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DISSERTATION ABSTRACT 

 

Julia Sakura Ngo 

 

Doctor of Philosophy in Biology 

 

Title: An Actin Cross-Linking Effector of the Vibrio Type Six Secretion System Increases 

Intestinal Motility through Macrophage Redistribution 

 

 

Host-microbe interactions within the gastrointestinal tract have long been recognized as 

pivotal for maintaining physiological balance. However, the intricate mechanisms underlying 

these interactions remain enigmatic. This study delves into the complex world of host-microbe 

relationships, focusing on the Vibrio type VI secretion system (T6SS), particularly the actin 

cross-linking domain (ACD) of the valine-glycine repeat G (VgrG-1) protein. We explore the 

role of the ACD in altering intestinal motility in larval zebrafish.  

 Our findings reveal a fascinating mechanism underlying these interactions. Vibrio, known 

for its pathogenic potential, instigates cellular death and tissue damage within the vent region of 

the zebrafish intestine. This destructive action triggers an immune response within macrophages 

from their typical habitat in the midgut to the affected vent region.  

This revelation emphasizes the disruptive influence of bacterial pathogenesis on 

macrophages and, by extension, their role in regulating intestinal motility. Our findings provide 

valuable insights into the intricacies of intestinal motility regulation in the context of host-

microbe interactions. 

In conclusion, this research broadens our understanding of the mechanism by which gut 

microbes influence host physiology, specifically in the context of intestinal motility. The 

presence of bacterial pathogenesis and its influence on macrophages, coupled with insights into 
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the intricate dynamics of host-microbe interactions, underscores the significance of this work. 

This intricate interplay between microbes and host systems not only reveals microbial influences 

on host physiology but also highlights the mechanisms employed by the host to maintain 

homeostasis.  
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CHAPTER I 

INTRODUCTION 

Microbial Influence on Host Physiology 

In recent years, the profound influence of microbes on host health has become 

increasingly apparent. From a myriad of microbial and anti-microbial products lining our 

supermarket shelves, the notion of microbes significantly impacting host physiology and 

improving human health is no longer confined to the realm of scientific inquiry. While the 

general populace has embraced this concept, the specific mechanisms behind these host-microbe 

interactions continue to remain shrouded in mystery.  

This intricate interplay between microbes and their host organisms remains one of the 

most fascinating and enigmatic fields of study in contemporary biology. Due to their high 

abundance in the intestine, gut microbes exert a profound influence on host physiology, 

impacting a range of critical processes. Microbial factors that impact host physiology can be 

classified broadly into 1) microbial cues that are made by microbes for their own survival and 

recognized by host detection systems and 2) microbial signals produced by microbes to target 

host processes, such as toxins and secreted effector proteins.  

Microbial cues include essential components of bacterial cells that are recognized by 

innate immune receptors and have been termed either pathogen or microbe-associated molecular 

patterns (PAMPs/MAMPs) (Janeway, 1989). For example, flagellin, an essential component of 

bacterial flagella, is recognized by the Toll-like receptor 5 (TLR5) on epithelial and immune 

cells triggering pro-inflammatory responses and increasing the risk of chronic inflammation 

(Carvalho et al., 2012). Lipopolysaccharides (LPS), an integral component of the outer 
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membrane of most Gram-negative bacteria, is recognized by TLR4, inducing the release of pro-

inflammatory cytokines (McAleer & Vella, 2008). Another bacterial cell wall MAMP, 

peptidoglycan, is recognized by cell surface TLR2 and cytoplasmic NOD receptors to induce 

pro-inflammatory cytokines (Zhao et al., 2011).  

Another class of microbial cues that elicit host responses are short chain fatty acids 

(SCFA), the products of bacterial fermentation of complex polysaccharides. SCFAs that are 

known to play a role in host health and disease are acetate, propionate and butyrate, which are 

produced by a wide variety of colonic bacteria and serve as essential energy sources for host 

enterocytes (Fitch & Fleming, 1999; Wong et al., 2006). Additionally, these SCFAs have been 

shown to play a role in neuroendocrine function through G protein coupled receptor binding on 

enteroendocrine cells (Brown et al., 2003; Samuel et al., 2008).  

The consequences of host detection of microbial cues are highly dependent on the 

specific microbial cues detected, the host cells that detects these cues, and the location of 

detection. In animals, a critical interface of microbial-host interactions is the intestinal epithelial 

surface (Ha et al., 2014). Here, cell types such as macrophages, neutrophils, and enteric neurons 

that regulate intestinal motility sense and respond to microbial cues (Muller et al., 2014; Rolig et 

al., 2015). 

The second broad class of microbial factors that impact host physiology are effectors that 

specifically target host cellular functions. One such example is Cholera Toxin (CT), a 

heterodimeric protein secreted by Vibrio cholerae. Vibrio, a Gram-negative aquatic bacterium 

well known for its ability to influence host physiology (Breen et al., 2021; Chowdhury et al., 

2016). Vibrio’s most notorious impact on human health is as the cause of cholerae, a diarrheal 
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disease responsible for high infant mortality in western Africa and southeast Asia (Vanden 

Broeck et al., 2007).  Different Vibrio isolates have different toxin contents, with CT being 

specific to toxigenic serogroups 01 and 0139 Vibrio and not present in nontoxigenic or 

environmental Vibrio strains, some of which have been linked to gastroenteritis  (Chatterjee et 

al., 2009; Pang et al., 2007; Schwartz et al., 2019). 

 CT exerts its molecular activity by acting as a potent activator of adenylate cyclase upon 

entering host cells (Clemens et al., 2017). This activation leads to an uncontrolled increase in 

cyclic AMP levels within the host cell, ultimately disrupting ion transport mechanisms in the 

intestinal epithelium (Clemens et al., 2017). The physiological consequences of this molecular 

action is profuse diarrhea and dehydration, as the disrupted ion transport leads to the secretion of 

large volumes of electrolyte-rich fluids into the gut lumen (Clemens et al., 2017). Paradoxically, 

this severe diarrheal symptom can benefit the pathogen by increasing its changes of transmission, 

as the infected individual sheds copious amounts of pathogen containing stool into the 

environment, further facilitating the spread of Vibrio cholerae to new hosts (Clemens et al., 

2017).  

In addition to secreted microbial signals, microbes can target host processes by the 

delivery of effector proteins through secretion systems. These include the flagellar-like Type III 

secretion system (T3SS), the conjugative pilus-like Type IV secretion system (T4SS), and the 

phage tail-like Type VI secretion system (T6SS) (Green & Mecsas, 2016). The latter is the focus 

of this dissertation and discussed in more detail below. 
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The Vibrio Type VI Secretion System and Its Impacts on the Host  

The Vibrio T6SS was first described in an environmental Vibrio isolate (Pukatzki et al., 

2006). The presence of intact T6SS gene clusters in both toxigenic and nontoxigenic Vibrio 

strains suggests that this system plays a pivotal role in persistence within hosts and 

environmental niches (Miyata et al., 2010). Notably, in the zebrafish intestine, the T6SS is not 

required for colonization; however, it contributes to the modulation of the zebrafish microbiome 

and the induction of mucin secretion, a hallmark of diarrhea (Breen et al., 2021; Logan et al., 

2018). 

