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Abstract 

 

The gut is already known to be an important nutrient-sensing endocrine organ, with the 

capacity of regulating its own functions and influencing the roles of other organs. Previous 

work in the Lab focused on the characterization of a novel nutrient sensor expressed in the 

Drosophila midgut ECs, more specifically, interstitial cells. Deletion or knockdown of this 

sensor from these cells, leads to, among other phenotypes, a developmental delay that is 

exacerbated in poor nutritional conditions, hence, being defined as a nutrient sensor. Apart from 

being responsive to nutritional cues, prior experiments found this sensor to be a pH sensitive 

chloride channel gated by zinc, and was named hodor. My project aimed to continue this work 

in order to contribute to the further understanding of inter-organ signaling, by addressing 

several questions related to hodor, like finding which component is responsible for the 

phenotypes exacerbation under poor nutritional conditions, as well as, to identify transcripts 

whose expressions changes in response to Hodor activity. 

I was able to partially rescue two of hodor mutant phenotypes through food 

supplementation, as well as giving preliminary data that supports the rescue of a third 

phenotype. Together with experiments performed by my supervisor, my data supports a model 

whereby, in the absence of hodor, the interstitial cells experience an osmotic shift that prevents 

the release of signals required to regulate food intake and results in a delay in development. 

Furthermore, I highlighted four candidate genes whose expression is altered in hodor mutant 

larvae, for future investigation into the mechanisms controlling hodor function. 

Throughout my project I came across other novel findings not directly associated with 

hodor. I have shown that the mini-white gene, a truncated form of the white gene encoding an 

ATP-binding cassette (ABC) transporter in Drosophila, influences developmental timing. I 

discovered that introducing the mini-white gene in an otherwise mutant white fly leads to faster 

pupariation time, thus, faster development. Moreover, I also found that larvae and adults seem 

to have different location to store zinc within the intestine.  

Although hodor is not conserved in mammals, it is present in the mosquito species 

responsible for malaria transmission (Anopheles gambiae). This makes it a potential target for 

biotechnology approaches aiming to control mosquito populations in the wild. Simultaneously, 

since Hodor is a nutrient sensor that is mainly present in the midgut enterocytes, understanding 

its mechanism is also important to increase our knowledge about how ECs sense nutrients and 



 

 VIII 

how they communicate with other cells/organs, thus, contributing to our understanding of the 

gut response to the diet.  

 

Key-Words: Drosophila, gut, enterocytes, nutrient sensor, development, mini-white 

gene. 
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Chapter I – Introduction 

 
 

1.1. Drosophila development 

 

Drosophila melanogaster, like other insects, has both larval and pupal stages before 

becoming an adult fruit fly (Fig. 1.1). During the larval stage, development is influenced by 

many factors, for example nutrition and temperature, and once the larvae hatch, they grow 

exponentially, molting roughly every 24 hours until they reach the final L3 stage. This massive 

growth rate is, in part, down to the vast amount of food ingested during the larval stage. Just 

before reaching the pupal stage, the larva stops feeding and moves out from the food, this is 

known as late L3 wondering stage. The larvae then undergo a dramatic transformation to form 

pupae in a process called metamorphosis and adult flies then emerge from the pupae (Stocker 

and Gallant, 2008). 

The main signal controlling the progression through each larval stage is the steroid 

hormone ecdysone, whose synthesis and release from the prothoracic gland (PG) into the 

hemolymph is controlled by several integrated signals. Among those signals, the ones that 

positively regulate ecdysteroidogenesis in the PG are Activin, MAPK, NO, Insulin and TOR 

signaling (Yamanaka et al., 2013). As mentioned before, development is influenced by 

nutritional cues and, in response to increased nutrient availability, TOR and insulin signaling 

in the PG increase ecdysone synthesis leading to the acceleration of larval development. In 

contrast, poor nutritional conditions dampen insulin and TOR signaling, causing a delay in 

developmental timing, presumably by reducing ecdysone synthesis (Layalle et al., 2008; Mirth 

et al., 2005). 

There are also peripheral signals that control the progression of development, like those 

originating from the insect fat body, which is a nutrient-responsive organ that can store and 

release lipids and carbohydrates (Arrese and Soulages, 2010). In standard nutritional 

conditions, larval growth is promoted by the uptake of nutrients containing amino acids that are 

transported to the fat body via the Slimfast transporter, leading to the activation of TOR 

signaling (Colombani et al., 2003). Moreover, in a non-restrictive nutritional environment, TOR 

signaling in the fat body also leads to the release of Acid Labile Subunits (ALS), that interact 

with insulin-like peptides (DILPs), whose function is to activate a common insulin receptor, 
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affecting their activity and stability and culminating with growth inhibition (Arquier et al., 

2008). In starvation conditions, ALS production is suppressed (Colombani et al., 2003). 

Other important signals that might also control larval development are the ones coming 

from the gut. It is already well stablished that a distinct cell population in the gut, the 

enteroendocrine (EE) cells, act as nutritional sensors by regulating hormones secretion in 

response to nutrient intake (Miguel-Aliaga, 2012; Park and Kwon, 2011). One example is the 

neuropeptide F (NPF) that is expressed by the EE cells (Chen et al., 2016; Veenstra et al., 2008) 

and has been shown to be involved in controlling food intake (Wu et al., 2003, 2005). Therefore, 

and since development is influenced by nutrition, these cells may have a role in controlling 

developmental growth. Moreover, other gut cells that might also impact larval development are 

the enterocytes (EC), since it was found that, in poor nutritional conditions, the signaling protein 

hedgehog (Hh) is released from these cells acting on both PG and fat body to reduce ecdysone 

synthesis and growth rate, culminating with a delay in pupariation (Rodenfels et al., 2014). 

However, the signals leading to Hh release from the enterocytes are not known. Therefore, 

establishing a role for how enterocytes regulate developmental processes is of great interest. 
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Figure 1.1. Drosophila melanogaster life cycle. Eggs hatch to produce the first-instar larvae (L1) that then grows 
into the second (L2) and finally third instars (L3). Larvae then form the pupae and undergo metamorphosis 
culminating with the adults eclosion. Adults then mate to produce more eggs. 

 

 

1.2.Good disease and in vivo model 

 

The list of advantages for using Drosophila melanogaster as a model organism is very 

extensive and ranges from its short life cycle and high number of descendants, to the diversity 

of genetic tools available. Despite the physiological differences between vertebrates and 

insects, it is possible to model several human diseases in Drosophila.  In fact, roughly 75% of 

diseases related genes in humans have an homologue in fruit flies (Pandey and Nichols, 2011). 

One type of human diseases modelled in Drosophila are intestinal disorders. This is 

only possible due to the highly conserved nature of signaling pathways that control intestinal 

development, regeneration and disease, between Drosophila and mammals. In humans, the gut 

can impact many processes within the body, and so, any problem affecting the gut can lead to 

several metabolic diseases.  

