established that lipid homeostasis is 

perturbed in GF animals (Martinez-Guryn et al., 2018; Semova et al., 2012; Velagapudi et 

al., 2010), yet the impact of the intestinal microbiota on HDL-mediated cholesterol 

transport remains poorly defined.  

Interestingly, SAA is potently induced by microbiota colonization in the intestine 

of zebrafish and mice. (Camp et al., 2014; Davison et al., 2017; El Aidy et al., 2013; 

Kanther et al., 2011; Lickwar et al., 2017). Concomitant with the robust saa induction, 

expression of apoa1 (the major HDL lipoprotein constituent) is relatively unchanged 

following microbial colonization. This observation parallels what is observed during 

inflammation with the exception that the level of SAA induction does not achieve the 

same level. Although SAA-HDL generated by APR in mammals is reported to have 

reduced cholesterol efflux activity compared to homeostatic HDL, I speculate that the 
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levels of SAA induced by microbiota colonization represent a necessary threshold of 

SAA that promotes the cholesterol efflux activity of HDL observed during homeostasis. 

Following microbiota-induced secretion of SAA from hepatocytes and the intestine, I 

posit that SAA can associate with HDL particles in circulation that are decorated 

predominantly by Apoa1. Proteomic assessments of HDL-associated proteins reveal that 

multiple SAA paralogs can interact with HDL, and these interactions are enriched 

during chronic disease (Shao & Heinecke, 2018). However there remains a gap in 

knowledge as to how Saa impacts HDL function in homeostasis. 

To test if Saa modulates cholesterol efflux from IECs or hepatocytes in larval 

zebrafish, filipin stained cholesterol will be visualized using confocal microscopy in WT 

and saa mutant CV and GF larvae. Transgenic lines that specifically label IECs 

[TgBAC(cldn15la:EGFP)] and hepatocytes [Tg(-2.8kpfabp10a:EGFP)] will be used to image 

both IEC and hepatic cholesterol levels. In parallel, total larval cholesterol can be 

quantified to assess systemic levels. I predict that SAA-HDL functions to promote 

cholesterol efflux from IECs thereby maintaining cholesterol homeostasis in response to 

microbiota colonization. Thus in GF WT and CV saa mutant larvae (where expression of 

saa is negligible), I expect there will be decreased cholesterol efflux from IECs and 

decreased systemic cholesterol levels.  

The role of tissue specific Saa on cholesterol mobilization can be disentangled 

using in vivo cholesterol efflux assays with transgenic zebrafish larvae that overexpress 
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saa from the intestine [Tg(-0.349cldn15la:saa)] and liver [Tg(-2.8fabp10a:saa)] (Murdoch et 

al., 2019). Gavage of saa mutant zebrafish larvae (containing either the -0.349cldn15la:saa 

or -2.8fabp10a:saa overexpression transgenes) with fluorescent NBD cholesterol and 

subsequent imaging will reveal the ability of intestinal and liver derived Saa to transport 

cholesterol systemically from IECs to peripheral tissues.   

4.5.1.2 Test the hypothesis that Saa promotes macrophage cholesterol accumulation 
during Mycobacterium marinum infection in zebrafish. 

SAA is one of the most significantly upregulated genes in mycobacterial infections 

in humans and other vertebrates, although its role in infection remains unclear (F. C. de 

Beer, Nel, Gie, Donald, & Strachan, 1984; Ehrt et al., 2001). Mycobacterium marinum is a fish 

pathogen closely related to Mycobacterium tuberculosis. M. marinum shares many of the 

hallmarks of human tuberculosis, establishing chronic systemic infection in zebrafish 

characterized by the formation of granulomas histologically similar to what is observed 

in human tuberculosis (Cronan & Tobin, 2014). As expected, transcriptomic analyses of 

M. marinum infection in zebrafish revealed marked saa induction in whole larvae as well 

as adult dissected granulomas (Fig 25A) (Cronan et al., 2016). 

Mycobacterial infection is characterized by the formation of foam cells within the 

necrotic core of granulomas (Russell, Cardona, Kim, Allain, & Altare, 2009). Macrophages 

transition to foam cells as they become laden with lipids due to dysregulated cholesterol 

efflux (Shashkin, Dragulev, & Ley, 2005). The density of cholesterol and host lipids within 

the granuloma could contribute to a productive niche for M. marinum, providing essential 



 

156 

nutrients (Johansen et al., 2018). Interestingly genetic deficiencies in key cholesterol efflux 

genes, such as Abca1, lead to reductions in foam cell formation (Russell et al., 2009). This 

raises the possibility that HDL-mediated cholesterol efflux may be host protective in 

Mycobacterial infections.  

Saa represents a potential host factor that may support chronic disseminated 

Mycobacterial infection. It has been previously established that mammalian SAA-HDL 

has reduced cholesterol efflux activity on macrophages while lipid-free SAA is a leukocyte 

chemoattractant (Artl et al., 2000; Banka et al., 1995; Jahangiri, 2010; Vaisar et al., 2015). 

Recent work has shown that developing M. marinum granulomas are vascularized 

(Oehlers et al., 2015), thereby allowing access to circulating HDL. I propose that Saa 

induced in M. marinum infection, diminishes macrophage cholesterol efflux while 

enhancing macrophage recruitment to the granuloma, thus promoting bacterial infection 

(Fig 26). This work is significant in that it links Saa-HDL RCT with chronic Mycobacterial 

infection in macrophages.  
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Figure 25. Saa enhances M. marinum burden in larval zebrafish. 

(A) Whole larval qRT-PCR of saa transcript following 5 days of systemic M. marinum 
infection. (B) M. marinum burden over 4 days of systemic infection in larval zebrafish of 
indicated genotypes. Data in panel A were analyzed by t-test. Data in panel B analyzed 

by a two-way ANOVA.  
 
To determine if Saa modulates the pathogenesis of M. marinum infection in larval 

zebrafish, larvae of mixed saa genotypes were infected with M. marinum:TdTomato via 

caudal vein injection at 2 dpf. M. marinum burden was assayed by daily fluorescence 

measurements throughout the course of infection. Interestingly, saa deficient zebrafish 

larvae had reduced M. marinum burden following the course of systemic infection (Fig 

25B). This suggests that Saa is deleterious to the host during infection and promotes 

Mycobacterial disease. To assess cholesterol levels within macrophages during infection, 

transgenic WT and saa mutant adult zebrafish with fluorescently labeled macrophages 

[Tg(mfap4:TdTomato)] will be infected with luciferase M. marium. Following two weeks of 

infection, granulomas can be harvested, dissociated, and stained with a cholesterol dye, 

filipin. FACS analysis will quantify the proportion of macrophages that are labeled with 
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filipin. In parallel, infections can be performed in larval zebrafish, and confocal 

microscopy of filipin staining can provide spatial distribution of cholesterol in 

macrophages during infection. 

I predict that in saa mutant animals, macrophage cholesterol efflux will be more 

efficient thus there will be a reduced proportion or intensity of filipin labeled 

macrophages. Adult zebrafish that overexpress full length zebrafish saa from 

hepatocytes [Tg(-2.8fabp10a:saa), saaOX] can be used as a positive control. These animals 

have potent constitutive expression of saa from the liver (Chapter 3) and thus should be 

susceptible to M. marinum infection (exhibiting higher bacterial burden, increased 

granuloma formation, and elevated macrophage cholesterol). I speculate that cytospins 

of adult dissected granulomas will reveal an increased proportion of foam cells from 

saaOX granulomas as compared to WT or saa mutant granulomas. 

To elucidate if impaired RCT contributes to Mycobacterial disease I further 

recommend performing cholesterol efflux assays utilizing ex vivo granulomas loaded 

with labeled cholesterol. Treatment of ex vivo granulomas with HDL isolated from 

healthy adult WT, saa mutant, and saaOX zebrafish will reveal the capacity of HDL 

(with varying amounts of associated Saa) to mediate RCT. At homeostasis, HDL is 

predominantly associated with Apoa1 (Apoa1-HDL). I speculate that Apoa1-HDL 

should function to reduce intracellular cholesterol levels in macrophages, thereby 

reducing M. marinum survival (as measured by bacterial luciferase in the ex vivo 
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granuloma and paired CFU plating). However, HDL isolated from the saa 

overexpression fish should possess large quantities of Saa-HDL (SaaOX-HDL). I predict 

granulomas treated with SaaOX-HDL will show impaired RCT, thus increased 

macrophage/granuloma filipin staining and higher M. marinum burden. In parallel HDL 

can be isolated from inflamed (e.g. injected with LPS to induce APR) adult WT and saa 

mutant zebrafish. HDL obtained from WT zebrafish should restrict RCT (due to the 

presence of endogenous Saa) while saa mutant HDL will have similar RCT activity to 

WT HDL (from uninflamed animals).  

To test for specific Saa-receptor interactions, SaaOX zebrafish can be crossed to 

genetic mutants for receptors that mediate macrophage RCT and have been previously 

describe to interact with SAA in other systems (e.g. CD36, SR-B1, and ABCA1). The 

elevated cholesterol detected in macrophages in SaaOX infected granulomas should be 

significantly reduced in SaaOX;receptor mutants if the receptor mediates RCT via Saa 

interaction.   



 

160 

 

Figure 26. Saa impairs macrophage HDL mediated RCT 

(A-B) Model of HDL mediated cholesterol efflux from macrophages in health (A) 
and disease (B). 

 
To genetically interrogate the influence of Apoa1 on RCT from macrophages in 

M. marinum infection, I suggest using transgenic zebrafish, Tg(-2.8fabp10a:apoa1) 

[Apoa1OX)], that express full length zebrafish apoa1 constitutively from the liver (Otis, 
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Shen, Caldwell, Reyes Gaido, & Farber, 2019). I speculate that Apoa1OX larval and adult 

zebrafish should be protected against M. marinum infection (reduced bacterial burden 

and granuloma formation) as Apoa1-HDL promotes cholesterol efflux and prevents 

macrophage cholesterol accumulation.    

4.5.1.3 Test the hypothesis that the HDL proteome and cholesterol efflux activity is 
regulated by the microbiota. 

It is well established that inflammation leads to significant alterations in HDL 

proteome, size, and functionality yet the impact of the intestinal microbiota on HDL 

biology is unknown. Interestingly SAA is induced both following microbiota 

colonization and inflammatory trauma, raising the possibility that SAA-mediates 

changes in HDL proteome and function in colonized animals. To interrogate the impact 

of microbiota (and microbiota-induced SAA) on HDL proteome and cholesterol efflux I 

propose the following experiments. 

HDL functions to deliver diverse cargo from the liver and intestine to peripheral 

tissues. The described proteome of HDL particles is remarkably diverse, with several 

proteins (other than Apoa1 and SAA) reported to associate with the cell surface (Rao et 

al., 2018; Shah, Tan, Long, & Davidson, 2013). It is likely that the combinatorial influence 

of surface associated proteins mediates HDL functionality in vivo. The objective of these 

experiments are to determine if there are (1) differences in HDL proteome in CV vs GF 

animals, and (2) is there altered functionality of HDL in response to microbiota 

colonization.   
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To define the impact of microbiota on the HDL proteome, HDL isolated from CV 

and GF mice could be analyzed by mass spectrometry (LC-MS). Moreover, total HDL-

cholesterol mass and apolipoprotein diversity can be assessed using SDS-PAGE to 

determine if microbiota mediate HDL size and apolipoprotein composition. To 

interrogate the impact of microbiota on the cholesterol efflux potential of HDL, 

cholesterol efflux assays can be performed with HDL isolated from GF and CV mice 

(Hafiane & Genest, 2015). I anticipate that the microbiota influences protein composition 

of HDL, as many proteins that are known to interact with HDL particles are induced 

following microbiota colonization in zebrafish and mice (including hepcidin, 

complement proteins, and SAA) (Fig 27) (Davison et al., 2017; Lickwar et al., 2017; Shah 

et al., 2013). Cholesterol efflux of HDL is mediated by surface apolipoproteins, thus if 

there are differences in CV and GF proteome, there should similarly be alterations in 

cholesterol efflux activity.  

To determine if observed differences in HDL composition and function in CV 

animals are modulated by SAA, the same experiments described above can be 

performed in Saa1/2 DKO or Saa3 KO mice. If there is a blunted difference in HDL 

proteome and cholesterol efflux between GF/CV Saa KO HDL as compared to GF/CV 

HDL particles, this would suggest that SAA shapes HDL composition and function in 

response to microbial colonization. This finding would be particularly novel, as the 
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consequences of SAA-HDL interactions are currently considered only in the context of 

inflammation and APR.  

 

Figure 27. Microbiota regulation of systemic HDL proteome. 

Microbiota colonization induces changes in HDL associated apolipoproteins 
while generating MAMPs that associate with HDL particles in circulation. 

 

4.5.1.4 Test the hypothesis that HDL transports microbial products to augment 
systemic immune cell development. 

HDL associated surface proteins are diverse and include proteins up-regulated 

following APR such as complement proteins and SAA (Shah et al., 2013; Vaisar et al., 

2015). These observations highlight that HDL is likely implicated in host innate 

immunity. To this end, incubation of serum with microbial antigens LPS and 

lipoteichoic acid revealed that HDL binds to MAMPs, potentially neutralizing their 

activity in circulation by preventing their recognition by host PRRs (Khovidhunkit et al., 
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2004). These data may also indicate that HDL serves as a molecular sponge that 

systemically delivers microbially derived antigens to condition the host innate immune 

system. However the influence of intestinal microbiota on HDL molecular composition 

remains undefined. To determine if/what microbial cues are incorporated into 

circulating HDL, bacteria grown in 14C glucose could be gavaged into gnotobiotic GF 

mice. At various time-points post-colonization, HDL can be isolated from GF versus ex-

GF plasma by ultracentrifugation and utilized for downstream molecular analysis. 

Alternatively, SPF mice can be gavaged with 14C inulin. LC-MS/MS analysis of HDL 

isolated from serum can detect the presence of bacterially derived factors labeled by 14C 

in circulating HDL.  

To further evaluate microbiota-dependent immunogenic properties of HDL, BM 

derived granulocytes can be stimulated ex vivo with HDL from GF and ex-GF (or SPF) 

mice. This will indicate if HDL-associated factors from gut microbiota can promote 

expression of pro-inflammatory genes or bactericidal activity of granulocytes. To test the 

impact of specific microbial factors on HDL-mediated systemic immune activation, HDL 

isolated from GF mice can be incubated with defined MAMPs prior to immune cell 

stimulation ex vivo. GF mice have a number of systemic innate immune deficiencies 

detailed within Chapter 1. I posit that HDL may shuttle microbial antigens systemically, 

serving as a mechanism to prime host innate immunity in response to microbiota 

colonization (Fig 27).      
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4.5.2 Adipose tissue 

Obesity is a metabolic dysfunction involving physiologic changes to adipose 

tissue (AT) and is characterized by constitutively elevated levels of circulating 

inflammatory mediators including SAA (Yang et al., 2006). In humans, circulating SAA 

levels are positively associated with BMI (Zhao et al., 2010). Not surprisingly, SAA is a 

biomarker for metabolic syndromes such as diabetes (Marzi et al., 2013). Moreover, SAA 

is positively correlated with macrophage infiltration and adipocyte size in AT and 

regulates cholesterol efflux (Jernas et al., 2006; Poitou et al., 2009). SAA has also been 

linked to metabolic disease and insulin resistance in murine models (Scheja et al., 2008).  

Cell culture studies have revealed that SAA influences adipogenesis. In vitro 

culture of SAA with adipocytes isolated from various vertebrate species (including pig 

and human) demonstrate that SAA enhances lipolysis (Yang et al., 2006). Other  studies 

have reported that recombinant SAA promotes ERK-mediated proliferation of 3T3-L1 

cells while inducing the expression of pro-inflammatory cytokines (Filippin-Monteiro et 

al., 2012). Saa3 KO mice have improved AT inflammation as measured by secreted 

cytokines and recruited macrophages following an obesogenic high fat, cholesterol and 

sucrose diet (HFHSC) (den Hartigh et al., 2014). This conflicts with previous reports that 

describe that Saa3 KO mice fed both a chow and high fat diet have several metabolic 

phenotypes including, increased weight gain, AT deposition. Interestingly, dendritic 

cells isolated from AT of Saa3 KO mice are hyper-inflammatory, suggesting a 
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homeostatic role of SAA in AT during development (Ather & Poynter, 2018). A key 

difference between these two studies is diet. It is possible that SAA has negative 

consequences on AT inflammatory phenotypes following specific diet induced 

metabolic inflammation. This should be an area of future research, involving the use of 

Saa1/2/3 triple KO mice that are completely deficient in mammalian acute SAAs.  

To test the role of Saa on AT development in homeostatic zebrafish, AT 

morphology can be assessed in size matched WT and saa mutant adult zebrafish reared 

under normal husbandry conditions. Methods for AT characterization have been well 

documented in zebrafish (Minchin & Rawls, 2017). Confocal imaging of dissected AT 

stained with fluorescent dye lipidTOX and EdU can be used to visualize adipocyte size 

and proliferation. Moreover transgenic lines labeling innate immune cells (macrophages 

and neutrophils) can provide insights as to immune cell infiltration. Different adipose 

depots arise over developmental time, and it is possible that there are depot-specific Saa-

dependent adipose phenotypes. To assess global development of adipose depots, 

longitudinal nile red staining can be performed on WT and saa mutant zebrafish larvae 

starting at 2 weeks of age (when initial adipocytes develop) to approximately 4 weeks at 

which point subcutaneous adipose develops. Whole animal and dissected AT imaging of 

transgenic zebrafish that express full length zebrafish saa from IECs, Tg(cldn15la:saa), or 

hepatocytes, Tg(fabp10a:saa), can be assessed to determine if high levels of circulating Saa 

correlate with altered AT leukocyte recruitment or altered AT morphology.   
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To detail the inflammatory tone of AT with varying levels of Saa, gene 

expression of dissected AT can be performed from WT, saa mutant, and Tg(cldn15la:saa) 

or Tg(fabp10a:saa) size matched zebrafish. Expression of pro-inflammatory markers, 

proliferative, and differentiation markers can be queried to characterize adipose 

inflammation. In mammals, SAA has been reported to suppress PPARg and other 

adipogenic TFs such as C/EBPb (Filippin-Monteiro et al., 2012; L. R. Liu et al., 2011).  

Although previous work on Saa function in zebrafish has identified important 

anti-inflammatory activities (Chapter 3), the function of Saa is likely context specific. 

These initial studies (Murdoch et al., 2019) ignored inflammatory properties of Saa in 

diet induced obesity. Reminiscent to findings presented in Chapter 3, Saa may have an 

important role in suppressing the inflammatory tone of AT associated leukocytes in 

homeostasis, similar to what was observed in mice by Ather et al (Ather & Poynter, 

2018).  

SAA up-regulation in AT is associated with metabolic dysfunction. To study the 

consequence of SAA secretion in diet induced obesity, dietary manipulations can be 

used to induce metabolic dysfunction and Saa-dependent adipocyte responses in adult 

zebrafish of various Saa genotypes. Chronic high fat diet (HFD) of 5% egg yolk exposure 

for 2 weeks stimulates hypertrophic adipocyte growth in juvenile zebrafish (Minchin & 

Rawls, 2017). Notably, saa is markedly induced following chronic HFD in zebrafish 

adipocytes. In human and zebrafish AT, saa expression positively correlates with 



 

168 

adipocyte size (Jernas et al., 2006). I predict that saa deficient animals will be protected 

diet induced AT inflammation whereas zebrafish that overexpress saa from tissues such 

as the intestine and liver may be sensitive to inflammation. Moreover, transgenic 

zebrafish that overexpress saa may exhibit AT inflammation phenotypes in the absence 

of a chronic HFD.   

4.6 Identifying E. acetylicum pathways that influence zebrafish 
physiology  

Work stemming from Bae et al., 2016, has led to the generation of a large mutant 

library of Exiguobacterium acetylicum. This resource was used to identify genes required 

for zebrafish colonization as described in Chapter 2. However, the full potential of this 

resource remains largely untouched. Using a panel of in vitro and in vivo assays, there 

are several experiments that will distinguish key bacterial genes and associated traits 

that mediate host colonization, metabolic, and immune responses. 

E. acetylicum promotes lipid absorption in larval zebrafish following an acute 

high fat diet through an unknown mechanism (Semova et al., 2012). Findings from 

Semova et al. suggested that an E. acetylicum secreted factor was sufficient to promote 

host lipid droplet (LD) numbers in IECs and liver hepatocytes. To identify this secreted 

factor, I suggest performing medium through-put cell culture assays using the E. 

acetylicum mutant library. A zebrafish liver cell line (ZFL) has been described previously 

and is amenable to transfection with luciferase reporter constructs (Eide, Rusten, Male, 

Jensen, & Goksoyr, 2014; Kanther et al., 2011). Transfection with luciferase reporters 
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using the promoter elements of lipid metabolic genes such as Dgat1 and Dgat2, as well 

as inflammatory reporter NF-kB, and subsequent stimulation by whole bacterial lysates 

or spent media, will identify E. acetylicum mutant strains that impact host metabolism 

and immunity. Plates of mutagenized E. acetylicum can be grown up in GZM fish media 

supplemented with high vitamin (HV) Zeigler diet in 96 or 384 well plates.  Bacteria 

normalized for optical density can be pelleted and supernatant solution filtered to 

remove all particulate debris. The supernatant fluid can then either be directly added to 

reporter cells, or further incubated with 5% egg yolk liposomes.  

