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Abstract
Despite comprising a very small percentage of the total intestinal epithelium cell population,
enteroendocrine cells (EECs) collectively form the largest endocrine organ in the body,
secreting over 20 peptide hormones, or enteroendocrine peptides (EEPS), that regulate several
physiological processes, including feeding behavior, metabolism, and immunity. Drosophila
melanogaster, also known as the common fruit fly, shares structural and functional homology
with the mammalian gastrointestinal tract and has therefore served as an excellent model
organism to study intestinal physiology. My thesis work explores the role and regulation of the
Drosophila EEP tachykinin (Tk) in the context of innate immunity and intestinal and systemic
lipid metabolism. Previous work by the lab has established that activation of innate immune
signaling in EECs induces expression of Tk and subsequent production of antimicrobial
peptides (AMPs). In the first part of my thesis work, | discovered that, in addition to AMPs, Tk
activates expression of Peritrophin-15a, a chitin-binding protein that is part of the protective
peritrophic matrix (PM) that lines the intestinal epithelium. | further found that Peritrophin-15a is
necessary for robust intestinal colonization by the pathogen V. cholerae and that, in addition to
Drosophila, other arthropods that associate with V. cholerae in the environment express close
structural homologs of Peritrophin-15a. Our findings suggest that V. cholerae might exploit
activation of the host innate immune response and upregulation of Peritrophin-15a to increase
adhesion to the intestinal surface of environmental arthropod hosts. Much like mammalian
EECs, Drosophila EECs express nutrient transporters and G protein-coupled receptors

(GPCRs) that sense intestinal nutrient status to regulate EEP production. In the second part of



my thesis work, | found that the EEC-exclusive GPCR GulpR regulates expression of Tk and
other EEPSs. | also report that, through Tk, GulpR modulates utilization of systemic lipid stores
when flies experience starvation but not infection stress. This suggests that activation of lipid
mobilization in response to nutrient limitation and infection are regulated via different
mechanisms. Overall, my thesis work identifies a GPCR that regulates expression of Tk and
other EEPs in Drosophila, discovers additional roles of Tk in modulating innate immunity and
metabolism, and identifies a protein produced by arthropods that may contribute to the survival

and persistence of the human pathogen V. cholerae in the environment.
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Chapter 1: Introduction



Overview

The human digestive system consists of a group of organs that work together to metabolize the
food we eat into simpler nutrients the body can absorb and use for growth and energy. The
intestine is one such organ that plays a central role in nutrient digestion and absorption. It is
composed of a single layer of cells called the intestinal epithelium, which lines the intestinal
lumen. This epithelium acts as a barrier to prevent luminal contents from diffusing into other
parts of the body and also as a gatekeeper to allow selective uptake of small molecules. The
ability of the intestinal epithelium to sense and respond to a variety of stimuli in the intestinal
lumen, including microbes and dietary nutrients, is essential to the maintenance of systemic and
intestinal homeostasis. This is accomplished via the activity of receptors on the membrane of

intestinal cells.

The intestinal epithelium is composed of different cell types with specialized functions. The work
| present in this dissertation mainly focuses on the intestinal enteroendocrine cell (EEC), which
despite being a rare cell type in the epithelium, is crucial for the maintenance of metabolic
homeostasis. EECs secrete peptide hormones or enteroendocrine peptides (EEPSs) that, in
addition to regulating metabolism and energy expenditure, have also been implicated in gut
immunity [1-3]. However, the mechanisms underlying EEP regulation of gut immunity are not

well-understood.

The work described in this dissertation uses the model organism Drosophila melanogaster to
study EEC and EEP physiology. | report functional characterization of an orphan EEC-specific
receptor and explore the role of an EEP regulated by this receptor in metabolism and

immunity.



The Intestinal Epithelium and Gut Microbiota.

The intestinal epithelium functions as a barrier to paracellular transport and is stabilized by tight
junctions between adjacent epithelial cells. These tight junctions are specialized protein
complexes that mediate close contacts between epithelial cells and maintain cell polarity [4].
They restrict paracellular transport of a few molecules, including metabolites derived from the
commensal microbes present in the intestine [5]. This community of microbes is collectively
called the gut microbiota and they play important roles in the maintenance of metabolic
homeostasis and the response to infection [3, 6]. For example, microbiota-derived metabolites
can interact with receptors on the surface of epithelial cells to activate downstream metabolic

and immune signaling pathways [7].

The mammalian intestinal epithelium is composed of many different cell types with unique
functions (Figure 1.1). The enterocyte (EC) is the most abundant cell type in the intestine
playing important roles in gut immunity and nutrient absorption and digestion. Goblet cells (GCs)
and Paneth cells (PCs) are intestinal secretory cells that protect the intestinal epithelium from
bacterial invasion by secreting mucus and antimicrobial peptides (AMPS),

respectively. Additionally, Paneth cells and intestinal stem cells (ISCs) support epithelial
renewal [8]. Enteroendocrine cells (EECs) comprise only ~1% of total intestinal epithelial cells
but are important energy and metabolic homeostasis modulators [8, 9]. EECs synthesize and
secrete enteroendocrine peptides (EEPS) in response to a variety of stimulants in the intestinal
lumen, including dietary nutrients and microbial metabolites [9]. By interacting with receptors on
the surface of neighboring and distant cells, secreted EEPs modulate nutrient absorption,

satiety, gut motility, energy storage, systemic metabolism, and gut immunity [1-3, 9].



The proper function of each cell type in the intestine, an intact intestinal epithelium, and a
healthy gut microbiota are critical for the maintenance of intestinal homeostasis. A compromised
epithelium and microbial imbalances in the gut can lead to pathologies including inflammatory

bowel disease (IBD) and metabolic disease [4, 6].

Enteroendocrine cell (EEC)

Enterocyte (EC) @ Goblet cell (GC)

o

. Paneth cell (PC) /| Stem cell (ISC)
() :

Figure 1.1: Schematic of the mammalian intestinal epithelium and lumen. The
epithelium is composed of the following cell types: Enterocytes (ECs), Goblet cells
(GCs), Paneth cells (PCs), Intestinal Stem cells (ISCs), and Enteroendocrine cells

(EECs). The intestinal microbiota, nutrients and bacterial metabolites are shown in
the lumen.




Drosophila as a versatile model organism for the study of intestinal physiology.

Drosophila melanogaster is a useful genetically tractable model organism used to study
gastrointestinal functions that are conserved at the mechanistic level [10]. The UAS-GAL4
system permits rapid cell-type specific genetic manipulations [11, 12] (Figure 1.2). Briefly,
expression of the gene encoding the yeast-derived GAL4 transcription factor is put under the
control of a tissue-specific promoter in one fly line (the driver line). A gene of interest is put
under the control of an upstream activation sequence (UAS) to which GAL4 binds in another fly
line. When a tissue-specific driver GAL4 line (tissue specific-GAL4) is crossed to a line bearing
the UAS insertion (UAS-Gene of interest), the progeny will express the gene of interest in the
desired tissue or cell type (tissue-specific-GAL4/UAS-Gene of interest). This system can be
used to overexpress or knock down a gene of interest by driving expression of any gene X

(UAS-X) or of a gene-specific interfering RNA (UAS-XRNAY) respectively [12].

GALA4 driver line UAS-target gene line
/ E S~ / \ T~
Ti ifi x
GAIL4 UAS H Gene of interest f
GALA4 protein
Progeny
/ "‘, ~~
Tls;s;:jo&r:gfe?ﬁc /UA'S Gene of interest |-
Figure 1.2: The Drosophila UAS-GAL4 system allows for tissue-
or cell-specific overexpression or knockdown of a gene of
interest.




Studies of the Drosophila gut have been instrumental in elucidating many fundamental
biological processes in the intestine and understanding aspects of host-microbe interactions
[10]. The adult Drosophila intestinal epithelium is composed of four different cell types [13]:
enterocytes (ECs), intestinal stem cells (ISCs), enteroblasts (EBs), and enteroendocrine cells
(EECs). ISCs differentiate into either EBs or progenitor enteroendocrine cells, which later
become ECs or mature EECs, respectively [14]. As in mammals, the EC is the most abundant
cell type in the intestinal epithelium of Drosophila [3], whereas the EEC accounts for a much
smaller percentage (5-10%) of midgut intestinal epithelial cells [13]. In addition to their
conserved role in digestion and absorption of nutrients, Drosophila ECs are also the main
producers of AMPs and of the mucus-like extracellular layer called the peritrophic matrix (PM)
[15, 16].

The fly intestine is subdivided into foregut, midgut, and hindgut sections [13]. The foregut
contains the esophagus and a food-collecting compartment called the crop. Ingested food is
collected in the crop and then pumped into the midgut to be absorbed and digested [17]. The
Drosophila midgut can be further subdivided into three regional sections (anterior, middle,
posterior), exhibiting unique functional properties [3, 13]. The microbiota mainly resides in the
anterior midgut, which is also the compartment responsible for metabolism of complex
macromolecules such as sugars, fats, and proteins [3]. The middle midgut is a low pH
compartment that is functionally similar to the mammalian stomach and the posterior midgut has

been associated with the breakdown and absorption of simpler nutrients [3].
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Figure 1.3: Schematic of the Drosophila melanogaster (A) intestinal
epithelium and (B) intestinal anatomy. Enterocytes (ECs), enteroendocrine
cells (EECs) secreting enteroendocrine peptides (EEPs), intestinal stem
cells (ISCs), the peritrophic matrix (PM) and the intestinal lumen are
shown. The intestine is divided into foregut (FG), midgut (MG), hindgut

(HG), and rectum (R) regions.

The midgut is comprised of the anterior

midgut (AMG), the middle midgut (MMG), and the posterior midgut (PMG).




Overview of metabolism and energy homeostasis.

Humans and other animals, including Drosophila, metabolize nutrients such as sugars, lipids,
and proteins into polysaccharides, fatty acids, and amino acids, respectively, to generate energy
in the form of Adenosine Triphosphate (ATP). ATP fuels important cellular processes like cell
division, ion transport, muscle contraction, and more [18, 19]. Metabolic adaptation to changes
in nutrient availability and energy demand are therefore crucial for homeostasis and survival.
This adaptation is mainly achieved via hormonal signaling [19]. In humans, for example, it is
well-known that the peptide hormones glucagon and insulin act antagonistically to maintain
stable blood glucose levels. Glucagon is active during periods of fasting to counteract low blood
glucose levels while insulin is active after ingestion of a meal to counteract high blood glucose

levels [20].

The Drosophila genome encodes eight insulin-like peptides (DILP1-8) and one glucagon-like
peptide called adipokinetic hormone (Akh) [21]. DILPs 2, 3, and 5 are secreted in response to
nutrients mainly by a group of median neurosecretory cells (MNCs) in the brain called insulin-
producing cells (IPCs) [22]. DILP2 regulates sugar metabolism [23], DILP3 has been reported to
impact lipid levels [24], and DILP5 regulates protein metabolism [25]. In addition to impacting
metabolism of nutrients, some DILPs are known to have functions in other processes such as

growth and lifespan [23].

Much like glucagon in humans, Drosophila Akh is secreted during periods of starvation and
high-energy demand to promote mobilization of glycogen and fat energy stores [26]. Akh is
secreted by neuroendocrine cells of the corpora cardiaca (CC), which is located next to the
esophagus in adult flies [21, 26]. Insect Akh is known to impact mobilization of glycogen stores

through different mechanisms, including the activation of glycogen phosphorylase, which



catalyzes the first step in glycogen catabolism [27]. It also acts through its receptor, the
Adipokinetic hormone receptor (AkhR), in the fat body to promote the breakdown of fat stores
via activation of lipases [28, 29]. The fat body is functionally analogous to human adipose tissue

and liver, serving as the main site of energy storage and metabolism in Drosophila [21, 30, 31].

Similar to humans, flies store energy in different tissues. While most of their energy reserves
can be found in the fat body, some are also found in the gut, in oenocytes, in the ovaries of
females, and in the brain, mainly in the form of triacylglyceride (TAG) lipid droplets [21, 32, 33].
Under starvation conditions, energy stores are mobilized to meet the energy demands of the fly.
TAGs are converted to free fatty acids and diacylglycerol (DAG) by lipases and carried by
lipoproteins in the hemolymph to peripheral tissues for use in energy production [21, 32]. The
Drosophila lipase Brummer (Bmm), a homolog of the human adipocyte triglyceride lipase

(ATGL), is the main lipase responsible for TAG metabolism in the fly [34].

Fat Body
[ Intestine

Ml corpora
Cardiaca

Figure 1.4: Schematic of the Drosophila melanogaster anatomy
highlighting the distinct parts of the fly that will be discussed in this
dissertation.




EECs as mediators of metabolism and energy homeostasis

Intestinal EECs help maintain energy homeostasis in response to nutritional cues by secreting
different peptide hormones, or EEPs, that can act in a paracrine fashion within the intestinal
epithelium or in an endocrine fashion on other organ systems [35]. During ingestion of a meal,
EECs secrete EEPs that decrease appetite and promote satiety and glucose clearance by
increasing insulin levels. Conversely, during periods of fasting, EECs secrete EEPs that
increase appetite, foraging behavior, and mobilization of energy reserves in the body by

increasing glucagon secretion [35] [36].

There are many different EECs present in distinct parts of the intestine that are classified
primarily based on the EEPs that they secrete. In humans, for example, K cells in the duodenum
secrete the EEP Glucose-dependent Insulinotropic Peptide (GIP) while L cells in the jejunum
and ileum secrete Glucagon-like Peptide 1 (GLP-1). Both EEPs promote glucose clearance by
increasing insulin levels in response to nutrient stimulation. [35, 36]. Similarly, in Drosophila 10
different EEC subtypes have been identified with unique EEP expression profiles and locations
along the midgut [37]. These EEC subtypes can be divided into two categories based on
expression of two mutually exclusive EEPs: Allatostatin C (AstC)-expressing EECs and
Tachykinin (Tk)-expressing EECs. The work | present in this dissertation will focus primarily on
the EEP Tachykinin (Tk) and Tk-expressing EECs, which are present along the entire length of

the midgut [37].

Most Tk-expressing EECs also express the EEPs neuropeptide F (NPF) and diuretic hormone
31 (Dh31) [37]. Intestinal NPF is a sugar-responsive EEP that regulates systemic metabolism by
repressing Akh production and promoting DILP production. [38]. Dh31 regulates several

physiological processes in the fly, including body fluid secretion and intestinal contractions,

10



which help move food and pathogenic bacteria along and out of the intestine [39]. Intestinal Tk
has been reported to contribute to the maintenance of intestinal lipid homeostasis [40]. More
specifically, interrupting Tk biosynthesis in EECs or Tk sensing in ECs via knockdown of its
receptor TKR99D results in transcriptional activation of intestinal lipid synthesis genes and
accumulation of lipid droplets in ECs [40]. In Chapter 2 of this dissertation, | report that Tk
regulation of intestinal lipid content is region-specific and in Chapter 3, | present original findings

describing the role of Tk in systemic lipid metabolism during nutrient stress.