For example, failure to properly regulate hormones secretion by the gut enteroendocrine 

cells, like GLP-1, PYY and oxyntomodulin, can often lead to obesity, which is considered a 

major threat to public health (Melvin et al., 2016; Suzuki et al., 2011). This might have several 

associated problems, like, diabetes, cardiovascular disease, sleep apnea and growth/maturation 

problems in children (Burt Solorzano and McCartney, 2010; Steinbeck, 2010). Moreover, 

defects in intestinal absorption also impacts on the rest of the body. For example, mutations in 

the copper export protein ATP7A lead to copper deficiency, due to less copper absorption, 

causing Menkes disease, which is characterized by neurological defects and early lethality, in 

humans (de Bie et al., 2007). Interestingly, both the hormonal aspect and nutrient absorption 

related examples can be modelled in flies.  

Therefore, the involvement of the gut in human disease makes it an important organ to 

study and better understand, and that can be achieved using Drosophila melanogaster as a 

model organism.  
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1.3.General description of Drosophila gut 

 

Animal guts are usually divided into several compartments, each having different 

properties and, therefore, different functions. This compartmentalization initiates early in the 

development and it is influenced by signals from the neighboring mesodermal tissue (Yasugi 

and Mizuno, 2008). The Drosophila gut is divided into 3 main regions: foregut, midgut and 

hindgut. The foregut is the most anterior part of the gut and is involved in food ingestion. The 

midgut follows and is the main site of digestion and nutrient absorption, owing to its highly 

acidic environment that facilitate the breakdown of macromolecules. The remnants of food are 

passed into the hindgut, which is the main site of water and ions resorption, and are then 

subsequently excreted (Lengyel and Iwaki, 2002) (Fig. 1.2). 

The midgut is further divided into three smaller additional regions called anterior, 

middle and posterior (Fig. 1.2). Each can be distinguished by their pH, which is around 7 in the 

anterior midgut and 2 in the middle midgut, also known as acidic region. The posterior midgut 

is further dived into three equal sub-regions where the most anterior one is neutral, pH 7, 

followed by a transitional region of pH 6 and then an alkaline region at pH 9.5 (Filshie et al., 

1971; Lemaitre and Miguel-Aliaga, 2013; Overend et al., 2016; Shanbhag and Tripathi, 2009).  

In the junction between the midgut and hindgut there are the Malpighian tubules, whose 

function resembles that of the mammalian kidneys, carrying out detoxification, waste removal 

as well as ions transport (Dow and Romero, 2010) (Fig. 1.2). The gut is encased in a muscular 

sheet and its contraction and relaxation facilitate the movement of food along the gut. 

Moreover, there is a network of tracheal tubes, sometimes woven between muscle filaments 

surrounding the gut, that supply oxygen to and remove carbon dioxide from the intestine and 

other tissue (Gullan and Cranston, 2010). Lastly, the gastrointestinal tract is also innervated by 

enteric neurons, with both afferent and efferent fibers reaching the anterior and posterior 

regions of the gut, and having roles in controlling feeding behavior, defecation cycle, 

homeostatic control of gut integrity, as well as interaction with neighboring organs like the 

Malpighian tubules and trachea (Cognigni et al., 2011; Kenmoku et al., 2016). 
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Figure 1.2. The Drosophila melanogaster larval digestive system. A) schematic of the gastrointestinal tract of the 
larval gut, showing the broad regions within this tissue. B) Whole gut from a third instar larva (L3) with DAPI 
staining the nucleus (magenta) and phalloidin staining the visceral muscle layer (green). Anterior is to the left in 
all images. pv- proventriculus, gc- gastric caeca, amg- anterior midgut, mmg- middle midgut, pmg- posterior 
midgut, mt- Malpighian tubules, hg- hindgut. Scale bar = 1mm. “Image B adapted from Pilgrim, C. Identification 
and characterization of a novel enterocyte sensor. PhD thesis (2016)” 

 

 

1.4.Drosophila gut cell composition 

 

Like mentioned previously, the larval gut contains distinctive regions with specialized 

function which are carried out by the cells that reside there. These cells include the adult midgut 

progenitor (AMP) cells, also known as the larval stem cell population, the enterocytes (ECs) 

and enteroendocrine (EEs) cells (Hartenstein et al., 1992).  

The AMP cells, like the name suggests, are the cells that will give rise to the adult 

midgut cells and so, while in the larvae they are capable to disperse and proliferate, do not do 

so until metamorphosis, where they differentiate to form the adult gut (Jiang and Edgar, 2009). 
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Therefore, the other two cell types, EE cells and EC, are not originated from the AMPs but 

from the endoderm. 

The EE cells primarily function to secrete hormones, often doing so in a nutrient 

dependent manner, hence they are known as nutritional sensors, as they are capable of adjusting 

their hormones secretion in response to nutrient intake. In mammals, the EE cells are well 

studied, and different subsets have already been identified based on their hormone production 

array (Tolhurst et al., 2012). In Drosophila, subsets of EEs are now being identified based on 

the pattern of hormones that they produce (Beehler-Evans and Micchelli, 2015; Chen et al., 

2016; Veenstra, 2009; Veenstra et al., 2008) 

The ECs, which cover the majority of the gut epithelium, are reported to be responsible 

for the digestion and absorption (Lemaitre and Miguel-Aliaga, 2013), therefore, being ideally 

placed to sense and respond to nutritional signals. These cells are characterized by a large 

surface area, owing to infoldings of the basal membrane, that allows them to increase the 

exchanges with their surroundings (Shanbhag and Tripathi, 2009). However, depending on the 

region they reside in, they can have different morphologies (Marianes and Spradling, 2013). In 

fact, even inside the same region, specialized enterocytes can present remarkable morphologies. 

This happens, for example, in our region of interest, the middle midgut, which contains four 

types of enterocytes (Fig. 1.3). The copper cells (CCs), located in the copper cells region (CCR), 

secrete acid and have a cup-shaped morphology with long microvilli (Filshie et al., 1971). The 

interstitial cells (ItCs), also found in the CCR, are interspersed with the CCs and might also be 

necessary for acid secretion (Tanaka et al., 2007) (Fig. 1.3B1, B1.1 and C). The iron cells (ICs) 

constitutively express iron-storing ferritin protein subunits and accumulate iron (Fig. 1.3B2). 