The T6SS comprises three main categories of genes: structural, regulatory, and effector 

components (Miyata et al., 2010). Regulatory elements are essential for the T6SS’s function, 

ensuring proper operation (Pukatzki et al., 2006). Structural components form the secretion 

apparatus, make up the membrane complex, the tail, the tail tube/sheath, and the spike complex 

(Cherrak et al., 2019). Effector components of the T6SS are translocated into target prokaryotic 

and eukaryotic cells through contact-dependent mechanisms, exerting diverse effects such as 

actin cross-linking, cell wall degradation, and the targeting of cellular membranes and nucleic 

acids (Monjarás Feria & Valvano, 2020; Pukatzki et al., 2007a; Sana et al., 2017). 

A specific T6SS protein that is the focus of my research is the valine-glycine repeat G 

(VgrG-1) protein, serves as both a structural and effector component (Cherrak et al., 2019; 

Pukatzki et al., 2007a). There are three types of VgrG proteins-VgrG-1, VgrG-2 and VgrG-3-that 

come together to form a trimeric complex akin to the gp27 and gp5 proteins of the bacteriophage 

T4 tail spike and are a part of the T6SS spike complex (Cascales, 2008; Cherrak et al., 2019; 

Pukatzki et al., 2007a). While these proteins share a homologous N-terminal region that 
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facilitates their interaction, they each encode distinct C-terminal domains, known as their 

effector domains (Pukatzki et al., 2007a). VgrG-2 serves solely as a structural component, while 

VgrG-3 contains a peptidoglycan binding domain used to hydrolyze the cell walls of Gram-

negative bacteria (Brooks et al., 2013; Pukatzki et al., 2007a). In contrast, VgrG-1 encodes an 

actin cross-linking domain (ACD), which is a eukaryotic effector domain (Pukatzki et al., 2006, 

2007a).  

The ACD: A Dual Agent of Destruction and Influence  

The ACD of VgrG-1 bears significant homology to the ACD of the well-studied RtxA 

(Repeats in ToXin), and it exhibits a similar mechanism for cross-linking cytosolic monomeric 

G-actin (Durand et al., 2012). The VgrG-1 ACD demonstrates a cytotoxic effect when 

internalized by eukaryotic cells, specifically in the amoebae Dictyostelium discoideum and in 

cultured murine macrophages, suggesting that it targets phagocytic cell types (Ma & Mekalanos, 

2010a; Pukatzki et al., 2006, 2007a). However, the activity of the ACD is not limited to cellular 

destruction, but it also mediates complex host immune responses. In the context of the mouse 

intestine, the ACD has been shown to induce various responses including fluid accumulation, 

inflammation characterized by cellular infiltration, and upregulation of inflammatory gene 

expression, as well as actin cross-linking in macrophages that were extracted from the intestine 

of infected mice (Ma & Mekalanos, 2010a). Interestingly, within the zebrafish intestine, the 

VgrG-1ACD drives heightened intestinal contractility, culminating in the expulsion of a 

commensal bacterial strain, Aeromonas, exemplifying its diverse effects across different host 

organisms (Logan et al., 2018). This dual agent of destruction and influence in Vibrio physiology 

sets the stage for our investigation. 
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Macrophages and Their Role in Gut Motility  

The macrophage targeting of Vibrio’s ACD and its impact on intestinal motility are 

intriguing in light of emerging research on macrophages’ involvement in the regulation of 

intestinal motility. In the murine model, a distinctive subset of macrophages, known as 

muscularis macrophages, located within the intestinal muscularis externa, are key regulators of 

intestinal motility. These macrophages engage in specialized communication with the enteric 

neurons of the enteric nervous system encircling the intestine (Muller et al., 2014). They express 

bone morphogenetic protein 2 (BMP2) which serves to perpetually activate enteric neurons 

expressing the BMP receptor (BMPR) (Muller et al., 2014). In return, enteric neurons express 

colony stimulating factor 1 (CSF1), a growth factor vital for macrophage development (Muller et 

al., 2014; Sehgal et al., 2021). Intriguingly, antibiotic depletion of intestinal microbes has 

revealed that the microbiota exerts a level of control over CSF1 expression by enteric neurons, 

thereby influencing macrophage population and BMP2 production (Muller et al., 2014). Notably, 

the addition of LPS or the introduction of microbiota through fecal transfers to antibiotic-treated 

mice rescued CSF1 expression and the macrophage population, highlighting the capacity of 

luminal microbes to influence the macrophage-neuronal crosstalk that governs intestinal motility 

(Muller et al., 2014).  

In the zebrafish model, the discovery of muscularis macrophages has further illuminated 

these intriguing interactions (Graves et al., 2021). These muscularis macrophages have been 

found to closely associate with neural projections in both adult and larval fish, suggesting a 

semblance of immune-nervous system interactions in the intestinal milieu similar to the murine 

model (Graves et al., 2021). The specification of these macrophages requires the function of the 
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transcription factor Interferon regulatory factor 8 (Irf8) (Shiau et al., 2015). Strikingly, depletion 

of these muscularis macrophages in irf8 deficient larval zebrafish was found to induce altered 

intestinal motility, specifically a decrease in the transit time of intestinal contents, indicating 

their pivotal role in the regulation of intestinal motility (Muller et al., 2014). An interesting facet 

of these macrophages is their role as the primary source of the complement component C1q 

protein in the intestines of both mice and zebrafish, which initiates the classical complement 

pathway vital for immune defense (Earley et al., 2018; Noris & Remuzzi, 2013; Pendse et al., 

2023; Son et al., 2015). 

The complex network of interactions between different cell types within the intestine, 

along with their responses to luminal microbes, can shape organ-wide phenomena such as 

intestinal motility and bacterial competitive interactions. Understanding these intricate 

connections is vital to gaining a more comprehensive picture of host-microbe interplay and how 

it shapes the homeostasis of the intestinal environment.  

Our study seeks to unravel how the ACD alters intestinal motility in zebrafish. By 

delving into the specifics of this interaction, we aim not only to broaden our understanding of the 

microbial influences on host physiology but also gain insight into the intricate mechanisms 

underlying host-microbe interactions. This research contributes to a comprehensive knowledge 

of the organ-wide consequences of local bacterial-host cell interactions and offers new 

perspectives on how infections can contribute to gastrointestinal pathologies such as intestinal 

dysmotility.  
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CHAPTER II 

AN ACTIN CROSS-LINKING EFFECTOR OF THE VIBRIO TYPE SIX SECRETION 

SYSTEM INCREASES INTESTINAL MOTILITY THROUGH MACROPHAGE 

REDISTRIBUTION 

Introduction  

Bacterial colonizers of animals shape the tissues in which they reside to confer 

colonization advantages. Vibrio cholerae colonization of the intestine causes dramatic changes to 

the tissue which are thought to promote the bacteria’s persistence within the host and facilitate its 

transmission to new hosts (Hsiao & Zhu, 2020). The study of host immune responses to 

pathogens like Vibrio unveils a rich tapestry of interactions that provide insights in to how such 

pathogens are able to colonize and persist within the host (Sit et al., 2022). By delving into these 

host-pathogen dynamics, we gain a deeper understanding of the colonization and persistence 

strategies employed by these pathogens and the effects they have on their host environments.  