Defense mechanisms of the intestinal epithelium

In addition to preventing diffusion of nutrients and other luminal contents, the intestinal
epithelium also serves as a physical barrier against pathogens and toxins. The cells of the
intestinal epithelium help protect this barrier through different mechanisms. For example, they
can secrete antimicrobial peptides (AMPSs) that directly kill pathogens. They can also secrete
heavily glycosylated mucins that oligomerize to form a mucus layer that separates luminal
contents from the epithelium [41]. The Drosophila intestinal epithelium protects itself from
pathogens via the following main defense mechanisms: the peritrophic matrix (PM), production

of reactive oxygen species (ROS), and expression of AMPs [42].

The PM is an extracellular layer that lines the intestinal epithelium and is composed mainly of
chitin fibrils and glycoproteins [16, 42]. There is evidence that altering the function of specific
PM proteins has an impact on PM integrity and/or pathogenic colonization and virulence in
insects. For example, mutation of the Drosophila PM protein Crystallin (Crys) increases PM
permeability and renders flies more susceptible to infection by Pseudomonas entomophila [16].
In addition, knockdown of the PM protein peritrophin in the Ixodes tick compromises the integrity

of the PM and results in decreased pathogenic colonization of the intestine [43, 44]. In chapter 2

11



of this dissertation, | will discuss the impact of the Tk-regulated Drosophila PM protein

Peritrophin-15a on intestinal colonization by the Gram-negative pathogen Vibrio cholerae.

The production of reactive oxygen species (ROS) by NADPH oxidases is another intestinal
defense mechanism [42]. Nox and Duox are two Drosophila NADPH oxidases that produce
ROS in the intestine [45, 46]. In addition to being intrinsically microbicidal, ROS also act as
signaling molecules to activate epithelial renewal in response to microbes, which increases host

tolerance during infection [45, 46].

The cells of the intestinal epithelium express several different AMPs that can directly damage
and kill microbes [41, 47]. These include Diptericins, Cecropins, Attacins, Defensin, and
Drosomycin [48]. Expression of AMPs in the fly gut is mainly regulated by the innate immune

signaling pathway Immune Deficiency (IMD) pathway [49].

The Immune Deficiency (IMD) pathway

The IMD pathway is responsible for the regulation of most AMPs produced by Drosophila and is
therefore essential for an efficient defense response against pathogenic infection (Figure 1.5)
[50, 51]. It is activated by meso-diaminopimelic acid (DAP)-type peptidoglycan (PGN) found on
the cell wall of most gram-negative and some gram-positive bacteria [52, 53]. The pattern
recognition receptors (PRRs) responsible for recognition of DAP-type PGN are called PGN
recognition proteins (PGRPs) and are classified as short (S) or long (L) based on their transcript
size [54]. There are two main PGRPs responsible for IMD pathway activation: Membrane-
associated PGRP-LC and cytoplasmic PGRP-LE [55]. Binding of PGN to PGRP-LC or PGRP-
LE leads to formation of a complex comprised of the adaptor proteins IMD and Drosophila Fas-

Associated protein with Death Domain (dFADD), and the caspase-8 homolog Death-related

12



ced-3/Nedd2-like protein (DREDD). DREDD becomes activated via ubiquitination by the E3-
ligase inhibitor of apoptosis 2 (IAP2) and activated DREDD cleaves IMD. Cleaved IMD becomes
K63-ubiquitinated by IAP2 and this leads to recruitment and activation of a complex composed
of TGF-f activated kinase 1 (TAK1) and Tak1-associated binding protein (TAB2). The
TAK1/TAB2 complex then activates the inhibitor of kB kinase (IKK) complex via
phosphorylation. Next, the nuclear factor kB (NF-kB) homolog Relish becomes activated by
phosphorylation by IKK and cleavage by DREDD. Finally, the active N-terminus (Rel-68) of
Relish translocates to the nucleus and activates transcription of target genes, including AMPs

[51, 54, 55].

The IMD pathway is one of the main innate immunity pathways in the Drosophila digestive tract
[49, 55, 56]. In addition to ECs, EECs also express components of the IMD pathway [15] and, in
fact, IMD signaling in EECs has a significant impact on expression of intestinal AMPs and the

EEPs Tk and Dh31 [57].

13



PGRP-LC

asese — ave —h s ea L
| MR} R

= a0 &

IMD —

FADD
Dredd

/ O\ Relish pra Y
_‘ C@\/ Rel68 \
WA -
XD f

IKK complex \ /

Figure 1.5: IMD pathway components are expressed in every cell type of the
Drosophila intestinal epithelium. Intestinal AMP production is primarily
regulated by the IMD pathway.
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EEPs as regulators of immunity

In addition to their known role in metabolism and energy expenditure, EECs are modulators of
intestinal immunity. EEC-exclusive receptors can directly respond to microbes and microbe-
derived metabolites to produce EEPs [1, 2]. In mammals, there is evidence that, much like
cytokines, EEPs can alter immune cell function [1, 2]. However, EEP influence on intestinal

immunity remains elusive and is an active area of study.

Drosophila responds to microbiota-derived acetate and to enteric infection by activating
expression of EEPs [57, 58]. Our lab showed that microbiota-derived acetate and V. cholerae
infection increase Tk expression via PGRP-LC-dependent activation of IMD signaling in EECs
[57]. Additionally, it was reported that infection with Pseudomonas entomophila leads to

increased expression of the EEP Allatostatin A (AstA) [58].

Our lab has further found evidence that Tk regulates intestinal AMP transcription [59] and, in
Chapter 2 of this dissertation, we will discuss our findings regarding an additional role of Tk in

immune regulation.

The Enteric pathogen Vibrio cholerae

Vibrio cholerae is a gram-negative bacterium that is known to colonize the human intestinal
epithelium and cause the disease cholera [60]. Cholera can cause severe diarrhea, dehydration,
and, if left untreated, death [60, 61]. It is a public health concern, causing approximately 21,000-
143,000 reported deaths yearly [60]. Although over 200 V. cholerae serogroups have been
reported, only O1 and 0139 serogroups can cause cholera and epidemics due to their ability to

produce cholera toxin (CTX) [60, 62]. V. cholerae classical and El Tor biotypes of O1 strains
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have caused the seven cholera pandemics reported to date. The first six were caused by the
classical biotype and the seventh and ongoing pandemic is caused by the El Tor biotype [60,

62].

V. cholerae is indigenous to aquatic environments, where it is mainly found in association with
the chitinous exoskeleton and gut of crustaceans [60, 63]. It spreads through consumption of
contaminated water or food, particularly in areas with poor sanitation practices [63]. Importantly,
studies have found that association with the chitinous exoskeletons of plankton allows V.
cholerae to persist in aquatic environments and correlates with higher rates of cholera
transmission [63, 64]. This may be explained in part by the fact that V. cholerae association with
chitin can induce natural competence in the bacterium, allowing it to acquire new genetic

material and increase its adaptability to changes in the environment [65, 66].

In addition to crustacean zooplankton, other arthropods known to carry V. cholerae are insects
and although the environmental and public health impact of this remains largely unexplored,
some have proposed that insects serve as vectors and environmental reservoirs of the
pathogen [67-71]. Our lab has demonstrated the utility of the terrestrial arthropod Drosophila
melanogaster as a model host to study V. cholerae pathogenicity and intestinal infection

dynamics [71-74]. | will discuss these in the next section.

V. cholerae pathogenesis

V. cholerae is exposed to many hostile environmental conditions inside a host that it does not
encounter in its native aguatic environment. It is, therefore, not surprising that V. cholerae has
evolved many regulatory mechanisms that allow it to adapt to these conditions and survive

inside a host [60, 62]. Once it reaches the mammalian intestine, V. cholerae binds the intestinal

16



surface initially via the action of the adhesin GbpA, which mediates binding to both, chitinous
and intestinal surfaces [62, 75]. Importantly, deletion of gbpA has been shown to decrease
intestinal colonization of the infant mouse model, indicating that GbpA-mediated intestinal
attachment is crucial for efficient colonization of the intestine [62, 75]. After this initial
attachment, V. cholerae colonizes the small intestine and causes disease in mammals by
producing its two main virulence factors: Cholera toxin (CTX) and toxin-co-regulated pilus
(TCP). CTX causes the diarrhea characteristic of the disease and TCP mediates adherence and

microcolony formation [60, 62].

In its native aquatic environment, V. cholerae forms biofilms on the chitinous exoskeleton of
crustaceans [76]. A biofilm refers to a community of microorganisms that is embedded in a self-
produced matrix of extracellular polymeric substances (EPS) and associates with biotic and
abiotic surfaces [76, 77]. In the case of V. cholerae, the Vibrio polysaccharide (VPS) is the main
component of this matrix and is required for the formation of mature biofilm structures [76, 78].
Evidence suggests that biofilm formation may also play an important role during V. cholerae
infection. Many vps and biofilm formation-associated genes are induced during infection and
deletion of key biofilm matrix components and regulators affects intestinal colonization of an

infant mouse model [76, 78].

As mentioned in the previous section, our lab has successfully utilized Drosophila as a versatile
and inexpensive model host to study V. cholerae infection dynamics. Previous lab members
have reported that oral infection with V. cholerae is lethal to the fly and that, similar to humans,
this lethality is potentiated by CTX [72]. V. cholerae is able to colonize, multiply, and form a
biofilm in the fly intestine [71, 72]. It can establish an infection within the fly host that triggers

AMP expression and has systemic metabolic consequences [71-73, 79]. In chapter 2 of this
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dissertation, | will present novel findings identifying a small chitin-binding protein of the

Drosophila peritrophic matrix (PM) as an important factor for V. cholerae intestinal colonization.
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Chapter 2: A conserved, immune-regulated arthropod peritrophin
promotes V. cholerae intestinal colonization
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Chapter 2 Abstract

Vibrio cholerae is a human diarrheal pathogen and an estuarine organism that associates with
both terrestrial and aquatic arthropods. Using the model terrestrial arthropod Drosophila
melanogaster, we previously showed that V. cholerae forms a multi-layered bacterial structure
called a biofilm in the arthropod intestine and activates the arthropod intestinal innate immune
response through signaling to enteroendocrine cells in the anterior midgut (AMG). This results in
increased expression of the enteroendocrine peptide (EEP) tachykinin (Tk). Here, we observed
that activation of the immune response in enterocytes decreases V. cholerae colonization of the
Drosophila intestine, while activation of the immune response in enteroendocrine cells promotes
V. cholerae colonization. To uncover the basis of this observation, we measured the global impact
of TKRNA on intestinal gene expression by RNAseq analysis. Here we show that, in addition to
antimicrobial peptides and lipases, Tk activates the expression of chitinases and chitin-binding
proteins in the peritrophic matrix (PM), a protective coating that overlies the arthropod intestinal
epithelium. One of these, the small, secreted chitin-binding protein Peritrophin 15a (Peri-15a), is
essential for robust V. cholerae colonization of the gut. Homologs of Peri-15a are widespread in
both terrestrial and aquatic organisms including marine non-biting midges, marine copepods,
rotifers, and cyanobacteria. We propose that Peri-15a and its homologs, found in the intestines
of diverse arthropods, may serve as a receptor that promotes V. cholerae attachment to the
intestinal surface. Therefore, activation of the arthropod intestinal innate immune response by V.

cholerae may, in fact, represent a colonization strategy.
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Chapter 2 Introduction

Vibrio cholerae is best known as a human pathogen that causes the diarrheal disease cholera
due to expression of the principal virulence factors, the toxin co-regulated pilus and cholera
toxin [60]. However, both toxigenic and non-toxigenic strains of V. cholerae are found in
estuarine aquatic environments [63, 80-82]. In these environments, V. cholerae is found in
association with large and small marine arthropods including midges, rotifers, copepods, and
cladocerans [63, 82-84]. The exoskeletons of these organisms are rich in chitin, and some have
suggested that the ability of V. cholerae to attach to, degrade, and grow on chitin factors relies
heavily in this environmental association [64, 66, 85-87]. Chitin also activates natural
competence in V. cholerae, thus promoting horizontal transfer of genetic material, which is likely

important to environmental adaptation and survival [65, 88].

Drosophila melanogaster, the common fruit fly and model arthropod, has served as an excellent
tool for understanding the interaction of V. cholerae with both the arthropod and mammalian
intestinal epithelia [71, 72, 74, 89-94]. The Drosophila midgut is the principal site of digestion
and absorption of nutrients, much like the mammalian small intestine and is separated from the
intestinal lumen by a porous peritrophic matrix (PM) [95]. The PM consists of a lumen-exposed
web-like structure comprised of chitin and chitin-binding proteins and an inner layer of mucins
that are anchored to the chitin [96]. Because microbes entering the midgut first encounter the
anterior midgut (AMG), the innate immune response in this region is critical for intestinal
defense. EECs in the AMG are specialized for responding to microbial metabolites [3]. This, in
addition to microbe-associated molecular patterns (MAMPSs) such as peptidoglycan, may signal
the presence of viable microbes in the gut [57, 59]. In EECs of the anterior midgut, IMD
signaling activates transcription of the enteroendocrine peptide Tachykinin (Tk), which promotes

intestinal lipid utilization and AMP expression [40, 57]. Therefore, in the absence of an invasive

22



intestinal infection, the response of the intestine to microbes is principally under the control of

enteroendocrine cells and Tk [3].

Drosophila ingestion of V. cholerae results in the formation of a biofilm in the posterior midgut
(PMG) without further invasion and activates IMD signaling in EECs leading to an increase in
intestinal Tk and AMP expression [59, 71, 91]. In this chapter, | will discuss our findings which
indicate that, despite the susceptibility of V. cholerae to AMPs, innate immune signaling in EECs
increases V. cholerae colonization of the arthropod intestine. RNAseq analysis of Tk> driver
and Tk>TkRVA! flies showed that, in addition to the known impacts of Tk signaling on genes
encoding AMPs and lipid catabolism enzymes, Tk activates transcription of genes encoding
chitin modification and chitin-binding proteins. We demonstrate that a small chitin-binding
protein, Peritrophin-15a (Peri-15a), which consists of a secretion peptide and one type 2 chitin
binding domain, is activated by IMD signaling in EECs and increases V. cholerae adhesion to
the arthropod intestine. Underscoring the importance of our findings, the literature suggests that
association of Vibrio species with zooplankton activates both the innate immune response and
transcription of chitin-binding proteins [97]. Furthermore, AlphaFold predictions show that close
structural homologs of Peri-15a are present in many organisms that associate with V. cholerae
in the environment including copepods, rotifers, cyanobacteria, non-biting midges, and house
flies [98]. Based on these findings, we propose that V. cholerae exploits activation of the host
innate immune response and upregulation of this small chitin binding protein to increase its

colonization of the intestinal surface of environmental arthropod hosts.