Separating the copper from the iron cells region there is the large flat cells (LFC) region, which 

can be identified by the increasing space between nuclei. Little is known about the function of 

the LFC (Missirlis et al., 2007).  
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Figure 1.3 The middle midgut contains four types of specialized enterocytes. A) Diagram of larval gut showing 
the location of the CCR, LFC and ICR inside the middle midgut. B) Confocal images of middle midgut regions. 
B1) CCR stained with Moesin:mCherry to show the rounded shape of the copper cells, B1.1) and their membrane 
invaginations. The interstitial cells are interspersed with the copper cells. B2) IC that can be seen clearly in 
Fer:GFP larvae, which produces a GFP-tagged Ferritin 1 Heavy Chain Homologue (Fer1HCH). Features are: 
CCR = Copper Cell Region, CC = Copper Cell, ItC = Interstitial Cell, LFC = Large Flat Cell, IC = Iron Cell. Scale 
bars: B1 and B2 = 200µm; B1.1 and B2.1 = 10µm. C) Diagram of the cells present in the CCR: the copper cells 
and the interstitial cells. Features are: N=Nucleus, BEL=Basal Labyrinth, MV=Microvilli, BM=Basal Membrane. 
Anterior is to the left in all images. “Image B adapted from Pilgrim, C. Identification and characterization of a 
novel enterocyte sensor. PhD thesis (2016)”. 
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1.5.Drosophila gut and development 

 

Nutrition, growth and development are interconnected and together assure the normal 

progress of the larva through its several stages, even in unfavorable conditions. The regulation 

of development and growth by nutrition is a way of guaranteeing that there are sufficient 

nutrients stored for the larva to be able to survive during the non-feeding pupal stage, as well 

as to assure that they achieve an appropriate size for future adult reproductive fitness. Larvae 

require a minimal viable weight to successfully complete larval and pupal development. If they 

encounter poor nutritional conditions before reaching the critical weight, development will 

slow, and the signals required for developmental progression will be delayed, until they finally 

reach the minimum viable weight. In contrast, when larvae are raised in ideal conditions they 

undergo rapid growth, but internal checkpoints guarantee that maturation does not occur until 

the juvenile development is complete. (Tennessen and Thummel, 2011). The gastrointestinal 

system is in direct contact with ingested food, therefore, making it a great candidate to sense 

and to communicate the availability of nutrients in the diet, possibly through nutrient sensors 

and peptide hormones, respectively.  

Nutrient sensors are defined as molecular machines that respond to a certain nutrient 

component. One example are the taste receptors, that have the capacity of sensing nutrients 

before their internalization, and of transmitting information about nutrient identity to the brain 

(Miyamoto et al., 2013). Several nutrient receptors capable of responding to dietary components 

were already discovered in mammals, like the taste 1 receptor (T1R) family, which is expressed 

in the tongue and has three identified members, T1R1, T1R2 and T1R3 (Hoon et al., 1999; 

Montmayeur et al., 2001; Nelson et al., 2001). T1R1/T1R3 heteromers respond to compounds 

linked to umami taste, whereas T1R2/T1R3 heteromers are sweet taste receptors (Li et al., 2002; 

Nelson et al., 2001, 2002). Recent advancements in enlightening the nutrient-sensing 

mechanisms in the tongue, triggered investigation about both the existence and function of 

chemosensory cells in the gut (Engelstoft et al., 2008). For instance, it has been known for some 

years that tongue cells with bitter taste receptors act by restraining the ingestion of bitter 

compounds that can, therefore, be potentially toxic. After that discovery, researchers 

hypothesized that the expression of bitter receptors, very similar to the ones from the tongue, 

in the intestinal EE cells might also play a role in reducing the absorption of toxins at the luminal 

level. Nowadays, it is well-known that these and other nutrient receptors are expressed in 

mammalian EE cells (Janssen and Depoortere, 2013), and there are also some evidences 
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suggesting that mammalian ECs express taste receptors as well, like the human EC cell line 

Caco- 2/TC7 (Le Gall et al., 2007), and the ECs from rat jejunum, which have T1Rs in their 

apical membranes (Mace et al., 2007). 

Drosophila also has sensory receptors and the two main families are the Olfactory 

receptors (Ors) and the Gustatory receptors (Grs), with nutrient receptors included in the latter 

category. Sugars, salts, bitter compounds, and some other molecules are perceived by specific 

Grs located at the gustatory neurons, that are broadly distributed in the fly body. The Grs are 

found to be expressed in many adult tissues/organs like the labellum, antenna, pharynx, legs, 

maxillary palp, brain, neurons innervating reproductive organs and gut EE cells and, in the 

larva, at the taste organs level (Robertson et al., 2003). The role of Grs in the intestine have 

only recently started to be explored. A study conducted by Park and Kwon illustrated the 

expression of all known Gr genes in the midgut of adult flies. This was done using reporter 

lines to unveil the expression of genes that encode receptors like the Gr33a, which allows the 

perception of the bitter taste (Moon et al., 2009), and the Gr64a, which is linked to sweet taste 

sensing (Dahanukar et al., 2007), in the EE cells. However, there was no reported expression 

in EC. After getting information about the nutritional contents inside of the gut through the 

nutrient sensors, the intestinal cells need to relay this information. 
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1.6.How gut communicates with itself and other organs 

 

The best described way by which the gut transmits information about the nutritional 

status of diet to its own cells, and to other organs, is through the release of peptide hormones 

from the EE cells. In mammals, the gut is considered the largest endocrine organ and several 

peptides are secreted, mostly, in response to nutritional cues (Suzuki et al., 2011), like the 

incretins GLP-1 and GIP that respond to carbohydrates and lipids (Phillips and Prins, 2011). A 

variety of peptide hormones have also been identified in Drosophila midgut EE cells, like 

Allatostatin A, B and C, CCHamide 1 and 2, Dh31, neuropeptide F, Orcokinin B and 

Tachykinins (Wegener and Veenstra, 2015). In addition to the previous adult peptides, larval 

EE cells can also produce short neuropeptide F (Veenstra, 2009; Veenstra et al., 2008). 

Relatively little is known about the signals that lead Drosophila EE cells to release these peptide 

hormones.  

Although they cover the majority of the gut epithelium and are able to modulate their 

function in response to dietary cues, little is known about how ECs may signal to other cells or 

organs. Despite this, currently there is no reported expression of neuropeptides in the ECs, 

however, a growth factor, named Hedgehog (Hh), was found to be produced in response to a 

restrictive nutritional diet, deficient in either or both sugar and amino acids. This peptide is later 

released by the ECs systemically to signal to the fat body and the central nervous system to 

control larval growth and developmental timing, respectively (Rodenfels et al., 2014).  

There are also other factors, besides peptide hormones, that are released from the gut 

epithelium. For example, in response to dietary fat, mammalian enterocytes synthesize and 

release apolipoprotein A-IV (Apo A-IV) and fatty acid ethanolamides (Mansouri and Langhans, 

2014). However, in Drosophila, the apolipoproteins are not produced by the ECs but rather 

they are found in the fat body (Kutty et al., 1996) making it, therefore, unlikely to be one of the 

signals through which ECs communicate with other cells.  