We have used the larval zebrafish, a model organism amenable to live imaging and 

genetic manipulations, to investigate the dynamics of Vibrio intestinal colonization and 

competition with other gut bacteria, using both the human clinical V. cholerae isolate El Tor 

strain C6706 and a zebrafish V. cholerae isolate ZWU0020 (Logan et al., 2018; Stephens et al., 

2015; Wiles et al., 2016, 2020). We discovered that the zebrafish Vibrio isolate is highly motile 

within the intestine, a trait that allowed it to resist host intestinal motility at the expense of a 

more susceptible rival Aeromonas species (Wiles et al., 2016, 2020). These intricacies were first 

observed in Vibrio ZWU0020 (Z20), when paired with a functional enteric nervous system in 

zebrafish, this Vibrio species assumes the role of an eviction artist, effectively removing an 
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initially colonized Aeromonas strain from the gut (Wiles et al., 2016). Further explorations with 

the V. cholerae El Tor strain C6706 revealed that it promoted Aeromonas expulsion by 

enhancing the strength of host intestinal contractions through its Type VI secretion system 

(T6SS) (Logan et al., 2018).  

The bacterial T6SS functions as a contact-dependent secretion system used to deliver 

effector proteins into target cells (Basler et al., 2013; Ma et al., 2009). Although the T6SS is 

capable of targeting both prokaryotic and eukaryotic cells, it has been mainly characterized for 

its antimicrobial properties such as cell wall degradation, cell membrane disruption, and nucleic 

acid destruction (Russell et al., 2014). Given the role of Vibrio T6SS in eliminating Aeromonas 

from the zebrafish intestine, it was surprising to find that was mediated via the actin cross-

linking domain (ACD) within the valine-glycine repeat G (VgrG-1) effector protein of the Vibrio 

Type VI Secretion System (T6SS). The VgrG-1 protein encodes a 395 amino acid C-terminal 

domain, which acts as a structural component of the T6SS, and harbors the eukaryotic effector 

ACD (Pukatzki et al., 2007a). Additional support for the eukaryotic specificity of the ACD 

comes from its dispensability in, contact-dependent T6SS killing of Aeromonas by Vibrio 

(Logan et al., 2018).   

Specifically, the ACD has been implicated in Vibrio cholerae impairment of phagocytic 

activity, and, eventually the death of cultured macrophages, as well as macrophages extracted 

from infant mice (Durand et al., 2012; Ma & Mekalanos, 2010a; Pukatzki et al., 2007a). In the 

mouse model, the ACD induces fluid accumulation and inflammation by promoting immune cell 

infiltration, as measured in dissected intestines of infected mice (Ma & Mekalanos, 2010a).  
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Notably, macrophages have emerged as key players in the regulation of intestinal motility 

through constitutive signaling of bone morphogenetic protein 2 (BMP2) and complement 

component C1q to enteric neurons (Muller et al., 2014; Pendse et al., 2023). In the context of 

zebrafish, macrophages originating from irf8-specified cell lineages have been identified as 

regulators of intestinal motility during larval developmental stages as mutant fish lacking the irf8 

gene showed decreased transit time of food (Graves et al., 2021).  

Based on the existing literature, we postulate that the ACD encoded by the Vibrio T6SS 

may target and induce macrophage death in larval zebrafish to increase intestinal contractility, 

thus, our primary objective in this study was to investigate this hypothesis. We investigated how 

the Vibrio T6SS ACD exerts its effect on intestinal motility. We show that the native zebrafish 

Vibrio Z20, like the human V. cholerae El Tor strain C6706, increases the strength of gut 

contractions and displaces Aeromonas through a T6SS ACD dependent mechanism. We show 

that macrophages are involved in this increased intestinal motility and that in macrophage-

depleted animals, intestinal gut contractions are indistinguishable between larvae infected with 

wild type or ACD-deficient Vibrio. We find that this effect on macrophages is not due to ACD-

dependent macrophage killing, but rather that ACD-induced intestinal tissue damage 

predominantly in the posterior region of the intestine orchestrates the redistribution of 

macrophages away from their even distribution in proximity with enteric neurons along the 

length of the intestine. This indirect effect on intestinal motility by the pathological redistribution 

of macrophages provides a new paradigm for intestinal dysmotility in inflammatory 

gastrointestinal disorders.  
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Results 

 

ACD-Mediated Effects on Tissue Damage and Intestinal Motility in Larval Zebrafish  

The zebrafish-isolate Vibrio strain ZWU0020 (Z20), despite lacking the cholera toxin, 

induces tissue damage in zebrafish larvae. To characterize these pathogenic effects, we 

inoculated flasks housing germ-free (GF) zebrafish with Z20 at 4 days post-fertilization (dpf). 

Starting at 13 hours post-inoculation (hpi) we conducted imaging sessions at 20-minute intervals 

over 13 hours to investigate alterations in gut morphology. We observed and quantified three 

types of intestinal damage which were visually evident in the images captured overnight (Figure 

1A). The initial observation focused on was the vent’s widening, as it presented the most 

noticeable change over time, as depicted in Figure 1A. This measurement was quantified as vent 

width which increased over time (Figure 1B) and is denoted by the black bracket in Figure 1A. 

Additionally, we observed a progressive expansion of the distal gut, quantified as gut width 

(Figure 1C), with its measurement point indicated by the black arrowhead in Figure 1A. Our 

final measurement of pathogenic effects involved determining the gut length (Figure 1D), 

measured from the intestinal bulb to the vent, following the path of the intestinal lumen. 