23



Chapter 2 Results

The IMD pathway of EECs increases V. cholerae colonization of the Drosophila intestine.
We previously showed that V. cholerae infection activates intestinal IMD signhaling in EECs
leading to increased AMP transcription in the arthropod intestine [57, 91]. We hypothesized that
this response to V. cholerae infection would limit intestinal colonization. To test this, we fed V.
cholerae to Tk> and Tk>Rel™*flies for 48 hours and then washed out non-adherent bacteria by
transferring the flies to phosphate-buffered saline (PBS) for 24 hours. To our surprise, RelRN in
Tk+ cells decreased V. cholerae colonization, suggesting that IMD signaling in Tk+ EECs
augments intestinal colonization (Figure 2.1A). IMD signaling in EECs is essential for Tk
expression in the AMG [57]. To test the role of Tk in this process, we measured colonization in
a Tk>TkRNAIfly.  Again, we observed a decrease in colonization (Figure 2.1B). Tk
communicates with enterocytes via the TKR99D receptor to augment AMP transcription in the
Drosophila intestine [59] [40]. To determine whether colonization was brought about by an EC-
specific product, we compared colonization of EC driver control NP1> and NP1>TKR99DRNA
flies. TKR99DRNA in ECs increased V. cholerae colonization as did Rel?"A' (Figures 2.1C and
2.1D). We reasoned that, as a principal source of AMPs, a block in EC AMP production due to
either decreased Tk or IMD signhaling might explain the observed increase in colonization. To
test this, we compared V. cholerae colonization of a fly with 10 AMPs deleted (AAMP10, Defs%3,
AttCM, DroAttABS?, MtkR?, DptABSK?; DrsR?, AttDSKY) with the parental control (Figure 2.1 E)
[99]. As predicted, the AAMP10 fly displayed increased colonization. We conclude that AMPs
produced by ECs diminish V. cholerae intestinal colonization, a product produced by EECs that
is activated by Tk promotes V. cholerae intestinal colonization, and that V. cholerae intestinal

colonization of the arthropod intestine is a composite of these two opposed processes.
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Figure 2.1: The action of Rel and Tk in EECs increases V. cholerae colonization of the Drosophila
intestine. CFU/ fly reflecting V. cholerae colonization of the intestines of (A-D) flies with the indicated
genotypes or (E) w'’’8 parental flies (CTL) and flies with deletion of 7 genes encoding antimicrobial
peptides (AAMP). Data were log,, transformed. The mean of 8 flies is shown. A Welch’s t test was used
to assess significance. **** p<0.0001, ** p<0.001, ** p<0.01, * p<0.05, ns not significant.
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Tk regulates transcription of genes involved in the innate immune response, lipid
catabolism, and chitin binding.

To identify host colonization factors regulated by Tk, we performed RNAseq on the intestines of
Tk>TkRNA and Tk> driver-only control flies (Figure 2.2A). Using a padj <0.05 and 2-fold change
as thresholds, we identified 136 differentially regulated genes of which transcription of 69 were
increased and transcription of 67 were decreased. Tk is known to regulate both innate immune
signaling and lipid catabolism [40, 57]. Based on the FlyBase entries, RNA-seq analysis
showed 20 differentially regulated genes involved in innate immunity (green circles, Figure 2.2A)
and 9 involved in lipid catabolism (brown circles, Figure 2.2A) [100]. To confirm a subset of
these, we measured transcription of the genes encoding the AMP Defensin (Def) and the

lipases CG17192 and Lipase 3 (Lip3). As shown in Figure 2.2B, these measurements were in

agreement with the RNA-seq results.
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Figure 2.2: RNA-seq comparing transcription in the intestines of Tk> and Tk>TkRNAI flies
reveals differential regulation of many genes involved in the innate immune response, lipid
catabolism, and chitin binding. (A) RNA-seq was performed on the intestines of Tk> and Tk>TKRNAi
flies using biological triplicates. Volcano plot showing the log, fold-change and padj for
Tk>TkRNATK>. The vertical dotted lines indicate a 2-fold change. Colored points meet the threshold
z 2-fold change and padj < 0.05. Significantly regulated genes involved in innate immunity are
shown in green, those involved in lipid catabolism are shown in brown, and those involved in chitin
binding are shown in purple. (B) gqRT-PCR quantification of the indicated genes in the intestines of
indicated fly genotypes. These genes were also significantly differentially regulated in the RNA-seq
experiment. The mean of biological triplicates is shown. Error bars indicate the standard deviation. A
Welch's t test was used to evaluate significance. **** p<0.0001, * p<0.05.
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Tk control of lipid accumulation is restricted to the AMG.

Opposite regulation of the two lipases CG17192 and Lip3 was unexpected. Therefore, we
compared lipid accumulation in the intestines of Tk> control and Tk>Tk®NA' flies. As previously
reported, lipid accumulation was observed in the intestines of Tk>TkXNA flies [40]. Importantly,
this was only observed in the AMG but not in the PMG (Figures 2.3A and 2.3B). Because Tk is

present both the AMG and PMG, we conclude that control of lipid accumulation is specific to the

AMG [40, 57].
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Figure 2.3: Tk control of lipid accumulation is restricted to the AMG. (A) Flucrescence images
showing DAPI and BODIPY (Lipid) staining in the anterior midgut (AMG) and posterior midgut (PMG)
of the indicated fly genotypes. Scale bars, 50 uM. (B) Quantification of total fluorescence in the AMG
and PMG of the indicated flies incubated with BODIPY. Six intestines were evaluated. The mean of
log transformed data is shown. A students’ t-test was used to evaluate significance. * p<0.05, ns not
significant.
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Peritrophins-15a and b are two related proteins with similar structures that are regulated
by Tk.

In addition to genes encoding metabolic and regulatory functions as well as genes of unknown
function, we noted four genes annotated as chitin-binding, three of which were activated by Tk
and one of which was repressed. Chitin-binding proteins are structural components of the PM,
the protective layer of the intestine closest to the lumen where V. cholerae is located during
infection [101]. We hypothesized that a chitin-binding protein might enhance pathogen
colonization if it promoted adhesion to the PM surface without disrupting PM structure. A
previous study of the tsetse fly showed that the peritrophins Pro 1 and 2, which are homologs of
the Drosophila Peritrophins-15a and b (Peri-15a and b), had little impact on the structure of the
PM and did not affect colonization of the intestine by the Gram-negative rods Enterobacter and
Serratia [43] [102]. However, because transcription of Peri-15a and Peri-15b was significantly
decreased in the TK>TKRNA' RNA-seq analysis as compared with the Tk> control, we reasoned
they might be the Tk-regulated V. cholerae adhesion factor we sought. Peri-15a and 15b are
two related proteins consisting of 92aa and 93 aa, respectively. They are encoded in the
second chromosome near each other. An alignment using Clustal Omega showed that they are
45% identical and 58% similar (Figure 2.4A) [103]. AlphaFold predicts very similar structures for
the two proteins, which consist of an N-terminal signal peptide and one type 2 chitin binding

domain (Figure 2.4B) [98, 104].
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Figure 2.4: Peritrophins-15a and b are two related proteins with similar structures regulated
by Tk. (A) Alignment of the amino acid sequences of Peritrophin-15a (Peri-15a) and Peritrophin-
15b (Peri-15b) using Clustal Omega. The sequences are 45% identical and 58% similar. (B) Alpha
fold generated structures of Peri-15a and Peri-15b. The N-terminal helices representing
approximately residues 1-22 are predicted signal peptides, while residues 31-92 in Peri-15a and 38-

89 in Peri-15b are predicted type 2 chitin binding domains.
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Peritrophin-15ais highly expressed in EECs.

The Peri-15a transcript is most highly expressed in enteroendocrine cells of the AMG, and is
approximately 40X and 750X more highly expressed, respectively, than Peri-15b and
Peritrophin A, the other two named peritrophins in the Drosophila genome (Figure 2.5A) [15].
Therefore, we focused our studies on Peri-15a. We first confirmed our RNAseq results in an
independent gRT-PCR experiment comparing Peri-15a transcription in the intestines of
Tk>TkRNA! flies to that in Tk> control flies. As expected, Tk>TkRNA resulted in decreased

transcription of Peri-15a (Figure 2.5B).
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Figure 2.5: Peritrophin-15a is highly expressed in enteroendocrine cells of the Drosophila
midgut. (A) Expression of the three midgut peritrophins, Peritrophin A, 15a, and 15b midgut regions
and cell types. Data is from the flygutseq database (from htip://flygutseq.buchonlab.com/). (B) gRT-
PCR analysis of intestinal expression of Peri-15a) of the indicated flies. The mean of biological
triplicates is shown. Error bars represent the standard deviation. A student’s t test was used to assess
statistical significance. * p<0.05
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Peri-15a promotes V. cholerae colonization of the arthropod intestine without impacting
expression of Tk or AMPs.

Considering that other EECs might produce Peri-15a in addition to Tk+ ones, we reduced Peri-
15a transcription using the pan-EEC driver Prospero (Pros>) and Peri-15a"M. This decreased
Peri-15a transcription by approximately 2-fold (Figure 2.6A). We then measured transcription of
Peri-15a in the setting of V. cholerae infection. This significantly increased transcription of Peri-
15a (Figure 2.6B). Next, we assessed the impact of Peri-15afNA' on intestinal colonization with
V. cholerae. Decreased transcription of Peri-15af"A' reduced V. cholerae colonization of the
Drosophila intestine by approximately 100-fold (Figure 2.6C). To rule out an effect of Peri-
15afNA on Tk and AMP levels, which were shown to modulate V. cholerae colonization, we
measured transcription of the genes encoding each of these in Pros> control and Pros>Peri-

15aRNAi flies. Peri-15a®NA did not impact transcription of Tk and the gene encoding the AMP Def

in the gut (Figures 2.6D and 2.6E).
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Figure 2.6: Peri-15a promotes V. cholerae colonization of the arthropod intestine without
impacting expression of Tk or AMPs. gRT-PCR analysis of Peri-15a transcription in the intestines
of (A) Pros> control or Pros>Peri-15aRNA flies and of (B) Tk> (CTL) flies fed either LB alone or
inoculated with V. cholerae (Vc). (C) V. cholerae colonization of the intestines of flies with the
indicated genotypes. Data was log-transformed. The mean of eight intestines is shown.
Significance was calculated using a Welch's t test. gqRT-PCR analysis of (D) Tk expression and (E)
Def expression in the intestines of Pros> control or Pros>Peri-15a%NAi flies. The mean of biological
triplicates is shown. Error bars represent the standard deviation. A student’s t test was used to
assess significance. ** p<0.001, ** p<0.01, * p<0.05, ns not significant.
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Peri-15a does not impact intestinal lipid homeostasis.

To further rule out an effect of Peri-15a on Tk expression, we performed Tk and lipid staining on
the intestines of Pros> control and Pros>Peri-15af"A flies. Pros>Peri-15a""*' had no impact on
intestinal lipid accumulation (Figures 2.7A and 2.7B). This indicates Tk is upstream of Peri-15a
and that decreased colonization of the Pros>Peri-15af"" intestine is not the result of increased

AMP transcription.
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Figure 2.7: Peri-15a does not impact intestinal lipid homeostasis. (A) Representative fluorescence
images showing DAPI and BODIPY (Lipid) staining in the anterior midgut (AMG) and posterior midgut
(PMG) of the indicated fly genotypes. Scale bars, 100 uM. (B) Quantification of lipid accumulation
(Fluor 488) in the AMG and PMG of the indicated fly genotypes. The mean of a minimum of seven
intestines is shown. Significance was calculated using a student’s t test. ns not significant.
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20-hydroxyecdysone (20E) supplementation activates transcription of Peri-15a.

Peri-15a is downstream of Tk, produced by EECs, and co-regulated with AMPs whose
transcription is activated by the IMD pathway. Therefore, we hypothesized that Peri-15a is
regulated by IMD signaling in EECs. We previously showed that the fly sex hormone 20-
hydroxyecdysone (20E) activates the enteroendocrine IMD pathway [59]. To test the hypothesis
that IMD activation in EECs increases Peri-15a transcription, we compared flies fed LB alone to
flies fed LB supplemented with 20E. As shown in Figure 2.8, administration of 20E to
Drosophila increased expression of Tk, Def, and Peri-15a. This supports the hypothesis that
IMD signaling in EECs activates Peri-15a transcription and is, therefore, a component of the

Drosophila innate immune response.
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Figure 2.8: 20-hydroxyecdysone supplementation activates transcription of Peri-
15a. qRT-PCR analysis of transcription of the gene encoding the antimicrobial peptide
Defensin (Def), tachykinin (Tk), or Peritrophin-15a (Peri-15a) in Tk> flies fed LB broth
or LB broth supplemented with 20-hydroxyecdysone (20E). Data were log transformed.
The mean of biological triplicates is shown. Error bars represent the standard deviation.
A Welch's t-test was used to assess significance. * p<0.05
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Transcriptional activation of Peri-15a by 20E increases V. cholerae colonization of the
arthropod intestine.

Our results suggest that Peri-15a promotes colonization of the arthropod midgut. Consistent
with our model, 20E administration also increased intestinal colonization by V. cholerae (Figure
2.9A). To demonstrate that this increase in colonization was dependent on Peri-15a, we
assessed the impact of 20E supplementation on V. cholerae colonization in Pros> control and
Pros>Peri-15aRf"" flies. 20E did not increase V. cholerae colonization in Pros>Peri-15a flies
(Figure 2.9B). This demonstrates that the increased colonization observed with 20E

supplementation is dependent on Peri-15a.