Further investigation addressing how ECs sense nutrients and how they communicate 

with other cells/organs will contribute to our understanding of how the gut responds to dietary 

changes.  
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1.7.Work previously performed in the Miguel-Aliaga Lab 

 

With that goal in mind, a previous PhD student from the lab, named Claire Pilgrim, 

based her project on investigating novel ways by which enterocytes can detect and respond to 

nutritional cues. More specifically, she wanted to identify a previously uncharacterized nutrient 

sensor in the enterocytes, to uncover the mechanism by which it responds to nutritional stimuli, 

and to investigate the necessity for this sensor in the context of larval development.  

For that, she started by conducting a screen to identify receptors and transporters that 

are expressed in the gut, and to systematically knock them down in enterocytes using RNAi. In 

order to achieve enterocyte specificity, the screen was carried out using the Gal4 / UAS system 

(see Materials and Methods chapter, section 2.1.1.1) where she crossed flies carrying an 

enterocyte specific driver, mex-Gal4, to flies carrying different RNAi transgenes targeting over 

100 candidates, that were putative receptors and/or transporters genes. The larvae originated 

from these crosses were then transferred into low-yeast (LY) and high-yeast (HY) conditions 

to assess if there was a nutritional element involved, and the time taken for larvae to develop 

into pupae (pupariation time) was used as a readout for measuring developmental timing, since 

this is known to be nutritionally regulated. 

From this screen Claire chose a final candidate for further study, the CG11340, since it 

showed a significant developmental delay in HY conditions (over 1 day) that was exacerbated 

in LY conditions (over 5 days) (Fig. 1.4), indicating that a nutritional element was probably 

involved. Furthermore, these larvae also showed a significantly higher death rate, but only when 

in LY conditions (Fig. 1.4 B). She named this gene hodor, to stand for “Hold On, DOn’t Rush”, 

and, therefore, for the rest of my thesis I will refer to CG11340 as hodor.  
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Figure 1.4. In larvae where Hodor is knocked down development is delayed, and this is exacerbated in poor 
nutritional conditions. A) Pupariation time and survival percentage of larvae fed on HY diet. Knockdown of Hodor 
in the ECs (mex-Gal4xUAS-HodorRNAi) cause a significant delay when compared with both Gal4 and UAS 
controls, however, the survival percentage is not affected. B) The same genotypes as in A) but fed with LY. Both 
pupariation time and survival percentage are being negatively affected as mex-Gal4xUAS-HodorRNAi larvae are 
delayed and dying significantly more. In LY conditions the delay is being exacerbated when compared with HY. 
HY - High Yeast; LY - Low Yeast; *<0.05; **<0.01 ANOVA significance test. “Image adapted from Pilgrim, C. 
Identification and characterization of a novel enterocyte sensor. PhD thesis (2016)” 

 

 

hodor belongs to the cys-loop family of the Ligand Gated Ion Channels (LGICs), which 

are normally found in neurons (Dent, 2006), however, hodor is exclusively expressed in the 

Drosophila gut and Malpighian tubules, and its protein has been shown to form a pH-sensitive 

chloride channel that is involved in maintaining osmotic homeostasis in the Malpighian Tubules 

(MT) (Feingold et al., 2016). Besides the MT, hodor expression has also been reported in some 

places of the middle midgut, namely the ICRs (Fig. 1.5A, C and E) and to a larger extent in the 

CCR (Fig. 1.5A and B). As previously mentioned, the CCR is composed by two types of ECs, 

ItCs and CCs, but hodor expression in mainly seen in the ItCs (Fig. 1.5B and D). Despite the 

fact that hodor is expressed in both MTs and midgut ECs, Claire ruled out that the 

developmental phenotype seen during the RNAi screen was attributed to MTs, due to the fact 

that the mex-Gal4 driver is not expressed in the MTs (Fig. 1.6). Moreover, using a MT specific 

driver (Fig. 1.7A), cut-gal4 driver, to knockdown hodor failed to cause a developmental delay 

that was significantly different from both controls (Fig. 1.7B). Later, my supervisor, Dr. Siamak 



Chapter I - Introduction 

 29 

Redhai, who continued the project, excluded the hypothesis that the phenotype was coming 

from the ICR, because, when using the FerHCH-Gal4 driver, which is specific to these cells, to 

knockdown hodor, developmental timing was indifferent from controls. He showed that it was 

the absence of hodor from the ItCs that led to the delay in development seen during the RNAi 

screening stage (DATA not shown). Therefore, we can claim that it is the lack of Hodor from 

the CCR ECs that leads to the phenotype. 

 

 
Figure 1.5 Expression of Hodor protein in the larval gastrointestinal tract. A) Whole wild-type (w1118) gut stained 
for DAPI (blue) and Hodor (magenta) from third instar larvae raised on HY diet, dissected at four days old. hodor 
expression is in the CCR, the ICR and MT. B) Hodor antibody shows that expression is mostly outside of the GFP-
positive copper cells in Cu > mCD8:GFP larvae. C) Overlap of Hodor staining with the anterior part of the iron 
cell region in Fer:GFP L3. D) Hodor antibody shows expression in GFP- positive interstitial cells (shown with 
dashed line) of ItC > mCD8:GFP middle midgut. E) Hodor is expressed in some GFP-positive iron cells of 
Fer:GFP larvae. Features in all images are: CCR = copper cell region, ICR = iron cell region, MT = Malpighian 
tubule. Scale bars: B = 50µm; C = 100µm; D and E = 20µm. “Image A and B adapted from Redhai et al unpublished 
results; Image C,D and E adapted from Pilgrim, C. Identification and characterization of a novel enteroacyte 
sensor. PhD thesis (2016)” 
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Figure 1.6 mex-Gal4 driver expression pattern. Whole gut from a D. melanogaster larva originated by crossing a 
fly carrying a mex-Gal4 driver to a fly carrying UAS-Stinger-GFP, where DAPI stains the nuclei (magenta) and 
GFP expression is in green. There is expression in all three main regions of the midgut. Note that there is no signal 
coming from the Malpighian tubules.  MT – Malpighian tubules “Image adapted from Pilgrim, C. Identification 
and characterization of a novel enterocyte sensor. PhD thesis (2016)” 

 
 

 
Figure 1.7 Hodor knockdown from the MT is not the responsible for the delay in the time to pupariation. A) 
Expression of cut-GAL4 driver, visualized using UAS-stinger:GFP, that highlights principle cells in third instar 
larva. DAPI stains the nucleus (white) and the GFP expression is in green. Note that the signal is only present in 
the Malpighian tubules. B) Time taken to pupariation and survival percentage of larvae when Hodor is knocked 
down from the tubules (using the cut-GAL4 driver) with the UAS-hodor RNAi line KK108337. The cut-Gal4xUAS-
HodorRNAi larvae seem slightly slower than one of the controls (cut-Gal4xRNAi control), however it needs to be 
significantly different from both controls in order to be considered truly significant. Features are: mt = Malpighian 
tubules; HY = High Yeast; LY = Low Yeast. Scale bar: B = 200µm. “Image adapted from Pilgrim, C. Identification 
and characterization of a novel enterocyte sensor. PhD thesis (2016)” 