ZFL transfected reporter cells seeded into multi-well plates (96 or 384 well) can 

be stimulated with the spent media from E. acetylicum overnight cultures, incubated, and 

the bioluminescence quantified in a plate reader. Mutant strains that fail to induce or 

massively stimulate Dgat1/Dgat2 luciferase activity as compared to WT E. acetylicum 

would be candidates of further study. Non-targeted LC-MS analysis of the cell free 

supernatant of identified strains could identify specific traces that could represent the 

secreted factor described in Semova et al. In parallel, stimulation of the NF-kB:luciferase 

reporter cells will uncover mutant strains that robustly induce host pro-inflammatory 

signaling. Candidates bacterial strains identified from these congruent approaches can 

be genotyped to identify the single nucleotide variants (SNVs) associated with the 

phenotype(s) of interest. Further, experiments can be performed in vivo utilizing 

gnotobiotic zebrafish. A number of approaches can be taken to identify the causative 
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SNVs for phenotypes of interest in E. acetylicum strains identified via this pipeline. 

Cross-referencing similar phenotypes of a number of independent strains encoding 

numerous mutationss can reveal associations between SNVs/phenotypes. Further, if 

genetic methods are developed in E. acetylicum, targeted mutations can be generated to 

test for gene-specific phenotypes.  

The impact of planktonic versus sessile growth on bacterial colonization fitness 

remains largely unknown. To determine if E. acetylicum biofilm formation is correlated 

with in vivo colonization efficiency, E. acetylicum mutant strains can first be screened in 

vitro for their capacity to form biofilms using established methods (O'Toole, 2011). 

Preliminary experiments have demonstrated that E. acetylicum fail to form biofilms in 

vitro in the absence of HV Zeigler diet (Table 7, Fig 28). Strains identified from the E. 

acetylicum mutant library that form robust biofilms in vitro will have strong crystal violet 

signal compared to mutant strains that fail to form biofilms. SNVs can be genotyped 

from strains that have enhanced or reduced biofilm formation compared to WT E. 

acetylicum to identify novel regulators of biofilm formation in a zebrafish gut bacterial 

isolate. Mono-association of robust biofilm forming strains in gnotobiotic zebrafish will 

demonstrate if in vitro biofilm formation is correlated with in vivo colonization efficiency. 

Conversely, E. acetylicum mutant strains that exhibit solely planktonic growth in the 

presence of HV diet in vitro can be colonized in gnotobiotic zebrafish larvae to evaluate 

the impact on in vivo colonization fitness.  
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Figure 28. E. acetylicum biofilm formation. 

E. acetylicum forms biofilms in vitro following 48 hours of growth in the presence 
of HV diet, as detected by crystal violet staining. 

 
  There are several alternative in vitro assays to phenotype a large bacterial mutant 

library for potential host immunomodulatory phenotypes. Immunoblots for various cell 

surface components such as flagella or capsular proteins can identify strains (and 

subsequent SNVs) that produce aberrant levels of immunostimulatory factors. 

Moreover, emerging techniques such as matrix-assisted laser desorption ionization 

(MALDI) imaging mass spectrometry is introducing novel ways to identify molecular 

compositions of interest between samples (Cassat et al., 2018). These are approaches that 

would be extensible to characterization of the E. acetylicum mutant library.  

In Chapter 2, we discovered a non-motile mutant strain of E. acetylicum 

(NMM11) that robustly colonizes in vivo yet has an in vitro growth defect. I recommend 

RNAseq analysis of NMM11 vs WT to uncover pathways that promote robust E. 
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acetylicum host colonization. Comparison of bacterial transcripts from WT and NMM11 

grown in liquid culture as well as mono-associated and passaged through gnotobiotic 

zebrafish (as shown in Fig 2), will uncover pathways that promote NMM11 in vivo host 

association. These pathways and factors can be further evaluated in other gut isolates.  
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Appendix A 

A.1 Transcriptional control of saa expression  

Intestinal microbial communities play critical roles in maintaining host 

physiologic homeostasis and contribute to inflammatory disorders such as inflammatory 

bowel disease (IBD). This is achieved in part through microbial regulation of host gene 

expression. However, the mechanisms by which host cells integrate microbial and 

inflammatory cues to modulate gene expression and downstream physiologies remain 

unresolved. This is underscored by the fact that most of the human single nucleotide 

polymorphisms (SNPs) linked to IBD and other inflammatory diseases by genome-wide 

association studies (GWAS) occur in noncoding regions that include potential cis-

regulatory elements (CREs). Serum amyloid A (SAA) is a highly conserved 

multifunctional apolipoprotein that is induced by the microbiota and other pro-

inflammatory stimuli. SAA is a salient biomarker for IBD and other chronic 

inflammatory conditions, although its functional role is poorly understood.  

Using a gnotobiotic zebrafish model, we found that zebrafish saa is potently 

induced by microbiota in the intestine and other tissues. Using transcriptional reporter 

constructs in zebrafish, we have identified a CRE that governs saa transcriptional 

regulation by inflammatory cues yet is not responsive to microbial signals. These studies 

have uncovered a conserved regulatory mechanism underlying transcription of saa in 
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inflamed animals, and provides insights into the biological significance and functions of 

saa induction in conditions of homeostasis and disease.  

A.1.1 Background and Rationale 

Serum amyloid A (SAA) is a major vertebrate acute phase response protein 

whose regulation and function are poorly understood. Expression of SAA is induced at 

sites of inflammation in many discrete tissue and cell types, where it is thought to 

provide a rapid local response to inflammatory insults (Urieli-Shoval et al., 2000). 

Additionally, the liver generates and releases into circulation substantial amounts of 

SAA in conditions of systemic inflammation as part of the acute phase response. The 

acute phase response is a collection of host reactions orchestrated to counteract 

inflammatory stimuli and initiate repair mechanisms, and is characterized by the 

dramatic induction of acute phase proteins (APP) including SAA, which serves to 

restore homeostasis (Gruys et al., 2005; Moshage, 1997; Sander et al., 2010; Uhlar & 

Whitehead, 1999). However, resolution following acute inflammatory stimuli is not 

always achieved, and can result in a condition of chronic inflammation. This type of 

inflammation is typically deleterious to the host and is distinguished by constitutively 

elevated serum levels of APPs, such as SAA (Gruys et al., 2005).  

  SAA is a salient biomarker for several chronic diseases in humans, including 

type II diabetes, tuberculosis, and IBD (Cenit, Matzaraki, Tigchelaar, & Zhernakova, 

2014; Walzl, Ronacher, Hanekom, Scriba, & Zumla, 2011). Interestingly, hepatic 
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production of SAA raises serum levels by approximately 1,000 fold following 

inflammatory stimuli such as LPS and pro-inflammatory cytokines (Uhlar & Whitehead, 

1999). In vitro stimulation of hepatic, monocyte, and epithelial cell lines suggests that a 

synergistic induction of SAA occurs, in part, from the concerted action of the pro-

inflammatory cytokines Il-1, Il-6, and TNFa, which induce binding of specific 

transcription factors, namely C/EBP and NFκB, to the promoter region of SAA (Hagihara 

et al., 2004; Jensen & Whitehead, 1998; Ray, Hannink, & Ray, 1995; Song et al., 2009; 

Uhlar & Whitehead, 1999; Xia, Cheshire, Patel, & Woo, 1997).  

In vivo studies from our lab have demonstrated that saa is expressed in the liver 

and intestine of larval zebrafish following microbial colonization via a Myd88/NFκB 

signaling axis (Kanther et al., 2011). However, the mechanisms by which the cis-

regulatory landscape controls SAA transcription remain poorly defined. Importantly, 

previous studies from our lab and others have identified that microbial and other 

environmental cues regulate tissue-specific host transcriptional responses through 

signaling events with discrete proximal and distal genomic elements (Camp, Jazwa, 

Trent, & Rawls, 2012; Jin et al., 2013). Thus an improved understanding of the genetic 

regulatory mechanisms driving SAA expression in response to the microbiota and 

inflammation could lead to new therapeutic targets for IBD and other chronic 

inflammatory disorders characterized by dysregulation of SAA (Fig 29).   
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Figure 29 : Transcriptional control of gene expression at the saa locus in 
zebrafish.  

Model depicting combinatorial microbial and inflammatory regulation of saa 
expression. Shown is the zebrafish saa genomic locus with putative cis-regulatory 

elements (highlighted in blue) in the non-coding region upstream of the transcriptional 
start. 

 
Combining high throughput sequencing and gnotobiotic husbandry, our lab has 

generated rich datasets describing differential gene expression (RNA-seq) of the larval 

zebrafish intestinal and hepatic tissue (Semova I., Lickwar C., Rawls, unpublished)  as 

well as chromatin architecture (FAIRE-seq) of cells along the length of the intestine as a 

function of microbial colonization (Davison et al., 2017; Lickwar et al., 2017; Pham et al., 

2008). These data suggest that microbiota-dependent differential gene expression in the 

intestine does not rely on remodeling of the existing chromatin landscape, and is likely 

driven by transcription factor activity (Camp et al., 2014). I propose that the presence of 

specific transcription factor binding sites (TFBS) at CREs located in regions of open 

chromatin serve to integrate microbial and inflammatory stimuli to regulate gene 

expression in a tissue-specific manner (Fig 29, Fig 30).  

Interestingly, analysis of RNA-seq and in situ hybridization data indicates that 

saa is the most highly differentially expressed gene in colonized the zebrafish liver and 
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intestine relative to germ free (GF) conditions and this is achieved through a 

Myd88/NFκB dependent signaling axis (Kanther et al., 2011). Furthermore in 

mammalian species, previous studies have shown that hepatic transcription of saa 

increases more than 1000 fold following infection, injury, or stimulation with pro-

inflammatory cytokines (Uhlar & Whitehead, 1999). Stimulation of cultured mammalian 

cells in vitro with pro-inflammatory cytokines or LPS results in transcriptional induction 

of SAA in hepatocytes and intestinal epithelial cells (IECs), and is coordinated through 

the synergistic action of specific TFs, such as NFκB and C/EBP, in the promoter region 

(Fig 30) (H. Shimizu & Yamamoto, 1994; Uhlar & Whitehead, 1999). In these cell culture 

experiments, striking differences have been observed in the induction kinetics of SAA 

induction and sensitivity to various cytokines and inflammatory mediators in different 

cell types, suggesting complex regulatory mechanisms governing SAA expression in 

distinct cell types (Steel & Whitehead, 1994; Thorn, Lu, & Whitehead, 2003). 

 

 

Figure 30: Evolutionary conservation of saa promoter cis-regulatory structure 
across vertebrate species. 
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Schematic of putative TFBS in the saa promoter region upstream of the TSS in a 
number of vertebrate species (adapted from (Uhlar & Whitehead, 1999). Sequence 

analysis of the zebrafish saa minimal promoter region was performed using HOMER. 
(H.s. Homo sapiens, M.mu. mus musculus, D.r. Danio rerio) 

 

A.1.2 Identification of proximal CREs that regulate saa expression in 
zebrafish. 

In an initial screen to locate CREs involved in the transcriptional regulation of 

saa, I identified regions of open chromatin at the zebrafish saa locus, defined by peaks of 

high signal in FAIRE-seq data obtained from zebrafish IECS (Fig 31A). Enhancer regions 

are often situated in regions of open chromatin, depleted of nucleosomes, allowing for 

TF binding and control of transcription in a tissue-specific manner. Screening putative 

CREs for their regulatory potential was performed in vivo using a zebrafish platform 

(Camp et al., 2012; Lickwar et al., 2017). Candidate CREs were PCR amplified from WT 

zebrafish genomic DNA. These regions were Gateway cloned upstream of a minimal cfos 

promoter fused to an egfp reporter flanked by Tol2 transposon sites in a vector to 

generate transcriptional reporter constructs. Transgenesis was performed by co-injecting 

single cell zebrafish embryos with each construct and transposase mRNA. Following 

injection, mosaic transgene expression was evaluated using wide-field fluorescence and 

confocal microscopy to examine EGFP expression in liver and intestine - tissues of 

known endogenous microbiota-dependent saa expression in 6 dpf larval zebrafish 

(Kanther et al., 2014).  



 

179 

In my initial screen of CREs, I demonstrated that a 236 bp fragment of the 

zebrafish saa proximal promoter drives EGFP expression in the distal intestine and liver 

of mosaic animals, indicating this element may be sufficient to recapitulate expression 

patterns of endogenous saa  [Tg(-0.236saa:EGFP)rdu69  hereafter referred to as 

Tg(saa:EGFP)] (Fig 31).  

 

Figure 31: The zebrafish saa proximal promoter drives intestinal expression 

(A) UCSC genome browser at zebrafish saa locus shows cloned 236 bp saa promoter 
element (denoted by red box). (B-C) Whole mount stereoscope and (D) confocal cross-
sectional images of Tg(saa:EGFP) 6 dpf larvae demonstrate reporter expression in distal 
intestinal epithelium (in.) and other tissues (including kidney, k.) as compared to non-

transgenic larvae (NTG). Scale bar = 250 µm in panel C and 20 µm in panel D. Red 
asterisk in panel B denotes bile autofluorescence in the intestinal bulb. 

 



 

180 

A.1.3 Defining the responsiveness of the zebrafish saa proximal 
promoter to microbial and inflammatory stimuli. 

To determine if the saa proximal promoter confers transcriptional responsiveness 

to microbial cues, Tg(saa:EGFP) zebrafish larvae were derived GF and reared in 

gnotobiotic conditions. Stereomicroscopic analysis demonstrated that Tg(saa:EGFP) had 

no discernable difference in EGFP fluorescence in GF versus conventionalized (CV) or 

conventionally raised (CVR) larvae (data not shown).  Further comparison of 

Tg(saa:EGFP) transcript levels for egfp between GF and CV animals suggests that the 

proximal promoter element is not responsive to the microbiota unlike endogenous saa 

(Fig 32A).  

 

 

Figure 32: The zebrafish saa proximal promoter does not respond to 
microbiota colonization.  

(A) qPCR analysis of saa and egfp in 6 dpf gnotobiotic Tg(saa:EGFP) whole larvae. 
Data analyzed by t-test. 

 

To measure the ability of the saa proximal promoter region to sense 

inflammatory cues to drive transcription in vivo, an acute chemical injury model was 

used. Previous reports have demonstrated that acute exposure with the NSAID 
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Glafenine results in an inflammatory response (Goldsmith, Cocchiaro, Rawls, & Jobin, 

2013). Tg(saa:EGFP) larval zebrafish were immersed in Glafenine for 12 hours prior to 

imaging and qPCR analysis. Exposure of Tg(saa:EGFP) larvae to Glafenine challenge 

resulted in increased GFP signal in the liver as measured by stereomicroscopic imaging 

(Fig 33A,C). Moreover, gene expression analysis revealed increased whole animal saa 

and gfp transcript levels following Glafenine exposure (Fig 33B). Collectively, these data 

suggest that this promoter element is responsible, at least in part, for the transcriptional 

up-regulation of saa following injury. 

 

Figure 33: The zebrafish saa proximal promoter responds to chemical 
intestinal injury. 

(A,C) Exposure of Tg(saa:EGFP) to Glafenine results in increased egfp expression 
in the liver as indicated by whole field stereomicroscopy (B) and whole larval gene 

expression analysis. Scale bar = 250 µm. 
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To further interrogate the responsiveness of the saa promoter element to 

inflammation, we crossed Tg(saa:EGFP) zebrafish to a genetic model of intestinal 

inflammation, uhrf1pd1092. Previous reports have illustrated that uhrf1 mutant zebrafish 

larvae have intestinal inflammation, including increased levels of tnfa expression along 

the length of the intestine as assessed by TgBAC(tnfa:EGFP) (Marjoram et al., 2015). 

Tg(saa:EGFP);uhrf1pd1092  larvae were assessed for expansion of the saa:EGFP reporter 

domain using wide-field fluorescence microscopy. As expected, the saa:EGFP expression 

domain in Tg(saa:EGFP);uhrf1pd1092 larvae extends along the entire length of the intestine 

as compared to health sibling controls which possess saa:EGFP signal restricted to the 

distal intestine (Fig 34A-D). This suggests that the proximal saa promoter is 

transcriptionally responsive to genetic models of intestinal inflammation.  

 

Figure 34: The zebrafish saa proximal promoter is responsive to genetic 
models of intestinal inflammation 
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(A,C) Stereoscope and confocal imaging of 5 dpf Tg(saa:EGFP) and (B,D) 
Tg(saa:EGFP);uhrf1pd1092 zebrafish larvae shows an expansion of saa:EGFP domain in the 
intestine of uhrf1 homozygous mutants. Scale bar = 250 µm in panel B and scale bar = 20 

µm in panels C and D. 
 

A.1.4 Conclusions and Future Directions 

My preliminary data suggests that, as predicted, the 236 bp saa promoter is 

sufficient to drive tissue-specific transgene expression in sites of endogenous saa 

expression that is induced by inflammatory cues from intestinal injury. However this saa 

promoter element fails to respond to microbial cues, unlike endogenous saa. Taken 

together, these findings demonstrate the need for a more sophisticated approach to 

identify distal CREs that interact with the native saa promoter to not only drive tissue-

specific expression but also respond to microbial stimuli to recapitulate endogenous saa 

expression dynamics. 

I expect that there are numerous CREs responsible for directing transcription of 

zebrafish saa following microbial colonization and inflammatory insults. I predict that 

together these CREs will recapitulate endogenous saa expression patterns, driving 

reporter transcription in specific tissues, most notably the intestine and liver. The 

engineered transcriptional reporter construct generated in this work provides a novel 

transgenic zebrafish allowing for the visualization of spatial and temporal saa expression 

patterns in vivo. As the microbiota produce many pro-inflammatory molecules, I predict 

that signals from the microbiota and inflammation may signal through shared CREs to 

induce saa transcription. 
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Based on previous studies from our lab and others, I speculate that C/EBP and 

NFκB are important in the transcriptional regulation of saa in pro-inflammatory tissue 

environments (Kanther et al., 2011; Uhlar & Whitehead, 1999). To this end, I surmise that 

the proximal promoter element of zebrafish saa contains the regulatory features 

necessary to respond to cytokines released following pro-inflammatory stimuli. I predict 

that other distal enhancer elements act in concert with the saa promoter to regulate 

transcriptional activity allowing for the interpretation of complex stimuli arising from 

inflammatory events and the microbiota. Approaches such as chromatin conformation 

capture sequencing (3C-sequencing) could be utilized to identify alternative enhancers 

that interact with this promoter element in various conditions and tissues (Stadhouders 

et al., 2013). Alternatively, larger promoter fragments upstream from the zebrafish saa 

gene locus can be tested in a similar manner. This has proven difficult due to a large AT 

rich microsatellite region immediately upstream of zebrafish saa on chromosome 7. To 

combat this, saa promoter elements from other vertebrate species (mouse, stickleback, 

etc) can be cloned and used to drive reporter expression in zebrafish larvae to discover if 

similar regulatory mechanisms drive tissue-specific saa expression in response to 

inflammatory and microbial stimuli (Fig 30).  

Additionally, post-transcriptional mechanisms are likely involved in the 

regulation of saa following microbial and inflammatory stimuli, representing a class of 

biological events that were not accounted for in the approaches described here. Evidence 
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from literature indicates that mRNA stability of saa transcript can change in different 

inflammatory tissue environments (Longley, Steel, & Whitehead, 1999). As the saa 

proximal promoter was not responsiveness to microbial cues, saa transcript abundance 

in CVR zebrafish may be regulated by post-transcriptional mechanisms. Kinetics 

experiments using pharmacological inhibition of translation and transcription following 

microbial colonization could be performed to assess the stability of saa transcripts. 

Moreover, it is well established that the 3’ UTR of many genes contains regulatory 

features that govern mRNA stability, thus the zebrafish saa 3’ UTR could be cloned 

downstream of the egfp reporter to test whether this feature modulates microbiota- and 

or inflammation-dependent transcript levels.  