A B * %
—
- kK * %
=71 r—
E ®e ; ns
S 6+ S = 64 328
LL . o L] *e*
Q 5]k S 4 s T
S - [ ]
S i‘- ® "é ® F: o®
m e _®
o 4_ o.. g’ 2-
| ¢ -
3-_|_|_ 0 T T \I T
7 & &
NANG O S w0
oY ¢ g e
0~ W
Q! ?e( ‘ o2
\l
& o
Vg
Q'
Q(
Figure 2.9: Transcriptional activation of Peri-15a by 20-hydroxyecdysone increases V.
cholerae colonization of the arthropod intestine. V. cholerae colonization of (A) yw (CTL) or (B)
Pros> and Pros>Peri15a®NAi flies infected in LB or in LB supplemented with 20-hydroxyecdysone
(20E). The mean of log, transformed data is shown. In (A) 16 flies were used and a student’s t test
was used to assess significance. In (B) at least 8 flies were used and a Welch’'s ANOVA with
Dunnett's T3 multiple comparisons test was applied to assess significance. * p<0.05, ** p<0.01, ns
not significant.
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The V. cholerae master regulator of chitin metabolism, ChiS, decreases V. cholerae
colonization of the arthropod intestine without altering the host innate immune response.
V. cholerae can use chitin as a sole carbon and nitrogen source because its genome encodes
multiple chitinases as well as transporters and enzymes that enable catabolism of chitin
degradation products, and we have previously shown that V. cholerae is able to digest the
peritrophic matrix [73, 87, 105-107]. This supports the dogma that chitin utilization is essential
for V. cholerae survival in the environment. In contrast, our results suggest that the chitin-
binding protein Peri-15a promotes V. cholerae adherence in the arthropod intestine and,
therefore, that chitin degradation might be detrimental to surface adhesion in this environment.
The V. cholerae chitin catabolic cascade is under the control of the non-canonical transcription
factor ChiS [87, 106, 108]. To determine the impact of chitin degradation on V. cholerae
colonization of the arthropod gut, we assessed colonization by a V. cholerae AchiS mutant,
which is unable to degrade chitin and utilize its metabolic products. Mutation of chiS improved
colonization in a control fly (Figure 2.10A). We first explored whether this was due to a
decrease in AMP expression or an increase in Tk and Peri-15a expression. As shown in Figure
2.10B, mutation of V. cholerae chiS did not affect expression of any of the fly genes measured

and, therefore, does not alter the host innate immune response.
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Figure 2.10: The V. cholerae master regulator of chitin metabolism, ChiS, decreases V. cholerae
colonization of the arthropod intestine without altering the host innate immune response. (A)
Wild-type (WT) or a AchiS mutant V. cholerae colonization of the intestines of Tk> driver-only flies. Eight
flies were used per condition. The mean of logy, transformed data is shown. A student’s t test was
used to assess significance. (B) gRT-PCR analysis of Tk, Def, and Peri-15a expression in the intestines
of yw flies infected with either WT V. cholerae (WT) or a AchiS mutant. Bars represent the mean of
biological replicates. Error bars represent the standard deviation. Statistical significance was assessed
by a student’s t test. *** p<0.001, ns not significant.
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The action of ChiS is dependent on Peri-15a.

We considered the possibility that attachment of the AchiS mutant to the PM might not depend
on Peri-15a. To test this, we measured intestinal colonization by WT V. cholerae and a AchiS
mutant in Tk>, Tk>TKRNA| Pros>, and Pros>Peri-15a"M flies. As shown in Figures 2.11A and
2.11B, intestinal colonization by both WT V. cholerae and the AchiS mutant was decreased in
TKRNAT and Peri-15afMA flies. In contrast, the chiS mutation had little effect on colonization in the
TkRNA and Peri-15aRfNA background. This is consistent with a model in which the action of ChiS

is dependent on Peri-15a for V. cholerae PM attachment.
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Figure 2.11: The action of Chi$S is dependent on Peri-15a. V. cholerae colonization of (A)
Tk> and Tk>TkRNA flies or (B) Pros> and Pros>Peri15a"NAi flies, At least 8 flies were used and
a Welch’s ANOVA with Dunnett's T3 multiple comparisons test was applied to assess
significance. **** p<0.0001, *** p<0.001, * p<0.05, ns not significant.
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ChiS impairs the ability of V. cholerae to form a biofilm within the arthropod intestine.

In the appropriate environment, the interaction of V. cholerae with a surface promotes
expression of the vps genes required for multilayer attachment of the bacterium to the surface in
a structure known as a biofilm [109-111]. Furthermore, we previously reported that V. cholerae
forms a biofilm in the Drosophila intestine [71, 74]. Previous reports suggest that chitin, its
metabolites, and ChiS do not regulate the vps genes in laboratory settings [87]. To demonstrate
that ChiS inhibits V. cholerae biofilm formation in the arthropod intestine, we measured
transcription of the biofilm genes, vpsT and vpsL. VpsT encodes a transcription factor that
responds to the second messenger c-di-GMP and activates transcription of vps genes including
vpsL. As shown in Figure 2.12A, transcription of both vpsT and vpsL was increased during
infection by a AchiS mutant but not WT V. cholerae. Interestingly, deletion of chiS does not
impact biofilm formation in LB broth (Figure 2.12B). These results suggest that ChiS-regulated

genes impair the ability of V. cholerae to form a biofilm within the arthropod intesti
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Figure 2.12: ChiS impairs the ability of V. cholerae to form a biofilm within the
arthropod intestine. (A) qRT-PCR analysis of the indicated V. cholerae biofilm genes
genes in Tk> driver-only flies colonized with either WT V. cholerae or a AchiS mutant.
The mean of biological triplicates is shown. Error bars represent the standard
deviation. A student’s t test was used to assess significance. (B) Biofilms formation in
static LB cultures by WT V. cholerae and a A chiS mutant. The mean of five biological
replicates is shown. A student’s t test was used to assess significance. ** p<0.01, *
p<0.05, ns not significant.
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Chitinase 4 knockdown in enterocytes decreases V. cholerae colonization.

Peri-15a may alter the structure of the PM surface directly. To determine whether the
continuity of the PM surface affects V. cholerae colonization, we examined intestinal chitinases.
In the cotton bollworm, silencing of the Cht4 homolog results in a less porous PM with a higher
chitin content [112]. Cht4 and Cht9, which are the most highly expressed chitinases in the
midgut, are principally expressed in enteroblasts and enterocytes of the Drosophila midgut [113]
(Figure 2.13A). To determine how they impact V. cholerae colonization, we compared V.
cholerae colonization of NP1>Cht4RNA' and NP1>Cht9RfNA flies with an NP1> enterocyte driver-
only control fly. Cht9R"NA' had no effect on V. cholerae colonization, while Cht4"NA' unexpectedly

decreased colonization (Figure 2.13B).
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Figure 2.13: Chitinase 4 knockdown in enterocytes decreases V. cholerae colonization.
(A) Expression of Chitinase 4 (Cht4) and Chitinase 9 (Cht9) in different intestinal cell types (ISC
intestinal stem cells, EB enteroblasts, EC enterocytes, EEC enteroendocrine cells). database
(from http://flygutseq.buchonlab.com/). (B) V. cholerae colonization of an enterocyte driver-only
fly (NP1>) and a fly with knockdown of the indicated chitinases in enterocytes. Bars represent
the mean of at least six biological replicates. An ordinary ANOVA with a Dunnett's multiple
comparisons test was performed on log,, transformed data to assess significance. * p<0.05, ns
not significant.
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Chitinase 4 knockdown in enterocytes decreases the intestinal immune response.

It seemed unlikely that decreased PM porosity and increased chitin content would inhibit V.
cholerae colonization directly, since chitin has been shown to promote V. cholerae surface
adhesion [87, 114, 115]. In studies of the Tsetse fly, investigators have suggested that
decreased PM porosity diminishes access of microbial products to the intestinal epithelium and
reduced IMD signaling [43]. Based on this precedent, we hypothesized that decreased PM
porosity in NP1>Cht4™"A' flies might decrease IMD signaling and, consequently, Tk and Peri-
15A expression. To test this, we quantified transcription of Tk, Def, and Peri-15a in the
intestines of NP1>Cht4R"NA and NP1> flies and, at the same time, established that Cht4RNA
decreased Cht4 transcription (Figure 2.14). In fact, all three transcripts were decreased by

Cht4®NA | This is consistent with a model in which Cht4"™NA' reduces access of microbial products

to the intestinal epithelium leading to decreased IMD signaling.
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Figure 2.14: Chitinase 4 knockdown in enterocytes decreases the intestinal innate immune
response. qRT-PCR measurements of Chi4, Tk, Def, and Peri-15a transcription in the intestines
of flies of the indicated genotypes. Error bars represent the standard deviation. Significance was
assessed using a Welch’s t test for Cht4 and a student’s t test for all others. ** p<0.01, * P<0.05.
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Structural homologs of Peri-15a are found in cyanobacteria, fungi, rotifers, copepods,
and marine insects.

V. cholerae has been associated with zooplankton in aquatic environments, and there is
evidence that V. cholerae colonizes these organisms using specific adhesins [63, 116-121].
Furthermore, transcription of copepod genes encoding innate immune effectors and chitin
binding proteins, including a homolog of Peri-15a, were increased in response to Vibrio
colonization [97]. To understand the relevance of our findings to the natural environment of V.
cholerae, we searched for structural homologs of Peri-15a in the AlphaFold protein structure
database. Highly similar Peri-15a homologs were present in diverse insects including
mosquitos, beetles, butterflies, and sand flies (Figure 2.15). Structural homologs of Peri-15a
were also identified in the genomes of marine non-biting midges, rotifers, marine copepods,
zooplankton, and fungi, all of which are found in the marine aquatic environments inhabited by
V. cholerae (Figure 2.15). Taken together, these results suggest that Peri-15a homologs are
present in natural environmental hosts of V. cholerae and that intestinal colonization with V.
cholerae increases expression of these proteins by activating the intestinal innate immune

response.
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Drosophila melanogaster Musca domestica Glossinia fuscipes
Peri-15a House fly Tsetse fly
Aedes albopictus Clunio marius Lepeophtheirus salmonis

mosquito Marine non-biting midge Salmon louse, marine copepod

Tigriopus californicus Didymodactylos carnosus Nostoc sp peltigera membranacea
Marine copepod rotifer Cyanobacterium
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Figure 2.15: Structural homologs of Peri-15a are found in cyanobacteria, fungi, rotifers,
copepods and marine insects. Alpha fold AFDB50, AFDB Fold, and AFDB50MMseq2 were used
to find structural homologs of Drosophila Peri-15a. The structures of homologs found in insect

vectors, copepods, a rotifer, and a cyanobacterium are shown.
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Chapter 2 Experimental Methods

Drosophila husbandry and strains. All fly stocks used in this study were raised on standard
fly food containing 16.5 g/L yeast, 9.5 g/L soy flour, 71 g/L cornmeal, 5.5 g/L agar, 5.5 g/L malt,
7.5% corn syrup, and 0.4% propionic acid in a humidified 12 hr day-night cycle incubator at
25°C. Females flies (4-7 day old) were used in all experiments. The following RNAi and driver
fly stocks were obtained from the Bloomington Drosophila Stock Center (BDSC): TkRNA
(BL2500), RelRVA (BL.28943), TKRO9DRNA| (BL27513), Cht4RNA (BL65001), Peritrophin-15aRNA
(BL55987), and Pros-Gal4/Sb (BL84276). Control lines TRiP (BL36303) and yw (BL1495) were
also obtained from the BDSC. The Tk-Gal4 driver was a kind gift from the Veenstra and

Perrimon laboratories [40, 122].

Bacterial strains and media. The wild-type V. cholerae strain and the parental background for
all mutants was quorum sensing-competent V. cholerae 01 El Tor strain C6706 (C6706 str 2), a
kind gift of the late Ronald Taylor. The AchiS mutant was constructed by double homologous
recombination as previously described using the primers listed in Table SX [90]. V. cholerae
was cultured at 27°C in LB broth (Miller formulation, Difco) or on LB agar (Difco) supplemented
with 100 pg/mL streptomycin. Where noted, 20-hydroxyecdysone was added to LB broth for

Drosophila colonization studies (10 puM, Sigma)

V. cholerae colonization assays. For V. cholerae colonization assays, V. cholerae was
cultured overnight in LB broth and then diluted 10-fold in fresh LB broth. 3 mis of this
suspension was infused into autoclaved cellulose plugs inserted at the bottom of fly vials. 4-7
day old flies were placed in these prepared vials for 48 hours at 25 °C and then transferred to
fresh vials containing cellulose plugs infused with 3 mL sterile solution of phosphate-buffered

saline for a 24-hour to washout non-adherent bacteria. Individual flies treated in this manner
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were then homogenized in 200 uL of 1x PBS using a TissueLyser Il system (Qiagen). Serial
10-fold dilutions were prepared, and 20 ul of these dilutions were plated on LB agar plates
supplemented with 100 ug/mL streptomycin. The plates were incubated at 27°C for 24 hours
and colony-forming units (CFU) in each dilution were enumerated. This was used to calculate

V. cholerae CFU/fly.

Drosophila RNA extraction, RNAseq, and RT-gPCR. Total RNA was isolated from 10-15 fly
intestines using TRIzol reagent (Thermo Fisher Scientific 15596026) and the Direct-zol RNA
Miniprep plus kit (Zymo Research R2070). Three biological replicates per condition/genotype
were performed. For RNA sequencing analysis, the RNA was submitted to the Molecular
Biology Core Facilities (MBCF) at the Dana Farber Cancer Institute (DFCI) for next-generation
sequencing (NGS) library preparation, sequencing, and analysis (https://mbcf.dana-
farber.org/totalrnaseq.html). Libraries were prepared using Roche Kapa mRNA HyperPrep
strand specific sample preparation kits from 200ng of purified total RNA according to the
manufacturer’s protocol on a Beckman Coulter Biomek i7. The finished dsDNA libraries were
guantified by Qubit fluorometer and Agilent TapeStation 4200. Uniquely dual indexed libraries
were pooled in an equimolar ratio and shallowly sequenced on an lllumina MiSeq to further
evaluate library quality and pool balance. The final pool was sequenced on an lllumina NovaSeq
X Plus targeting 40 million 150bp read pairs per library. Sequenced reads were aligned to the
UCSC hg38 reference genome assembly and gene counts were quantified using STAR
(v2.7.3a) [123] and Salmon [124]. Differential gene expression testing was performed by
DESeq2 (v1.22.1) [125]. RNAseq analysis was performed using the VIPER snakemake pipeline

[126].

For gRT-PCR, the iScript™ cDNA synthesis kit (Bio-Rad 1708891) was used to synthesize

cDNA from 500ng of total RNA. The iTag™ Universal SYBR® Green Supermix (Bio-rad
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1725121) was used to perform gPCR of target gene transcripts on a QuantStudio™ Real-Time
PCR system 3 (Thermo Fisher Scientific). Quantification cycle values (Cq) were obtained and
used to calculate target gene transcription normalized to Actin for Drosophila targets and to

rpoA for V. cholerae targets. Primers used in this study are listed in Table 2.1.