 



Chapter I - Introduction 

 31 

Since hodor belongs to the cys-loop LGIC family, where its members usually have 

ligands, Claire wanted to identify the ligands responsible for opening/closing Hodor. Thus, she 

decided to perform electrophysiology experiments, where she injected Xenopus laevis oocytes 

with hodor mRNA, and perfused the oocytes with several solutions containing potential 

ligands. The response was recorded using a two-electrode voltage clamp (TEVC) system and a 

pCLAMP 10 software. She started by testing several compounds that were already known to 

be gating factors for other members of this cys-loop family, like, glycine, glutamate, g-

Aminobutyric Acid (GABA), Acetylcholine (ACh), histamine, 5-Hydroxy Tryptamine (5-HT), 

zinc, dopamine, octopamine, tyramine and tryptamine, however, none of these compounds, 

except zinc, showed a dose-dependent response (Fig. 1.8). How zinc could gate Hodor in vivo 

is an interesting scenario, since the intracellular zinc concentrations are approximately 100 to 

500 µM on average, though this can vary considerably between different parts of the cell (Eide, 

2006). In an “average” compartment, zinc oscillations could cause the channel to open and 

close or, instead, the transference of Hodor from a low-zinc to a high-zinc compartment could 

lead to its opening. Moreover, luminal zinc content can vary depending on the food eaten and 

importantly zinc contained in food may directly act on Hodor to activate it.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.8 Hodor is gated by zinc. Electrophysiology experiments showed that Hodor channel opens in response 
to zinc in a dosage dependent way. “Image adapted from Pilgrim, C. Identification and characterization of a novel 
enterocyte sensor. PhD thesis (2016)” 
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After characterizing Hodor at a molecular and subcellular level, Claire wanted to know 

how it contributed to gut function. Since hodor was found to be expressed mainly in the CCR, 

and this part of the gut is acidic, Claire decided to see if the acidity was affected in hodorKD 

larvae. Because, although hodor is mainly expressed in the ItCs, and it is thought that the CCs 

are the ones that are predominantly responsible for generating the acidic environment 

(Shanbhag and Tripathi, 2009), she hypothesized that disturbing Hodor in the ItCs could also 

impact the neighboring CCs normal function. And, in fact, the acidity was lost in hodorKD 

larvae (Fig. 1.9). Claire also wondered if the developmental delay was being caused by impaired 

food intake. To assess that she fed mex-Gal4xUAS-hodorRNAi larvae, and the respective 

controls, with food containing a blue dye and then quantified the amount of food ingested in a 

certain period of time. She found out that, hodorKD larvae were eating significantly less than 

the controls (Fig. 1.10). Then, when my supervisor joined the lab, he wanted to know the earliest 

time point where this phenotype could be seen, and he found out that larvae where Hodor 

function is completely absent (hodor knock-out (KO) mutants) show reduced food intake as 

early as the L1 stage (DATA not shown). Plus, he also discovered that the gut epithelium of 

hodor mutants looks disorganized (Fig. 1.11A) and their lumen is abnormally large (Fig. 

1.11B), probably due to what looks like a water excess, when view under electron microscopy. 

Summing up, in larvae where hodor function is impaired (RNAi), or even absent (KO mutants), 

several phenotypes like high death rate, delay in development, decreased food ingestion, loss 

of acidity in the CCR and disorganized intestinal epithelium are observed.     

 

 
Figure 1.9 Loss of middle midgut acidity in Hodor knockdown larvae. A to D) Bromophenol blue dye-containing 
food in middle midguts from four days after egg laying mex-GAL4 / RNAi Control (A), four days after egg laying 
mex > Hodor RNAi (B), five days after egg laying mex > Hodor RNAi (C) and four days after egg laying + / UAS-
Hodor RNAi (D) L3s raised on high-yeast food. Dyed food is yellow (pH < 3) in controls and pink or blue in 
knockdowns. All scale bars are 200 µm. “Con” indicates controls, “RNAi” indicates Hodor knockdowns. “Image 
adapted from Pilgrim, C. Identification and characterization of a novel enterocyte sensor. PhD thesis (2016)” 
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Figure 1.10 Food intake is affected in Hodor knockdown larvae. A) Dye content of groups of three L2s at three 
days AEL, raised on high-yeast diet and fed FCF bue dye-containing food for 30 min, showing that knockdowns 
have a significant reduction in intake. Food intake was measured as the absorbance of larval homogenate at 594 
nm. B) Dye content of groups of five L2s at three days (controls) or four days (Hodor knockdown) AEL, raised 
on low-yeast diet and fed FCF blue dye-containing food for 30min, showing that intake is significantly reduced in 
knockdown larvae. 
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Figure 1.11 hodor -/- larva gut have altered morphology. Electronic microscopy images of different parts of w1118 

and hodor -/- gut. A) EM images of an L1 w1118 control larva where A1) is an Interstitial cell showing normal basal 
labyrinths (arrows), A2) normal sized lumen (arrow head) and A3) a copper cell with an organized microvilli 
(doted arrow). B) EM images of a L1 hodor -/- larva where B1) is an Interstitial cell showing an abnormal basal 
labyrinth that lacks the majority of the infoldings (arrows), B2) abnormally large lumen (arrow head), and B3) a 
copper cell with disorganized microvilli (doted arrow). “Image adapted from Redhai et al unpublished results”. 

 

 

Although hodor does not seem to be conserved in mammals it is found in the malaria-

transmitting mosquito, Anopheles gambiae, therefore, making it a potential target for 

biotechnology approaches to fight and control disease-bearing mosquito populations. At the 

same time, since hodor is a nutrient sensor mainly localized in the ECs, understanding its 

mechanism is also important to increase our current knowledge about how ECs sense nutrients 

and how they communicate with other cells/organs, thus, contributing to our understanding of 

the guts responses to the diet.  
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1.8. Aims  

 

As the title of my dissertation indicates, my project aimed to contribute to the better 

understanding of inter-organ signaling. That was accomplished by continuing to explore Hodor, 

a nutrient sensor previously identified and characterized in the lab, that is thought to be able to 

communicate with the brain in order to control food intake.  

Therefore, the aims of my project are: 

1) to explore the upstream mechanisms leading to the activation of Hodor sensor by 

establishing how diet affects the sensor activity through feeding larvae with different 

supplemented diets. More specifically, I wanted to find out if there was a specific 

component whose reduction from HY to LY food was what was causing the phenotype 

exacerbation seen in poor nutritional conditions (LY).  