Future experiments should focus on the identification of specific microbial 

signals or metabolites that lead to potent induction of saa (or other similar genes of 

interest) in zebrafish (Rawls et al., 2006). Moreover, it would be worthwhile to engineer 

CRE reporter elements using luciferase reporters as it is difficult to measure differences 

in fluorescent protein levels by imaging approaches. Interpretation of transgenic 

reporter animals should always be performed with caution.  The insertion of the 

transgene into an unknown genomic context can lead to many confounding 

observations. There may be insertional biases (i.e. the element inserts near an active 

enhancer or repressor) and differences in insertion number. Importantly, the genomic 

neighborhood of the endogenous CRE may play a critical role in generating 3D genomic 
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structures to promote gene expression. This would be overlooked by the transgenic 

approach described here.   

A.1.5 Experimental Procedures 

A.1.5.1 Generation of Tg(-0.236saa:EGFP)rdu69 transgenic zebrafish 

For generation of Tg(-0.236saa:EGFP)rdu69 transgenic zebrafish, the following 

strategy was employed utilizing Tol2 mediated transgenesis. A 236 bp region of the 

zebrafish saa promoter was PCR amplified from Tü genomic DNA using primers 5’ 

AAGGCCGGCCCCTAGCCAGCAGTTTTTCCAGCATG 3’ and 5’ 

AAGGCGCGCCCACTCAGGATTCGCTCAGTTCATGT 3’ digested the FseI and AscI 

(New England Biolabs, R0588 and R0558), and ligated into the p5E 381 vector that had 

been linearized with the same enzymes to generate p5E-0.236saa.  A 4-way Gateway LR 

reaction was performed using LR Clonase II (ThermoFisher, 12538120) to recombine 

p5E-0.236saa, with pME-EGFP, and p3E-polyA 229 into pDEST 381, yielding the 

following constructs: -0.236saa:EGFP. This plasmid was co-injected with transposase 

mRNA into Tü embryos at the single cell stage respectively, as described elsewhere 

(Lickwar et al., 2017). Injected F0 larvae were subsequently screened for mosaic EGFP, 

raised to adulthood, and used to establish a stable line. 

A.1.5.2 Acute Glafenine Exposure 

Tg(saa:EGFP) zebrafish embryos were collected into egg water following natural 

matings and acute glafenine exposures were performed as described previously 
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(Goldsmith et al., 2013). Briefly, larvae were sorted for GFP at 4 dpf and split into lower 

densities in 10 cm dishes in GZM. At 5 dpf a 2X solution of Glafenine (60 µM) was 

prepared in GZM, and was added to a final concentration of 1X into replicate plates with 

20 zebrafish larvae per plate. DMSO was added at the same concentration as a vehicle 

control and applied to separate replicate pools of larvae.  Larval zebrafish were exposed 

to Glafenine at 28°C in an incubator (with a 14:10 hour light/dark cycle) prior to sample 

collection at 6 dpf (12 hour exposure).  
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Appendix B 

B.1 RNA-sequencing of saa mutant zebrafish larvae 

To identify dysregulated biological pathways in zebrafish with a genetic 

mutation in saa, we performed RNA-sequencing on whole 6 dpf gnotobiotic zebrafish 

larvae. Since Saa is a secreted protein, we designed an experiment to measure whole 

larvae transcriptional signatures to elucidate the systemic impacts of Saa loss. 

B.1.1 Experimental design and methods 

Larvae were maintained on a 14:10 hour light:dark cycle in a 28.5°C incubator, 

and are of indeterminate sex. Gnotobiotic zebrafish were generated following natural 

mating and reared as described previously (Pham et al., 2008) with the following 

exception: GZM with antibiotics (AB-GZM) was supplemented with 50 µg/ml 

gentamycin (Sigma, G1264). 

At 6 dpf, 20-30 larvae were pooled from WT GF, WT CV, saardu60/rdu60 GF, and 

saardu60/rdu60 CV replicate flasks respectively. Larvae were euthanized with tricaine 

overdose and stored in 1 mL TRIzol at -80°C. Two independent gnotobiotic experiments 

were performed to generate 4 samples per condition for subsequent RNA-seq analysis. 

RNA isolation was performed using a column-based RNA-isolation kit (Ambion 

Cat 12183018A). RNA was eluted off the column in nuclease-free water and DNase 

treated following manufacturer’s instructions (Thermo Fisher AM1907). RNA was 

quantified using a Qubit 2.0 and submitted to the Duke Sequencing and Genomic 
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Technologies Core. RNA-seq libraries were prepared and sequenced by Duke 

Sequencing and Genomic Technologies Core on an Illumina HiSeq 4000. 

Zebrafish RNA-seq reads were aligned to the zebrafish genome (danRer7, Zv9) 

using TopHat2 v0.6 applying default TopHat settings. FPKM expression values were 

obtained for transcripts using Cufflinks, and pairwise differential gene expression tests 

were performed using Cuffdiff v0.0.6 as described previously (Davison et al., 2017).  

B.1.2 Results 

B.1.2.1 RNA-seq identifies differentially expressed genes in WT vs saa mutant 
zebrafish larvae 

Since saa is highly induced following microbial colonization and is secreted from 

the intestine and liver, we predict that protein loss of function may result in 

dysregulated host responses to microbiota. To elucidate saa dependent pathways that 

modulate host response to microbiota colonization, we performed an RNA-sequencing 

experiment on gnotobiotic WT and saa mutant 6 dpf whole larvae. We identified 207 

genes significantly differentially expressed between GF saa mutant vs GF WT, and 240 

genes comparing CV saa mutant vs CV WT when applying a log2FC cutoff of >1 and <-1. 

Surprisingly, we found that a majority of both the significantly down and up-regulated 

genes in saa mutant vs WT larvae were significant in both GF and CV conditions (Fig 

35). This suggests that genetic saa deficiency underlies the majority of the transcriptional 

responses observed in our sequencing analysis. Gene-ontology (GO) enrichment 

analysis of genes that are significantly upregulated in both GF and CV saa mutants vs 
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WT larvae are associated with host response to biotic stimulus and immune response 

(Fig 35C) (Huang da et al., 2009a, 2009b). This suggests that saa may suppress expression 

of inflammatory or immune effectors in zebrafish larvae, regardless of colonization 

status.  

 

Figure 35: RNA-seq of gnotobiotic 6 dpf saa deficient zebrafish larvae. 

(A-C) RNA-seq identified significantly differentially expressed genes in WT and 
saa mutant CV (A) and GF (B) 6 dpf larvae. Data included in panel C are significant in at 

least one comparison. (D,E) Venn diagrams depicting overlap of significantly up-
regulated and down-regulated genes from Mut/WT comparisons in GF and CV larvae. 

(F,G) GO enrichment analysis of shared genes from panels D and E respectively 
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identified using DAVID (GO terms with p-value < 0.05). For panels D-G, a cutoff of Log2 
FC >1 and <-1 was applied. 

 
As previous work from our lab (Chapter 3) demonstrated that Saa promotes 

neutrophil maturation and abundance in zebrafish, we mined our RNA-seq data for 

adaptive and innate immune regulators and markers. As expected, we observe 

concomitant increases in transcriptional signatures associated with neutrophils, 

included lyz, mpx, and lcp. Interestingly, other genes associated with innate and adaptive 

immune development and function were differentially expressed in saa mutant larvae 

colonized with a microbiota (Fig 36). Transcription factors important in immune cell 

maturation and development, such as zbtb11, are dysregulated in the absence of Saa and 

this may result in a defect in the proper control of granulopoiesis (Keightley et al., 2017). 

To this end, there is significant up-regulation of other myeloid markers including mpeg1 

and cd68 in saa mutant CV larvae. These data reveal that Saa potentially has broader 

functions in restricting expansion of other myeloid lineages including macrophages.  
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Figure 36: Immune cell signatures differentially expressed in saa mutant 
colonized zebrafish larvae. 

Log2FC of a panel of innate and adaptive immune cell markers in CV saa mutant 
vs WT CV 6 dpf whole larvae. 
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Appendix C 
Finally, I detail methods to disentangle host-microbe metabolic interactions, 

focusing on dietary fatty acids (FAs). Here, I design a genetic toolkit using E. coli that 

can be employed to provide spatiotemporal analyses of bacterial FA catabolism and 

anabolism. I also develop transgenic bacterial strains that are sinks or over-producers of 

FAs. These bacterial genetic tools coupled with gnotobiotic zebrafish, provide a novel 

system to dissect host-microbe FA symbiosis.   

C.1 Identifying bacterial strains and factors that modulate host 
lipid metabolism 

C.1.1 Genetic interrogation and manipulation of bacterial FA 
metabolism using genetically modified E. coli 

Microbial regulation of host nutrient metabolism in the intestine is a major theme 

in host-microbe commensalism in the gut. However, previous studies have been biased 

towards the study of carbohydrate metabolism, the impact of the gut microbiota on host 

lipid metabolism remains less unexplored (Rowland et al., 2018). The effects of gut 

bacterial fatty acid (FA) metabolism on host physiology are completely unknown, 

presenting a significant gap in knowledge. Previous studies demonstrate that certain 

bacterial phyla of gut commensals increase intestinal absorption of dietary lipids, such 

as E. acetylicum. However, the question remains as to why certain bacterial taxa promote 

host lipid uptake whereas others show no significant effect. It is possible that 

assimilation and oxidation of dietary FAs by specific bacteria in the intestinal tract 
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increases FA bioavailability and host lipid metabolism. To test this, one could 

manipulate the FA metabolic pathways of intestinal microbiota and investigate lipid 

metabolism in both the microbes and their vertebrate host using a gnotobiotic zebrafish 

model.  

To test the impact of microbial FA metabolism on host physiology, I suggest 

utilizing a genetically defined system consisting of E. coli strains with loss of function 

mutations in key FA catabolic genes in combination with over-expression of bacterial FA 

synthesis and degradation enzymes (Table 11). E. coli is genetically tractable, both a 

consumer and producer of FAs, and can colonize the zebrafish intestine (Rawls et al., 

2006). These genetically modified strains can be mono- or poly-associated with 

gnotobiotic zebrafish, to elucidate how altered bacterial FA metabolic activity influences 

host lipid metabolism. 

Table 11. E. coli FA mutant and over-expression strains  

 
 

strain predicted phenotype
WT parent control
 ∆ fadR dysregulated global FA metabolism
 ∆ fadD cannot activate LCFAs
 ∆ fadA cannot degrade LCFAs
 ∆ fadB cannot degrade LCFAs
 ∆ fadL cannot incorporate LCFAs
 ∆ fadE cannot degrade LCFAs
TN10:prpob:fadR constantly makes FAs 
TN10:prpob:fadLD incorporates/activates LCFA consitutively
TN10:pfadl:EGFP labels cells degrading FAs/ High Acyl-CoA
TN10:pfadl:luc labels cells degrading FAs/ High Acyl-CoA
TN10:pfabA:DsRed labels cells synthesizing FAs/ Low Acyl-CoA
TN10:pfabA:luc labels cells synthesizing FAs/ Low Acyl-CoA
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FA catabolic and anabolic pathways are well characterized in E. coli (DiRusso, 

Black, & Weimar, 1999; Fujita, Matsuoka, & Hirooka, 2007). In E. coli, aerobic FA 

catabolism is performed by a regulon of fatty acid degradation (fad) genes that 

transport, activate, and oxidize primarily medium and long chain exogenous FAs (Fig 

37, Fig 38A,B). Conversely, FA biosynthesis is coordinated through fatty acid 

biosynthesis genes (fab) (Campbell & Cronan, 2001). Global FA metabolism is tightly 

regulated by the transcription factor (TF) FadR in response to intracellular levels of FA-

Acyl-CoAs (activated FAs) (Fig 37). Binding of FadR suppresses FA degradation 

pathways (fad regulon) yet activates of FA biosynthetic pathways (fab regulon) (F. 

Zhang et al., 2012). 
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Figure 37. Regulation of FA metabolism in E. coli. 

FadR regulates FA catabolism and anabolism in E. coli through detection of 
intracellular FA levels. 

 

C.1.1.1 Genetically manipulating E. coli FA degradation  

To evaluate the impact of bacterial FA degradation on host FA absorption, I 

propose mono-associating gnotobiotic zebrafish with E. coli deficient in FA breakdown. 

Specifically, I would focus on mutations in E. coli that abrogate bacterial capacity to (i) 

uptake exogenous long chain FAs (LCFA) from dietary sources and (ii) catabolize these 

lipid metabolites through beta-oxidation. We have acquired a collection of E. coli fatty 

acid catabolism (fad) mutants including LCFA transporter fadL, beta-oxidative genes 
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fadA and fadE, and the transcriptional regulator of the fad operon, fadR (Paul 

Black,(McArthur et al., 1999; Nunn & Simons, 1978)). These mutations impair the 

bacteria’s ability to transport and metabolize exogenous FAs (Fig 38, Fig 39) (Fujita et al., 

2007; McArthur et al., 1999; Nunn & Simons, 1978). I predict that bacteria unable to 

incorporate or degrade dietary FAs will increase the bioavailability of lipids for host 

intestinal absorption. The methods to evaluate host lipid absorption in response to 

bacterial fad mutants are described below in section C.1.1.3. 
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Figure 38. E. coli degrades BODIPY-conjugated LCFA in vitro 

 (A) b-oxidation pathway of LCFA degradation in E. coli (B) Thin layer 
chromatography (TLC) of lipids isolated from WT E. coli incubated with BODIPY-C16 

for 1 or 20 hours illustrates that E. coli can degrade LCFAs. 
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Figure 39. E. coli fad mutant strains 

RT-PCR of indicated fad transcript levels from WT and select fad mutant strains 
of E. coli grown in vitro. 

 

C.1.1.2 Genetically manipulating E. coli FA synthesis and uptake 

E. coli strains that either consume or produce excess FAs can be engineered using 

the ectopic insertion of key FA degradation or biosynthetic genes under control of a 

constitutively active rpoB promoter (Fig 40B). A previous report demonstrated that 

over-expression of FadR in E. coli results in a 7 fold increase in FA production (F. Zhang 

et al., 2012). Thus I would similary use over-expression of FadR to drive excess 

production of bacterial FAs in E. coli [TN10::prpob:fadR]. To generate a bacterial strain 

that is a sink for extracellular FAs, I propose over-expressing fadL (the E. coli LCFA 
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transporter) and fadD (the E. coli FA activator) in E. coli [TN10::prpob:fadLD] (Dirusso & 

Black, 2004).  

 

Figure 40. E. coli FA reporter and over-expression constructs 

(A) Schematic of reporter construct design for evaluating intracellular levels of 
FAs using cloned E. coli fadL and fabB promoters. (B) Over-expression constructs 

driving expression of fadR and fadLD from the E. coli rpoB promoter. 
 

C.1.1.3 Testing host response to perturbation of bacterial FA metabolism  

To measure the effect of bacterial FA metabolism on host FA absorption, GF 

zebrafish can be colonized with individual mutant (section C.1.1.1) or transgenic 

(section C.1.1.2) E. coli strains and exposed to an acute high fat dietary challenge (Table 

11). Briefly, larval zebrafish will be immersed in a solution of liposomes containing 

fluorescent BODIPY-conjugated FAs. FA absorption by host IECs will be assessed using 

confocal microscopy, and lipid droplets (LDs) which incorporate fluorescent species will 

be enumerated and measured as described previously (Semova et al., 2012). 

Furthermore, qPCR and in situ hybridization can be utilized to monitor host 

transcriptional responses of pathways involved in lipid metabolism and processing in 
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mono-associated zebrafish. Taken together, these approaches will allow for genetic 

dissection the bacterial FA degradation pathway components necessary and sufficient to 

mediate host lipid uptake and processing in vivo by comparing wild type isogenic E. coli. 

Further, these experiments will show if bacteria can modulate luminal FA bioavailability 

for host IEC absorption (using TN10::prpob:FadR and TN10::prpob:FadLD expression 

constructs).  

In vitro analyses of mutant or transgenic E. coli strains that display significant 

effects on host lipid metabolism can lead to the identification of bacterial factors that 

modulate host lipid absorption. Following treatment with BODIPY-FA, I propose using 

LC-MS to identify lipid species present in the growth media and bacterial cell lysates 

(Quinlivan, Wilson, Ruzicka, & Farber, 2017). This will illustrate the fates of FAs 

incorporated into bacterial cells while simultaneously identifying potential bacterial 

byproducts that become available for host absorption by IECs. These studies would 

identify key bacterial genes responsible for FA degradation that influence host lipid 

metabolism. Further, in vitro LC-MS analysis will potentially uncover the metabolic 

byproducts that alter host nutrient absorption and metabolic gene expression. This work 

would be significant as it will be the first to ascertain the impact of bacterial FA 

degradation and production on host lipid uptake and processing in the intestine. 
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C.1.1.4 In vivo competitions of E. coli FA mutant and transgenic strains  

To determine if in vivo bacterial colonization fitness correlates to bacterial FA 

metabolic capabilities, E. coli strains with opposing FA metabolic phenotypes can be 

competed in gnotobiotic zebrafish larvae (Table 12). Rifampin (Rif) resistant strains can 

be generated from E. coli strains (Reynolds, 2000) to allow for CFU enumeration of Rif 

resistant versus Rif sensitive strains in a pairwise fashion. During bacterial competitions, 

gnotobiotic zebrafish can be fed either a control or acute high fat diet. This will define 

the requirement of dietary FAs in promoting in vivo bacterial fitness. I speculate that 

regardless of diet, bacteria that can effectively incorporate and digest FAs will have a 

fitness advantage.  

To test the impact of host FA absorption on bacterial colonization fitness, 

competitions can be performed in WT zebrafish as well as zebrafish mutants that have 

FA malabsorption phenotypes (such cd36 mutants). These experiments will reveal the 

interaction of host FA absorption and bacterial competition for dietary nutrients. For 

instance, if there is an increased amount of dietary FAs within the lumen due to a host 

absorption defect, is there increased selection for bacterial strains that can degrade FAs?    
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Table 12. Proposed E. coli competitions  

 

C.1.1.5 Generating FA reporter strains in E. coli 

To visualize spatio-temporal bacterial FA metabolism dynamics in the vertebrate 

intestine, bacterial reporters can be generated using defined promoter regions of FA 

catabolic and anabolic genes from E. coli. The E. coli FadR is an ideal system to construct 

reporter systems that monitor FA bioavailability. FadR is a global regulator for FA 

metabolism, binding directly to the promoter regions of fad and fab operons in response 

to intracellular levels of FA-Acyl-CoAs (Fig 37, Fig 41). Binding of Acyl-CoA to FadR 

results in a conformation change and subsequent release of FadR from its cognate DNA. 

Importantly FadR positively regulates genes involved in FA biosynthesis (e.g. fabA,B,D) 

while negatively regulating genes involved in FA degradation (e.g. fadL,B,A) (Fig 41) 

(Dirusso & Black, 2004; DiRusso et al., 1999; F. Zhang et al., 2012).  

RifS RifR Phenotypic pairing
WT  ∆ fadL control vs no LCFA incorporation
WT  ∆ fadD control vs no LCFA activation
WT  ∆ fadB control vs no LCFA B-oxidation
WT TN10:prpob:fadR control vs constant LCFA synthesis
WT TN10:prpob:fadLD control vs constant LCFA breakdown

TN10:prpob:fadR TN10:prpob:fadLD
control vs constant LCFA synthesis vs 
constant LCFA breakdown

 ∆ fadL WT no LCFA incorporation vs control
 ∆ fadD WT no LCFA activation vs control
 ∆ fadB WT no LCFA B-oxidation vs control
TN10:prpob:fadR WT constant LCFA synthesis vs control
TN10:prpob:fadLD WT constant LCFA breakdown vs control

TN10:prpob:fadLD TN10:prpob:fadR
constant LCFA breakdown vs constant 
LCFA synthesis

competitions
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Previous work in E. coli has demonstrated the presence of conserved FadR 

binding motifs within (Fig 41), and binding of purified FadR to the respective promoters 

of fabB and fadL, making these promoters ideal candidates for a bacterial FA reporter 

system (Campbell & Cronan, 2001; DiRusso et al., 1999; DiRusso, Metzger, & Heimert, 

1993; Feng & Cronan, 2012). The promoter of FA biosynthetic gene, fabB, is activated 

upon FadR binding, and its expression is upregulated during FA anabolism (low Acyl-

CoA). Conversely the promoter of fadL is suppressed by FadR binding, and its 

expression is induced during FA catabolism (high Acyl-CoA). Thus, fusion of these 

respective promoters to reporter genes (such as fluorescent proteins or luciferase) will 

provide a sensitive detection mechanism of bacterial FA metabolism. 

Gnotobiotic zebrafish can be poly-associated with fabB or fadL E. coli reporter 

strains, PfabB or PfadL. High resolution imaging will provide spatial context for bacterial 

FA metabolism in WT fish fed normal or acute high fat diets. If bacteria are actively 

competing with the host to degrade FAs for energy harvest, there should be robust 

expression of the PfadL reporter. Interesting questions that can be answered using this 

system include: (i) are there regional differences in bacterial FA metabolism along the 

length of the gut (note: host absorbs FAs predominantly in the small intestine)? (ii) Does 

host diet impact bacterial FA utilization? (iii) Does poly-association of bacterial reporters 

with complex microbial communities shift bacterial FA metabolism (bacteria-bacteria 

interactions)? Finally, microbial dual associations of TN10::prpob:fadLD (a FA 
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consumer) or TN10::prpob:fadR (a FA producer) with PfadL and PfabB reporters will 

provide insight as to how bacteria metabolically respond to bacterial FA sinks or over-

producers in vivo.  