Table 2.1: Chapter 2 List of Primers

Name Target Sequence 5'to 3
Drosophila melanogaster
Actin Fwd Internal control for gRT PCR GCGTCGGTCAATTCAATCTT
Actin Rev Internal control for gRT PCR AAGCTGCAACCTCTTCGT
CG17192 Fwd triacylglycerol lipase GCACTATTAGTAGCGGGTAATGC
CG17192 Rev triacylglycerol lipase GGACACTTCATTGGAACGGAA
Lip3 Fwd Lipase 3 ATCAAGTCCGCCCATCTTCT
Lip3 Rev Lipase 3 CTCTATGCCCAAATCCTGCT
Tk Fwd Tachykinin TACAAGCGTGCAGCTCTCTC
Tk Rev Tachykinin CTCCAGATCGCTCTTCTTGC
Def Fwd Defensin AMP GAGCCACATGCGACCTACTC
Def Rev Defensin AMP CAGTAGCCGCCTTTGAACC
Peri-15a Fwd Peritrophin-15a ATTGCACCATGAAGTCCG
Peri-15a Rev Peritrophin-15a TCCCAGAAGTTGCGGATG
Cht4 Fwd Chitinase 4 TTGGGCATTGGCAGCTCTTT
Cht4 Rev Chitinase 4 CTCCGGGACGATAGTTGGC
Vibrio cholerae
rpoA Fwd Internal control for gRT PCR AGAACGTGGTCGTGGTTATG
rpoA Rev Internal control for gRT PCR GTCCAAGTCAGTACGCTGTT
vpsL Fwd Vibrio polysaccharide gene L ATCGCACCATAGTGAATCGCT
vpsL Rev Vibrio polysaccharide gene L TCTGTGCCCATCCAGTAATGC
vpsT Fwd Vibrio polysaccharide gene T GTGGAATAATTTGGCTGGAGTATTT
vpsT Rev Vibrio polysaccharide gene T TGAGTTACCGGCACGATAATG
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Lipid staining of Drosophila intestines. Fly intestines were dissected in 1x PBS and fixed in
a 4% paraformaldehyde (PFA), 0.1% PBS-Tween 20 (PBT) solution for 20 minutes. The
intestines were then washed three times for 10 minutes with PBT, followed by incubation in
staining solution (PBT + 1:1000 DAPI (Invitrogen D1306) + 1:500 BODIPY 493/503 (Invitrogen
D3922)) for 2 hours. Unless otherwise noted, all steps were done at room temperature. After
three 10-minute washes in PBT, the intestines were mounted in Vectashield® antifade mounting
medium (Vector Laboratories H-1000-10) and imaged using a Zeiss LSM 980 confocal
microscope using a 40X or a 25X oil objective. Lipid accumulation was assessed using ImageJ
(F131) to quantify total BODIPY fluorescence. The corrected total cell fluorescence (CTCF) was
calculated by dividing total BODIPY fluorescence by the total area and subtracting background
fluorescence from this measurement. A minimum of six fly intestines per genotype were

evaluated for quantification of BODIPY fluorescence.

Statistical analysis. All data were graphed and analyzed using Prism 10.0 software
(GraphPad). Measurements shown in each graph represent the mean values of at least three
biological replicates for qRT-PCR, at least six flies for colonization experiments, and at least six
intestines for microscopy. The mean is shown for all experiments, and error bars represent the
standard deviation. Data were log-transformed to obtain a normal distribution. Because equal
variances could not be assumed, a Welch’s t test or Brown-Forsythe and Welch’'s ANOVAs with
Dunnett’s T3 multiple comparisons test were used to assess significance. The statistical test

used in each graph is specified in the figure legend.
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Chapter 3: The Drosophila G protein-coupled receptor, GulpR, is
essential for lipid mobilization in response to nutrient-limitation
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work presented in this chapter.

Chapter 3 Acknowledgements

This work was supported by NIH RO1AI158247 and NIH RO1AI162701 to P.I.W. and NIH
F31DK130254 to D. B. Anti-Tk antibodies were generously provided by Jan Veenstra. The Tk-
Gal4 driver flies were kind gifts from Norbert Perrimon. Stocks obtained from the Bloomington
Drosophila Stock Center (NIH P400D018537) were used in this study. Microscopy images
were acquired at the Microscopy Resources on the North Quad (MicRoN) core at Harvard
Medical School. We thank Paola Montero Lopis at the MicRoN core for providing expertise with
image acquisition and quantification. RNA sequencing and analysis was conducted by the
Molecular Biology Core Facilities (MBCF) at the Dana Farber Cancer Institute (DFCI). This work
utilized an lllumina NovaSeq X Plus that was purchased with funding from a National Institutes

of Health SIG grant 1S100D036228-01.

48



Chapter 3 Abstract

Enteroendocrine cells (EECSs) of the intestinal epithelium are major regulators of metabolism
and energy homeostasis. This is mainly due to their expression and secretion of
enteroendocrine peptides (EEPs). These peptides serve as hormones that control many
aspects of metabolic homeostasis including feeding behavior, intestinal contractions, and
utilization of energy stores. Regulation of EEP production and release depends largely on EEC-
exclusive G protein-coupled receptors (GPCRSs) that sense nutrient levels. In this chapter, |
report the identification of a GPCR expressed principally in EECs which we have named GulpR
due to its role in response to nutrient stress. | show that GulpR activates expression of Tk both
during starvation and infection. While this is essential for the systemic metabolic response to
starvation, it is dispensable for infection. Our findings identify a role for GulpR and Tk in survival
of starvation and suggest that, although starvation and infection both require significant
mobilization of energy stores, the signal transduction systems that regulate the metabolic

response to each are distinct.
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Chapter 3 Introduction

Maintenance of metabolic homeostasis is crucial for the health span and life span of living
organisms. This requires matching food consumption and catabolism to the energy expended.
This balance is achieved in part via the action of gut-derived peptide hormones with specialized
functions [127]. Intestinal enteroendocrine cells (EEC) comprise the largest endocrine organ in
the body, secreting more than 20 different peptide hormones, or enteroendocrine peptides
(EEPs) [35, 128, 129]. EEPs can act in a paracrine fashion to regulate nutrient absorption, gut
motility, epithelial renewal and other processes within the intestinal epithelium, or in an
endocrine fashion to regulate appetite, satiety, metabolism, and energy expenditure via their
impact on other organ systems. Appropriate EEP expression and secretion relies on the ability
of EECs to sense nutrient intake and nutritional status via both local lumen and systemic
signals. This is achieved, in large part, via the action of EEC G protein-coupled receptors
(GPCRs). GPCRs are membrane receptors that, upon binding or sensing their respective
ligands, activate a signal transduction cascade that, in EECs, leads to regulation of EEP
expression and exocytosis-mediated secretion [9, 130]. GPCRs on the surface of EECs are
activated by nutrients, metabolites secreted by the intestinal microbiota, bile acids,

neuropeptides, and other molecules [9, 128].

The Drosophila midgut, where most of the absorption and digestion of nutrients occurs, is
composed of four different cell types including EECs, which account for 5-10% of intestinal
epithelial cells [13]. As in humans, Drosophila EEPs are important regulators of intestinal and
systemic physiology and metabolism [38, 40, 131]. Energy in the fly is stored in the form of
triglycerides (TAG) and glycogen. The EEP Tachykinin (Tk), which is essential for the
maintenance of intestinal homeostasis, prevents intestinal lipid accumulation by repressing lipid

synthesis in enterocytes [40]. Tk has also been shown to impact lipid stores in the Drosophila fat
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body, which is the main site of energy storage in the fly and functionally analogous to human

adipose tissue and liver [21, 30, 31, 40].

To survive starvation or infection, animals must mobilize energy stores to meet their energy
requirements [21, 30, 31]. The Watnick lab previously reported that microbial metabolites such
as acetate or tryptophan activate the IMD pathway in EECs [57, 59, 91]. This pathway depends
on increased expression of the IMD pattern recognition receptor PGRP-LC in response to
steroid hormone ecdysone [59]. In EECs, IMD signaling in the AMG controls both Tk and
antimicrobial peptide expression. In this chapter, | describe an orphan EEC-specific GPCR
GulpR that regulates Tk expression in response to nutrient stress but not infection. This
response is essential for survival of starvation. These findings suggest that, while both the
response to starvation and infection require considerable energy expenditure, distinct signaling
pathways participate in generating the metabolic response necessary for each of these. Thus,

our findings illustrate the complexity of the EEP response to distinct energetic demands.
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Chapter 3 Results

The orphan GPCR, GulpR, is highly expressed in EECs.

In a previous RNA-seq experiment using Vibrio cholerae-infected whole flies, we noted a
positive correlation between the intestinal levels of the short-chain fatty acid (SCFA) acetate
during infection and expression of an EEC-specific orphan GPCR CG32547, which we have
named GulpR (CG32547) [15, 73](Figure 3.1A). GulpR has two predicted transcripts both
consisting of 8 exons and 7 introns but with differing 3’ untranslated regions. These encode
identical polypeptides. Because acetate prevents lipid accumulation in the Drosophila AMG by
increasing Tk expression [57], we questioned whether GulpR was involved in regulating Tk
expression and/or release. To test this hypothesis, we first characterized an available GulpR
transposon-insertion mutant fly (GulpR™%4%8). This transposon is located at the beginning of
intron 5 and, therefore, interrupts both transcripts. We began by confirming that GulpR
transcription was reduced in this mutant as compared to control y*w* (yw) flies (Figure 3.1B).
We then questioned whether GulpR was expressed in Tk+ EECs. To test this, we measured
transcription of GulpR in the intestines of Tk> control and Tk>GulpR"* flies. In fact, compared
with Tk> control flies, GulpR expression was decreased by approximately 40% (Figure 3.1C).

This suggests that GulpR is present in Tk+ cells and likely other EECs.
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Figure 3.1: The orphan GPCR, GulpR, is highly expressed in EECs. (A) GulpR expression in

various cells of the midgut (from http://flygutseq.buchonlab.com/). (B) gRT-PCR analysis of GulpR
transcription in whole control yw or GulpR™84%8 flies. (C) gRT-PCR analysis of GulpR transcription in
the intestines of control Tk> or Tk>Gu/pRRNAi flies. The mean of biological triplicates is shown. Error
bars represent the standard deviation. A student's t test was used to assess significance. * p < 0.05
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A GulpR mutant displays decreased numbers of Tk-expressing cells in the intestine and
increased lipid storage in the anterior midgut.

We quantified Tk+ EECs and lipid accumulation in the intestines of control yw and GulpR™4%®
mutant flies. GulpR mutation led to accumulation of lipids in the AMG but not the PMG and to a
reduction in the number of Tk+ EECs in both the AMG and PMG (Figure 3.2). We conclude that

GulpR regulates either Tk expression and/or secretion in both the AMG and PMG, but lipid

accumulation only in the AMG.
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Figure 3.2: A GulpR mutant displays increased intestinal lipid storage and decreased Tk+ EECs.
(A) Representative fluorescence images showing DAP| and BODIPY/(Lipid) staining in the anterior
midgut (AMG) and posterior midgut (PMG) of the indicated fly genotypes. Scale bars, 50 pM. (B)
Representative immunofluorescence images showing DAPI and TK staining in the anterior midgut
(AMG) and posterior midgut (PMG) of the indicated fly genotypes. Scale bars, 50 pM. (C) Quantification
of total fluorescence and Tk+ EECs in the AMG and PMG of the indicated fly genotypes. Female flies
were imaged. The mean of at least six intestines is shown. A Welch’s t test was used to assess
significance.. * p < 0.05, ns not significant.
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GulpRRNA in Tk+ EECs decreases intestinal Tk expression and increases lipid
accumulation.

To determine whether cell-autonomous GulpR expression is required to maintain Tk levels and
lipid homeostasis in the Drosophila intestine, we compared the phenotype of Tk> control flies
with Tk>GulpRRM flies. Like the GulpR mutant, Tk>GulpR™* flies exhibited an increase in lipid
storage in the AMG and a decrease in the number of Tk+ EECs in the AMG and PMG (Figure
3.3). Because this had not previously been reported [40], we questioned whether accumulation
of lipids in the AMG only represented region-specific Tk regulation of lipid homeostasis or a
direct action of GulpR. To explore this, we compared lipid accumulation and Tk staining in the
intestines of Tk>TkRNA flies with that in Tk>GulpR® A and Tk> intestines. In fact, Tk+ cell
numbers were decreased in the intestines of Tk>TkRNA' flies beyond that observed for
Tk>GulpR™ A flies but lipid accumulation was observed only in the AMG (Figure 3.3). These
results indicate that GulpR in Tk+ cells regulates Tk expression and/or secretion and that Tk

expression regulates lipid homeostasis in the AMG only.

GPCRs may regulate EEP secretion as well as expression. Furthermore, we hypothesized that
a block in secretion might result in negative feedback on expression leading to a decrease in
Tk+ cells. Bruchpilot (brp) is an essential exocytosis factor [132, 133]. To test our hypothesis,
we compared the phenotype of Tk>brpfNA' flies with that of Tk>GulpR®NA'.  Inhibition of Tk
exocytosis via brpRNA resulted in lipid accumulation in the AMG but no change in the number of
Tk+ EECs (Figure 3.3). This suggests that a block in Tk release does not result in decreased

Tk expression and supports a role for GulpR in activating Tk expression rather than release.
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Figure 3.3: GulpRRNAi in Tk+ EECs decreases Tk expression. (A) Representative fluorescence
images showing DAPI and (A) BODIPY(Lipid) staining or (B) Tk immunofluorescence in the anterior
midgut (AMG) and posterior midgut (PMG) of the indicated fly genotypes. Scale bars, 50 uM.
Quantification of (C) total fluorescence and (D) Tk+ cells in the AMG and PMG of the indicated flies.
The mean of at least six intestines is shown. For lipid quantification, a one-way ordinary ANOVA
was used to assess significance. For Tk+ cells, a Welch’'s ANOVA with a Dunnett's T3 multiple
comparisons test was used. **** p <0.0001, ** p < 0.01, * p < 0.05, ns not significant.
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GulpR activates expression of additional EEPs produced by Tk+ EECs.

To further differentiate GulpR regulation and regulation of EEP secretion, we conducted an RNA
sequencing experiment comparing the intestinal transcriptomes of Tk>GulpR™ A and Tk>brp™A
flies to that of Tk> control flies. Using a threshold of 2-fold change and a padj of 0.05, 82 genes
were differentially regulated by GulpR®NA" with 41 increasing in transcription and 41 decreasing
(Figure 3.4A). Using the same criteria, brpRNA' differentially regulated 124 genes with 78
increased and 46 decreased (Figure 3.4B). Twenty-nine genes were similarly regulated by the
two suggesting overlapping but distinct functions. Genes whose transcription was uniquely
decreased in the intestines of Tk>GulpR™* flies included Tk as well as two additional EEPs
expressed in the same EEC subtype: Neuropeptide F (NPF) and Diuretic hormone 31 (Dh31).
In contrast, none of these reached our threshold in Tk>brp™*'flies. These results were
confirmed by gRT-PCR (Figures 3.4C and 3.4D). We measured a 1.8 fold decrease in Dh31
transcription in the intestines of Tk>brp®flies. A similar pattern was observed in the RNAseq
experiment, suggesting that the action of brp or a product released from Tk+ cells regulates

DH31 transcription.
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Figure 3.4: GulpRRVAi in Tk+ EECs alters expression of innate immune genes and EEPs. Volcano
plots of gene expression ratios derived from RNAseq analyses. (A) Tk>GulpRRNAITk> or (B)
Tk>brpRNAIfTK, Dotted lines indicate thresholds of 2-fold differences in transcription, while red dots
represent genes that were significantly differentially regulated. (C and D) gRT-PCR analysis of genes
encoding enteroendocrine peptides expressed by Tk+ cells in the indicated fly lines. The mean of
biological triplicates is shown. Error bars indicate the standard deviation. A student’s t test was used to
assess significance. *** p < 0.001, ** p < 0.01, ns not significant.
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Evidence that GulpR regulates Peritrophin-15a.