2) to identify transcripts/proteins expressions that changes in response to Hodor activity, 

by testing several candidate genes chosen with the help of bioinformatic platforms; 

3) to explore the signals downstream of the receptor which may affect food intake in 

response to this activity, in other words, to identify the mechanism by which the 

intestine ItCs communicate with the gut and with the organism to control food intake. 
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Chapter II – Materials and methods 

 
2.1.Fly husbandry  

2.1.1. Stocks 

The Drosophila melanogaster lines used in this project, as well as the scientific papers 

where these lines were characterized, are shown in Table 2.1. 

 
Table 2.1. Fly lines used in this work (in alphabetical order).  

Line Source Reference 

   

hodor -/-  Pilgrim C. (2017) 

hodor-Gal4  (Remnant et al., 2016) 

lab-Gal4 BDSC #43652 (Hirth et al., 2001) 

OR   

UAS-hodorRNAi VDRC #108337 Pilgrim C. (2017) 

UAS-rheb BDSC #9688 (Patel et al., 2003) 

UAS-Zip42C.1eGFP  (Lye et al., 2012) 

UAS-Zip42C.1RNAi VDRC #3986 (Lye et al., 2012) 

UAS-ZnT63CeGFP  (Lye et al., 2012) 

UAS-ZnT63CRNAi VDRC #7461 (Lye et al., 2012) 

w1118  (Hazelrigg et al., 1984) 

 

2.1.1.1 Gal4/UAS system 

This system is used to express transgenes in almost any tissue and development stage 

(when using Gal80ts) of interest, and it was the system used to induce the knock-down of 

Zips/ZnTs genes. The two main components are the Gal4 transcription factor and the Upstream 

Activating Sequences (UAS). Gal4 specifically binds to the UAS to drive the expression of the 

transgene of interest and, in turn, Gal4 is expressed under control of a tissue specific promoter. 

Since Gal4 does not seem to have any endogenous target, activation of Gal4 ensures the sole 

expression of the pretended transgene linked to the UAS sequence. When transgenic flies 

expressing Gal4 in a tissue specific manner are crossed with transgenic flies that have the 

transgene of interest under the control of a UAS sequence, the progeny will express the 

transgene in the cells where the Gal4 is being expressed. In contrast, flies carrying only the 
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Gal4 or only the UAS should not have any expression of the transgenes and should behave like 

controls (Brand and Perrimon, 1993). 

 

2.1.2. Fly food 

High-yeast and low-yeast food were prepared using a Systec MP-30 MediaPrep. Main 

ingredients (Table 2.2) were dissolved and heated to 100 °C for sterilization, then cooled to 67 

°C to mix in the fungicidal agents, nipagin (100g/l methyl 4-hydroxybenzoate in 100% ethanol) 

and propionic acid, at concentrations of 2.2 % and 0.34 %, respectively. The food was then 

dispensed into vials, which were sealed for storage at room temperature or into plates, which 

were stored at 4 °C.  

 
Table 2.2. HY and LY food ingredients.  

Ingredient Low Yeast (g/l) High Yeast (g/l) 

   

Yeast 7.4 50.0 

Agar 6.6 6.6 

Dextrose 71.0 71.0 

Cornmeal 66.5 66.5 

 

The supplemented food was made through adding the respective concentrations 

indicated in the graphs legends of ZnCl2, ZnSO4, MgCl2, CaCl2, MgSO4 and TPEN to the 

respective LY or HY diets, immediately before pouring it into vials/plates.  

Egg collection plates were prepared by heating a solution of 23 g/l dextrose and 23 g/l 

agar in a mixture of 74 % Milli-Q water, 24.5 % apple juice and 1.5 % nipagin to boiling point, 

then allowing it to cool to 70 °C, occasionally skimming the surface. The mixture was poured 

into petri dishes and allowed to set before storage at 4 °C. Dyed food was prepared by adding 

1 % FCF blue to the appropriate diet after cooling, before pouring into plates.  

 

2.1.3. General maintenance 

All incubators used had a 12h/12h light/dark cycle and 65% humidity. Stocks were kept 

at 18 °C on high-yeast food and tipped to new vials at most every five weeks. All crosses and 

experiments with live flies and larvae were carried out in a 25 °C incubator unless otherwise 

stated. For the production of eggs, parent flies were kept in a laying cage and allowed to lay for 



Chapter II – Materials and Methods 

 39 

24h on a fresh egg collection plate with a smear of live yeast. Embryos were transferred from 

this plate to a plate containing the required diet. The day of transfer was defined as day 1 after 

egg laying (AEL). 

 

2.2.Preparation of larvae 

2.2.1. Larval Seeding 

Eggs were transferred from egg collection plates to plates of the appropriate diet. 

Approximately after 24h of hatching, 15 first-instar larvae were seeded into each vial or 25 onto 

each plate.  

For delay experiments, pupae were counted two times per day, every day. 

 

2.3.Staining  

2.3.1. Dyes 

The dyes used in this work were DAPI, Fluozin3AM and Phalloidin. These dyes were 

obtained from TermoFisher Scientific. Fluozin3AM was used in the final concentration of 

1:3000, whereas Phalloidin was used in the final concentration of 1:200. DAPI was contained 

in the Vectashield. 

 

2.3.2. Poly-lysine slide preparation 

Poly-lysine slides were prepared by coating glass microscope slides with a solution of 

0.88 g/l poly-lysine hydrobromide with 0.25 % Photo-Flo (Kodak #146 4510) by immersing 

for 15 min, then drying at 55°C for 15 min three times each. Slides were then air-dried for 1h 

before a circle of silicone rubber was added to one side to form a well. Slides were stored at 4 

°C until use.  

 

2.3.3. Staining protocol 

Before dissection, adults and larval guts were dissected in PBS and transferred to the 

poly-lysine slides and fixed with 4% formaldehyde (16% formaldehyde (Thermo Fisher 

Scientific #28908) diluted in PBS) for 30 min, in the dark. They were then washed twice with 

ethanol (2 minutes each), five times with PBST (PBS with 0.2% Triton X-100) (2 minutes each) 

and one time with 1xPBS. After these washing steps the guts were incubated with Fluozin3AM, 

that was previously diluted in PBS containing Triton and Twin, at 38°C for 45 minutes. Then 
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they were washed twice with ethanol (2 minute each), three times with PBST (2 minute each) 

and four times with 1XPBS (2 minute each). Finally, they were mounted with vectashield 

containing DAPI and the slides were kept at 4°C until imaging. 

When phalloidin was used in combination with Fluozin3AM and DAPI, this was added 

to the 4%FA used in the first step. 