Moreover, gnotobiotic zebrafish with genetic mutations or transgenes that alter 

host lipid metabolism can be colonized with these engineered E. coli FA reporter strains 

to measure the impact of aberrant host lipid metabolism on bacterial FA catabolic or 

anabolic responses. Genetic mutants exist for key host lipid metabolic genes including 

CD36, Dgat1 and Dgat2. CD36 is a FA transporter expressed on the apical surface of 

enterocytes. Intriguingly, mice null for CD36 have a lipid malabsorption phenotype, and 

FA absorption is skewed from the proximal to distal intestine (Drover et al., 2005). 

Colonization of WT and cd36 mutant zebrafish larvae with bacterial reporters of FA 

synthesis and breakdown will illustrate how excess luminal dietary FAs impacts 

microbial utilization of FAs.  
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Figure 41: FadR binding motifs in fab and fad gene promoters in E. coli 

(A-B) PWM of FadR binding motif based on experimental evidence (shown in 
panel B) in E. coli. Generated via RegulonDB (Gama-Castro et al., 2016).  

 

C.1.1.6 In vivo and in vitro microbial and chemical screens 

These genetic reagents also provide an opportunity to perform large to medium 

scale in vitro and in vivo screens. In vitro co-culture of E. coli FA reporter strains (PfabB 

and PfadL luciferase) with other microbes or chemicals will identify interactors that 

promote either bacterial FA degradation or synthesis using plate reader-based assays. 

Screen hits can subsequently be applied to in vivo models using gnotobiotic zebrafish 

larvae to evaluate impacts on host lipid metabolism.  

 



 

207 

References 

Aihara, E., Closson, C., Matthis, A. L., Schumacher, M. A., Engevik, A. C., Zavros, Y., . . . 
Montrose, M. H. (2014). Motility and chemotaxis mediate the preferential 
colonization of gastric injury sites by Helicobacter pylori. PLoS Pathog, 10(7), 
e1004275. doi:10.1371/journal.ppat.1004275 

Alm, R. A., Bodero, A. J., Free, P. D., & Mattick, J. S. (1996). Identification of a novel gene, 
pilZ, essential for type 4 fimbrial biogenesis in Pseudomonas aeruginosa. J 
Bacteriol, 178(1), 46-53.  

Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, G. B., Tarkowska, A., . . . 
Finn, R. D. (2019). A new genomic blueprint of the human gut microbiota. Nature. 
doi:10.1038/s41586-019-0965-1 

Alvers, A. L., Ryan, S., Scherz, P. J., Huisken, J., & Bagnat, M. (2014). Single continuous 
lumen formation in the zebrafish gut is mediated by smoothened-dependent 
tissue remodeling. Development, 141(5), 1110-1119. doi:10.1242/dev.100313 

Amikam, D., & Galperin, M. Y. (2006). PilZ domain is part of the bacterial c-di-GMP 
binding protein. Bioinformatics, 22(1), 3-6. doi:10.1093/bioinformatics/bti739 

Arrieta, M. C., Walter, J., & Finlay, B. B. (2016). Human Microbiota-Associated Mice: A 
Model with Challenges. Cell Host Microbe, 19(5), 575-578. 
doi:10.1016/j.chom.2016.04.014 

Artl, A., Marsche, G., Lestavel, S., Sattler, W., & Malle, E. (2000). Role of serum amyloid A 
during metabolism of acute-phase HDL by macrophages. Arterioscler Thromb Vasc 
Biol, 20(3), 763-772.  

Atarashi, K., Tanoue, T., Ando, M., Kamada, N., Nagano, Y., Narushima, S., . . . Honda, 
K. (2015). Th17 Cell Induction by Adhesion of Microbes to Intestinal Epithelial 
Cells. Cell, 163(2), 367-380. doi:10.1016/j.cell.2015.08.058 



 

208 

Atarashi, K., Tanoue, T., Oshima, K., Suda, W., Nagano, Y., Nishikawa, H., . . . Honda, K. 
(2013). Treg induction by a rationally selected mixture of Clostridia strains from 
the human microbiota. Nature, 500(7461), 232-236. doi:10.1038/nature12331 

Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., . . . Honda, K. 
(2011). Induction of colonic regulatory T cells by indigenous Clostridium species. 
Science, 331(6015), 337-341. doi:10.1126/science.1198469 

Ather, J. L., & Poynter, M. E. (2018). Serum amyloid A3 is required for normal weight and 
immunometabolic function in mice. PLoS One, 13(2), e0192352. 
doi:10.1371/journal.pone.0192352 

Badolato, R., Wang, J. M., Murphy, W. J., Lloyd, A. R., Michiel, D. F., Bausserman, L. L., . 
. . Oppenheim, J. J. (1994). Serum amyloid A is a chemoattractant: induction of 
migration, adhesion, and tissue infiltration of monocytes and polymorphonuclear 
leukocytes. J Exp Med, 180(1), 203-209.  

Bae, S., Mueller, O., Wong, S., Rawls, J. F., & Valdivia, R. H. (2016). Genomic sequencing-
based mutational enrichment analysis identifies motility genes in a genetically 
intractable gut microbe. Proc Natl Acad Sci U S A, 113(49), 14127-14132. 
doi:10.1073/pnas.1612753113 

Balmer, M. L., Schurch, C. M., Saito, Y., Geuking, M. B., Li, H., Cuenca, M., . . . 
Macpherson, A. J. (2014). Microbiota-derived compounds drive steady-state 
granulopoiesis via MyD88/TICAM signaling. J Immunol, 193(10), 5273-5283. 
doi:10.4049/jimmunol.1400762 

Banka, C. L., Yuan, T., de Beer, M. C., Kindy, M., Curtiss, L. K., & de Beer, F. C. (1995). 
Serum amyloid A (SAA): influence on HDL-mediated cellular cholesterol efflux. J 
Lipid Res, 36(5), 1058-1065.  

Baranova, I. N., Bocharov, A. V., Vishnyakova, T. G., Kurlander, R., Chen, Z., Fu, D., . . . 
Eggerman, T. L. (2010). CD36 is a novel serum amyloid A (SAA) receptor 
mediating SAA binding and SAA-induced signaling in human and rodent cells. J 
Biol Chem, 285(11), 8492-8506. doi:10.1074/jbc.M109.007526 



 

209 

Bates, J. M., Akerlund, J., Mittge, E., & Guillemin, K. (2007). Intestinal alkaline 
phosphatase detoxifies lipopolysaccharide and prevents inflammation in 
zebrafish in response to the gut microbiota. Cell Host Microbe, 2(6), 371-382. 
doi:10.1016/j.chom.2007.10.010 

Bates, J. M., Mittge, E., Kuhlman, J., Baden, K. N., Cheesman, S. E., & Guillemin, K. (2006). 
Distinct signals from the microbiota promote different aspects of zebrafish gut 
differentiation. Dev Biol, 297(2), 374-386. doi:10.1016/j.ydbio.2006.05.006 

Becker, N., Kunath, J., Loh, G., & Blaut, M. (2011). Human intestinal microbiota: 
characterization of a simplified and stable gnotobiotic rat model. Gut Microbes, 
2(1), 25-33. doi:10.4161/gmic.2.1.14651 

Beerman, R. W., Matty, M. A., Au, G. G., Looger, L. L., Choudhury, K. R., Keller, P. J., & 
Tobin, D. M. (2015). Direct In Vivo Manipulation and Imaging of Calcium 
Transients in Neutrophils Identify a Critical Role for Leading-Edge Calcium Flux. 
Cell Rep, 13(10), 2107-2117. doi:10.1016/j.celrep.2015.11.010 

Belkaid, Y., & Hand, T. W. (2014). Role of the microbiota in immunity and inflammation. 
Cell, 157(1), 121-141. doi:10.1016/j.cell.2014.03.011 

Belkaid, Y., & Harrison, O. J. (2017). Homeostatic Immunity and the Microbiota. Immunity, 
46(4), 562-576. doi:10.1016/j.immuni.2017.04.008 

Blandford, L. E., Johnston, E. L., Sanderson, J. D., Wade, W. G., & Lax, A. J. (2019). 
Promoter orientation of the immunomodulatory Bacteroides fragilis capsular 
polysaccharide A (PSA) is off in individuals with inflammatory bowel disease 
(IBD). Gut Microbes, 1-9. doi:10.1080/19490976.2018.1560755 

Borregaard, N. (2010). Neutrophils, from marrow to microbes. Immunity, 33(5), 657-670. 
doi:10.1016/j.immuni.2010.11.011 

Brand, S., Beigel, F., Olszak, T., Zitzmann, K., Eichhorst, S. T., Otte, J. M., . . . Dambacher, 
J. (2006). IL-22 is increased in active Crohn's disease and promotes 



 

210 

proinflammatory gene expression and intestinal epithelial cell migration. Am J 
Physiol Gastrointest Liver Physiol, 290(4), G827-838. doi:10.1152/ajpgi.00513.2005 

Brannon, M. K., Davis, J. M., Mathias, J. R., Hall, C. J., Emerson, J. C., Crosier, P. S., . . . 
Moskowitz, S. M. (2009). Pseudomonas aeruginosa Type III secretion system 
interacts with phagocytes to modulate systemic infection of zebrafish embryos. 
Cell Microbiol, 11(5), 755-768. doi:10.1111/j.1462-5822.2009.01288.x 

Brown, R. L., Sequeira, R. P., & Clarke, T. B. (2017). The microbiota protects against 
respiratory infection via GM-CSF signaling. Nat Commun, 8(1), 1512. 
doi:10.1038/s41467-017-01803-x 

Brugman, S., Liu, K. Y., Lindenbergh-Kortleve, D., Samsom, J. N., Furuta, G. T., Renshaw, 
S. A., . . . Nieuwenhuis, E. E. (2009). Oxazolone-induced enterocolitis in zebrafish 
depends on the composition of the intestinal microbiota. Gastroenterology, 137(5), 
1757-1767 e1751. doi:10.1053/j.gastro.2009.07.069 

Brunham, L. R., Kruit, J. K., Iqbal, J., Fievet, C., Timmins, J. M., Pape, T. D., . . . Hayden, 
M. R. (2006). Intestinal ABCA1 directly contributes to HDL biogenesis in vivo. J 
Clin Invest, 116(4), 1052-1062. doi:10.1172/JCI27352 

Bugl, S., Wirths, S., Radsak, M. P., Schild, H., Stein, P., Andre, M. C., . . . Kopp, H. G. (2013). 
Steady-state neutrophil homeostasis is dependent on TLR4/TRIF signaling. Blood, 
121(5), 723-733. doi:10.1182/blood-2012-05-429589 

Cai, H., Song, C., Endoh, I., Goyette, J., Jessup, W., Freedman, S. B., . . . Geczy, C. L. (2007). 
Serum amyloid A induces monocyte tissue factor. J Immunol, 178(3), 1852-1860.  

Cai, L., de Beer, M. C., de Beer, F. C., & van der Westhuyzen, D. R. (2005). Serum amyloid 
A is a ligand for scavenger receptor class B type I and inhibits high density 
lipoprotein binding and selective lipid uptake. J Biol Chem, 280(4), 2954-2961. 
doi:10.1074/jbc.M411555200 



 

211 

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., & Holmes, S. P. 
(2016). DADA2: High-resolution sample inference from Illumina amplicon data. 
Nat Methods, 13(7), 581-583. doi:10.1038/nmeth.3869 

Calo, E., & Wysocka, J. (2013). Modification of enhancer chromatin: what, how, and why? 
Mol Cell, 49(5), 825-837. doi:10.1016/j.molcel.2013.01.038 

Camp, J. G., Frank, C. L., Lickwar, C. R., Guturu, H., Rube, T., Wenger, A. M., . . . Rawls, 
J. F. (2014). Microbiota modulate transcription in the intestinal epithelium without 
remodeling the accessible chromatin landscape. Genome Res, 24(9), 1504-1516. 
doi:10.1101/gr.165845.113 

Camp, J. G., Jazwa, A. L., Trent, C. M., & Rawls, J. F. (2012). Intronic cis-regulatory 
modules mediate tissue-specific and microbial control of angptl4/fiaf 
transcription. PLoS Genet, 8(3), e1002585. doi:10.1371/journal.pgen.1002585 

Campbell, J. W., & Cronan, J. E., Jr. (2001). Escherichia coli FadR positively regulates 
transcription of the fabB fatty acid biosynthetic gene. J Bacteriol, 183(20), 5982-5990. 
doi:10.1128/JB.183.20.5982-5990.2001 

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., 
. . . Knight, R. (2010). QIIME allows analysis of high-throughput community 
sequencing data. Nat Methods, 7(5), 335-336. doi:10.1038/nmeth.f.303 

Carradice, D., & Lieschke, G. J. (2008). Zebrafish in hematology: sushi or science? Blood, 
111(7), 3331-3342. doi:10.1182/blood-2007-10-052761 

Cassat, J. E., Moore, J. L., Wilson, K. J., Stark, Z., Prentice, B. M., Van de Plas, R., . . . Skaar, 
E. P. (2018). Integrated molecular imaging reveals tissue heterogeneity driving 
host-pathogen interactions. Sci Transl Med, 10(432). 
doi:10.1126/scitranslmed.aan6361 



 

212 

Cenit, M. C., Matzaraki, V., Tigchelaar, E. F., & Zhernakova, A. (2014). Rapidly expanding 
knowledge on the role of the gut microbiome in health and disease. Biochim Biophys 
Acta, 1842(10), 1981-1992. doi:10.1016/j.bbadis.2014.05.023 

Chakravorty, S., Helb, D., Burday, M., Connell, N., & Alland, D. (2007). A detailed analysis 
of 16S ribosomal RNA gene segments for the diagnosis of pathogenic bacteria. J 
Microbiol Methods, 69(2), 330-339. doi:10.1016/j.mimet.2007.02.005 

Chambers, R. E., Stross, P., Barry, R. E., & Whicher, J. T. (1987). Serum amyloid A protein 
compared with C-reactive protein, alpha 1-antichymotrypsin and alpha 1-acid 
glycoprotein as a monitor of inflammatory bowel disease. Eur J Clin Invest, 17(5), 
460-467.  

Chassaing, B., & Gewirtz, A. T. (2018). Mice harboring pathobiont-free microbiota do not 
develop intestinal inflammation that normally results from an innate immune 
deficiency. PLoS One, 13(4), e0195310. doi:10.1371/journal.pone.0195310 

Chen, B., Chen, H., Shu, X., Yin, Y., Li, J., Qin, J., . . . Xiang, C. (2018). Presence of 
Segmented Filamentous Bacteria in Human Children and Its Potential Role in the 
Modulation of Human Gut Immunity. Front Microbiol, 9, 1403. 
doi:10.3389/fmicb.2018.01403 

Cheng, M., Chen, Y., Wang, L., Chen, W., Yang, L., Shen, G., . . . Hu, S. (2017). Commensal 
microbiota maintains alveolar macrophages with a low level of CCL24 production 
to generate anti-metastatic tumor activity. Sci Rep, 7(1), 7471. doi:10.1038/s41598-
017-08264-8 

Cheng, N., He, R., Tian, J., Ye, P. P., & Ye, R. D. (2008). Cutting edge: TLR2 is a functional 
receptor for acute-phase serum amyloid A. J Immunol, 181(1), 22-26.  

Cheung, I. D., Bagnat, M., Ma, T. P., Datta, A., Evason, K., Moore, J. C., . . . Stainier, D. Y. 
(2012). Regulation of intrahepatic biliary duct morphogenesis by Claudin 15-like 
b. Dev Biol, 361(1), 68-78. doi:10.1016/j.ydbio.2011.10.004 



 

213 

Christenson, K., Bjorkman, L., Ahlin, S., Olsson, M., Sjoholm, K., Karlsson, A., & Bylund, 
J. (2013). Endogenous Acute Phase Serum Amyloid A Lacks Pro-Inflammatory 
Activity, Contrasting the Two Recombinant Variants That Activate Human 
Neutrophils through Different Receptors. Front Immunol, 4, 92. 
doi:10.3389/fimmu.2013.00092 

Christenson, K., Bjorkman, L., Tangemo, C., & Bylund, J. (2008). Serum amyloid A inhibits 
apoptosis of human neutrophils via a P2X7-sensitive pathway independent of 
formyl peptide receptor-like 1. J Leukoc Biol, 83(1), 139-148. doi:10.1189/jlb.0507276 

Chu, H., & Mazmanian, S. K. (2013). Innate immune recognition of the microbiota 
promotes host-microbial symbiosis. Nat Immunol, 14(7), 668-675. 
doi:10.1038/ni.2635 

Chung, H., Pamp, S. J., Hill, J. A., Surana, N. K., Edelman, S. M., Troy, E. B., . . . Kasper, D. 
L. (2012). Gut immune maturation depends on colonization with a host-specific 
microbiota. Cell, 149(7), 1578-1593. doi:10.1016/j.cell.2012.04.037 

Clarke, T. B. (2014a). Early innate immunity to bacterial infection in the lung is regulated 
systemically by the commensal microbiota via nod-like receptor ligands. Infect 
Immun, 82(11), 4596-4606. doi:10.1128/IAI.02212-14 

Clarke, T. B. (2014b). Microbial programming of systemic innate immunity and resistance 
to infection. PLoS Pathog, 10(12), e1004506. doi:10.1371/journal.ppat.1004506 

Clarke, T. B., Davis, K. M., Lysenko, E. S., Zhou, A. Y., Yu, Y., & Weiser, J. N. (2010). 
Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic 
innate immunity. Nat Med, 16(2), 228-231. doi:10.1038/nm.2087 

Clatworthy, A. E., Lee, J. S., Leibman, M., Kostun, Z., Davidson, A. J., & Hung, D. T. (2009). 
Pseudomonas aeruginosa infection of zebrafish involves both host and pathogen 
determinants. Infect Immun, 77(4), 1293-1303. doi:10.1128/IAI.01181-08 



 

214 

Coetzee, G. A., Strachan, A. F., van der Westhuyzen, D. R., Hoppe, H. C., Jeenah, M. S., & 
de Beer, F. C. (1986). Serum amyloid A-containing human high density lipoprotein 
3. Density, size, and apolipoprotein composition. J Biol Chem, 261(21), 9644-9651.  