In chapter 2 of this dissertation, | show that Tk regulates the chitin-binding, PM protein
Peritrophin-15a (Peri-15a). This protein promotes V. cholerae colonization of the fly intestine. To
demonstrate that GulpR is upstream of both Tk and Peri-15a, | measured intestinal V. cholerae
colonization in Tk>GulpRR™A, Tk>TkRNA and Tk> driver control flies. Consistent with our
hypothesis and results, GulpR™A' and TkRNA decreased intestinal colonization by V. cholerae

(Figure 3.5). This confirms GulpR and Tk regulation of Peri-15a.
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Figure 3.5: GulpR knockdown decreases V. cholerae colonization
of the Drosophila intestine. CFU/ fly reflecting V. cholerae
colonization of the intestines of flies with the indicated genotypes. Data
were log, transformed. The mean of 8 flies is shown. An ordinary
ANOVA with a Dunnett’'s multiple comparisons test was performed to
assess significance. *** p<0.001, ** p<0.01.
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Tk does not regulate other EEPs and GulpR regulation of Tk is independent of ecdysone
signaling.

To establish that Tk does not regulate transcription of DH31 and NPF, we measured
transcription of these genes in Tk> and Tk>TkRNA' flies. While TkRNA did decrease transcription
of Tk significantly, no change in transcription was observed for DH31 and NPF (Figure 3.6A).
We conclude that Dh31 and NPF transcription is not regulated by Tk and that GulpR directly

regulates EEP expression rather than secretion.

We have previously uncovered signaling pathways that co-regulate IMD activation of Tk
expression and ecdysone signaling [59, 91]. No ecdysone-regulated genes were identified in
our RNAseq analysis. Nevertheless, to demonstrate that GulpR regulates Tk transcription
independent of ecdysone signaling, we measured transcription of the ecdysone-regulated gene
Eip75B, in Tk> and Tk>GulpR™* flies. As shown in Figure 3.6B, GulpRR""A' had no impact on

Eip75B transcription. Therefore, we have identified a novel signaling pathway in control of EEP

expression that is independent of ecdysone signaling.
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Figure 3.6: Tk does not regulate other EEPs and GulpR regulation of Tk is independent of
ecdysone signaling. (A) gRT-PCR analysis of genes encoding enteroendocrine peptides expressed by
Tk+ cells in the indicated flies lines. (B) gqRT-PCR analysis of the ecdysone-regulated gene Eip75B in
the indicated fly lines. The mean of biological triplicates is shown. Error bars indicate the standard
deviation. A student's t test was used to assess significance. **** p < 0.0001, ns not significant.
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Intestinal GulpR and Tk regulate lipid utilization during starvation.

During long term starvation and infection, organisms use lipid stores to satisfy their energy
requirements. We hypothesized that GulpR might play a role in one or both of these processes.
To test this, we characterized Tk>, Tk>GulpRfA and TkRNA' flies under nutrient-replete and
nutrient-limited conditions. We found that total lipid stores were similar in Tk>, Tk>GulpRR"A!
and Tk>TKRNA' flies under nutrient-replete conditions (Figure 3.7A). As expected, lipid stores
decreased in response to nutrient limitation (Figure 3.7B). However, we found that, under
nutrient-limited conditions, lipid stores were significantly greater in Tk>GulpRRNA" and TkRNA' flies
as compared with control flies (Figure 3.7C). This suggests that both GulpR and Tk are
essential for appropriate mobilization of lipid stores during starvation. We hypothesized that
appropriate use of lipid stores during starvation might be essential for survival of nutrient stress.
In fact, we found that Tk>GulpR™A" and Tk>TkRNA' flies succumbed to starvation more rapidly

than Tk> control flies (Figure 3.7D).
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Figure 3.7: GulpR and Tk regulate lipid utilization during starvation. Quantification of systemic
triglycerides (TAG) in flies of the indicated genotypes after 72 hours of maintenance in (A) nutrient-
replete, (B) nutrient-replete (+) and nutrient-limited (-), and (C) nutrient-limited conditions. The mean of
biological replicates is shown. Error bars represent the standard deviation. For A and C, an ordinary
one-way ANOVA with Dunnett's multiple comparisons test was used to assess significance. For B, a
student’s t test was used. (D) Survival of nutrient-limitation over time for flies with the indicated
genotypes. Thirty flies were tested per condition. Log-rank analysis was used to assess significance.
*** p<0.001, ™ p<0.01, ns not significant.
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Intestinal GulpR and Tk are essential for regulation of lipid utilization during starvation.
Because GulpR regulates Tk transcription and both play a role in survival of starvation, we
guestioned whether GulpR might regulate Tk transcription in response to nutrient-limitation. To
test this, we measured Tk transcription in the intestines of Tk> and Tk>GulpRRNA flies. As
shown in Figure 3.8A, nutrient limitation significantly increased Tk transcription, but this increase
was not observed in Tk>GulpR" flies. The glucagon homolog Adipokinetic hormone (Akh) is
responsible for mobilization of energy stores from the fat body in response to starvation, and
Brummer (Bmm) is the main TAG lipase in the fly [29, 34]. We, therefore, hypothesized that
GulpR and Tk might regulate these two genes during nutrient limitation. To test this, we
measured systemic transcription of Akh and bmm in Tk> control, Tk>GulpR™ A and Tk>Tk™A' in
both nutrient-replete and nutrient-limited conditions. Nutrient limitation resulted in transcriptional
activation of Akh and Bmm in Tk> control flies but not in Tk>GulpR™*' flies (Figure 3.8B). Only
Bmm but not Akh transcription is slightly but significantly induced in Tk>Tk®A' flies. This
suggests that GulpR directly regulates Tk under conditions of starvation, which then regulates

Akh and Bmm to appropriately mobilize lipid stores.
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Figure 3.8: Intestinal GulpR and Tk are essential for regulation of lipid utilization during
starvation. (A) gRT-PCR analysis of transcription of the indicated genes in the intestines of flies with
the indicated genotypes under fed (+) and nutrient-limited (-) conditions for 72 h. (B) qRT-PCR
analysis of transcription of the indicated genes in whole flies with the indicated genotypes under fed
(+) and nutrient-limited (-) conditions for 72 h. The mean of biological triplicates is shown. Error bars
represent the standard deviation. A student’s t test was used to assess significance. *** p<0.001, *
p<0.05, ns not significant.

62



Intestinal GulpR and Tk are dispensable for lipid utilization during infection with the
intestinal pathogen Vibrio cholerae.

Pathogenic infection activates the host immune response in a process that is energetically
costly [134, 135]. Having established that GulpR regulates intestinal Tk and systemic Akh, and
Bmm during starvation, we reasoned that it might play a similar role during infection with the
intestinal pathogen Vibrio cholerae [72]. In fact, V. cholerae infection did show a trend towards
increased transcription of Tk in the gut, and this was blocked by Tk>GulpR™ "' (Figure 3.9A).
However, while both systemic Akh and Bmm transcription did increase in the setting of infection,
this was not controlled by Tk (Figure 3.9B). We conclude that, while GulpR regulates Tk

transcription in the setting of infection, increases in systemic Akh and Bmm transcription are

regulated via a distinct pathway.
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Figure 3.9: Intestinal GulpR and Tk are dispensable for lipid utilization during infection with
the intestinal pathogen Vibrio cholerae. (A) qRT-PCR analysis of transcription of the indicated
genes in the intestines of flies with the indicated genotypes under uninfected or V. cholerae infected
(Vc) conditions. (B) qRT-PCR analysis of transcription of the indicated genes in whole flies with the
indicated genotypes under uninfected or infected (V¢) conditions. The mean of biclogical triplicates
is shown. Error bars represent the standard deviation. A student's t test was used to assess
significance. **** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, ns not significant.
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Chapter 3 Experimental Methods

Drosophila Husbandry and Strains. Fly lines used in this study were fed standard
Bloomington recipe fly food containing 16.5 g/L yeast, 9.5 g/L soy flour, 71 g/L cornmeal, 5.5 g/L
agar, 5.5 g/L malt, 7.5% corn syrup, and 0.4% propionic acid. Flies were raised in a 12 hr day-
night cycle incubator at 25°C. Adult female flies between 4-7 days of age were used in all
experiments. The control lines TRIP (BL36303) and yw (BL1495) and the GulpR mutant stock
(GulpR™®4%8:B| 18976) were obtained from the Bloomington Drosophila Stock Center (BDSC).
The following RNAI fly stocks were also obtained from the BDSC: GulpR™™*' (BL28621), TkRNA
(BL2500), and brp®™™A' (BL25891). The Tk-Gal4 driver line was a kind gift from Norbert Perrimon

[40, 122].

Starvation-resistance. Three cohorts of 10 flies were placed and kept in vials containing an
autoclaved cellulose plug infused with 3mL of 1x PBS. For survival, the number of viable flies
was recorded twice daily until the number of viable flies was 0 for all genotypes. For RT-qPCR
and TAG assays, the flies were kept in the vials containing 1x PBS for 72 hours and then

processed for the appropriate experiment.

Drosophila RNA extraction, RNA-sequencing, and RT-gPCR. RNA was isolated from the
intestines or whole bodies of 4-7 day old flies that were kept in standard fly food, starved for 72
hours by placing in vials containing cellulose plugs infused with 3 mL of 1x PBS, or infected with
guorum sensing-competent V. cholerae 01 El Tor strain C6706 (C6706 str 2) for 72 hours. Total
RNA was isolated from 10-15 fly intestines or 5-8 whole flies per replicate using TRIzol reagent
(Thermo Fisher Scientific 15596026) and the Direct-zol RNA Miniprep plus kit (Zymo Research
R2070). A minimum of three biological replicates per condition/genotype were performed. For

RNA sequencing analysis, the RNA was submitted to the Molecular Biology Core Facilities
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(MBCF) at the Dana Farber Cancer Institute (DFCI) for next-generation sequencing (NGS)

library preparation, sequencing, and analysis (https://mbcf.dana-farber.org/totalrnaseg.html).

Libraries were prepared using Roche Kapa mRNA HyperPrep strand specific sample
preparation kits from 200ng of purified total RNA according to the manufacturer’s protocol on a
Beckman Coulter Biomek i7. The finished dsDNA libraries were quantified by Qubit fluorometer
and Agilent TapeStation 4200. Uniquely dual indexed libraries were pooled in an equimolar ratio
and shallowly sequenced on an lllumina MiSeq to further evaluate library quality and pool
balance. The final pool was sequenced on an lllumina NovaSeq X Plus targeting 40 million
150bp read pairs per library. Sequenced reads were aligned to the UCSC hg38 reference
genome assembly and gene counts were quantified using STAR (v2.7.3a)[123] and Salmon
[124]. Differential gene expression testing was performed by DESeq?2 (v1.22.1)[125] and

RNAseq analysis was performed using the VIPER snakemake pipeline [126].

For gPCR, cDNA was synthesized from 500ng of total RNA using the iScript™ cDNA synthesis
kit (Bio-Rad 1708891). gPCR of target gene transcripts was performed using the iTag™
Universal SYBR® Green Supermix (Bio-rad 1725121) on either a StepOnePlus Real-Time PCR
system (Applied Biosystems) or a QuantStudio™ 5 Real-Time PCR system (Thermo Fisher
Scientific). Quantification cycle values (Cqg) were obtained and used to calculate target gene

transcription normalized to Actin. Primers used in this study are listed in Table 3.1.
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Table 3.1: Chapter 3 List of Primers

Name Target Sequence 5'to 3'
Actin Fwd Internal control for gRT PCR GCGTCGGTCAATTCAATCTT
Actin Rev Internal control for gRT PCR AAGCTGCAACCTCTTCGT
GulpR Fwd GPCR GulpR AAGGATGTGCCCGACAAATATG
GulpR Rev GPCR GulpR CACTAAGTCGCTCCATGTCAAC
Tk Fwd Tachykinin TACAAGCGTGCAGCTCTCTC
Tk Rev Tachykinin CTCCAGATCGCTCTTCTTGC
NPF Fwd Neuropeptide F CTCCGCGAAAGAACGATGTCAACAC
NPF Rev Neuropeptide F CCTCAGGATATCCATCAGCGATCCG
Dh31 Fwd Diuretic hormone 31 TCCTCCTCTTCTGCCTCTTG
Dh31 Rev Diuretic hormone 32 GCACCTCCTCCAGTTCGTT
Eip75B Fwd Ecdysone-induced gene 75B GCGGTCCAGAATCAGCAG
Eip75B Rev Ecdysone-induced gene 75B GAGGATGTGGAGGAGGATGA
Akh Fwd Adipokinetic hormone TTTCGAGACACAGCAGGGCA
Akh Rev Adipokinetic hormone GGTGCTTGCAGTCCAGAAA
Bmm Fwd Brummer lipase AGTCGACATTCGTGGTTTCC
Bmm Rev Brummer lipase AGCTCAAAGCGTCCTTTCTG
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Immunofluorescence. Fly intestines were dissected in 1x PBS, fixed in 4% paraformaldehyde
(PFA) solution (4% PFA in 1x PBS- 0.1%Tween 20 (PBT)) for 20 minutes, and washed three
times for 10 minutes with 1x PBT. For Tk-immunofluorescence experiments, intestines were left
in blocking solution (PBT + 0.1% Triton X-100 (Sigma-Aldrich 9002-93-1) + 2% BSA (Sigma-
Aldrich 9048-46-8)) for 1 hour, and then in Rabbit anti-Tk primary antibody solution (blocking
solution + 1:500 anti-Tk antibody) overnight at 4°C. The next day the guts were washed three
times with PBT for 10 minutes, followed by incubation in staining solution #1 (blocking solution +
1:1000 DAPI (Invitrogen D1306) + 1:500 Alexa 594-conjugated Goat anti-rabbit secondary
antibody (Thermo Fisher Scientific A11012)) for 2 hours. For lipid staining, the intestines were
incubated in staining solution #2 (PBT + 1:1000 DAPI (Invitrogen D1306) + 1:1000 BODIPY
493/503 (Invitrogen D3922)) for 2 hours after the initial fixing and washing steps. After three 10-
minute washes in PBT, the guts were mounted in Vectashield® antifade mounting medium
(Vector Laboratories H-1000-10) and imaged using a Zeiss LSM 980 confocal microscope and a
40x oil objective. Unless otherwise noted, all steps were done at room temperature. Tk+ cells
were guantified manually. Lipid accumulation was assessed using ImageJ (FIJI) to quantify total
BODIPY fluorescence. The corrected total cell fluorescence (CTCF) was calculated by dividing
total BODIPY fluorescence by the total area and subtracting background fluorescence from this
measurement. A minimum of six fly intestines per genotype were evaluated for quantification of

Tk-expressing cells and BODIPY fluorescence.