 

2.3.4. Imaging 

Images were acquired using a Leica SP5 confocal microscope and Leica LAS AF 

software. Images were analyzed and prepared for this dissertation using FIJI (Schindelin et al., 

2012) and the adult whole gut image (Fig. 3.10) was stitched using the Pairwise Stitching plugin 

(Preibisch et al., 2009). All images were generated by collapsing the stacks obtained from the 

apical to the luminal sides of the gut/malpighian tubules. 

 

2.4. Food intake experiments 

Larvae from seeded plates (see this chapter, Section 2.2) were transferred to the 

respective diets containing FCF blue dye for 50 min. They were then rinsed in tap water, dried 

on a paper towel and placed into 2 ml Eppendorf tubes containing 45µl dH2O and a 5mm ball 

bearing. Larvae were collected in groups of 3 and were homogenized for 2 min with a Qiagen 

TissueLyser II at 30 Hz. These were centrifuged for 4 min at 10 000 RCF and the dye content 

of the supernatant was measured at 594 nm using a NanoDrop ND-1000 spectrophotometer.  

 

2.5. Molecular biology 

2.5.1. Primers 

The primers used in this project are shown in table 2.3 (in alphabetical order). 
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Table 2.3. Sequence of the primers used in this dissertation. 

 

 

2.5.2. RNA isolation 

For the total extraction of RNA from Drosophila we started by cleaning the work area 

and pipettes with RNaseZap, followed by two rinses with DEPC-treated water. We added 

180uL of TRIzol and one Qiagen bead to the frozen flies (in 2mL epp tubes) and then 

homogenized the flies in the Tissue lyser, at 25Hz for 2 minutes. After that followed a 

centrifugation step at 12,000 RCF for 10 minutes at 4°C to pellet insoluble debris such as 

exoskeleton. The supernatant (160uL) was transferred to a new 1,5mL epp tube and 820uL of 

TRIzol were added. After vortexing for 10 seconds and incubating at room temperature for 5 

minutes, we added 200uL of Chloroform, mixed by inverting for 15 seconds, and incubated at 

RT for 3 minutes. Then, we centrifuged at 10,000 RCF for 15 minutes at 4°C and transferred 

the upper aqueous phase (360uL) to a fresh RNAse-free 1,5mL epp tube. 0.5 mL of Isopropanol 

were added to the tube and incubated at room temperature for 10 minutes. Next, we centrifuged 

at 12,000 RCF for 10 minutes at 4°C, removed the supernatant, washed the pellet with 0.9mL 

Name Sequence 

  

ClC-a_F AAAGCGACGAAAGCAGGAAGA 

ClC-a_R TGCCTCCAGATCCATGATGATA 

ClC-b_F CACTGCTAATGGGCAACAATTC 

ClC-b_R TGTTCGGGATCTGAGGTGGAA 

ClC-c_F TCAGCGGACAATGCACCAG 

ClC-c_R CCATAGAAGGATAGTGCTCCGT 

Clic_F ATGTCGGAAGTTGAATCGCAG 

Clic_R TCCTGGCAGAACAAACAGGC 

Hodor_F GAACACCACGGATGCTTTCAG 

Hodor_R ATGGACTCTGCGTTTTTCAGC 

Zip42C.1_F GCTACCGCAACTATGTCACAA 

Zip42C.1_R CCTGTTCAGGACGTAGGGAAG 

Zip42C.2_F TGGTGCTCTTCCTCGTTACC 

Zip42C.2_R CCTCTGGGTCCACTTGTAGAA 

ZnT63C_F TTGCGGCCCTGGTCATATC 

ZnT63C_R GGCCCAGCCAAAAGTGTTCT 

ZnT77C_F CCAGTCATCACATGCTGTGTAA 

ZnT77C_R GGGGAAGGATTCCTAGCCTC 
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of 75% ethanol and, again, we centrifuged, this time at 7,500 RCF for 5 minutes at 4°C. The 

supernatant was then removed and other centrifugation at 7,500 RCF for 2 minutes at 4°C took 

place. After that we carefully removed the last of the supernatant with a micropipette and let it 

air drying for 10 minutes. Finally, we resuspend the pellet in DEPC-Treated water, measured 

in Nanodrop and stored at -80°C. 

 

2.5.3. cDNA synthesis 

For the cDNA synthesis we used the iScript cDNA Synthesis Kit, ref: 170-8891 

(BIORAD), where we mixed 4uL of 5x iScript Reaction Mix, 1uL of iScript Reverse 

Transcriptase, 80u of nuclease-free water and 1ug of RNA sample. Finally, we incubated the 

complete reaction mix in a thermal cycler using the following protocol:  

Priming: 5 min at 25°C; 

Reverse transcription: 20 min at 46°C; 

RT inactivation: 1 min at 95°C; 

Optional step: Hold at 4°C. 

The cDNA samples were stored at -20°C until necessary. 

 

2.5.4. qPCR 

For the qPCR we used the SYBR Green protocol where we started by placing all 

reaction components (ROX, SYBR Green, primers and cDNA samples) on ice. We started by 

making the master mix by adding 80uL of each primer Forward and each primer Reverse, 

400uL of SYBR Green and 80uL of water. Then, 8uL of the master mix were added followed 

by a brief centrifugation. After visually confirming that all wells contained mix at the bottom 

at the correct volume we added the cDNA samples, 2uL each, and sealed the PCR plate. After 

a brief centrifugation we ran the samples as follows: 

Initial denaturation 40 cycles: 94°C, 2min; 

Denaturation: 94°C, 15sec; 

Annealing, extension and read fluorescence: 60°C, 1min. 

Three technical replicates were used in each PCR experiment. The graph depicted in Fig.3.12 

represents one single group of flies (one biological replicate), whereas the graphic in 3.22 

represents the average of two independent groups of flies (two biological replicates). The 

housekeeping gene used was GAPDH. CT values were used to calculate the relative expression 

compared to the wild type and normalized to GAPDH.  
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2.6. Statistical analysis 

Data analysis was carried out in GraphPad (Prism 7). This software was used to carry 

out two different tests: Ordinary one-way ANOVA and Mann-Whitney test. In line with 

convention, p < 0.05 indicates a significant result, p < 0.01 indicates a highly significant result 

and p < 0.001 indicates an extremely significant result. These are represented in graphs as *, ** 

and ***, respectively. All graphs presented in this report were drawn in GraphPad (Prism 7).  
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Chapter III – Results and discussion 

 

 

3.1. Mini-white gene experiments 

 

Before starting my experiments to address the aims of my project, and while Dr Redhai 

was training me in how to work with larvae, we were looking at how long it took the following 

w1118, hodorKO homozygous mutants (hodor -/-) and the respective heterozygous (hodor -/+) 

larvae to develop into pupae on low yeast (LY) food, at 25 ºC. The hodor -/- larvae responded 

as expected by being considerably delayed, when compared with the w1118 controls. 