Cox, A. G., Hwang, K. L., Brown, K. K., Evason, K., Beltz, S., Tsomides, A., . . . Goessling, 
W. (2016). Yap reprograms glutamine metabolism to increase nucleotide 
biosynthesis and enable liver growth. Nat Cell Biol, 18(8), 886-896. 
doi:10.1038/ncb3389 

Cox, A. G., Saunders, D. C., Kelsey, P. B., Jr., Conway, A. A., Tesmenitsky, Y., Marchini, J. 
F., . . . Goessling, W. (2014). S-nitrosothiol signaling regulates liver development 
and improves outcome following toxic liver injury. Cell Rep, 6(1), 56-69. 
doi:10.1016/j.celrep.2013.12.007 

Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J. M., Cho, I., . . . Blaser, M. 
J. (2014). Altering the intestinal microbiota during a critical developmental 
window has lasting metabolic consequences. Cell, 158(4), 705-721. 
doi:10.1016/j.cell.2014.05.052 

Cronan, M. R., Beerman, R. W., Rosenberg, A. F., Saelens, J. W., Johnson, M. G., Oehlers, 
S. H., . . . Tobin, D. M. (2016). Macrophage Epithelial Reprogramming Underlies 
Mycobacterial Granuloma Formation and Promotes Infection. Immunity, 45(4), 
861-876. doi:10.1016/j.immuni.2016.09.014 

Cronan, M. R., & Tobin, D. M. (2014). Fit for consumption: zebrafish as a model for 
tuberculosis. Dis Model Mech, 7(7), 777-784. doi:10.1242/dmm.016089 

Cullender, T. C., Chassaing, B., Janzon, A., Kumar, K., Muller, C. E., Werner, J. J., . . . Ley, 
R. E. (2013). Innate and adaptive immunity interact to quench microbiome flagellar 
motility in the gut. Cell Host Microbe, 14(5), 571-581. doi:10.1016/j.chom.2013.10.009 

Dasgupta, S., Erturk-Hasdemir, D., Ochoa-Reparaz, J., Reinecker, H. C., & Kasper, D. L. 
(2014). Plasmacytoid dendritic cells mediate anti-inflammatory responses to a gut 
commensal molecule via both innate and adaptive mechanisms. Cell Host Microbe, 
15(4), 413-423. doi:10.1016/j.chom.2014.03.006 



 

215 

Davison, J. M., Lickwar, C. R., Song, L., Breton, G., Crawford, G. E., & Rawls, J. F. (2017). 
Microbiota regulate intestinal epithelial gene expression by suppressing the 
transcription factor Hepatocyte nuclear factor 4 alpha. Genome Res, 27(7), 1195-
1206. doi:10.1101/gr.220111.116 

de Beer, F. C., Nel, A. E., Gie, R. P., Donald, P. R., & Strachan, A. F. (1984). Serum amyloid 
A protein and C-reactive protein levels in pulmonary tuberculosis: relationship to 
amyloidosis. Thorax, 39(3), 196-200.  

de Beer, M. C., Webb, N. R., Wroblewski, J. M., Noffsinger, V. P., Rateri, D. L., Ji, A., . . . 
de Beer, F. C. (2010). Impact of serum amyloid A on high density lipoprotein 
composition and levels. J Lipid Res, 51(11), 3117-3125. doi:10.1194/jlr.M005413 

den Hartigh, L. J., Wang, S., Goodspeed, L., Ding, Y., Averill, M., Subramanian, S., . . . 
Chait, A. (2014). Deletion of serum amyloid A3 improves high fat high sucrose 
diet-induced adipose tissue inflammation and hyperlipidemia in female mice. 
PLoS One, 9(9), e108564. doi:10.1371/journal.pone.0108564 

Deng, H., Li, Z., Tan, Y., Guo, Z., Liu, Y., Wang, Y., . . . Zhi, F. (2016). A novel strain of 
Bacteroides fragilis enhances phagocytosis and polarises M1 macrophages. Sci 
Rep, 6, 29401. doi:10.1038/srep29401 

Deniset, J. F., & Kubes, P. (2016). Recent advances in understanding neutrophils. F1000Res, 
5, 2912. doi:10.12688/f1000research.9691.1 

Derebe, M. G., Zlatkov, C. M., Gattu, S., Ruhn, K. A., Vaishnava, S., Diehl, G. E., . . . 
Hooper, L. V. (2014). Serum amyloid A is a retinol binding protein that transports 
retinol during bacterial infection. Elife, 3, e03206. doi:10.7554/eLife.03206 

Deshmukh, H. S., Liu, Y., Menkiti, O. R., Mei, J., Dai, N., O'Leary, C. E., . . . Worthen, G. S. 
(2014). The microbiota regulates neutrophil homeostasis and host resistance to 
Escherichia coli K1 sepsis in neonatal mice. Nat Med, 20(5), 524-530. 
doi:10.1038/nm.3542 



 

216 

Devi, S., Wang, Y., Chew, W. K., Lima, R., N, A. G., Mattar, C. N., . . . Ng, L. G. (2013). 
Neutrophil mobilization via plerixafor-mediated CXCR4 inhibition arises from 
lung demargination and blockade of neutrophil homing to the bone marrow. J Exp 
Med, 210(11), 2321-2336. doi:10.1084/jem.20130056 

Dewhirst, F. E., Chien, C. C., Paster, B. J., Ericson, R. L., Orcutt, R. P., Schauer, D. B., & 
Fox, J. G. (1999). Phylogeny of the defined murine microbiota: altered Schaedler 
flora. Appl Environ Microbiol, 65(8), 3287-3292.  

Dinarello, C. A. (2009). Immunological and inflammatory functions of the interleukin-1 
family. Annu Rev Immunol, 27, 519-550. 
doi:10.1146/annurev.immunol.021908.132612 

Dirusso, C. C., & Black, P. N. (2004). Bacterial long chain fatty acid transport: gateway to 
a fatty acid-responsive signaling system. J Biol Chem, 279(48), 49563-49566. 
doi:10.1074/jbc.R400026200 

DiRusso, C. C., Black, P. N., & Weimar, J. D. (1999). Molecular inroads into the regulation 
and metabolism of fatty acids, lessons from bacteria. Prog Lipid Res, 38(2), 129-197.  

DiRusso, C. C., Metzger, A. K., & Heimert, T. L. (1993). Regulation of transcription of 
genes required for fatty acid transport and unsaturated fatty acid biosynthesis in 
Escherichia coli by FadR. Mol Microbiol, 7(2), 311-322.  

Dobrijevic, D., Abraham, A. L., Jamet, A., Maguin, E., & van de Guchte, M. (2016). 
Functional Comparison of Bacteria from the Human Gut and Closely Related Non-
Gut Bacteria Reveals the Importance of Conjugation and a Paucity of Motility and 
Chemotaxis Functions in the Gut Environment. PLoS One, 11(7), e0159030. 
doi:10.1371/journal.pone.0159030 

Donia, M. S., Cimermancic, P., Schulze, C. J., Wieland Brown, L. C., Martin, J., Mitreva, 
M., . . . Fischbach, M. A. (2014). A systematic analysis of biosynthetic gene clusters 
in the human microbiome reveals a common family of antibiotics. Cell, 158(6), 
1402-1414. doi:10.1016/j.cell.2014.08.032 



 

217 

Donia, M. S., & Fischbach, M. A. (2015). HUMAN MICROBIOTA. Small molecules from 
the human microbiota. Science, 349(6246), 1254766. doi:10.1126/science.1254766 

Drover, V. A., Ajmal, M., Nassir, F., Davidson, N. O., Nauli, A. M., Sahoo, D., . . . 
Abumrad, N. A. (2005). CD36 deficiency impairs intestinal lipid secretion and 
clearance of chylomicrons from the blood. J Clin Invest, 115(5), 1290-1297. 
doi:10.1172/JCI21514 

Dupaul-Chicoine, J., Yeretssian, G., Doiron, K., Bergstrom, K. S., McIntire, C. R., LeBlanc, 
P. M., . . . Saleh, M. (2010). Control of intestinal homeostasis, colitis, and colitis-
associated colorectal cancer by the inflammatory caspases. Immunity, 32(3), 367-
378. doi:10.1016/j.immuni.2010.02.012 

Eckhardt, E. R., Witta, J., Zhong, J., Arsenescu, R., Arsenescu, V., Wang, Y., . . . de Villiers, 
W. J. (2010). Intestinal epithelial serum amyloid A modulates bacterial growth in 
vitro and pro-inflammatory responses in mouse experimental colitis. BMC 
Gastroenterol, 10, 133. doi:10.1186/1471-230X-10-133 

Ehrt, S., Schnappinger, D., Bekiranov, S., Drenkow, J., Shi, S., Gingeras, T. R., . . . Nathan, 
C. (2001). Reprogramming of the macrophage transcriptome in response to 
interferon-gamma and Mycobacterium tuberculosis: signaling roles of nitric oxide 
synthase-2 and phagocyte oxidase. J Exp Med, 194(8), 1123-1140.  

Eide, M., Rusten, M., Male, R., Jensen, K. H., & Goksoyr, A. (2014). A characterization of 
the ZFL cell line and primary hepatocytes as in vitro liver cell models for the 
zebrafish (Danio rerio). Aquat Toxicol, 147, 7-17. doi:10.1016/j.aquatox.2013.11.023 

Ekmekciu, I., von Klitzing, E., Fiebiger, U., Escher, U., Neumann, C., Bacher, P., . . . 
Heimesaat, M. M. (2017). Immune Responses to Broad-Spectrum Antibiotic 
Treatment and Fecal Microbiota Transplantation in Mice. Front Immunol, 8, 397. 
doi:10.3389/fimmu.2017.00397 

El Aidy, S., Merrifield, C. A., Derrien, M., van Baarlen, P., Hooiveld, G., Levenez, F., . . . 
Kleerebezem, M. (2013). The gut microbiota elicits a profound metabolic 



 

218 

reorientation in the mouse jejunal mucosa during conventionalisation. Gut, 62(9), 
1306-1314. doi:10.1136/gutjnl-2011-301955 

El-Benna, J., Hurtado-Nedelec, M., Marzaioli, V., Marie, J. C., Gougerot-Pocidalo, M. A., 
& Dang, P. M. (2016). Priming of the neutrophil respiratory burst: role in host 
defense and inflammation. Immunol Rev, 273(1), 180-193. doi:10.1111/imr.12447 

Erben, U., Loddenkemper, C., Doerfel, K., Spieckermann, S., Haller, D., Heimesaat, M. M., 
. . . Kuhl, A. A. (2014). A guide to histomorphological evaluation of intestinal 
inflammation in mouse models. Int J Clin Exp Pathol, 7(8), 4557-4576.  

Ericsson, A. C., Hagan, C. E., Davis, D. J., & Franklin, C. L. (2014). Segmented filamentous 
bacteria: commensal microbes with potential effects on research. Comp Med, 64(2), 
90-98.  

Eun, C. S., Mishima, Y., Wohlgemuth, S., Liu, B., Bower, M., Carroll, I. M., & Sartor, R. B. 
(2014). Induction of bacterial antigen-specific colitis by a simplified human 
microbiota consortium in gnotobiotic interleukin-10-/- mice. Infect Immun, 82(6), 
2239-2246. doi:10.1128/IAI.01513-13 

Evrard, M., Kwok, I. W. H., Chong, S. Z., Teng, K. W. W., Becht, E., Chen, J., . . . Ng, L. G. 
(2018). Developmental Analysis of Bone Marrow Neutrophils Reveals Populations 
Specialized in Expansion, Trafficking, and Effector Functions. Immunity, 48(2), 364-
379 e368. doi:10.1016/j.immuni.2018.02.002 

Fabian Pedregosa, G. V., Alexandre Gramfort, Vincent Michel, Bertrand Thirion, Olivier 
Grisel, Mathieu Blondel, Andreas Müller, Joel Nothman, Gilles Louppe, Peter 
Prettenhofer, Ron Weiss, Vincent Dubourg, Jake Vanderplas, Alexandre Passos, 
David Cournapeau, Matthieu Brucher, Matthieu Perrot, Édouard Duchesnay. 
(2011). Scikit-learn: Machine Learning in Python. Journal of Machine Learning 
Research, 12, 2825-2830.  

Faith, J. J., Ahern, P. P., Ridaura, V. K., Cheng, J., & Gordon, J. I. (2014). Identifying gut 
microbe-host phenotype relationships using combinatorial communities in 



 

219 

gnotobiotic mice. Sci Transl Med, 6(220), 220ra211. 
doi:10.1126/scitranslmed.3008051 

Feingold, K. R., & Grunfeld, C. (2000). Introduction to Lipids and Lipoproteins. In K. R. 
Feingold, B. Anawalt, A. Boyce, G. Chrousos, K. Dungan, A. Grossman, J. M. 
Hershman, G. Kaltsas, C. Koch, P. Kopp, M. Korbonits, R. McLachlan, J. E. Morley, 
M. New, L. Perreault, J. Purnell, R. Rebar, F. Singer, D. L. Trence, A. Vinik, & D. P. 
Wilson (Eds.), Endotext. South Dartmouth (MA). 

Feng, Y., & Cronan, J. E. (2012). Crosstalk of Escherichia coli FadR with global regulators 
in expression of fatty acid transport genes. PLoS One, 7(9), e46275. 
doi:10.1371/journal.pone.0046275 

Fiebiger, U., Bereswill, S., & Heimesaat, M. M. (2016). Dissecting the Interplay Between 
Intestinal Microbiota and Host Immunity in Health and Disease: Lessons Learned 
from Germfree and Gnotobiotic Animal Models. Eur J Microbiol Immunol (Bp), 6(4), 
253-271. doi:10.1556/1886.2016.00036 

Filippin-Monteiro, F. B., de Oliveira, E. M., Sandri, S., Knebel, F. H., Albuquerque, R. C., 
& Campa, A. (2012). Serum amyloid A is a growth factor for 3T3-L1 adipocytes, 
inhibits differentiation and promotes insulin resistance. Int J Obes (Lond), 36(8), 
1032-1039. doi:10.1038/ijo.2011.193 

Flores, M. V., Hall, C. J., Davidson, A. J., Singh, P. P., Mahagaonkar, A. A., Zon, L. I., . . . 
Crosier, P. S. (2008). Intestinal differentiation in zebrafish requires Cdx1b, a 
functional equivalent of mammalian Cdx2. Gastroenterology, 135(5), 1665-1675. 
doi:10.1053/j.gastro.2008.07.024 

Frame, N. M., & Gursky, O. (2016). Structure of serum amyloid A suggests a mechanism 
for selective lipoprotein binding and functions: SAA as a hub in macromolecular 
interaction networks. FEBS Lett, 590(6), 866-879. doi:10.1002/1873-3468.12116 

Frame, N. M., & Gursky, O. (2017). Structure of serum amyloid A suggests a mechanism 
for selective lipoprotein binding and functions: SAA as a hub in macromolecular 
interaction networks. Amyloid, 24(sup1), 13-14. doi:10.1080/13506129.2016.1270930 



 

220 

Franchi, L., Warner, N., Viani, K., & Nunez, G. (2009). Function of Nod-like receptors in 
microbial recognition and host defense. Immunol Rev, 227(1), 106-128. 
doi:10.1111/j.1600-065X.2008.00734.x 

Francis, M. B., Allen, C. A., Shrestha, R., & Sorg, J. A. (2013). Bile acid recognition by the 
Clostridium difficile germinant receptor, CspC, is important for establishing 
infection. PLoS Pathog, 9(5), e1003356. doi:10.1371/journal.ppat.1003356 

Freter, R., O'Brien, P. C., & Macsai, M. S. (1981). Role of chemotaxis in the association of 
motile bacteria with intestinal mucosa: in vivo studies. Infect Immun, 34(1), 234-
240.  

Fujita, Y., Matsuoka, H., & Hirooka, K. (2007). Regulation of fatty acid metabolism in 
bacteria. Mol Microbiol, 66(4), 829-839. doi:10.1111/j.1365-2958.2007.05947.x 

Furlaneto, C. J., & Campa, A. (2000). A novel function of serum amyloid A: a potent 
stimulus for the release of tumor necrosis factor-alpha, interleukin-1beta, and 
interleukin-8 by human blood neutrophil. Biochem Biophys Res Commun, 268(2), 
405-408. doi:10.1006/bbrc.2000.2143 

Gabay, C., & Kushner, I. (1999). Acute-phase proteins and other systemic responses to 
inflammation. N Engl J Med, 340(6), 448-454. doi:10.1056/NEJM199902113400607 

Galindo-Villegas, J., Garcia-Moreno, D., de Oliveira, S., Meseguer, J., & Mulero, V. (2012). 
Regulation of immunity and disease resistance by commensal microbes and 
chromatin modifications during zebrafish development. Proc Natl Acad Sci U S A, 
109(39), E2605-2614. doi:10.1073/pnas.1209920109 

Gama-Castro, S., Salgado, H., Santos-Zavaleta, A., Ledezma-Tejeida, D., Muniz-Rascado, 
L., Garcia-Sotelo, J. S., . . . Collado-Vides, J. (2016). RegulonDB version 9.0: high-
level integration of gene regulation, coexpression, motif clustering and beyond. 
Nucleic Acids Res, 44(D1), D133-143. doi:10.1093/nar/gkv1156 



 

221 

Ganal, S. C., Sanos, S. L., Kallfass, C., Oberle, K., Johner, C., Kirschning, C., . . . Diefenbach, 
A. (2012). Priming of natural killer cells by nonmucosal mononuclear phagocytes 
requires instructive signals from commensal microbiota. Immunity, 37(1), 171-186. 
doi:10.1016/j.immuni.2012.05.020 

Gensollen, T., Iyer, S. S., Kasper, D. L., & Blumberg, R. S. (2016). How colonization by 
microbiota in early life shapes the immune system. Science, 352(6285), 539-544. 
doi:10.1126/science.aad9378 

Geuking, M. B., Cahenzli, J., Lawson, M. A., Ng, D. C., Slack, E., Hapfelmeier, S., . . . 
Macpherson, A. J. (2011). Intestinal bacterial colonization induces mutualistic 
regulatory T cell responses. Immunity, 34(5), 794-806. 
doi:10.1016/j.immuni.2011.03.021 

Gewirtz, A. T., Navas, T. A., Lyons, S., Godowski, P. J., & Madara, J. L. (2001). Cutting 
edge: bacterial flagellin activates basolaterally expressed TLR5 to induce epithelial 
proinflammatory gene expression. J Immunol, 167(4), 1882-1885.  

Glass, C. K., & Natoli, G. (2016). Molecular control of activation and priming in 
macrophages. Nat Immunol, 17(1), 26-33. doi:10.1038/ni.3306 

Goldsmith, J. R., Cocchiaro, J. L., Rawls, J. F., & Jobin, C. (2013). Glafenine-induced 
intestinal injury in zebrafish is ameliorated by mu-opioid signaling via 
enhancement of Atf6-dependent cellular stress responses. Dis Model Mech, 6(1), 
146-159. doi:10.1242/dmm.009852 

Gomez Rosso, L., Lhomme, M., Merono, T., Sorroche, P., Catoggio, L., Soriano, E., . . . 
Kontush, A. (2014). Altered lipidome and antioxidative activity of small, dense 
HDL in normolipidemic rheumatoid arthritis: relevance of inflammation. 
Atherosclerosis, 237(2), 652-660. doi:10.1016/j.atherosclerosis.2014.09.034 

Gordon, S. M., Chung, J. H., Playford, M. P., Dey, A. K., Sviridov, D., Seifuddin, F., . . . 
Remaley, A. T. (2018). High density lipoprotein proteome is associated with 
cardiovascular risk factors and atherosclerosis burden as evaluated by coronary 



 

222 

CT angiography. Atherosclerosis, 278, 278-285. 
doi:10.1016/j.atherosclerosis.2018.09.032 

Gore, A. V., Pillay, L. M., Venero Galanternik, M., & Weinstein, B. M. (2018). The zebrafish: 
A fintastic model for hematopoietic development and disease. Wiley Interdiscip Rev 
Dev Biol, 7(3), e312. doi:10.1002/wdev.312 

Gruys, E., Toussaint, M. J., Niewold, T. A., & Koopmans, S. J. (2005). Acute phase reaction 
and acute phase proteins. J Zhejiang Univ Sci B, 6(11), 1045-1056. 
doi:10.1631/jzus.2005.B1045 

Gutfeld, O., Prus, D., Ackerman, Z., Dishon, S., Linke, R. P., Levin, M., & Urieli-Shoval, S. 
(2006). Expression of serum amyloid A, in normal, dysplastic, and neoplastic 
human colonic mucosa: implication for a role in colonic tumorigenesis. J Histochem 
Cytochem, 54(1), 63-73. doi:10.1369/jhc.5A6645.2005 

Hafiane, A., & Genest, J. (2015). HDL-Mediated Cellular Cholesterol Efflux Assay Method. 
Ann Clin Lab Sci, 45(6), 659-668.  

Hagihara, K., Nishikawa, T., Isobe, T., Song, J., Sugamata, Y., & Yoshizaki, K. (2004). IL-6 
plays a critical role in the synergistic induction of human serum amyloid A (SAA) 
gene when stimulated with proinflammatory cytokines as analyzed with an SAA 
isoform real-time quantitative RT-PCR assay system. Biochem Biophys Res Commun, 
314(2), 363-369.  

Haiko, J., & Westerlund-Wikstrom, B. (2013). The role of the bacterial flagellum in 
adhesion and virulence. Biology (Basel), 2(4), 1242-1267. 
doi:10.3390/biology2041242 

Hall, C., Flores, M. V., Storm, T., Crosier, K., & Crosier, P. (2007). The zebrafish lysozyme 
C promoter drives myeloid-specific expression in transgenic fish. BMC Dev Biol, 7, 
42. doi:10.1186/1471-213X-7-42 



 

223 

Han, C. Y., Tang, C., Guevara, M. E., Wei, H., Wietecha, T., Shao, B., . . . Chait, A. (2016). 
Serum amyloid A impairs the antiinflammatory properties of HDL. J Clin Invest, 
126(1), 266-281. doi:10.1172/JCI83475 

Hari-Dass, R., Shah, C., Meyer, D. J., & Raynes, J. G. (2005). Serum amyloid A protein 
binds to outer membrane protein A of gram-negative bacteria. J Biol Chem, 280(19), 
18562-18567. doi:10.1074/jbc.M500490200 

Harvie, E. A., & Huttenlocher, A. (2015). Neutrophils in host defense: new insights from 
zebrafish. J Leukoc Biol, 98(4), 523-537. doi:10.1189/jlb.4MR1114-524R 

Hatanaka, E., Furlaneto, C. J., Ribeiro, F. P., Souza, G. M., & Campa, A. (2004). Serum 
amyloid A-induced mRNA expression and release of tumor necrosis factor-alpha 
(TNF-alpha) in human neutrophils. Immunol Lett, 91(1), 33-37.  