Triglyceride quantification. Three cohorts of 5 flies were washed with cold 1x PBS in a 9-well
glass plate. The flies were then homogenized in 100uL of cold 1x PBS-0.05% Tween using a
plastic pellet pestle (Fisher Scientific) and a Fisherbrand™ Pellet Pestle™ Cordless Motor
(Fisher Scientific). The homogenate was kept on ice until a heat-inactivation step involving
incubation at 70 °C for 10 min. After heat-inactivation, 20uL of 1x PBS-0.05% Tween buffer or

20pL of triglyceride reagent (Sigma-Aldrich T2449) were added to 20uL of the homogenate and
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the mixture was incubated at 37 °C for 1 hour. The samples were centrifuged at maximum
speed for 3 min and 30pL of the supernatant were transferred to a clear-bottom 96-well plate.
These samples were treated with 100pL of free glycerol reagent (Sigma-Aldrich F6428).
Absorbance was measured at 540nm using a SpectraMax® ABS absorbance microplate reader
(Molecular Devices). Relative triglyceride (TAG) levels were calculated by subtracting the
absorbance of samples treated with buffer (free glycerol) from samples treated with triglyceride
reagent (free glycerol + fatty acids), dividing by the number of flies in each cohort (5), and

normalizing to the control genotype.

Quantification and statistical analysis. All data was graphed and analyzed using GraphPad
Prism 10.0 software. Measurements shown in each graph represent the mean values of at least
three biological replicates and the error bars represent + the standard deviation. A Student’s t-
test, a one-way ANOVA statistical test, or a Log-rank test was used to determine significance

where appropriate. The statistical test used in each graph is specified in the figure legend.
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Chapter 4: Discussion
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The intestinal epithelium is composed of different cell types, including EECs. These cells
primarily function in expression and secretion of EEPs, which modulate local and systemic
physiology. In chapter 2 of this dissertation, | show that the Drosophila EEP Tk regulates a
small, widely conserved protein of arthropods that promotes V. cholerae colonization of the
Drosophila intestine. This protein, termed Peri-15a in the model arthropod Drosophila
melanogaster, is expressed almost exclusively in the adult midgut, and secreted and

incorporated into the PM.

Arthropods figure prominently in the environmental existence of V. cholerae. In chapter 2, |
show that Peri-15a transcription increases in response to V. cholerae infection. While the goal
of increasing Peri-15a expression may be to protect the PM from microbial degradation, we
propose that V. cholerae has co-opted this branch of the innate immune response to increase

intestinal colonization of environmental arthropod hosts.

Environmental studies suggest that the presence of V. cholerae in the water column is
correlated with zooplankton such as cladocerans, copepods, and rotifers [63, 136, 137].
Attachment to the exoskeletons of zooplankton has also been observed in the laboratory [85,
117, 120]. Arthropods, which include cladocerans and copepods, have been found to dominate
the zooplankton population in diverse environments [138-142]. In the laboratory, some have
observed that V. cholerae attaches much more abundantly to dead zooplankton arthropods or
their molts as compared with live ones [118, 121]. This is not surprising as the arthropod
exoskeleton is designed to be an impermeable, microbe-resistant barrier [143]. The outermost
layer is comprised of hydrophobic lipoproteins, while inner layers consist of complex bundles of
protein-chitin fibers. Thus, shed exoskeletons provide more ready access to chitin. In contrast,
the intestine of arthropods provides a more protected environment for microbes such as V.

cholerae, which have been found in the intestines of zooplankton [144, 145]. While the
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exoskeleton is impermeable, the PM of the midgut is designed for permeability as it must allow
transit of nutrients and small molecules [146]. The chitin fibers are thin and more readily
accessible. In chapter 2, | provide evidence for a specific interaction between V. cholerae and a

protein incorporated into the arthropod PM.

Large PM proteins have multiple chitin binding domains that are thought to crosslink single
chitin fibers to each other to form fibrils that provide structural rigidity to the matrix [96]. In
contrast, Peri-15a, which is most highly expressed in enteroendocrine cells of the AMG,
consists of only one chitin binding domain. Biochemical studies have shown that Peri-15a binds
chitin directly at very low stoichiometry in vitro and is tightly associated with the PM [147].
Therefore, rather than crosslinking chitin fibers, it has been suggested that Peri-15a is a capping
protein that protects single chitin strands from exochitinases. Homologs of Peri-15a and b,
known as proventriculin 1 and 2, have been identified and studied in the PM of the tsetse fly
[148]. Consistent with the model of Peri-15a as a capping protein, these investigators found that

knockdown of these proteins left the permeability of PM largely intact [43].

PM porosity is critical because it must balance permeability to nutrients, which is essential, with
permeability to microbe or microbe metabolism-associated molecular products, which may lead
to chronic immune stimulation and intestinal damage. Consistent with this model, Cht4
knockdown in the insect Helicoverpa armigera decreased PM porosity and body weight [112].
Furthermore, in the tsetse fly, investigators found that chitin synthase knockdown activated the
intestinal innate immune response presumably by increasing PM permeabilty. This reduced the
intestinal burden of orally administered Gram-negative pathogens such as Serratia marcescens
and Enterobacter sp [43]. In chapter 2, | report that Cht4”NA| which is predicted to reduce
matrix porosity, decreased the intestinal innate immune response, expression of Peri-15a, and

intestinal colonization by V. cholerae.
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In contrast to arthropod Cht4RNAi deletion of V. cholerae chiS, the master regulator of chitin
catabolism increased colonization of the arthropod intestine [87, 108, 149]. ChiS activates
transcription of at least four of the five proven endochitinases: ChiAl (VC1952), ChiA2
(VCA0027), VC0769, and VCAQ700 [86, 87], and we have previously presented evidence that
V. cholerae thins the chitinous layer of the Drosophila peritrophic matrix, suggesting that these
chitinases are active in the Drosophila intestine [73]. Knockdown of the arthropod chitinases
decreases the porosity of the peritrophic matrix and expression of Peri-15a. In contrast, V.
cholerae chitinases act on naturally formed peritrophic matrices to digest them, likely removing
Peri-15A at the same time. It has previously been proposed that V. cholerae attaches to and
degrades environmental chitin to release nutrients required for its growth [66]. Our results
suggest that degradation of chitin by V. cholerae promotes detachment from the chitin-rich PM.
Taken together, these findings support a model in which Peri-15a does not enhance V. cholerae
intestinal colonization by altering peritrophic matrix porosity. Rather, we propose that Peri-15a

either binds a V. cholerae adhesin or reveals a binding site in the PM for such an adhesin.

GbpA (VCA0811) and FrhA (VC1620) are two V. cholerae adhesins that mediate binding to
abiotic surfaces, plankton and the mammalian intestinal epithelium [116, 117]. GbpAis a
secreted, four-domain 485aa protein whose expression is increased by chitin but which, unlike
the V. cholerae chitinases, is not under ChiS control [87, 150]. Domains 1 and 4 mediate chitin
binding, domain 1 also mediates binding to mammalian mucins, and domains 2 and 3 interact
with the V. cholerae surface, enabling GbpA to form bridges between the bacterium and other
surfaces [150]. While biochemical studies have shown that GbpA can function as a chitinase,
there is no in vivo evidence for this as of yet [86, 151]. FrhA is a secreted 2,251 amino acid
protein first identified because it was co-regulated with the flagellar apparatus [152]. It contains

three large N-terminal Calx-beta Ca?* binding domains and 4 C-terminal cadherin-like Ca?*
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binding domains. Amino acids residues 1155-1350 were recently identified as a peptide-binding
domain that is sufficient to enhance binding to abiotic surfaces, epithelial cells, the mouse
intestine, and diatoms [117]. Either of these could serve as the adhesin mediating attachment

to the PM via Peri-15a.

Environmental studies suggest that the presence of zooplankton and V. cholerae are correlated
in the aquatic environment [63, 153, 154]. Furthermore, the observation that V. cholerae
possesses all the transporters and enzymes required to utilize chitin as a sole energy source,
that the V. cholerae genome encodes a transcription factor dedicated to regulating its interaction
with chitins, and that V. cholerae becomes naturally competent in the presence of chitin suggest
that chitinous surfaces play an important role in the V. cholerae life cycle [65, 87, 106]. In
chapter 2, we provide further evidence that for a specific interaction between V. cholerae and
the arthropod intestinal PM by identifying a protein component of the PM that does not

significantly alter PM structure but, nevertheless, enhances V. cholerae colonization.

The Drosophila EEP Tk regulates expression of Peri-15a. Production of Tk itself and other
EEPs relies on the ability of EECs to sense intestinal nutrient status, which is mainly achieved
via nutrient transporters and GPCRs. Previously, the Watnick lab identified the EEC transporter
Tarag, which functions as an acetate importer to activate expression of Tk [59]. In chapter 3 of
this dissertation, | characterize GulpR, an EEC GPCR that regulates expression of EEPs,
including Tk, in the setting of nutrient limitation. We also noted that, consistent with a model in
which GulpR acts upstream of Tk and Peri-15a, GulpR also promotes V. cholerae colonization

of the Drosophila intestine.

Although we have not yet identified the ligand that activates GulpR signaling, two studies

suggest the type of ligands that might interact with GulpR. GulpR has been reported to be
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closely related to Neuropeptide Y receptors and prolactin-releasing peptide receptor [155].
Neuropeptide Y and prolactin-releasing peptide are both peptide hormones produced mainly in
the vertebrate brain with some expression in the intestine [156-158]. In addition, a phylogenetic
study suggested that GulpR was closely related to a Drosophila orphan GPCR CG12290, which
is a predicted octopamine receptor [159]. We hypothesize that the endogenous ligand of GulpR

is either a neuropeptide or a neurotransmitter.

EEPs are important regulators of metabolic homeostasis. There are two Tk receptors that are
expressed in the gut, TKR99D and TKR86C. Tk interacts with its cognate receptor TKR99D on
enterocytes to prevent accumulation of lipids in the intestine [40]. In chapter 3, | show that
during starvation the Drosophila EEP Tk is transcriptionally upregulated and essential for
transcriptional activation of two main lipid utilization genes Akh and Bmm. One possibility is that
Tk could be acting directly on the endocrine cells of the corpora cardiaca (CC), which are the
main producers of Akh [26, 160]. These cells express the Tk receptors TKR86C and TkR99D,
and it has been reported that addition of Tk to the corpora cardiaca (CC) of Locusta migratoria

ex vivo stimulates Akh release [161, 162].

Much like starvation, infection by the enteric pathogen V. cholerae induces GulpR-dependent
upregulation of Tk. However, the significant increases in Akh and Bmm that are activated by
infection are present even in the absence of Tk. Our work, therefore, suggests that there is
redundancy in the signaling pathways that activate Akh and Bmm transcription to regulate lipid
mobilization. While lipid mobilization is regulated mainly by the GulpR/Tk pathway in the setting
of starvation, during infection, GulpR and Tk play minor roles and other signaling pathways

dominate.
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Overall, in chapter 2 of this dissertation | report the identification of the Tk-regulated PM protein
Peri-15a as an important factor for V. cholerae colonization of the Drosophila intestine. | also
present evidence for the presence of Peri-15a structural homologs in known environmental
reservoirs of V. cholerae. These findings therefore suggest that this protein may contribute to
the persistence of V. cholerae in the environment by favoring its association with the arthropod
intestine. Furthermore, in chapter 3 | characterize the EEC-exclusive GPCR GulpR, showing
that it regulates expression of Tk and other EEPs. | also show that GulpR regulation of Tk
impacts systemic lipid mobilization under nutrient stress and promotes V. cholerae colonization
of the Drosophila intestine. Thus, we have identified new roles for Tk and, more importantly, we
have delineated multiple players in a signaling pathway that the intestinal pathogen V. cholerae

exploits to robustly colonize the Drosophila intestine.
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Appendix

Table S1: RNA-seq comparing transcription in the intestines of Tk> and Tk>TkR"' flies.
Genes shown have a fold change that is greater than or equal to 2 in Tk>Tk™* flies compared
to Tk> control flies and p-adjusted value < 0.05.