Intriguingly, we observed a reduction in the gut length overtime, which contrasted with the 

trends observed in the other two measurements. Although the most pronounced gut shrinking 

occurs between 13 and 17 hpi, the widening of the vent and gut exhibit a more gradual trend, 

with similar patterns of increase over time. These observations indicate substantial tissue 

damage, with noticeable swelling at the distal end of the gut accompanied by a reduction in gut 

length.   
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  To test whether the observed alteration in gut morphology were attributed to the 

presence of the actin crosslinking-domain (ACD), a known eukaryotic effector, we performed 

targeted genetic manipulations (Ma & Mekalanos, 2010b). Specifically, we deleted the ACD 

from the VgrG-1 protein of Z20, generating an ACD-deficient mutant strain, Z20∆ACD using 

previously described methods (Wiles et al., 2018, 2020). GF fish were inoculated with either 

their parental microbiota, Z20 or Z20∆ACD at 5 dpf and vents were imaged and analyzed at 24 hpi 

and 6 dpf.  We compared vent sizes among various experimental groups, including 

conventionalized (CVZ) fish, which experienced the GF derivation process but were 

subsequently raised with their parental microbiota, GF fish, Z20 mono-associated fish, and 

Z20∆ACD mono-associated fish. Notably, the observed increase in vent width was a distinctive 

feature exhibited solely by fish that were mono-associated with Z20 (Figure 1F).  
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Prior work has shown that the human pathogen Vibrio cholerae has an ACD-dependent 

ability to enhance the strength of gut contractions, as described in the Introduction (Logan et al., 

2018). To ascertain whether the ACD of zebrafish-derived Z20 has a similar capability, we 

quantified the strength of intestinal contractions as in previous work (Logan et al., 2018). By 4 

dpf zebrafish intestines exhibit periodic propagative contractions that can propel dense 

aggregates through the gut (Holmberg et al., 2007; Wiles et al., 2016). In brief, we captured 

movies of a roughly 400 micron long segment of the posterior intestine of live fish, outlined in 

Figure 2A1, using differential interference contrast (DIC) microscopy for 5 minute durations at 5 

frames per second. We performed image velocimetry techniques on these images, assessing the 

frequency and the amplitude of periodic contractions as in prior work (Figure 2A2) (Ganz et al., 

2018; Logan et al., 2018; Wiles et al., 2016). Fish mono-associated with Z20 displayed larger 

image velocimetry vectors than those mono-associated with Z20∆ACD, a phenomenon analogous 

to the effects of Vibrio cholerae on zebrafish intestines (Figure 2 A2) (Logan et al., 2018). These 

measurements revealed that fish mono-associated with Z20 exhibit gut amplitudes that are 

roughly 100% greater than those mono-associated with Z20∆ACD (Figure 2B). Notably, the 

frequency of periodic gut contractions did not differ between the two conditions (Figure 2B).  

Previously it had been demonstrated that Z20 has the ability to expel a commensal 

bacterial species, Aeromonas strain ZOR0001 (Aeromonas), from the zebrafish gut (Wiles et al., 

2016). It was demonstrated that in the Vibrio cholerae strain C6706, the expulsion of Aeromonas 

was attributed to the action of the ACD (Logan et al., 2018). However, the precise mechanism 

behind how Z20 accomplishes this Aeromonas expulsion was still unclear, but we were confident 

that it would be similar, considering the resemblance of Z20’s 16S rRNA gene sequence to that 
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of Vibrio cholerae (Wiles et al., 2016). We quantified total bacterial abundance by using gut 

dissection and standard plating techniques. In mono-association Aeromonas populations reached 

slightly above 104 colony-forming units (CFU) per gut (Figure 2E). Following a 24-hour 

challenge by Z20, established Aeromonas populations decreased by approximately 10-fold 

(Figure 2E). As anticipated, Aeromonas populations challenged by Z20∆ACD for 24 hours 

exhibited similar abundances to the mono-association (Figure 2E). Notably, in the zebrafish, the 

mutant Z20∆ACD colonized the intestine at levels comparable to those of the WT Z20 in these 

challenge scenarios, reaching abundances of 105 CFU per gut (Figure 2E). In this study, we 

reveal that the ACD plays a pivotal role in Z20’s ability to expel Aeromonas, as is the case with 

Vibrio cholerae (Figure 2E).   

These results collectively highlight the ACD-mediated effects on tissue damage, 

intestinal motility, and competitive interactions in larval zebrafish, shedding light on the 

mechanisms underlying these phenomena.  
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Macrophage Depletion Enhances Intestinal Contraction Strength 

In culture, macrophages have been shown to be susceptible to ACD-mediated killing, 

thus making them the predicted natural targets of the ACD in a host organism (Ma et al., 2009; 

Pukatzki et al., 2006, 2007b). Intriguingly, irf8 derived macrophages have been demonstrated to 

regulate intestinal motility in larval zebrafish (Graves et al., 2021). Consequently, our research 

focused on investigating the role of macrophages in the ACD-mediated alterations to intestinal 

motility. To accomplish this we employed the Clustered Regularly Interspace Short Palindromic 

Repeats (CRISPR)-Cas9 gene editing system to target the irf8 gene (Keatinge et al., 2021). 

Tg(mpeg:mCherry) embryos were injected at the single cell stage with a mixture containing the 

Cas9 enzyme and single guide RNAs (sgRNA) designed to target the irf8 gene. Once injected, 

Cas9, often referred to as “molecular scissors”, is guided by the sgRNA to the ifr8 gene (Hillary 

& Ceasar, 2023). At the target location, Cas9 cuts the DNA in the irf8 gene (Hillary & Ceasar, 

2023). When the cell’s natural repair machinery fixes this cut, it can lead to the addition of 

deletion of specific genetic information, effectively altering the function of the gene (Hillary & 

Ceasar, 2023). Working with F0 crispants, zebrafish larvae injected with the CRISPR-Cas9 

system, offers an advantage compared to other methods of gene editing, such as morpholinos, 

which are constrained by their limited time frame of approximately 3 dpf (Bill et al., 2009). In 

contrast, the F0 crispant approach facilitates rapid and efficient genetic manipulation in the first 

generation (Kroll et al., 2021). This is a stark contrast to the time-consuming process of 

generating homozygous mutants, which can take up to four to six months to achieve (Sorlien et 

al., 2018). The F0 crispant method thus stands out as a valuable tool for streamlined and 

effective genetic research in zebrafish.  
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To explore the influence of macrophages in ACD-mediated alterations of intestinal 

motility, we employed tg(mpeg:mCherry) embryos, which were subjected to injection of the 

CRISPR-Cas9 mixture at the single-cell stage, generating F0 crispants (∆irf8). These crispants 

were compared to uninjected control fish as depicted in Figure 3A. Our analysis of macrophage 

cell counts across the entire image captured in Figure 3A revealed that ∆irf8 fish have 

approximately 25% fewer macrophages in comparison to control WT fish (Figure 3B).    

It has been previously shown that larval zebrafish lacking the irf8 gene have decreased 

intestinal transit time of solid food compared to WT siblings (Graves et al., 2021). However, the 

relationship of transit time to intestinal mechanics is not straightforward, as it may depend on the 

frequency of contractions, their strength, their coherence, and more. Our study involved 

comparing the intestinal movements of GF and conventional, fish that did not go through the GF 

derivation, (CV) ∆irf8 fish and WT fish. Notably, ∆irf8 fish displayed higher gut contraction 

amplitudes regardless of the microbiota (Figure 3C). Therefore, we combined the data ignoring 

the microbiota for a more comprehensive analysis and found that ∆irf8 fish exhibited 

approximately a 70% increase in contraction amplitude compared to WT fish (Figure D). Similar 

to WT fish mono-associated with Z20, ∆irf8 fish exhibited larger image velocimetry vectors than 

WT fish (Figure 2A2).  Despite the increased gut contraction strength in ∆irf8 fish, the was no 

detectable difference in the distributions of gut motility frequencies (Figure 3E).  