Hatanaka, E., Monteagudo, P. T., Marrocos, M. S., & Campa, A. (2007). Interaction 
between serum amyloid A and leukocytes - a possible role in the progression of 
vascular complications in diabetes. Immunol Lett, 108(2), 160-166. 
doi:10.1016/j.imlet.2006.12.005 

Hatanaka, E., Pereira Ribeiro, F., & Campa, A. (2003). The acute phase protein serum 
amyloid A primes neutrophils. FEMS Immunol Med Microbiol, 38(1), 81-84.  

He, R., Sang, H., & Ye, R. D. (2003). Serum amyloid A induces IL-8 secretion through a G 
protein-coupled receptor, FPRL1/LXA4R. Blood, 101(4), 1572-1581. 
doi:10.1182/blood-2002-05-1431 

He, R. L., Zhou, J., Hanson, C. Z., Chen, J., Cheng, N., & Ye, R. D. (2009). Serum amyloid 
A induces G-CSF expression and neutrophilia via Toll-like receptor 2. Blood, 113(2), 
429-437. doi:10.1182/blood-2008-03-139923 

Hengge, R. (2009). Principles of c-di-GMP signalling in bacteria. Nat Rev Microbiol, 7(4), 
263-273. doi:10.1038/nrmicro2109 



 

224 

Her, G. M., Chiang, C. C., Chen, W. Y., & Wu, J. L. (2003). In vivo studies of liver-type 
fatty acid binding protein (L-FABP) gene expression in liver of transgenic 
zebrafish (Danio rerio). FEBS Lett, 538(1-3), 125-133.  

Her, G. M., Chiang, C. C., & Wu, J. L. (2004). Zebrafish intestinal fatty acid binding protein 
(I-FABP) gene promoter drives gut-specific expression in stable transgenic fish. 
Genesis, 38(1), 26-31. doi:10.1002/gene.10248 

Herbomel, P., Thisse, B., & Thisse, C. (1999). Ontogeny and behaviour of early 
macrophages in the zebrafish embryo. Development, 126(17), 3735-3745.  

Hergott, C. B., Roche, A. M., Tamashiro, E., Clarke, T. B., Bailey, A. G., Laughlin, A., . . . 
Weiser, J. N. (2016). Peptidoglycan from the gut microbiota governs the lifespan 
of circulating phagocytes at homeostasis. Blood, 127(20), 2460-2471. 
doi:10.1182/blood-2015-10-675173 

Hirakura, Y., Carreras, I., Sipe, J. D., & Kagan, B. L. (2002). Channel formation by serum 
amyloid A: a potential mechanism for amyloid pathogenesis and host defense. 
Amyloid, 9(1), 13-23.  

Huang da, W., Sherman, B. T., & Lempicki, R. A. (2009a). Bioinformatics enrichment tools: 
paths toward the comprehensive functional analysis of large gene lists. Nucleic 
Acids Res, 37(1), 1-13. doi:10.1093/nar/gkn923 

Huang da, W., Sherman, B. T., & Lempicki, R. A. (2009b). Systematic and integrative 
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc, 4(1), 
44-57. doi:10.1038/nprot.2008.211 

Ivanov, II, Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., . . . Littman, D. R. 
(2009). Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell, 
139(3), 485-498. doi:10.1016/j.cell.2009.09.033 

Jahangiri, A. (2010). High-density lipoprotein and the acute phase response. Curr Opin 
Endocrinol Diabetes Obes, 17(2), 156-160. doi:10.1097/MED.0b013e328337278b 



 

225 

Janssen, W. J., Bratton, D. L., Jakubzick, C. V., & Henson, P. M. (2016). Myeloid Cell 
Turnover and Clearance. Microbiol Spectr, 4(6). doi:10.1128/microbiolspec.MCHD-
0005-2015 

Jao, L. E., Wente, S. R., & Chen, W. (2013). Efficient multiplex biallelic zebrafish genome 
editing using a CRISPR nuclease system. Proc Natl Acad Sci U S A, 110(34), 13904-
13909. doi:10.1073/pnas.1308335110 

Jenal, U., Reinders, A., & Lori, C. (2017). Cyclic di-GMP: second messenger extraordinaire. 
Nat Rev Microbiol, 15(5), 271-284. doi:10.1038/nrmicro.2016.190 

Jensen, L. E., & Whitehead, A. S. (1998). Regulation of serum amyloid A protein expression 
during the acute-phase response. Biochem J, 334 ( Pt 3), 489-503.  

Jernas, M., Palming, J., Sjoholm, K., Jennische, E., Svensson, P. A., Gabrielsson, B. G., . . . 
Lonn, M. (2006). Separation of human adipocytes by size: hypertrophic fat cells 
display distinct gene expression. FASEB J, 20(9), 1540-1542. doi:10.1096/fj.05-
5678fje 

Jin, F., Li, Y., Dixon, J. R., Selvaraj, S., Ye, Z., Lee, A. Y., . . . Ren, B. (2013). A high-resolution 
map of the three-dimensional chromatin interactome in human cells. Nature, 
503(7475), 290-294. doi:10.1038/nature12644 

Johansen, M. D., Kasparian, J. A., Hortle, E., Britton, W. J., Purdie, A. C., & Oehlers, S. H. 
(2018). Mycobacterium marinum infection drives foam cell differentiation in 
zebrafish infection models. Dev Comp Immunol, 88, 169-172. 
doi:10.1016/j.dci.2018.07.022 

Johansson, M. E., Ambort, D., Pelaseyed, T., Schutte, A., Gustafsson, J. K., Ermund, A., . . 
. Hansson, G. C. (2011). Composition and functional role of the mucus layers in the 
intestine. Cell Mol Life Sci, 68(22), 3635-3641. doi:10.1007/s00018-011-0822-3 

Johansson, M. E., Phillipson, M., Petersson, J., Velcich, A., Holm, L., & Hansson, G. C. 
(2008). The inner of the two Muc2 mucin-dependent mucus layers in colon is 



 

226 

devoid of bacteria. Proc Natl Acad Sci U S A, 105(39), 15064-15069. 
doi:10.1073/pnas.0803124105 

Johansson, M. E., Sjovall, H., & Hansson, G. C. (2013). The gastrointestinal mucus system 
in health and disease. Nat Rev Gastroenterol Hepatol, 10(6), 352-361. 
doi:10.1038/nrgastro.2013.35 

Josefsdottir, K. S., Baldridge, M. T., Kadmon, C. S., & King, K. Y. (2017). Antibiotics impair 
murine hematopoiesis by depleting the intestinal microbiota. Blood, 129(6), 729-
739. doi:10.1182/blood-2016-03-708594 

Jovel, J., Patterson, J., Wang, W., Hotte, N., O'Keefe, S., Mitchel, T., . . . Wong, G. K. (2016). 
Characterization of the Gut Microbiome Using 16S or Shotgun Metagenomics. 
Front Microbiol, 7, 459. doi:10.3389/fmicb.2016.00459 

Kajikawa, A., Suzuki, S., & Igimi, S. (2018). The impact of motility on the localization of 
Lactobacillus agilis in the murine gastrointestinal tract. BMC Microbiol, 18(1), 68. 
doi:10.1186/s12866-018-1219-3 

Kanther, M., & Rawls, J. F. (2010). Host-microbe interactions in the developing zebrafish. 
Curr Opin Immunol, 22(1), 10-19. doi:10.1016/j.coi.2010.01.006 

Kanther, M., Sun, X., Muhlbauer, M., Mackey, L. C., Flynn, E. J., 3rd, Bagnat, M., . . . Rawls, 
J. F. (2011). Microbial colonization induces dynamic temporal and spatial patterns 
of NF-kappaB activation in the zebrafish digestive tract. Gastroenterology, 141(1), 
197-207. doi:10.1053/j.gastro.2011.03.042 

Kanther, M., Tomkovich, S., Xiaolun, S., Grosser, M. R., Koo, J., Flynn, E. J., 3rd, . . . Rawls, 
J. F. (2014). Commensal microbiota stimulate systemic neutrophil migration 
through induction of serum amyloid A. Cell Microbiol, 16(7), 1053-1067. 
doi:10.1111/cmi.12257 



 

227 

Karmarkar, D., & Rock, K. L. (2013). Microbiota signalling through MyD88 is necessary 
for a systemic neutrophilic inflammatory response. Immunology, 140(4), 483-492. 
doi:10.1111/imm.12159 

Kawasaki, T., & Kawai, T. (2014). Toll-like receptor signaling pathways. Front Immunol, 5, 
461. doi:10.3389/fimmu.2014.00461 

Keightley, M. C., Carradice, D. P., Layton, J. E., Pase, L., Bertrand, J. Y., Wittig, J. G., . . . 
Lieschke, G. J. (2017). The Pu.1 target gene Zbtb11 regulates neutrophil 
development through its integrase-like HHCC zinc finger. Nat Commun, 8, 14911. 
doi:10.1038/ncomms14911 

Kennedy, E. A., King, K. Y., & Baldridge, M. T. (2018). Mouse Microbiota Models: 
Comparing Germ-Free Mice and Antibiotics Treatment as Tools for Modifying 
Gut Bacteria. Front Physiol, 9, 1534. doi:10.3389/fphys.2018.01534 

Kenyon, A., Gavriouchkina, D., Zorman, J., Napolitani, G., Cerundolo, V., & Sauka-
Spengler, T. (2017). Active nuclear transcriptome analysis reveals inflammasome-
dependent mechanism for early neutrophil response to Mycobacterium marinum. 
Sci Rep, 7(1), 6505. doi:10.1038/s41598-017-06099-x 

Keynan, Y., Weber, G., & Sprecher, H. (2007). Molecular identification of Exiguobacterium 
acetylicum as the aetiological agent of bacteraemia. J Med Microbiol, 56(Pt 4), 563-
564. doi:10.1099/jmm.0.46866-0 

Khosravi, A., Yanez, A., Price, J. G., Chow, A., Merad, M., Goodridge, H. S., & Mazmanian, 
S. K. (2014). Gut microbiota promote hematopoiesis to control bacterial infection. 
Cell Host Microbe, 15(3), 374-381. doi:10.1016/j.chom.2014.02.006 

Khovidhunkit, W., Kim, M. S., Memon, R. A., Shigenaga, J. K., Moser, A. H., Feingold, K. 
R., & Grunfeld, C. (2004). Effects of infection and inflammation on lipid and 
lipoprotein metabolism: mechanisms and consequences to the host. J Lipid Res, 
45(7), 1169-1196. doi:10.1194/jlr.R300019-JLR200 



 

228 

Kim, M. H., de Beer, M. C., Wroblewski, J. M., Webb, N. R., & de Beer, F. C. (2013). SAA 
does not induce cytokine production in physiological conditions. Cytokine, 61(2), 
506-512. doi:10.1016/j.cyto.2012.10.019 

King, V. L., Thompson, J., & Tannock, L. R. (2011). Serum amyloid A in atherosclerosis. 
Curr Opin Lipidol, 22(4), 302-307. doi:10.1097/MOL.0b013e3283488c39 

Kobayashi, S. D., Voyich, J. M., Braughton, K. R., Whitney, A. R., Nauseef, W. M., Malech, 
H. L., & DeLeo, F. R. (2004). Gene expression profiling provides insight into the 
pathophysiology of chronic granulomatous disease. J Immunol, 172(1), 636-643.  

Koch, B. E. V., Yang, S., Lamers, G., Stougaard, J., & Spaink, H. P. (2018). Intestinal 
microbiome adjusts the innate immune setpoint during colonization through 
negative regulation of MyD88. Nat Commun, 9(1), 4099. doi:10.1038/s41467-018-
06658-4 

Kolaczkowska, E., & Kubes, P. (2013). Neutrophil recruitment and function in health and 
inflammation. Nat Rev Immunol, 13(3), 159-175. doi:10.1038/nri3399 

Koppel, N., Bisanz, J. E., Pandelia, M. E., Turnbaugh, P. J., & Balskus, E. P. (2018). 
Discovery and characterization of a prevalent human gut bacterial enzyme 
sufficient for the inactivation of a family of plant toxins. Elife, 7. 
doi:10.7554/eLife.33953 

Kostic, A. D., Howitt, M. R., & Garrett, W. S. (2013). Exploring host-microbiota interactions 
in animal models and humans. Genes Dev, 27(7), 701-718. 
doi:10.1101/gad.212522.112 

Krishnan, S., Ding, Y., Saedi, N., Choi, M., Sridharan, G. V., Sherr, D. H., . . . Lee, K. (2018). 
Gut Microbiota-Derived Tryptophan Metabolites Modulate Inflammatory 
Response in Hepatocytes and Macrophages. Cell Rep, 23(4), 1099-1111. 
doi:10.1016/j.celrep.2018.03.109 



 

229 

Kruger, P., Saffarzadeh, M., Weber, A. N., Rieber, N., Radsak, M., von Bernuth, H., . . . 
Hartl, D. (2015). Neutrophils: Between host defence, immune modulation, and 
tissue injury. PLoS Pathog, 11(3), e1004651. doi:10.1371/journal.ppat.1004651 

Kuderer, N. M., Dale, D. C., Crawford, J., Cosler, L. E., & Lyman, G. H. (2006). Mortality, 
morbidity, and cost associated with febrile neutropenia in adult cancer patients. 
Cancer, 106(10), 2258-2266. doi:10.1002/cncr.21847 

Lagkouvardos, I., Pukall, R., Abt, B., Foesel, B. U., Meier-Kolthoff, J. P., Kumar, N., . . . 
Clavel, T. (2016). The Mouse Intestinal Bacterial Collection (miBC) provides host-
specific insight into cultured diversity and functional potential of the gut 
microbiota. Nat Microbiol, 1(10), 16131. doi:10.1038/nmicrobiol.2016.131 

Lam, S. H., Chua, H. L., Gong, Z., Lam, T. J., & Sin, Y. M. (2004). Development and 
maturation of the immune system in zebrafish, Danio rerio: a gene expression 
profiling, in situ hybridization and immunological study. Dev Comp Immunol, 
28(1), 9-28.  

Lane, M. C., Lockatell, V., Monterosso, G., Lamphier, D., Weinert, J., Hebel, J. R., . . . 
Mobley, H. L. (2005). Role of motility in the colonization of uropathogenic 
Escherichia coli in the urinary tract. Infect Immun, 73(11), 7644-7656. 
doi:10.1128/IAI.73.11.7644-7656.2005 

Larsson, E., Tremaroli, V., Lee, Y. S., Koren, O., Nookaew, I., Fricker, A., . . . Backhed, F. 
(2012). Analysis of gut microbial regulation of host gene expression along the 
length of the gut and regulation of gut microbial ecology through MyD88. Gut, 
61(8), 1124-1131. doi:10.1136/gutjnl-2011-301104 

Lawson, N. D., & Berliner, N. (1999). Neutrophil maturation and the role of retinoic acid. 
Exp Hematol, 27(9), 1355-1367.  

Lee, H. Y., Kim, S. D., Shim, J. W., Lee, S. Y., Lee, H., Cho, K. H., . . . Bae, Y. S. (2008). Serum 
amyloid A induces CCL2 production via formyl peptide receptor-like 1-mediated 
signaling in human monocytes. J Immunol, 181(6), 4332-4339.  



 

230 

Lee, S. H. (2015). Intestinal permeability regulation by tight junction: implication on 
inflammatory bowel diseases. Intest Res, 13(1), 11-18. doi:10.5217/ir.2015.13.1.11 

Lee, W. J., & Hase, K. (2014). Gut microbiota-generated metabolites in animal health and 
disease. Nat Chem Biol, 10(6), 416-424. doi:10.1038/nchembio.1535 

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M., & Hoffmann, J. A. (1996). The 
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent 
antifungal response in Drosophila adults. Cell, 86(6), 973-983.  

Li, Y., Hou, S., Peng, W., Lin, Q., Chen, F., Yang, L., . . . Huang, X. (2019). Oral 
Administration of Lactobacillus delbrueckii during the Suckling Phase Improves 
Antioxidant Activities and Immune Responses after the Weaning Event in a Piglet 
Model. Oxid Med Cell Longev, 2019, 6919803. doi:10.1155/2019/6919803 

Li, Y., Li, Y., Cao, X., Jin, X., & Jin, T. (2017). Pattern recognition receptors in zebrafish 
provide functional and evolutionary insight into innate immune signaling 
pathways. Cell Mol Immunol, 14(1), 80-89. doi:10.1038/cmi.2016.50 

Lickwar, C. R., Camp, J. G., Weiser, M., Cocchiaro, J. L., Kingsley, D. M., Furey, T. S., . . . 
Rawls, J. F. (2017). Genomic dissection of conserved transcriptional regulation in 
intestinal epithelial cells. PLoS Biol, 15(8), e2002054. 
doi:10.1371/journal.pbio.2002054 

Lin, B., Chen, S., Cao, Z., Lin, Y., Mo, D., Zhang, H., . . . Xu, A. (2007). Acute phase response 
in zebrafish upon Aeromonas salmonicida and Staphylococcus aureus infection: 
striking similarities and obvious differences with mammals. Mol Immunol, 44(4), 
295-301. doi:10.1016/j.molimm.2006.03.001 

Linninge, C., Xu, J., Bahl, M. I., Ahrne, S., & Molin, G. (2019). Lactobacillus fermentum 
and Lactobacillus plantarum increased gut microbiota diversity and functionality, 
and mitigated Enterobacteriaceae, in a mouse model. Benef Microbes, 1-12. 
doi:10.3920/BM2018.0074 



 

231 

Liu, C., Gates, K. P., Fang, L., Amar, M. J., Schneider, D. A., Geng, H., . . . Miller, Y. I. 
(2015). Apoc2 loss-of-function zebrafish mutant as a genetic model of 
hyperlipidemia. Dis Model Mech, 8(8), 989-998. doi:10.1242/dmm.019836 

Liu, L. R., Lin, S. P., Chen, C. C., Chen, Y. J., Tai, C. C., Chang, S. C., . . . Ding, S. T. (2011). 
Serum amyloid A induces lipolysis by downregulating perilipin through ERK1/2 
and PKA signaling pathways. Obesity (Silver Spring), 19(12), 2301-2309. 
doi:10.1038/oby.2011.176 

Longley, D. B., Steel, D. M., & Whitehead, A. S. (1999). Posttranscriptional regulation of 
acute phase serum amyloid A2 expression by the 5'- and 3'-untranslated regions 
of its mRNA. J Immunol, 163(8), 4537-4545.  

Lu, J., Yu, Y., Zhu, I., Cheng, Y., & Sun, P. D. (2014). Structural mechanism of serum 
amyloid A-mediated inflammatory amyloidosis. Proc Natl Acad Sci U S A, 111(14), 
5189-5194. doi:10.1073/pnas.1322357111 

Lundberg, R., Toft, M. F., August, B., Hansen, A. K., & Hansen, C. H. (2016). Antibiotic-
treated versus germ-free rodents for microbiota transplantation studies. Gut 
Microbes, 7(1), 68-74. doi:10.1080/19490976.2015.1127463 

Macpherson, A. J., & McCoy, K. D. (2015). Standardised animal models of host microbial 
mutualism. Mucosal Immunol, 8(3), 476-486. doi:10.1038/mi.2014.113 

Malcolm, K. C., Arndt, P. G., Manos, E. J., Jones, D. A., & Worthen, G. S. (2003). Microarray 
analysis of lipopolysaccharide-treated human neutrophils. Am J Physiol Lung Cell 
Mol Physiol, 284(4), L663-670. doi:10.1152/ajplung.00094.2002 

Manjunath, C. N., Rawal, J. R., Irani, P. M., & Madhu, K. (2013). Atherogenic dyslipidemia. 
Indian J Endocrinol Metab, 17(6), 969-976. doi:10.4103/2230-8210.122600 

Manz, M. G., & Boettcher, S. (2014). Emergency granulopoiesis. Nat Rev Immunol, 14(5), 
302-314. doi:10.1038/nri3660 



 

232 

Marjoram, L., Alvers, A., Deerhake, M. E., Bagwell, J., Mankiewicz, J., Cocchiaro, J. L., . . . 
Bagnat, M. (2015). Epigenetic control of intestinal barrier function and 
inflammation in zebrafish. Proc Natl Acad Sci U S A, 112(9), 2770-2775. 
doi:10.1073/pnas.1424089112 

Mark Welch, J. L., Hasegawa, Y., McNulty, N. P., Gordon, J. I., & Borisy, G. G. (2017). 
Spatial organization of a model 15-member human gut microbiota established in 
gnotobiotic mice. Proc Natl Acad Sci U S A, 114(43), E9105-E9114. 
doi:10.1073/pnas.1711596114 

Martinez-Guryn, K., Hubert, N., Frazier, K., Urlass, S., Musch, M. W., Ojeda, P., . . . Chang, 
E. B. (2018). Small Intestine Microbiota Regulate Host Digestive and Absorptive 
Adaptive Responses to Dietary Lipids. Cell Host Microbe, 23(4), 458-469 e455. 
doi:10.1016/j.chom.2018.03.011 

Marzi, C., Huth, C., Herder, C., Baumert, J., Thorand, B., Rathmann, W., . . . Illig, T. (2013). 
Acute-phase serum amyloid A protein and its implication in the development of 
type 2 diabetes in the KORA S4/F4 study. Diabetes Care, 36(5), 1321-1326. 
doi:10.2337/dc12-1514 

Mathias, J. R., Dodd, M. E., Walters, K. B., Yoo, S. K., Ranheim, E. A., & Huttenlocher, A. 
(2009). Characterization of zebrafish larval inflammatory macrophages. Dev Comp 
Immunol, 33(11), 1212-1217. doi:10.1016/j.dci.2009.07.003 

Matty, M. A., Knudsen, D. R., Walton, E. M., Beerman, R. W., Cronan, M. R., Pyle, C. J., . . 
. Tobin, D. M. (2019). Potentiation of P2RX7 as a host-directed strategy for control 
of mycobacterial infection. Elife, 8. doi:10.7554/eLife.39123 

Mayadas, T. N., Cullere, X., & Lowell, C. A. (2014). The multifaceted functions of 
neutrophils. Annu Rev Pathol, 9, 181-218. doi:10.1146/annurev-pathol-020712-
164023 

Mazmanian, S. K., Round, J. L., & Kasper, D. L. (2008). A microbial symbiosis factor 
prevents intestinal inflammatory disease. Nature, 453(7195), 620-625. 
doi:10.1038/nature07008 



 

233 

McArthur, M. J., Atshaves, B. P., Frolov, A., Foxworth, W. D., Kier, A. B., & Schroeder, F. 
(1999). Cellular uptake and intracellular trafficking of long chain fatty acids. J Lipid 
Res, 40(8), 1371-1383.  