Geneid log2FoldChange padj

Cyp6a20 3.510888975 5.98E-98
Cyp6a2 5.319268997 2.41E-73
CG12934 4.044930742 7.28E-72
Tk -2.453464223 8.56E-62
Cyp6a8 6.601502336 1.82E-41
Cyp6a23 1.69044223 1.65E-27
Dscam4 4.381428489 2.43E-26
tej 3.783835033 4.66E-26
Cyp4p2 1.296783507 1.11E-23
CG14205 -1.774589665 2.66E-21
CG17192 -1.298060081 5.03E-19
CG31705 1.711280237 1.68E-18
Cyp6al4 -2.077557266 3.28E-18
chinmo 2.265902949 1.25E-16
CG18180 -2.129304847 2.63E-16
CG6277 2.038944593 2.63E-16
Ih 1.28714161 1.07E-15
CG13313 1.925675652 1.75E-15
CG15169 2.699928798 3.52E-15
Jon99Cii -1.132518597 3.52E-15
MFS14 1.253565889 4.27E-15
CG6271 2.086120609 5.38E-15
Cyp6a9 1.38479324 9.56E-14
CG10725 -1.490557005 5.98E-13
CNT2 1.132312146 7.36E-13
CG33926 -1.761492833 2.44E-12
CG32751 -1.919080486 4.45E-12
Jon25Bii -2.027030002 4.24E-11
llp3 -3.073170268 4.27E-11
Elp2 1.190365651 5.64E-11
Peritrophin-15a -1.264727491 8.35E-11
Jon25Bi -2.163795321 1.52E-10
CG14499 -6.821988017 1.76E-10
CG14219 -1.601850816 2.38E-10
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Table S1 (Continued)

Swip-1 1.479022989 1.22E-09
CG15254 1.262369918 2.41E-09
CG34040 3.967346747 2.46E-09
Hex-C -1.248736009 5.77E-09
CG31704 -1.690940599 8.67E-09
NimC4 5.520617231 2.34E-08
metro -2.205520957 2.97E-08
Pebpl -1.405873191 3.29E-08
CG6283 1.105486048 3.45E-08
CG31324 2.101445532 3.70E-08
r-| 1.046226747 5.37E-08
Peritrophin-15b -1.532198803 8.92E-08
Mal-Al 1.132958681 1.06E-07
CG43078 -1.126397739 1.69E-07
CG31886 1.329959391 1.96E-07
CG7881 -1.267159956 1.96E-07
Dh31-R -1.073211084 1.96E-07
CG6928 1.153714802 2.37E-07
CG13742 2.700134989 3.85E-07
thetaTry -1.011701708 5.61E-07
deltaTry -1.710007683 7.76E-07
Cypéwl 1.672380865 1.46E-06
CG10621 -1.271575394 2.39E-06
CG4563 -1.503558712 2.93E-06
Srr -1.233988107 3.14E-06
CG1532 -1.127046424 4.23E-06
Jon66Ci -2.63130579 4.23E-06
CG9498 1.339459187 4.86E-06
Try29F -1.183639498 4.90E-06
tobi 1.385184466 6.98E-06
Jon66Cii -3.227451135 7.71E-06
Mal-A6 1.038581737 9.81E-06
CG8299 -1.109824723 1.60E-05
CG31663 1.02415721 2.45E-05
Mal-B2 1.973568278 3.13E-05
CG32368 -4.203032916 3.26E-05
CG8745 1.217468071 3.83E-05
ktub 1.222306261 3.83E-05
CG31089 1.192769647 4.12E-05
pre-rRNA:CR45845 4.264849583 4.36E-05
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Table S1 (Continued)

MFS12 -1.212264708 4.58E-05
MIp60A -1.156247643 4.58E-05
Jon65Aiv -1.113968631 4.97E-05
AANATL4 -1.986969327 5.84E-05
Mlc2 -1.205594487 6.07E-05
CG30054 4.23322235 6.30E-05
Mal-A8 1.206696191 0.00010873
CG18278 -6.565090497 0.00012396
CG43894 1.475022286 0.000158653
Act57B -1.090870524 0.000164623
CG11475 1.589831897 0.000192922
INcRNA:CR44874 1.716114832 0.00019316
CG16854 -1.871597657 0.000260916
CG44013 -1.416338889 0.000458291
ldgf3 1.273592165 0.000528422
CG18190 1.753784045 0.000731582
CG1139 1.465621449 0.000812017
CG15263 1.736718346 0.000853133
InNcRNA:CR45284 6.256093248 0.001019601
CG31809 2.340368456 0.001038499

RNaseMRP:RNA

2.685782867

0.001069234

CG4830

-2.201939657

0.001528662

Plp -1.018955224 0.001548966
CG5157 -1.214640024 0.001568259
SPR -2.480931888 0.001628356
Obp56d -3.540809686 0.00163282
CG17570 1.089792816 0.002317849
PGRP-SC1b -2.099211564 0.003263445
CG6867 -1.463613608 0.003552979
CG18179 -2.155059133 0.004143719
CG17047 -1.603900221 0.00435537
CG12970 -1.441810304 0.004525678
tut 2.578575064 0.004582696
CG17264 -1.122962394 0.004899483
Vm26Aa -5.861635666 0.006835352
CG11170 1.397474784 0.011848831

pre-mod(mdg4)-W

-1.378303363

0.014784414

PPO2

2.593186897

0.016267966

Def

-2.203581079

0.016426542

Drat

1.599050923

0.017563697
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Table S1 (Continued)

PPO1 2.132935055 0.018430108
CG10089 1.621201385 0.019774893
CG13285 -1.03850131 0.021011265
CG15695 -1.403341843 0.022337543
CG30082 -3.002230875 0.023011124
Amyrel 4.075538883 0.024666848
Npc2c -2.599354891 0.02573693

snoRNA:Or-acab

3.169626785

0.026780778

Mal-A7

1.560925108

0.028053866

kek6

-1.529743471

0.032588396

trp

-1.093569321

0.037183277

CG14118

1.169641713

0.037352738

CG12115

-1.807333464

0.03814936

Lip3

3.360295228

0.041404853

CG10005

1.173651449

0.042050031

His1:CG31617

-2.753592495

0.043331048

His1:CG33813

-2.753592495

0.043331048

CG18095

3.555476923

0.043839798

CG43064

-1.005033354

0.04402736

snRNA:U1:21D

3.519266129

0.049141045

snRNA:U1:95Ca

3.519266129

0.049141045

snRNA:U1:95Cb

3.519266129

0.049141045
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Table S2: RNA-seq comparing transcription in the intestines of Tk>and Tk>GulpR?"A
flies. Genes shown have a fold change that is greater than or equal to 2 in Tk>GulpR™* flies
compared to Tk> control flies and p-adjusted value < 0.05.

Geneid log2FoldChange padj

CG12780 -2.484331077 3.79E-55
Bace 1.844337563 1.48E-52
Cyp4pl -2.02442604 1.30E-44
Cyp6al4d -2.29253367 3.12E-36
Dscam4 4.66307583 3.22E-31
Try29F -2.554183964 4.13E-23
Dh31 -1.984196524 1.36E-20
CNT2 1.144935446 2.85E-20
Cyp6a9 1.692056516 5.73E-18
NPF -1.290471984 1.05E-17
CG3635 1.61173481 9.39E-15
CG33926 -1.807304794 1.27E-14
Lcpl 2.201380891 6.34E-12
CG10725 -1.79640622 7.83E-12
CG18180 -1.513419923 3.65E-11
asRNA:CR43767 4.592260518 1.19E-10
CG17716 2.069980832 1.23E-10
Cyp6a23 1.503042942 3.22E-10
pre-rRNA:CR45845 4.165353747 4.23E-10
lectin-28C -8.571624297 1.08E-09
CG32368 -4.103750609 6.70E-09
CG13742 2.514572354 4.41E-07
CG17470 -7.873278252 5.48E-07
Ski6 1.185441673 1.27E-06
phr -1.090346691 1.88E-06
CG31704 -1.140293067 3.30E-06
llp3 -2.30641284 3.99E-06
CG13117 -1.58900826 4.21E-06
CG31886 1.264266771 4.56E-06
CG43348 -1.366782946 5.55E-06
Mal-B2 1.956403887 5.99E-06
CG12970 -2.780523575 8.10E-06
CG2004 1.218094634 1.03E-05
CG17047 -2.497288627 1.04E-05
tut 3.163887253 1.20E-05
Npc2e -1.700931398 1.36E-05
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Table S2 (Continued)

uhg5 1.036363912 1.72E-05
GstE3 -1.241628188 1.79E-05
CG8299 -1.348080455 3.10E-05
CG17570 1.051221229 4.10E-05
CG9568 -1.00434663 5.66E-05
CG8745 1.040909432 6.54E-05
CG44013 -1.416468893 8.14E-05
CG18179 -1.485892588 0.000136737
CG31091 1.588786575 0.000303048
CGo6277 1.441856025 0.000303048
Cyp6a8 2.831631846 0.000303048
CG13313 1.327751287 0.000383187
CG31975 1.023453573 0.000396026
PGRP-SC1b -1.104236127 0.000513596
CG31089 1.433511441 0.001145298
CG14205 -1.253624701 0.001261482
CG14219 -1.653657162 0.001261482
Sox2la -1.161513457 0.001261482
Akap200 -1.055483396 0.002210973
Drat 1.204851847 0.002567748
CG5246 -1.02659585 0.002896147
CG42329 -1.629593247 0.002949922
CG11475 1.426063085 0.002993427
CG18278 -5.68642078 0.002995061
CG6271 1.382305245 0.004103202
CG31324 1.645034327 0.004281531
Act88F 1.67850746 0.004389748
kek4 -3.887717102 0.005017114
Cht8 1.166164354 0.00563947
CG1208 1.230262141 0.005806002
CG40470 2.831632431 0.005806002
betaTub60D -1.232189067 0.006828934
dpri0 -1.854996142 0.013115386
CG9500 -2.881817761 0.015245314
CG33474 -2.559285532 0.015915787
CG8229 1.047038452 0.015915787
phr6-4 -1.733623748 0.018359122
CG31077 1.062121783 0.021366879
MtnB 1.163785608 0.022940017
CG42566 -3.530733209 0.027659523
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Table S2 (Continued)

Gal 1.003882272 0.027855472
CG43894 1.239155011 0.035157133
CG30082 -3.134395658 0.036420204
CG30148 1.527762684 0.03962076
CG1l1741 1.428702429 0.047567801
CG43134 1.022446888 0.04857319
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Table S3: RNA-seq comparing transcription in the intestines of Tk>and Tk>brpRN' flies.
Genes shown have a fold change that is greater than or equal to 2 in Tk>brpf™* flies compared

to Tk> control flies and p-adjusted value < 0.05.

Geneid log2FoldChange padj

Bace 1.772880379 4.43E-61
CG43055 -3.723354166 3.58E-54
CG4650 3.448274303 2.58E-31
Cyp6a23 1.495043008 3.18E-28
sbm -1.262922325 8.65E-25
Dscam4 4.401684852 1.52E-24
Try29F -1.843677806 6.65E-24
CG18180 -1.983414061 1.86E-21
Cyp6a9 1.562631309 1.97E-20
CG15431 -2.631035389 3.02E-18
Cyp6a8 4.470880165 6.17E-17
Cyp9cl -1.101142101 8.77E-17
PPO1 4.140117763 1.52E-15
CG33926 -1.572708262 1.55E-15
CG3635 1.62189114 3.44E-14
CG9825 1.552504053 3.44E-14
Cypéwl 2.190632801 6.49E-14
CG32368 -4.103329659 9.88E-13
Shawl 3.854646674 2.71E-12
Cyp4pl -2.123332059 4.46E-12
PPO2 4.764651758 1.59E-11
KCNQ -1.182133721 1.63E-11
CG31705 1.638273398 2.37E-11
CG43773 2.42571852 8.22E-11
Amy-d -1.471907033 9.63E-11
CG12490 1.187113389 2.69E-10
phr -1.225743997 3.58E-10
CG6908 1.409031549 7.51E-10
Jon25Bii 1.594276773 1.70E-09
CG15254 1.252650348 3.33E-09
Cypl2di-d 1.368740202 4.44E-09
CG42807 -1.970106742 4.75E-09
CG45087 1.260334764 1.11E-08
Pepckl 1.260334764 1.11E-08
CG3168 2.549891281 3.47E-08
Cyp6a20 1.150291512 8.53E-08
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Table S3 (Continued)

CG18179 -1.729708289 1.48E-07
CG43680 7.907082218 1.64E-07
Thor -1.44451176 2.39E-07
IncRNA:CR44145 1.243331376 4.18E-07
IncRNA:CR44915 -7.542946841 5.97E-07
CG13947 5.221175466 6.66E-07
Ppn 1.323954105 9.35E-07
GstE1 1.713460937 2.10E-06
CG31886 1.320103164 2.31E-06
metro -1.929824991 3.85E-06
CG30090 -2.99523901 4.58E-06
pre-rRNA:CR45845 5.284658868 4.91E-06
CG31324 1.676843446 5.01E-06
CG9416 1.007314493 1.03E-05
Jon25Bi 1.225429547 1.36E-05
Ugt37A3 1.191560554 1.86E-05
E(spl)m6-BFM 2.746353152 2.80E-05
CG31704 -1.170362809 3.62E-05
asRNA:CR45133 -1.379032037 3.90E-05
Npc2c -1.790758651 3.90E-05
vkg 2.497886289 4.06E-05
CG6277 -1.526767005 6.42E-05
frm 4.111822404 0.000181059
Hml 3.341100927 0.000233331
CG32302 -1.10798492 0.00025172
lp3 -1.616478568 0.000272631
Ebplil 1.01194508 0.000336707
CG10621 -1.035266557 0.000586833
CG18278 -6.287433867 0.000586833
eater 3.697216283 0.000595274
IncRNA:CR45793 -1.790678381 0.000622208
Mpcpl 1.360945581 0.000622208
CG44013 -1.195926343 0.000644312
Spn47cC -3.985984101 0.000766422
Zip89B 1.111355029 0.001923454
lectin-24Db 4.381541707 0.001988148
tut 2.748556404 0.002005564
Cyp4ac? -1.703715535 0.00206564
E(spl)m3-HLH -1.109894696 0.002271725
Sr-Cl 2.25922852 0.0029337
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Table S3 (Continued)

Sox2la -1.162247518 0.003444115
Ptr 1.596120059 0.003927029
CG8708 4.428960488 0.004383972
CG5945 1.485071528 0.004610979
CG34457 1.829866593 0.004929768
Scp2 2.628506425 0.005183828
dpri10 -1.959623707 0.006200573
CG4259 3.1324724 0.007172573
CG10237 1.104232099 0.007831072
CG5111 -1.955314504 0.008096712
CG12970 -1.589441704 0.009067171
CG10183 1.274786876 0.010009744
CG30054 3.577999558 0.01152984
mthl2 4.368312425 0.011947106
CG33679 5.434053807 0.012076558
Col4al 2.852342725 0.012450268
Mal-B2 2.061857079 0.012688058
CG18095 4.004378761 0.0133148
CG11068 -2.077159268 0.013692905
CG11147 1.122307422 0.013692905
CG32694 1.034174355 0.013779344
CG31445 1.588524675 0.013812327
CG1092 3.10945376 0.014664944
Cyp6g2 -3.796000639 0.016173909
CG6271 -1.507849916 0.01646112
Pxn 1.721470097 0.01809899
CG30503 1.736679867 0.019677156
CG42566 -3.479771779 0.0211257
CG43795 -4.889862692 0.021538183
Dhc62B -1.297901423 0.022769532
Cpi18 2.248605833 0.024656058
CG8908 1.749637382 0.027350708
MucllA 5.036760254 0.02797052
whd -1.429304454 0.028125619
INcCRNA:CR44775 1.387713877 0.028478816
CG4950 2.703482082 0.029971917
CG14963 5.715295553 0.031414586
CG33978 1.122866847 0.032424519
Cyp6a2 1.37813333 0.032424519
CG42747 -1.219094214 0.033382863
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Table S3 (Continued)

NimC1

2.58865142

0.034055005

INcRNA:CR44938

1.299073932

0.035378135

CG43894

1.206197433

0.035645392

Murl8B

2.242570376

0.036371791

RhoGAP54D

-1.181443827

0.042514959

CG17145

-1.366066824

0.042693657

CG15629

-1.047065654

0.044054025

Ance-5

3.396542313

0.045224651
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