To test macrophage necessity on ACD-mediated alterations to intestinal motility, ∆irf8 

fish were derived germ-free and mono-associated with either Vibrio Z20 or Z20∆ACD. For both 

sets, we found gut contraction amplitudes that were similar to each other, and similar to the ∆irf8 

fish in the absence of Vibrio (Figure 3F), implying that depletion of macrophages maximizes the 
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strength of gut contractions and the Vibrio ACD does not induce significant macrophage-

independent gut motility changes. Again, we found that the distribution of gut motility 

frequencies did not show differences between conditions (Figure 3G).  

These results collectively demonstrate that macrophage depletion enhances intestinal 

contraction strength in larval zebrafish, with implications for the regulation of gut motility.  
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ACD-Mediated Activation and Recruitment of Macrophages 

Previous data has demonstrated that Z20 triggers inflammation in the zebrafish intestine, 

primarily through the influx of neutrophils (Rolig et al., 2017). This process is contingent on 

signaling mediated by the proinflammatory cytokine TNFα, which Z20 has the capacity to 

induce in macrophages located in the vicinity of the liver in larval zebrafish (Rolig et al., 2017; 

Wiles et al., 2020).   

To understand the role of the ACD on macrophage recruitment and activation in the 

intestine, tg(TNFα:GFP);tg(mpeg:mCherry) fish were derived GF and conventionalized or 

mono-associated with either Z20 or Z20∆ACD. At 6 dpf and 24 hpi, their intestines were dissected 

for quantification of macrophages, TNFα-positive cells, and TNFα-positive macrophages (Figure 

4A). The investigation revealed no significant variation in the total number of macrophages 

within the dissected gut across the experimental conditions (Figure 4B). This result is intriguing, 

particularly considering Z20’s capability to trigger an influx of neutrophils into the intestine 

(Rolig et al., 2017). However, it is important to note that this outcome might be attributed to the 

study’s constraint to a single time point. As neutrophils are known to dominate the initial phases 

of inflammation, typically arriving before macrophages (Butterfield et al., 2006). We made an 

intriguing discovery that the inflammatory response induced by Z20 was attributed to the ACD. 

Fish that were mono-associated with Z20 exhibited approximately a 100% increase in the 

number of TNFα-positive cells compared to those mono-associated with Z20∆ACD (Figure 4C). 

The most remarkable response was observed in gut-associated macrophages, which displayed a 

substantial difference in Z20-associated fish compared to all the other condition. In particular, 
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they exhibited an almost 500% increase in comparison to Z20∆ACD mono-associated fish, 

suggesting the ability of the ACD to target macrophages (Figure 4D). 

While we did not observe an influx of macrophages in the zebrafish intestines, we 

remained curious about the ACD-mediated effects on the localization of macrophages. 

Considering the tissue damage that was evident in Figure 1A, particularly in the vent of the 

larval zebrafish, we employed live zebrafish for an in-depth exploration. Tg(mpeg:mCherry) fish 

were derived GF and conventionalized or mono-associated with either Z20 or Z20∆ACD. 

 Following 24 hours of bacterial association, on 6 dpf, live fish were imaged using a 

stereomicroscope (Figure 4E). These images clearly revealed an influx of macrophages near the 

vent of fish mono-associated with Z20, a phenomenon not observed in any other fish conditions 

(Figure 4E). A quantitative analysis of these images pinpointed a peak in macrophage intensity at 

approximately 1500 μm, which corresponded to the vent location in Z20-associated fish (Figure 

4F). Remarkably, GF and Z20∆ACD-associated fish exhibited macrophage intensity profiles more 

similar to each other than any other condition (Figure 4F). This similarity could be attributed to 

the fact that having a single non-pathogenic microbe present in the intestine is more 

representative of a GF environment than a CVZ state. This further underscores the impact of the 

ACD, as Z20 and Z20∆ACD differ only by the deletion of a protein domain, highlighting the 

pivotal role the ACD plays in immune cell activation.  

These results collectively highlight the ACD-mediated activation and recruitment of 

macrophages within the larval zebrafish gut, providing insights into the host response to 

pathogenic challenges. 
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Z20-Mediated Cell Death in Live Larval Zebrafish 

 

Z20’s ability to trigger an inflammatory response in macrophages in an ACD-dependent 

manner, coupled with the substantial tissue damage observed in the intestine, lent weight to the 

hypothesis that macrophages could be the primary targets of the ACD in a host organism 

(Figures 1 and 4) (Ma et al., 2009). To understand the role of Z20 in macrophage death in a live 

organism, tg(mpeg:mCherry) fish were derived GF and conventionalized or mono-associated 

with Z20. At 6 dpf and 24 hpi, live fish were subjected to Acridine Orange (AO) staining, a 

membrane-permeable dye fluoresces within acidic lysosomal vesicles, preferentially staining 

apoptotic cells (Abrams et al., 1993). Focusing our attention on the vent, at the location of the 

macrophage influx, it became evident that fish mono-associated with Z20 exhibited more 

extensive AO staining the vent area in comparison to CVZ and GF fish (Figure 4F & 5A).  

Our quantitative analysis revealed that fish mono-associated with Z20 exhibited higher 

total AO intensity compared to the other conditions (Figure 5B). To assess whether Z20 was 

selectively targeting macrophages, we calculated the fractional overlap of total mCherry intensity 

coinciding with AO intensity. This calculation indicated that fish mono-associated with Z20 had 
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a higher percentage overlap, suggesting that more macrophages were being affected in Z20-

associated fish (Figure 5C). However, this percentage overlap was only around 10%, indicating 

the existence of a substantial population of macrophages that were not undergoing cell death, 

therefore, were not specifically being targeted (Figure 5C).  

These results collectively demonstrate that Z20 induces cell death in live larval zebrafish 

but does not exhibit specific targeting of macrophages, as evidenced by changes in AO intensity 

and the observed percentage overlap.  
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Z20-Mediated Macrophage Redistribution 

 

While macrophages were not the sole target of the ACD, the abrupt accumulation of 

macrophages at the vent of larval zebrafish raised questions about the dynamics and timing of 

this influx, and our custom-built light sheet microscope provided the means to investigate this 

further.  

Light sheet fluorescence microscopy offers rapid imaging of the entire zebrafish intestine in two 

channels in approximately 90 seconds, providing the necessary speed to capture clear images of 

these motile immune cells while outpacing the blurring effects induced by peristalsis (Jemielita 

et al., 2014). We conducted experiments with tg(mpeg:mCherry) fish mono-associated with Z20, 

and observed them from 13 hpi to 26 hpi (Figure 6A). We observe, as expected, an accumulation 

of macrophages at the vent region. In addition, quantification of macrophage positions in six 

separate fish shows a shifting macrophage distribution. Kernel Density Estimate plots, 

essentially smoothed histograms of cellular positions, reveal a decrease in macrophage density 

within the midgut over time, in contrast to the notable increase in macrophage density in the vent 

region (Figure 6C). Together, this data serves as strong evidence that in the context of Z20 

mono-association, macrophages primarily relocate from the midgut to the vent.  