McCafferty, J., Muhlbauer, M., Gharaibeh, R. Z., Arthur, J. C., Perez-Chanona, E., Sha, W., 
. . . Fodor, A. A. (2013). Stochastic changes over time and not founder effects drive 
cage effects in microbial community assembly in a mouse model. ISME J, 7(11), 
2116-2125. doi:10.1038/ismej.2013.106 

McFall-Ngai, M., Hadfield, M. G., Bosch, T. C., Carey, H. V., Domazet-Loso, T., Douglas, 
A. E., . . . Wernegreen, J. J. (2013). Animals in a bacterial world, a new imperative 
for the life sciences. Proc Natl Acad Sci U S A, 110(9), 3229-3236. 
doi:10.1073/pnas.1218525110 

Meijer, A. H., Gabby Krens, S. F., Medina Rodriguez, I. A., He, S., Bitter, W., Ewa Snaar-
Jagalska, B., & Spaink, H. P. (2004). Expression analysis of the Toll-like receptor 
and TIR domain adaptor families of zebrafish. Mol Immunol, 40(11), 773-783.  

Migita, K., Izumi, Y., Jiuchi, Y., Kozuru, H., Kawahara, C., Nakamura, M., . . . Eguchi, K. 
(2014). Serum amyloid A induces NLRP-3-mediated IL-1beta secretion in 
neutrophils. PLoS One, 9(5), e96703. doi:10.1371/journal.pone.0096703 

Minchin, J. E. N., & Rawls, J. F. (2017). A classification system for zebrafish adipose tissues. 
Dis Model Mech, 10(6), 797-809. doi:10.1242/dmm.025759 

Miralda, I., Uriarte, S. M., & McLeish, K. R. (2017). Multiple Phenotypic Changes Define 
Neutrophil Priming. Front Cell Infect Microbiol, 7, 217. doi:10.3389/fcimb.2017.00217 

Mitroulis, I., Kalafati, L., Hajishengallis, G., & Chavakis, T. (2018). Myelopoiesis in the 
Context of Innate Immunity. J Innate Immun, 10(5-6), 365-372. 
doi:10.1159/000489406 



 

234 

Mitroulis, I., Ruppova, K., Wang, B., Chen, L. S., Grzybek, M., Grinenko, T., . . . Chavakis, 
T. (2018). Modulation of Myelopoiesis Progenitors Is an Integral Component of 
Trained Immunity. Cell, 172(1-2), 147-161 e112. doi:10.1016/j.cell.2017.11.034 

Morgun, A., Dzutsev, A., Dong, X., Greer, R. L., Sexton, D. J., Ravel, J., . . . Shulzhenko, N. 
(2015). Uncovering effects of antibiotics on the host and microbiota using 
transkingdom gene networks. Gut, 64(11), 1732-1743. doi:10.1136/gutjnl-2014-
308820 

Moshage, H. (1997). Cytokines and the hepatic acute phase response. J Pathol, 181(3), 257-
266. doi:10.1002/(SICI)1096-9896(199703)181:3<257::AID-PATH756>3.0.CO;2-U 

Mukherjee, S., & Hooper, L. V. (2015). Antimicrobial defense of the intestine. Immunity, 
42(1), 28-39. doi:10.1016/j.immuni.2014.12.028 

Murdoch, C. C., Espenschied, S. T., Matty, M. A., Mueller, O., Tobin, D. M., & Rawls, J. F. 
(2019). Intestinal Serum amyloid A suppresses systemic neutrophil activation and 
bactericidal activity in response to microbiota colonization. PLoS Pathog, 15(3), 
e1007381. doi:10.1371/journal.ppat.1007381 

Netea, M. G., Joosten, L. A., Latz, E., Mills, K. H., Natoli, G., Stunnenberg, H. G., . . . Xavier, 
R. J. (2016). Trained immunity: A program of innate immune memory in health 
and disease. Science, 352(6284), aaf1098. doi:10.1126/science.aaf1098 

Netea, M. G., Schlitzer, A., Placek, K., Joosten, L. A. B., & Schultze, J. L. (2019). Innate and 
Adaptive Immune Memory: an Evolutionary Continuum in the Host's Response 
to Pathogens. Cell Host Microbe, 25(1), 13-26. doi:10.1016/j.chom.2018.12.006 

Nguyen, B. D., & Valdivia, R. H. (2012). Virulence determinants in the obligate 
intracellular pathogen Chlamydia trachomatis revealed by forward genetic 
approaches. Proc Natl Acad Sci U S A, 109(4), 1263-1268. 
doi:10.1073/pnas.1117884109 



 

235 

Niemi, K., Teirila, L., Lappalainen, J., Rajamaki, K., Baumann, M. H., Oorni, K., . . . Eklund, 
K. K. (2011). Serum amyloid A activates the NLRP3 inflammasome via P2X7 
receptor and a cathepsin B-sensitive pathway. J Immunol, 186(11), 6119-6128. 
doi:10.4049/jimmunol.1002843 

Noble, C. L., Abbas, A. R., Cornelius, J., Lees, C. W., Ho, G. T., Toy, K., . . . Diehl, L. (2008). 
Regional variation in gene expression in the healthy colon is dysregulated in 
ulcerative colitis. Gut, 57(10), 1398-1405. doi:10.1136/gut.2008.148395 

Nunn, W. D., & Simons, R. W. (1978). Transport of long-chain fatty acids by Escherichia 
coli: mapping and characterization of mutants in the fadL gene. Proc Natl Acad Sci 
U S A, 75(7), 3377-3381.  

O'Toole, G. A. (2011). Microtiter dish biofilm formation assay. J Vis Exp(47). 
doi:10.3791/2437 

Ochoa-Reparaz, J., Mielcarz, D. W., Wang, Y., Begum-Haque, S., Dasgupta, S., Kasper, D. 
L., & Kasper, L. H. (2010). A polysaccharide from the human commensal 
Bacteroides fragilis protects against CNS demyelinating disease. Mucosal Immunol, 
3(5), 487-495. doi:10.1038/mi.2010.29 

Oehlers, S. H., Cronan, M. R., Scott, N. R., Thomas, M. I., Okuda, K. S., Walton, E. M., . . . 
Tobin, D. M. (2015). Interception of host angiogenic signalling limits mycobacterial 
growth. Nature, 517(7536), 612-615. doi:10.1038/nature13967 

Ohkubo, T., Tsuda, M., Suzuki, S., El Borai, N., & Yamamura, M. (1999). Peripheral blood 
neutrophils of germ-free rats modified by in vivo granulocyte-colony-stimulating 
factor and exposure to natural environment. Scand J Immunol, 49(1), 73-77.  

Okahara, S., Arimura, Y., Yabana, T., Kobayashi, K., Gotoh, A., Motoya, S., . . . Imai, K. 
(2005). Inflammatory gene signature in ulcerative colitis with cDNA macroarray 
analysis. Aliment Pharmacol Ther, 21(9), 1091-1097. doi:10.1111/j.1365-
2036.2005.02443.x 



 

236 

Otis, J. P., Shen, M. C., Caldwell, B. A., Reyes Gaido, O. E., & Farber, S. A. (2019). Dietary 
cholesterol and apolipoprotein A-I are trafficked in endosomes and lysosomes in 
the live zebrafish intestine. Am J Physiol Gastrointest Liver Physiol, 316(3), G350-
G365. doi:10.1152/ajpgi.00080.2018 

Otis, J. P., Zeituni, E. M., Thierer, J. H., Anderson, J. L., Brown, A. C., Boehm, E. D., . . . 
Farber, S. A. (2015). Zebrafish as a model for apolipoprotein biology: 
comprehensive expression analysis and a role for ApoA-IV in regulating food 
intake. Dis Model Mech, 8(3), 295-309. doi:10.1242/dmm.018754 

Parichy, D. M. (2015). Advancing biology through a deeper understanding of zebrafish 
ecology and evolution. Elife, 4. doi:10.7554/eLife.05635 

Parker, K. D., Albeke, S. E., Gigley, J. P., Goldstein, A. M., & Ward, N. L. (2018). 
Microbiome Composition in Both Wild-Type and Disease Model Mice Is Heavily 
Influenced by Mouse Facility. Front Microbiol, 9, 1598. 
doi:10.3389/fmicb.2018.01598 

Patel, H., Fellowes, R., Coade, S., & Woo, P. (1998). Human serum amyloid A has cytokine-
like properties. Scand J Immunol, 48(4), 410-418.  

Peterson, L. W., & Artis, D. (2014). Intestinal epithelial cells: regulators of barrier function 
and immune homeostasis. Nat Rev Immunol, 14(3), 141-153. doi:10.1038/nri3608 

Pham, L. N., Kanther, M., Semova, I., & Rawls, J. F. (2008). Methods for generating and 
colonizing gnotobiotic zebrafish. Nat Protoc, 3(12), 1862-1875. 
doi:10.1038/nprot.2008.186 

Phennicie, R. T., Sullivan, M. J., Singer, J. T., Yoder, J. A., & Kim, C. H. (2010). Specific 
resistance to Pseudomonas aeruginosa infection in zebrafish is mediated by the 
cystic fibrosis transmembrane conductance regulator. Infect Immun, 78(11), 4542-
4550. doi:10.1128/IAI.00302-10 



 

237 

Poitou, C., Divoux, A., Faty, A., Tordjman, J., Hugol, D., Aissat, A., . . . Clement, K. (2009). 
Role of serum amyloid a in adipocyte-macrophage cross talk and adipocyte 
cholesterol efflux. J Clin Endocrinol Metab, 94(5), 1810-1817. doi:10.1210/jc.2008-
2040 

Powell, D., Tauzin, S., Hind, L. E., Deng, Q., Beebe, D. J., & Huttenlocher, A. (2017). 
Chemokine Signaling and the Regulation of Bidirectional Leukocyte Migration in 
Interstitial Tissues. Cell Rep, 19(8), 1572-1585. doi:10.1016/j.celrep.2017.04.078 

Pratt, J. T., Tamayo, R., Tischler, A. D., & Camilli, A. (2007). PilZ domain proteins bind 
cyclic diguanylate and regulate diverse processes in Vibrio cholerae. J Biol Chem, 
282(17), 12860-12870. doi:10.1074/jbc.M611593200 

Propheter, D. C., Chara, A. L., Harris, T. A., Ruhn, K. A., & Hooper, L. V. (2017). Resistin-
like molecule beta is a bactericidal protein that promotes spatial segregation of the 
microbiota and the colonic epithelium. Proc Natl Acad Sci U S A, 114(42), 11027-
11033. doi:10.1073/pnas.1711395114 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., . . . Glockner, F. O. 
(2013). The SILVA ribosomal RNA gene database project: improved data 
processing and web-based tools. Nucleic Acids Res, 41(Database issue), D590-596. 
doi:10.1093/nar/gks1219 

Quinlivan, V. H., Wilson, M. H., Ruzicka, J., & Farber, S. A. (2017). An HPLC-
CAD/fluorescence lipidomics platform using fluorescent fatty acids as metabolic 
tracers. J Lipid Res, 58(5), 1008-1020. doi:10.1194/jlr.D072918 

Rajakovich, L. J., & Balskus, E. P. (2018). Metabolic functions of the human gut microbiota: 
the role of metalloenzymes. Nat Prod Rep. doi:10.1039/c8np00074c 

Rao, P. K., Merath, K., Drigalenko, E., Jadhav, A. Y. L., Komorowski, R. A., Goldblatt, M. 
I., . . . Olivier, M. (2018). Proteomic characterization of high-density lipoprotein 
particles in patients with non-alcoholic fatty liver disease. Clin Proteomics, 15, 10. 
doi:10.1186/s12014-018-9186-0 



 

238 

Rawls, J. F., Mahowald, M. A., Goodman, A. L., Trent, C. M., & Gordon, J. I. (2007). In vivo 
imaging and genetic analysis link bacterial motility and symbiosis in the zebrafish 
gut. Proc Natl Acad Sci U S A, 104(18), 7622-7627. doi:10.1073/pnas.0702386104 

Rawls, J. F., Mahowald, M. A., Ley, R. E., & Gordon, J. I. (2006). Reciprocal gut microbiota 
transplants from zebrafish and mice to germ-free recipients reveal host habitat 
selection. Cell, 127(2), 423-433. doi:10.1016/j.cell.2006.08.043 

Rawls, J. F., Samuel, B. S., & Gordon, J. I. (2004). Gnotobiotic zebrafish reveal 
evolutionarily conserved responses to the gut microbiota. Proc Natl Acad Sci U S 
A, 101(13), 4596-4601. doi:10.1073/pnas.0400706101 

Ray, A., Hannink, M., & Ray, B. K. (1995). Concerted participation of NF-kappa B and 
C/EBP heteromer in lipopolysaccharide induction of serum amyloid A gene 
expression in liver. J Biol Chem, 270(13), 7365-7374.  

Reigstad, C. S., & Backhed, F. (2010). Microbial regulation of SAA3 expression in mouse 
colon and adipose tissue. Gut Microbes, 1(1), 55-57. doi:10.4161/gmic.1.1.10514 

Reikvam, D. H., Erofeev, A., Sandvik, A., Grcic, V., Jahnsen, F. L., Gaustad, P., . . . 
Johansen, F. E. (2011). Depletion of murine intestinal microbiota: effects on gut 
mucosa and epithelial gene expression. PLoS One, 6(3), e17996. 
doi:10.1371/journal.pone.0017996 

Renshaw, S. A., & Trede, N. S. (2012). A model 450 million years in the making: zebrafish 
and vertebrate immunity. Dis Model Mech, 5(1), 38-47. doi:10.1242/dmm.007138 

Reynolds, M. G. (2000). Compensatory evolution in rifampin-resistant Escherichia coli. 
Genetics, 156(4), 1471-1481.  

Riazi, A., Strong, P. C., Coleman, R., Chen, W., Hirama, T., van Faassen, H., . . . Ghahroudi, 
M. A. (2013). Pentavalent single-domain antibodies reduce Campylobacter jejuni 
motility and colonization in chickens. PLoS One, 8(12), e83928. 
doi:10.1371/journal.pone.0083928 



 

239 

Ribeiro, F. P., Furlaneto, C. J., Hatanaka, E., Ribeiro, W. B., Souza, G. M., Cassatella, M. A., 
& Campa, A. (2003). mRNA expression and release of interleukin-8 induced by 
serum amyloid A in neutrophils and monocytes. Mediators Inflamm, 12(3), 173-178. 
doi:10.1080/0962935031000134897 

Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., . . . Gordon, J. I. 
(2013). Gut microbiota from twins discordant for obesity modulate metabolism in 
mice. Science, 341(6150), 1241214. doi:10.1126/science.1241214 

Roeselers, G., Mittge, E. K., Stephens, W. Z., Parichy, D. M., Cavanaugh, C. M., Guillemin, 
K., & Rawls, J. F. (2011). Evidence for a core gut microbiota in the zebrafish. ISME 
J, 5(10), 1595-1608. doi:10.1038/ismej.2011.38 

Rolig, A. S., Parthasarathy, R., Burns, A. R., Bohannan, B. J., & Guillemin, K. (2015). 
Individual Members of the Microbiota Disproportionately Modulate Host Innate 
Immune Responses. Cell Host Microbe, 18(5), 613-620. 
doi:10.1016/j.chom.2015.10.009 

Rolig, A. S., Sweeney, E. G., Kaye, L. E., DeSantis, M. D., Perkins, A., Banse, A. V., . . . 
Guillemin, K. (2018). A bacterial immunomodulatory protein with lipocalin-like 
domains facilitates host-bacteria mutualism in larval zebrafish. Elife, 7. 
doi:10.7554/eLife.37172 

Romling, U., Gomelsky, M., & Galperin, M. Y. (2005). C-di-GMP: the dawning of a novel 
bacterial signalling system. Mol Microbiol, 57(3), 629-639. doi:10.1111/j.1365-
2958.2005.04697.x 

Rooks, M. G., Veiga, P., Wardwell-Scott, L. H., Tickle, T., Segata, N., Michaud, M., . . . 
Garrett, W. S. (2014). Gut microbiome composition and function in experimental 
colitis during active disease and treatment-induced remission. ISME J, 8(7), 1403-
1417. doi:10.1038/ismej.2014.3 

Rosales, C. (2018). Neutrophil: A Cell with Many Roles in Inflammation or Several Cell 
Types? Front Physiol, 9, 113. doi:10.3389/fphys.2018.00113 



 

240 

Roulis, M., Armaka, M., Manoloukos, M., Apostolaki, M., & Kollias, G. (2011). Intestinal 
epithelial cells as producers but not targets of chronic TNF suffice to cause murine 
Crohn-like pathology. Proc Natl Acad Sci U S A, 108(13), 5396-5401. 
doi:10.1073/pnas.1007811108 

Round, J. L., & Mazmanian, S. K. (2010). Inducible Foxp3+ regulatory T-cell development 
by a commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U S A, 
107(27), 12204-12209. doi:10.1073/pnas.0909122107 

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., & Tuohy, K. (2018). 
Gut microbiota functions: metabolism of nutrients and other food components. 
Eur J Nutr, 57(1), 1-24. doi:10.1007/s00394-017-1445-8 

Russell, D. G., Cardona, P. J., Kim, M. J., Allain, S., & Altare, F. (2009). Foamy macrophages 
and the progression of the human tuberculosis granuloma. Nat Immunol, 10(9), 
943-948. doi:10.1038/ni.1781 

Sack, G. H., Jr. (2018). Serum amyloid A - a review. Mol Med, 24(1), 46. doi:10.1186/s10020-
018-0047-0 

Sanada, Y., Yamamoto, T., Satake, R., Yamashita, A., Kanai, S., Kato, N., . . . Yanaka, N. 
(2016). Serum Amyloid A3 Gene Expression in Adipocytes is an Indicator of the 
Interaction with Macrophages. Sci Rep, 6, 38697. doi:10.1038/srep38697 

Sander, L. E., Sackett, S. D., Dierssen, U., Beraza, N., Linke, R. P., Muller, M., . . . Trautwein, 
C. (2010). Hepatic acute-phase proteins control innate immune responses during 
infection by promoting myeloid-derived suppressor cell function. J Exp Med, 
207(7), 1453-1464. doi:10.1084/jem.20091474 

Sandri, S., Rodriguez, D., Gomes, E., Monteiro, H. P., Russo, M., & Campa, A. (2008). Is 
serum amyloid A an endogenous TLR4 agonist? J Leukoc Biol, 83(5), 1174-1180. 
doi:10.1189/jlb.0407203 



 

241 

Sano, T., Huang, W., Hall, J. A., Yang, Y., Chen, A., Gavzy, S. J., . . . Littman, D. R. (2015). 
An IL-23R/IL-22 Circuit Regulates Epithelial Serum Amyloid A to Promote Local 
Effector Th17 Responses. Cell, 163(2), 381-393. doi:10.1016/j.cell.2015.08.061 

Sarenko, O., Klauck, G., Wilke, F. M., Pfiffer, V., Richter, A. M., Herbst, S., . . . Hengge, R. 
(2017). More than Enzymes That Make or Break Cyclic Di-GMP-Local Signaling in 
the Interactome of GGDEF/EAL Domain Proteins of Escherichia coli. MBio, 8(5). 
doi:10.1128/mBio.01639-17 

Schaedler, R. W., Dubs, R., & Costello, R. (1965). Association of Germfree Mice with 
Bacteria Isolated from Normal Mice. J Exp Med, 122, 77-82.  

Scheiermann, C., Frenette, P. S., & Hidalgo, A. (2015). Regulation of leucocyte homeostasis 
in the circulation. Cardiovasc Res, 107(3), 340-351. doi:10.1093/cvr/cvv099 

Scheja, L., Heese, B., Zitzer, H., Michael, M. D., Siesky, A. M., Pospisil, H., . . . Seedorf, K. 
(2008). Acute-phase serum amyloid A as a marker of insulin resistance in mice. 
Exp Diabetes Res, 2008, 230837. doi:10.1155/2008/230837 

Schiering, C., Krausgruber, T., Chomka, A., Frohlich, A., Adelmann, K., Wohlfert, E. A., . 
. . Powrie, F. (2014). The alarmin IL-33 promotes regulatory T-cell function in the 
intestine. Nature, 513(7519), 564-568. doi:10.1038/nature13577 

Schuijt, T. J., Lankelma, J. M., Scicluna, B. P., de Sousa e Melo, F., Roelofs, J. J., de Boer, J. 
D., . . . Wiersinga, W. J. (2016). The gut microbiota plays a protective role in the 
host defence against pneumococcal pneumonia. Gut, 65(4), 575-583. 
doi:10.1136/gutjnl-2015-309728 

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., & 
Huttenhower, C. (2011). Metagenomic biomarker discovery and explanation. 
Genome Biol, 12(6), R60. doi:10.1186/gb-2011-12-6-r60 

Segel, G. B., Halterman, M. W., & Lichtman, M. A. (2011). The paradox of the neutrophil's 
role in tissue injury. J Leukoc Biol, 89(3), 359-372. doi:10.1189/jlb.0910538 



 

242 

Sekirov, I., Tam, N. M., Jogova, M., Robertson, M. L., Li, Y., Lupp, C., & Finlay, B. B. (2008). 
Antibiotic-induced perturbations of the intestinal microbiota alter host 
susceptibility to enteric infection. Infect Immun, 76(10), 4726-4736. 
doi:10.1128/IAI.00319-08 

Selvakumar, G., Kundu, S., Joshi, P., Nazim, S., Gupta, A. D., & Gupta, H. S. (2010). 
Growth promotion of wheat seedlings by Exiguobacterium acetylicum 1P (MTCC 
8707) a cold tolerant bacterial strain from the Uttarakhand Himalayas. Indian J 
Microbiol, 50(1), 50-56. doi:10.1007/s12088-009-0024-y 

Semova, I., Carten, J. D., Stombaugh, J., Mackey, L. C., Knight, R., Farber, S. A., & Rawls, 
J. F. (2012). Microbiota regulate intestinal absorption and metabolism of fatty acids 
in the zebrafish. Cell Host Microbe, 12(3), 277-288. doi:10.1016/j.chom.2012.08.003 

Shah, A. S., Tan, L., Long, J. L., & Davidson, W. S. (2013). Proteomic diversity of high 
density lipoproteins: our emerging understanding of its importance in lipid 
transport and beyond. J Lipid Res, 54(10), 2575-2585. doi:10.1194/jlr.R035725 

Shao, B., & Heinecke, J. W. (2018). Quantifying HDL proteins by mass spectrometry: how 
many proteins are there and what are their functions? Expert Rev Proteomics, 15(1), 
31-40. doi:10.1080/14789450.2018.1402680 

Shashkin, P., Dragulev, B., & Ley, K. (2005). Macrophage differentiation to foam cells. Curr 
Pharm Des, 11(23), 3061-3072.  

Shimizu, H., & Yamamoto, K. (1994). NF-kappa B and C/EBP transcription factor families 
synergistically function in mouse serum amyloid A gene expression induced by 
inflammatory cytokines. Gene, 149(2), 305-310.  

Shimizu, T. (2013). The Heme-Based Oxygen-Sensor Phosphodiesterase Ec DOS (DosP): 
Structure-Function Relationships. Biosensors (Basel), 3(2), 211-237. 
doi:10.3390/bios3020211 



 

243 

Shirota, K., LeDuy, L., Yuan, S. Y., & Jothy, S. (1990). Interleukin-6 and its receptor are 
expressed in human intestinal epithelial cells. Virchows Arch B Cell Pathol Incl Mol 
Pathol, 58(4), 303-308.  

Sicard, J. F., Le Bihan, G., Vogeleer, P., Jacques, M., & Harel, J. (2017). Interactions of 
Intestinal Bacteria with Components of the Intestinal Mucus. Front Cell Infect 
Microbiol, 7, 387. doi:10.3389/fcimb.2017.00387 

Silvestre-Roig, C., Hidalgo, A., & Soehnlein, O. (2016). Neutrophil heterogeneity: 
implications for homeostasis and pathogenesis. Blood, 127(18), 2173-2181. 
doi:10.1182/blood-2016-01-688887 

Sommer, F., Nookaew, I., Sommer, N., Fogelstrand, P., & Backhed, F. (2015). Site-specific 
programming of the host epithelial transcriptome by the gut microbiota. Genome 
Biol, 16, 62. doi:10.1186/s13059-015-0614-4 

Song, C., Hsu, K., Yamen, E., Yan, W., Fock, J., Witting, P. K., . . . Freedman, S. B. (2009). 
Serum amyloid A induction of cytokines in monocytes/macrophages and 
lymphocytes. Atherosclerosis, 207(2), 374-383. 
doi:10.1016/j.atherosclerosis.2009.05.007 

Spoor, J., Farajifard, H., & Rezaei, N. (2019). Congenital neutropenia and primary 
immunodeficiency diseases. Crit Rev Oncol Hematol, 133, 149-162. 
doi:10.1016/j.critrevonc.2018.10.003 

Stadhouders, R., Kolovos, P., Brouwer, R., Zuin, J., van den Heuvel, A., Kockx, C., . . . 
Soler, E. (2013). Multiplexed chromosome conformation capture sequencing for 
rapid genome-scale high-resolution detection of long-range chromatin 
interactions. Nat Protoc, 8(3), 509-524. doi:10.1038/nprot.2013.018 

Steel, D. M., & Whitehead, A. S. (1994). The major acute phase reactants: C-reactive 
protein, serum amyloid P component and serum amyloid A protein. Immunol 
Today, 15(2), 81-88. doi:10.1016/0167-5699(94)90138-4 



 

244 

Subrahmanyam, Y. V., Yamaga, S., Prashar, Y., Lee, H. H., Hoe, N. P., Kluger, Y., . . . 
Weissman, S. M. (2001). RNA expression patterns change dramatically in human 
neutrophils exposed to bacteria. Blood, 97(8), 2457-2468.  

Summers, C., Rankin, S. M., Condliffe, A. M., Singh, N., Peters, A. M., & Chilvers, E. R. 
(2010). Neutrophil kinetics in health and disease. Trends Immunol, 31(8), 318-324. 
doi:10.1016/j.it.2010.05.006 

Surana, N. K., & Kasper, D. L. (2017). Moving beyond microbiome-wide associations to 
causal microbe identification. Nature, 552(7684), 244-247. doi:10.1038/nature25019 

Tagliabue, L., Maciag, A., Antoniani, D., & Landini, P. (2010). The yddV-dos operon 
controls biofilm formation through the regulation of genes encoding curli fibers' 
subunits in aerobically growing Escherichia coli. FEMS Immunol Med Microbiol, 
59(3), 477-484. doi:10.1111/j.1574-695X.2010.00702.x 

Tamar, E., Koler, M., & Vaknin, A. (2016). The role of motility and chemotaxis in the 
bacterial colonization of protected surfaces. Sci Rep, 6, 19616. 
doi:10.1038/srep19616 

Tannock, L. R., De Beer, M. C., Ji, A., Shridas, P., Noffsinger, V. P., den Hartigh, L., . . . 
Webb, N. R. (2018). Serum amyloid A3 is a high density lipoprotein-associated 
acute-phase protein. J Lipid Res, 59(2), 339-347. doi:10.1194/jlr.M080887 

Tanoue, T., Morita, S., Plichta, D. R., Skelly, A. N., Suda, W., Sugiura, Y., . . . Honda, K. 
(2019). A defined commensal consortium elicits CD8 T cells and anti-cancer 
immunity. Nature, 565(7741), 600-605. doi:10.1038/s41586-019-0878-z 

Taylor, B. L., & Zhulin, I. B. (1999). PAS domains: internal sensors of oxygen, redox 
potential, and light. Microbiol Mol Biol Rev, 63(2), 479-506.  

Thorn, C. F., Lu, Z. Y., & Whitehead, A. S. (2003). Tissue-specific regulation of the human 
acute-phase serum amyloid A genes, SAA1 and SAA2, by glucocorticoids in 



 

245 

hepatic and epithelial cells. Eur J Immunol, 33(9), 2630-2639. 
doi:10.1002/eji.200323985 

Tsun, J. G., Shiu, S. W., Wong, Y., Yung, S., Chan, T. M., & Tan, K. C. (2013). Impact of 
serum amyloid A on cellular cholesterol efflux to serum in type 2 diabetes mellitus. 
Atherosclerosis, 231(2), 405-410. doi:10.1016/j.atherosclerosis.2013.10.008 

Turnbaugh, P. J. (2018). Making Millennial Medicine More Meta. mSystems, 3(2). 
doi:10.1128/mSystems.00154-17 

Turnbaugh, P. J., & Gordon, J. I. (2009). The core gut microbiome, energy balance and 
obesity. J Physiol, 587(Pt 17), 4153-4158. doi:10.1113/jphysiol.2009.174136 

Uhlar, C. M., & Whitehead, A. S. (1999). Serum amyloid A, the major vertebrate acute-
phase reactant. Eur J Biochem, 265(2), 501-523.  

Urieli-Shoval, S., Linke, R. P., & Matzner, Y. (2000). Expression and function of serum 
amyloid A, a major acute-phase protein, in normal and disease states. Curr Opin 
Hematol, 7(1), 64-69.  

Vaisar, T., Tang, C., Babenko, I., Hutchins, P., Wimberger, J., Suffredini, A. F., & Heinecke, 
J. W. (2015). Inflammatory remodeling of the HDL proteome impairs cholesterol 
efflux capacity. J Lipid Res, 56(8), 1519-1530. doi:10.1194/jlr.M059089 

Vaishnava, S., Yamamoto, M., Severson, K. M., Ruhn, K. A., Yu, X., Koren, O., . . . Hooper, 
L. V. (2011). The antibacterial lectin RegIIIgamma promotes the spatial segregation 
of microbiota and host in the intestine. Science, 334(6053), 255-258. 
doi:10.1126/science.1209791 

van Baarlen, P., Wells, J. M., & Kleerebezem, M. (2013). Regulation of intestinal 
homeostasis and immunity with probiotic lactobacilli. Trends Immunol, 34(5), 208-
215. doi:10.1016/j.it.2013.01.005 



 

246 

Velagapudi, V. R., Hezaveh, R., Reigstad, C. S., Gopalacharyulu, P., Yetukuri, L., Islam, 
S., . . . Backhed, F. (2010). The gut microbiota modulates host energy and lipid 
metabolism in mice. J Lipid Res, 51(5), 1101-1112. doi:10.1194/jlr.M002774 

Vijay-Kumar, M., Sanders, C. J., Taylor, R. T., Kumar, A., Aitken, J. D., Sitaraman, S. V., . . 
. Gewirtz, A. T. (2007). Deletion of TLR5 results in spontaneous colitis in mice. J 
Clin Invest, 117(12), 3909-3921. doi:10.1172/JCI33084 

von Moltke, J., Ji, M., Liang, H. E., & Locksley, R. M. (2016). Tuft-cell-derived IL-25 
regulates an intestinal ILC2-epithelial response circuit. Nature, 529(7585), 221-225. 
doi:10.1038/nature16161 

Walzl, G., Ronacher, K., Hanekom, W., Scriba, T. J., & Zumla, A. (2011). Immunological 
biomarkers of tuberculosis. Nat Rev Immunol, 11(5), 343-354. doi:10.1038/nri2960 

Wang, J. (2018). Neutrophils in tissue injury and repair. Cell Tissue Res, 371(3), 531-539. 
doi:10.1007/s00441-017-2785-7 

Wang, Z., Du, J., Lam, S. H., Mathavan, S., Matsudaira, P., & Gong, Z. (2010). 
Morphological and molecular evidence for functional organization along the 
rostrocaudal axis of the adult zebrafish intestine. BMC Genomics, 11, 392. 
doi:10.1186/1471-2164-11-392 

Weiskopf, K., Schnorr, P. J., Pang, W. W., Chao, M. P., Chhabra, A., Seita, J., . . . Weissman, 
I. L. (2016). Myeloid Cell Origins, Differentiation, and Clinical Implications. 
Microbiol Spectr, 4(5). doi:10.1128/microbiolspec.MCHD-0031-2016 

Wells, J. M., Brummer, R. J., Derrien, M., MacDonald, T. T., Troost, F., Cani, P. D., . . . 
Garcia-Rodenas, C. L. (2017). Homeostasis of the gut barrier and potential 
biomarkers. Am J Physiol Gastrointest Liver Physiol, 312(3), G171-G193. 
doi:10.1152/ajpgi.00048.2015 



 

247 

Wells, J. M., Rossi, O., Meijerink, M., & van Baarlen, P. (2011). Epithelial crosstalk at the 
microbiota-mucosal interface. Proc Natl Acad Sci U S A, 108 Suppl 1, 4607-4614. 
doi:10.1073/pnas.1000092107 

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., & Siuzdak, 
G. (2009). Metabolomics analysis reveals large effects of gut microflora on 
mammalian blood metabolites. Proc Natl Acad Sci U S A, 106(10), 3698-3703. 
doi:10.1073/pnas.0812874106 

Wright, H. L., Thomas, H. B., Moots, R. J., & Edwards, S. W. (2013). RNA-seq reveals 
activation of both common and cytokine-specific pathways following neutrophil 
priming. PLoS One, 8(3), e58598. doi:10.1371/journal.pone.0058598 

Xia, C., Cheshire, J. K., Patel, H., & Woo, P. (1997). Cross-talk between transcription factors 
NF-kappa B and C/EBP in the transcriptional regulation of genes. Int J Biochem Cell 
Biol, 29(12), 1525-1539.  

Yang, R. Z., Lee, M. J., Hu, H., Pollin, T. I., Ryan, A. S., Nicklas, B. J., . . . Gong, D. W. (2006). 
Acute-phase serum amyloid A: an inflammatory adipokine and potential link 
between obesity and its metabolic complications. PLoS Med, 3(6), e287. 
doi:10.1371/journal.pmed.0030287 

Yao, Y., Matsushima, H., Ohtola, J. A., Geng, S., Lu, R., & Takashima, A. (2015). Neutrophil 
priming occurs in a sequential manner and can be visualized in living animals by 
monitoring IL-1beta promoter activation. J Immunol, 194(3), 1211-1224. 
doi:10.4049/jimmunol.1402018 

Ye, R. D., & Sun, L. (2015). Emerging functions of serum amyloid A in inflammation. J 
Leukoc Biol, 98(6), 923-929. doi:10.1189/jlb.3VMR0315-080R 

Yoo, S. K., & Huttenlocher, A. (2011). Spatiotemporal photolabeling of neutrophil 
trafficking during inflammation in live zebrafish. J Leukoc Biol, 89(5), 661-667. 
doi:10.1189/jlb.1010567 



 

248 

Yoon, M. Y., & Yoon, S. S. (2018). Disruption of the Gut Ecosystem by Antibiotics. Yonsei 
Med J, 59(1), 4-12. doi:10.3349/ymj.2018.59.1.4 

Yu, Y. R., O'Koren, E. G., Hotten, D. F., Kan, M. J., Kopin, D., Nelson, E. R., . . . Gunn, M. 
D. (2016). A Protocol for the Comprehensive Flow Cytometric Analysis of Immune 
Cells in Normal and Inflamed Murine Non-Lymphoid Tissues. PLoS One, 11(3), 
e0150606. doi:10.1371/journal.pone.0150606 

Zaki, M. H., Boyd, K. L., Vogel, P., Kastan, M. B., Lamkanfi, M., & Kanneganti, T. D. (2010). 
The NLRP3 inflammasome protects against loss of epithelial integrity and 
mortality during experimental colitis. Immunity, 32(3), 379-391. 
doi:10.1016/j.immuni.2010.03.003 

Zhang, D., Chen, G., Manwani, D., Mortha, A., Xu, C., Faith, J. J., . . . Frenette, P. S. (2015). 
Neutrophil ageing is regulated by the microbiome. Nature, 525(7570), 528-532. 
doi:10.1038/nature15367 

Zhang, F., Ouellet, M., Batth, T. S., Adams, P. D., Petzold, C. J., Mukhopadhyay, A., & 
Keasling, J. D. (2012). Enhancing fatty acid production by the expression of the 
regulatory transcription factor FadR. Metab Eng, 14(6), 653-660. 
doi:10.1016/j.ymben.2012.08.009 

Zhang, G., Liu, J., Wu, L., Fan, Y., Sun, L., Qian, F., . . . Ye, R. D. (2018). Elevated Expression 
of Serum Amyloid A 3 Protects Colon Epithelium Against Acute Injury Through 
TLR2-Dependent Induction of Neutrophil IL-22 Expression in a Mouse Model of 
Colitis. Front Immunol, 9, 1503. doi:10.3389/fimmu.2018.01503 

Zhang, X., Kluger, Y., Nakayama, Y., Poddar, R., Whitney, C., DeTora, A., . . . Newburger, 
P. E. (2004). Gene expression in mature neutrophils: early responses to 
inflammatory stimuli. J Leukoc Biol, 75(2), 358-372. doi:10.1189/jlb.0903412 

Zhao, Y., He, X., Shi, X., Huang, C., Liu, J., Zhou, S., & Heng, C. K. (2010). Association 
between serum amyloid A and obesity: a meta-analysis and systematic review. 
Inflamm Res, 59(5), 323-334. doi:10.1007/s00011-010-0163-y 



 

249 

Zhong, C. Y., Sun, W. W., Ma, Y., Zhu, H., Yang, P., Wei, H., . . . Song, Z. Y. (2015). 
Microbiota prevents cholesterol loss from the body by regulating host gene 
expression in mice. Sci Rep, 5, 10512. doi:10.1038/srep10512 

Zhu, B., Wang, X., & Li, L. (2010). Human gut microbiome: the second genome of human 
body. Protein Cell, 1(8), 718-725. doi:10.1007/s13238-010-0093-z 

Zimetti, F., De Vuono, S., Gomaraschi, M., Adorni, M. P., Favari, E., Ronda, N., . . . 
Lupattelli, G. (2017). Plasma cholesterol homeostasis, HDL remodeling and 
function during the acute phase reaction. J Lipid Res, 58(10), 2051-2060. 
doi:10.1194/jlr.P076463 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

250 

Biography 
For my undergraduate degree, I attended the University of Florida with a full 

Bright Future’s Scholarship. While at UF, I worked in the lab of Dr. Graciela Lorca, 

studying transcription factor – small molecule interactions in Lactobacillus brevis and 

published a second author paper. In 2013, I earned a bachelor’s degree in Microbiology 

and Cell Science graduating summa cum laude. I immediately went to graduate school 

at Duke University as a Duke Chancellor’s scholar, a James B. Duke fellow, and a Duke 

University Scholar. I worked in the lab of Dr. John Rawls studying the impact of the 

microbiota on host innate immunity, publishing a first author paper in PLoS Pathogens. 

While at Duke, I was supported by a National Science Foundation Graduate Research 

Fellowship Program fellowship and a Bass Instructional fellowship. In the Rawls lab, I 

presented my work at several conferences including the Gordon Lipoprotein 

Metabolism (2016), the Society of Mucosal Immunology (2017), and Beneficial Microbes 

(2018). I also obtained a Duke Certificate in College Teaching. 

References   

Murdoch CC, Espenschied ST, Matty MA, Mueller O, Tobin DM, Rawls JF. 
Intestinal Serum amyloid A suppresses systemic neutrophil activation and 
bactericidal activity in response to microbiota colonization. PLoS Pathog. 2019 
Mar 7;15(3):e1007381. doi: 10.1371/journal.ppat.1007381. eCollection 2019 Mar. 
PubMed PMID: 30845179; PubMed Central PMCID: PMC6405052. 
 

Pagliai, F. A., Murdoch, C. C., Brown, S. M., Gonzalez, C. F., & Lorca, G. L. (2014). A 
dual role of the transcriptional regulator TstR provides insights into cyanide 
detoxification in Lactobacillus brevis. Mol Microbiol, 92(4), 853-871. 
doi:10.1111/mmi.12598 