Notably, the total macrophage count remained relatively stable over time (Figure 6D). 

While there was a minor decline of approximately 10% throughout the 13-hour observation 

period, this reduction could be attributed to the macrophage deaths associated with Z20, as 

observed in Figure 5, or potentially be due to photobleaching.  

 The results presented in this study provide valuable insights into the ACD-mediated 

effects on tissue damage, intestinal motility, competitive interactions, and host immune 
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responses in larval zebrafish. Notably, our findings demonstrate that the zebrafish-isolate Z20 

can induce substantial tissue damage and inflammation in the zebrafish intestine, even in the 

absence of the cholerae toxin, within a relatively short period of 13 hours. This research 

contributes to our understanding of the intricate interplay between a bacterium like Z20 and the 

host’s immune response, providing essential information on the role of the ACD in shaping these 

interaction.   
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Discussion 

The findings of our study reveal how the Vibrio T6SS causes intestinal tissue damage 

through the ACD of its VgrG-1 tip protein and shed light on how this tissue damage leads to 

increased intestinal motility. Our initial hypothesis about the mechanism behind ACD-mediated 

changes in intestinal motility posited that the ACD was directly responsible for macrophage 

death. Instead, our results revealed that ACD-induced tissue damage in the posterior gut 

redistributed macrophages away from their even distribution along the length of the intestine. 

The effect of this redistribution recapitulated intestine-wide depletion of macrophages by 

CRISPR-mediated mutagenesis of the irf8 locus. These results reveal the complex and indirect 

effects of Vibrio’s eukaryotic-targeting T6SS ACD and have important implications for 

understanding the impacts of Vibrio infection on intestinal physiology beyond those described 

for cholerae toxin. 

One key observation from our studies is that the ACD of Z20 did not lead to widespread 

macrophage death, as we had initially anticipated based on in vitro data involving Vibrio 

cholerae (Ma et al., 2009). Instead, we observed that despite extensive ACD-associated cell 

death in the distal intestine, most of macrophages in this region were not stained with Acridine 

Orange, indicating their viability. A strength of our zebrafish model is the ability to perform live 
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imaging on the entire length of the intestine and monitor the complete population of intestinal 

macrophages. From this analysis we found that the total population size of intestinal 

macrophages was stable over the course of the Vibrio infection, but the spatial distribution 

changed dramatically, leaving a region in the mid to distal region largely denuded of 

macrophages which normally reside in high density and in close proximity to enteric neurons. 

This apparent contradiction highlights the importance of studying these interactions in a live 

organism, as the complexity of the in vivo environment can lead to unexpected outcomes. 

Utilizing a custom-built light sheet microscope and the zebrafish model allowed us to gain 

unique insights into the intricacies of macrophage redistribution over time. Nevertheless, it is 

essential to acknowledge that our experimental setup, involving specimen embedded in 1% 

agarose, limits the natural swimming behavior of the fish and makes our findings specific to the 

laboratory setting.  

Recent studies have started to uncover the role of macrophage-enteric neuron interactions 

in regulating intestinal motility. In the mouse model, muscularis macrophages activate enteric 

neurons via BMP2 signaling, while enteric neurons modulate muscularis macrophage production 

through CSF1 signaling (Muller et al., 2014). In zebrafish, the muscularis macrophages are 

closely associated with neural processes, spanning multiple layers of the gut wall and play a 

crucial role in intestinal motility in larvae (Graves et al., 2021). Additionally, these macrophages 

contribute to gut motility regulation by producing C1q (Pendse et al., 2023).  Our study 

highlights that the ACD-mediated increase in contractility of the zebrafish intestine is contingent 

upon the relocation of macrophages in larval zebrafish. This phenomenon implies that the 

macrophage redistribution from the mid-gut to the distal gut disrupts the macrophage-enteric 
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neuron communication, ultimately affecting intestinal motility. A host-microbe phenomenon 

involving recruitment of tissue resident macrophages impeding their regular functions is not 

uncommon in zebrafish. For instance, Mycobateria marinum has been shown to recruit 

macrophages to infection sites, redirecting their developmental program of migrating to the optic 

tectum to differentiate into microglia (Davis et al., 2002).  Similarly, in the case of our zebrafish 

muscularis macrophages, their recruitment to the vent by the Vibrio ACD appears to hinder their 

normal function of communicating with the enteric neurons to regulate intestinal motility.  

Building on this foundation, further investigations into the Z20-mediated redistribution of 

macrophages over time and its relationship with enteric neurons in live larval zebrafish could 

yield valuable insights into the intricate crosstalk between these cell types. This knowledge could 

open new avenues for exploring the role of immune cells and their interactions with the enteric 

nervous system in maintaining intestinal homeostasis and motility.  

In conclusion, our research highlights the complexity of host-pathogen interactions and 

emphasizes the importance of studying these processes in vivo. While our findings challenge 

conventional wisdom, they pave the way for more nuanced investigations into the mechanisms 

underlying Vibrio pathogenesis and its impact on intestinal motility.  

 

Methods 

Ethics Statement 

All experiments involving zebrafish followed approved protocols set by the University of 

Oregon Institutional Animal Care and Use Committee and adhered to standard methods 

(Westerfield, 2000). 
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Gnotobiotic Techniques 

Wild-type AB, tg(mpeg:mCherry), or tg(tnfα:GFP);tg(mpeg:mCherry) zebrafish were derived 

germ-free (GF) and subsequently colonized with bacterial strains, following established 

protocols (Melancon et al., 2017). In brief, fertilized eggs were collected and incubated in sterile 

embryo media (EM) containing 100 μg/mL ampicillin, 10 μg/mL gentamycin, 1 μg/mL 

tetracycline, 1 μg/mL chloramphenicol, and 250 ng/mL amphotericin B for approximately 6 

hours. Following this incubation period, embryos were thoroughly rinsed first in sterile EM 

containing 0.003% sodium hypochlorite and then in sterile EM containing 0.1% 

polyvinylpyrrolidone-iodine. These sterilized embryos were then distributed into T25 tissue 

culture flasks, with a density of one embryo per mL in 15 mL of sterile EM. Notably, during the 

experiments, the embryos relied on yolk-derived nutrients and were not provided with external 

feeding. The sterility of the flasks containing larval zebrafish was inspected prior to the 

experiments.  

Bacterial Strains  

Aeromonas (ZOR0001, PRJNA205571) and Vibrio (ZWU0020, PRJNA205585) were isolated 

from the zebrafish intestinal tract as previously described. To prepare the bacterial strains for 

colonization at specific time points, both the Aeromonas and Vibrio cultures were first grown 

overnight in Luria Broth (LB) under agitation at a temperature of 30ºC. Then, bacterial cultures 

were pelleted through centrifugation for a duration of 3 minutes at 7,000 x g, followed by two 

rounds of washing in sterile EM. An inoculum of 106 colony-forming unit per milliliter 

(CFU/mL) was consistently employed across all experiments for both the Aeromonas and Vibrio 

strains, with this inoculum directly introduced to the flask water. 
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Molecular and Genetic Manipulation 

Unless otherwise specified, standard molecular techniques were employed in our experiments. 

Reagents were used in accordance with the manufacturer’s instructions. We used restriction 

enzymes and various other molecular biology reagents for tasks such as polymerase chain 

reaction (PCR) and nucleic acid modifications. The reagents were primarily obtained from New 

England BioLabs. To purify plasmids and PCR amplicons, we used kits from Zymo Research. 

DNA oligonucleotides were synthesized by Integrated DNA Technologies. The sequencing of 

cloned genes was verified by Sanger sequencing, conducted by Sequetech. A Leica MZ10 F 

fluorescence stereomicroscope, equipped with a 1x objective lens, was used for the screening of 

fluorescent bacterial colonies. Genome and gene sequences were retrieved from “The Integrated 

Microbial Genomes & Microbiome Samples” (IMG/M) website (Chen et al., 2017).   

Construction of Gene Deletion 

The construction of a markerless, in-frame deletion was accomplished using allelic exchange and 

the pAX2 allelic exchange vector as previously described (Wiles et al., 2018). Specifically, the 

generation of Z20∆ACD via deletion of ACD was achieved by initially constructing an ACD allelic 

exchange cassette. This cassette was created through splice by overlap extension (SOE) PCR and 

was designed to fuse the beginning codon and ending codon of the actin crosslinking domain of 

the VgrG-1 protein. Two pairs of PCR primer were designed to amplify the 5’ and 3’ homology 

regions flanking the ACD respectively from the Vibrio ZWU0020 genomic DNA. The primer 

pairs were as follows: 5’-CCCAATGATAGCCACGGTTG-3’ + 5’-

CCATTCCATTTTCCACTAGGCTAAAGGACACACCTT-3’ and 5’-

AAGGTGTGTCCTTTAGCCTAGTGGAAAATGGAATGG-3’ + 5’-
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GGCGCAAGATTTTCAATCA-3’. The resulting amplicons from the 5’ and 3’ regions were 

spliced together, and the SOE product was ligated into a pAX2-based allelic exchange vector, 

resulting in the pAX2-ZWU0020-ACD vector.  

The pAX2-ZWU0020-ACD vector was introduced into Vibrio via a conjugation process utilizing  

E.coli SM10 as a donor strain as previously described (Wiles et al., 2018). Briefly, Vibrio and 

SM10/pAX2-ZWU0020-ACD were mixed 1:1 on a filter disk and placed on tryptic soy agar 

(TSA). The mating mixture was then incubated at 30ºC overnight. After the incubation period, 

bacteria were recovered and spread onto TSA containing gentamicin. These plates were 

incubated overnight at 37ºC to select for Vibrio merodiploids. Isolated merodiploid colonies 

were screened for successful deletion of the ACD. Putative mutants were genotyped though PCR 

with primers flanking VgrG-1 locus. This genotyping produced two differently sized amplicons, 

representing the wild-type and mutant alleles. The primers used for genotyping were as follows: 

5’-CGGAGCTTTGGTCAATCTCA-3’ + 5’-AGGTCTCTCCGTGGAAAACA-3’ 

The mutated strain did not exhibit any discernable fitness defects in vivo as measured by the 

ability to colonize the zebrafish gut (Figure 2E). 

Culture-Based Quantification of Bacterial Population 

The dissection of larval guts were executed in accordance with established procedures (Milligan-

Myhre et al., 2011). Then, the dissected guts were carefully harvested and transferred to 1.5 mL 

tubes, each containing sterile 0.7% saline and approximately 100 μL of 0.5 mm zirconium oxide 

beads. To facilitate homogenization, a bullet blender tissue homogenizer was used, with the guts 

undergoing homogenization for a duration of 30 seconds at power level 4. Following 

homogenization, lysates were serially plated on LB agar plates and incubated overnight at a 



 

 

 

45 

 

 

 

 

temperature of 30ºC for an enumeration of CFU to determine bacterial load as previously 

described (Logan et al., 2018; Wiles et al., 2016).  

Measuring Intestinal Motility 

Intestinal motility in larval zebrafish was assessed using Differential Interference Contrast (DIC) 

microscopy and image velocimetry as previously described (Baker et al., 2015). DIC videos were 

recorded at 5 frames per second for five minutes in the distal end of the intestine, outlined in 

Figure 2A1. For analysis, we employed open-source particle image velocimetry (PIV) software 

(Thielicke & Stamhuis, 2014) to calculate a velocity vector field from frame to frame in the 

time-series, and then characterized the frequency and amplitudes of gut motions along the 

anterior-posterior (AP) axis using custom software previously described (Ganz et al., 2018). We 

focus on the AP component of the vector field, averaging it along the dorsal-ventral direction to 

obtain a scalar velocity measure at each position along the gut axis and each time point. The 

frequency of gut contractions was determined by identifying the location of the first peak in the 

temporal autocorrelation of motility, while the amplitude of contractions was calculated as the 

square root of the spatially averaged power spectrum at the previously determined frequency, 

providing a quantitative measure of the magnitude of periodic gut motion.  

Light Sheet Fluorescence Microscopy 

The overnight imaging of macrophage displacement was conducted using a custom-built light 

sheet fluorescence microscope, based on a previously described design (Keller et al., 2008), and 

described in detail elsewhere (Jemielita et al., 2014; Taormina et al., 2012). In brief, this imaging 

system involves the rapid scanning of a laser beam using a galvanometer mirror, followed by 

demagnification to create a thin sheet of excitation light. Positioned perpendicular to this sheet, 
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an objective lens captures the fluorescence emission within the optical section. The sample is 

then scanned along the detection coordinate, enabling the generation of a three-dimensional 

image.  To image the entire extent of the intestine, which measures approximately 

1200x300x150 microns), we sequentially image four sub-regions and computationally register 

the images after acquisition. Unless otherwise specified in the text, all exposure times are 33 ms 

with an excitation laser power of 5 mW.  For all light sheet imaging, a 5.5 megapixel sCMOS 

camera was used, in conjunction with a 40x 1.0NA objective lens. For time series imaging, scans 

occurred at 20 minute intervals for 12 hour durations.  

Sample Handling and Mounting for Imaging Experiments 

Sample mounting was done following previously established protocols (Jemielita et al., 2014). 

Larval 6dpf zebrafish were carefully removed from the culture flask. To facilitate anesthesia, 

specimen were immersed in sterile EM containing 120 μg/mL tricaine methanesulfonate.   

Mounting for Light Sheet Imaging 

Each anesthetized specimen was briefly immersed in low melt agarose with a concentration 

ranging from 0.7-1% and drawn into a glass capillary, which was then mounted onto a sample 

holder. The maximum temperature of the agarose did not exceed 42 ºC to ensure the well-being 

of the specimens. The agar-embedded specimens were partially extruded from the capillary to 

ensure that the excitation and emission optical paths did not traverse glass interfaces which could 

introduce unwanted artifacts during imaging. The specimen holder had the capacity to hold up to 

six samples simultaneously, all of which are immersed in sterile EM maintained at a temperature 

of 28ºC. All long-term imaging experiments were conducted overnight, typically beginning in 

the late afternoon. 
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Mounting for Confocal Imaging  

Each anesthetized specimen was briefly immersed in 1% low melt agarose and carefully 

transferred to a depression microscope slide with enough agar to embed the specimen. The agar-

embedded specimens were then covered with water for imaging with a Leica SPE confocal 

microscope equipped with a 40x 0.80NA water immersion lens.  

Mounting for Stereoscope Imaging   

Each anesthetized specimen was carefully embedded in 4% methylcellulose on a microscope 

slide. For imaging, two types of stereomicroscopes were used, a Leica MZ10 F fluorescence 

stereomicroscope, equipped with a 1x, 1.6x and 2.0x objective lens and Leica DFC365 FX 

camera or a Nikon SMZ25 stereomicroscope. 

Irf8 sgRNA Cas9 injections  

All sgRNAs used were previously designed and characterized with a 100% success rate 

(Keatinge et al., 2021). sgRNAs used are as follows: 5’-

ATAAAGCTGAACCAGCGACATGG3’) and (5’ TGGTGAGCAGTCCATGTCAGTGG-3’. 

The RNA oligonucleotides were resuspended to 20 μM with nuclease free water and stored at -

20ºC until use. For in vivo applications, 1 nL of an injection mixture composed of 1μL of each 

sgRNA, 1μL of Cas9, 1μL of Phenol Red (0.125%) were injected into the yolk at the one-cell 

stage. Phenol Red was used to screen for injected developing embryos during the GF derivation 

process. 

TNFα and Macrophage Quantification from Dissected Intestines 

Tg(tnfα:GFP);tg(mpeg:mCherry) larval zebrafish were mounted for stereoscope imaging, their 

intestines were dissected, and imaged using the Leica MZ10 F fluorescence stereomicroscope, 



 

 

 

48 

 

 

 

 

equipped with a 1x, 1.6x and 2.0x objective lens and Leica DFC365 FX camera. The number of 

GFP positive, mCherry positive, and double positive cells were quantified visually using ImageJ.      

Macrophage Image Analysis 

Macrophages distributions were assessed from fluorescence stereomicroscope images using 

custom code. First, a region of interest (ROI) corresponding to the intestine was manually 

outlined. Pixels with mCherry intensity above a threshold background value were identified and 

summed along the dorsal-ventral axis to provide a measure of macrophage density along the 

gut’s anterior-to-posterior axis. 

Macrophages were identified from three-dimensional light sheet fluorescence microscopy 

images by median filtering followed by thresholding and segmentation to identify contiguous 

pixels. 

Acridine Orange Staining in Live Larval Zebrafish  

To visualize apoptosis in live larval zebrafish, the Acridine Orange dye was used (Elmore, 

2007). The analysis of apoptosis was conducted in 6 days post fertilization (dpf) larval zebrafish 

that were derived GF then conventionalized or mono-associated with Z20 or Z20∆ACD. The larvae 

were anesthetized then immersed in sterile EM containing 0.3125 μg/mL Acridine Orange for a 

duration of 10 minutes in the dark. Following the staining, the larvae were washed in sterile EM 

three times to remove excess dye. Specimens were then mounted for imaging on the Leica SPE 

confocal equipped with a 40x water immersion lens.  

Data and Statistical Analysis  

Data analysis and visualization were conducted using GraphPad Prism software. Means and 

standard error of the mean (SEM) were plotted. Specific details about the statistical tests 
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conducted for each dataset can be found in the respective figure legends. In all analyses, a 

significance level of P ≤ 0.05 was adopted.  
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CHAPTER III 

 

CONCLUDING REMARKS 

 

 Our dissection of the molecular, cellular, and organismal impacts of the Vibrio T6SS 

ACD, uncovered layers of complexity in the regulation of gut motility in larval zebrafish. This 

exploration revealed how the local consequences of bacterial infection, such as tissue damage 

and cell death, can redistribute tissue resident macrophages from other organ regions, ultimately 

impacting the delicate balance of the host’s intestinal motility. 

Based on previous studies of V. cholerae’s T6SS ACD toxicity in cultured macrophages, 

we started the project with the hypothesis that ACD killing of macrophages would be responsible 

for gut motility changes attributed to this domain. Use of the zebrafish model and our custom-

built light sheet microscope allowed us to witness the impacts of Vibrio’s T6SS ACD in living 

animals across the entire length of their intestines. We observed only limited macrophage killing, 

but instead documented the migration of macrophages from midgut to the distal vent region 

where Vibrio caused widespread tissue damage in an ACD-dependent manner. The data 

collected in our study suggests that Vibrio impacts on the zebrafish host are mediated both by 

direct contact with the intestinal epithelium and through in direct effects of the damage it causes, 

by redirecting tissue-resident macrophages away from their normal regulatory interactions with 

enteric neurons. The consequence is more powerful and more variable gut contractions. 

 To comprehend the full implications of these findings, future research should delve into 

the cellular interactions between the T6SS and host target cell types. Our experimental set up 

presents an opportunity for researchers to explore the dynamics of these interactions by 

combining fluorescently tagged bacteria with zebrafish expressing fluorescently labeled cell 



 

 

 

51 

 

 

 

 

types. This approach can help elucidate the precise cell types targeted by Vibrio species to trigger 

the redistribution of macrophages. Among these potential target cells are microbe-sensing 

enteroendocrine cells that synapse with enteric neurons, and mucin-secreting goblet cells that 

would be the source of T6SS-stimulated mucin production in zebrafish (Breen et al., 2021; Yu et 

al., 2020). Future researchers should also explore whether this T6SS-dependent increase in 

mucin production is ACD-mediated. 

 Our finding of the ACD-dependent redistribution of macrophages resulting in increased 

intestinal contractions raises the possibility of other ACD-dependent impacts on intestinal 

pathology mediated through indirect effects on the enteric nervous system. Research from our 

group has shown that the enteric nervous system is required for intestinal barrier function and 

tight junction integrity (Hamilton et al., 2022). It is possible that indirect effects of the ACD on 

enteric neurons could exacerbate intestinal inflammation caused by increased intestinal 

permeability, allowing LPS dissemination from the lumen which would increase 

proinflammatory cytokines such as TNFα (Cani et al., 2008; Ha et al., 2014).  

 Our studies lay the groundwork for future investigations into the complex relationship 

between macrophages and enteric neurons. Employing our model system, future investigations 

can delve into the effects of the ACD on BMP2, CSF1, and Cq1 signaling in live fish, potentially 

charting unexplored territories of this multifaceted interplay (Earley et al., 2018; Muller et al., 

2014; Pendse et al., 2023). The zebrafish model holds great promise for a more complete 

comprehension of the microbial factors that can modulate gut motility and their implications for 

host health.  
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