Surprisingly, but similar to what Dr Redhai had been observed in his previous experiments, we 

noticed that hodor -/+ developed faster when compared to the control white larvae, and that 

difference reached the statistical significance (Fig. 3.1). These results were quite unexpected 

since the hodor -/+ larvae were originated by crossing homozygous hodorKO mutants to w1118 

flies (widely used as controls in experiments) (Appendix A), and the hodorKO mutants were 

generated also in a w1118 background. When we set up this crossing we were expecting one of 

the following three results: either the hodor -/+ would be as delayed as the hodor -/-, because the 

levels of Hodor protein were low enough to cause a similar delay to homozygous hodor 

mutants; or they would be as fast as the w1118 controls, because the levels of Hodor protein were 

not low enough to lead to a visible phenotype; or they would show an intermediate phenotype, 

faster than hodor -/- but slower than w1118, due to the intermediate protein levels. So, when we 

saw that they were developing faster than w1118 control line, another aim was added to my 

project, to investigate why the heterozygous larvae were developmentally faster than their 

controls. 
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Figure 3.1 hodor -/- larvae show a delay in development and heterozygous larvae are significantly faster than the 
respective controls, in LY conditions. LY-Low Yeast; * < 0.05; *** < 0.001 ANOVA significance test. Each 
symbol (●■▲) represents one experiment containing n=15 larvae. “Image adapted from Redhai et al unpublished 
results.”  

 

 

While we were trying to justify these observations we realized that, despite hodor -/- and 

w1118 flies having the same genetic background, the mutant flies carry a mini-white rescue 

construct within the vector used to allow for homologous recombination to occur. This 

construct was introduced during the hodor gene knock-out process (hodor mutant line was 

prepared as described by Baena-Lopez et al., 2013) and has several features (Fig. 3.2) for 

example, the presence of a gene that confers resistance to ampicillin (ampr), and a mini-white 

(mw+) gene. The mw+ gene derives its name as it is a shorter version of the white (w) gene, but 

has the majority of its first intron deleted, as well as a reduced regulatory region (Pirrotta, 1988). 

The white mutation is characteristic of the w1118 flies and was the first to be isolated in 

Drosophila, having several associated phenotypes, like reduced performance in spatial 

learning, male-male courtship behavior and low copulation success. Yet, what led to its 

identification originally was its obvious white eye phenotype, caused by the absence of the 

ABC transporter that the white gene encodes (Diegelmann et al., 2006; Krstic et al., 2013; 

Mackenzie et al., 1999; Xiao et al., 2017). Due to this last phenotype, these flies started to be 

largely used in molecular biology, together with constructs carrying the mw+ gene that is usually 

used to check the presence of a construct in the fly genome, as it is thought to rescue the white 
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mutation, and so, the resulting w1118 transgenic flies (carrying, for example, an RNAi construct) 

will present a range of eye coloration from pale yellow to red (depending on the positional 

expression of the mw+ insertion into the genome) instead of white (Pirrotta, 1988). Thus, since 

new roles/phenotypes continue to be attributed to the white gene, we started to hypothesize if 

this mw+ gene associated with flies could be the responsible for the faster development of the 

hodor -/+ larvae compared to w1118.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Schematic of the construct used during the generation of hodor -/- flies. Adapted from Redhai et al, 
unpublished results.   

 

 

To test this hypothesis, we quickly checked the pupariation time of other heterozygous 

larvae derived from crossing transgenic lines that also have a w1118 background and carry a mw+ 

gene, to w1118 flies. For this, we first used larvae originated from hodor-Gal4 and UAS-
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hodorRNAi homozygous crossed to w1118 flies (Appendix B), simply because we had them 

ready to be used in the lab. Note that, since none of these larvae had Gal4 and UAS at the same 

time, the Gal4/UAS system was not working and, therefore, they should be developing as 

control w1118 flies (for more info about Gal4/UAS system, see Materials and Methods section 

2.1.1.1). We saw that both hodor-Gal4 and UAS-hodorRNAi heterozygous larvae were 

significantly faster than the w1118 controls, with a difference of around 30 and 20 hours, 

respectively (Fig. 3.3A and B, respectively). Next, we wanted to validate that this phenotype 

was not being caused by a specific interaction between mw+ and hodor, like the interaction 

reported between white and zeste (Hazelrigg et al., 1984), since all of the larvae that we used 

until that moment had hodor related manipulations (hodor -/+, hodor-Gal4/+ and UAS-

hodorRNAi/+), so we generated another heterozygous larva, this time without any genetic 

manipulation involving hodor. We used the progeny of UAS-Rheb crossed to w1118 flies, again 

due to the fact that we had these larvae ready to be used, and what we saw was that larvae 

carrying a construct with a mw+ gene were still significantly faster than the controls, around 30 

hours (Fig. 3C). The differences between the pupariation time of all heterozygous larvae that 

we used are probably explained by two factors. Firstly, since the development is influenced and 

extremely sensitive to several cues, like temperature and food nutritional status (Ormerod et al., 

2017), normal variability was already expected, just like the variability seen between the w1118 

controls from the three different experiments. Secondly, as previously mentioned, depending 

on where the construct is inserted in the fly genome, it might allow a higher or lower expression 

of the mw+ gene, because different parts of the genome can be more actively transcribed than 

others, consequently, affecting the Mw+ protein levels as well. It has also been shown that the 

mw+ gene can be influence by enhancer elements and, therefore, this can also contribute to the 

variability seen between the different types of heterozygous lines (Pirrotta, 1988; Silicheva et 

al., 2010). To assess if this was the case we could have done quantitative Reverse Transcription 

Polymerase Chain Reaction (RT-qPCR) in different heterozygous larvae to measure the levels 

of the mw+ RNA in whole larvae, to see if there was a correlation between the levels of mw+ 

expression and faster/slower development, but we did not have time to do it. Nevertheless, even 

if we had done it, the results should be taken with caution, since higher levels of RNA (which 

is what the RT-qPCR assesses) does not always equate to higher levels of protein. To overcome 

this problem, we could further perform a Western Blot (WB) against the Mw+ protein (for more 

info about WB see Mahmood and Yang, 2012). 
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Figure 3.3 Larvae carrying a mw+ gene have a faster developmental timing than larvae mutant for the white gene. 
Heterozygous (A) UAS-hodorRNAi/+, (B) hodor-Gal4/+ and (C) UAS-rheb/+ are significantly faster than the 
respective w1118 control. * < 0.05, ** < 0.01 and *** < 0.001 Mann-Whitney test. Each symbol (●☐) represents 
one experiment where n=15 larvae. 

 

 

 

We were wondering if this phenotype was specific from the mw+ gene or if it was also 

conserved in the original/complete protein, the White protein. For that, we decided to generate 

w+ flies by backcrossing OR flies, which have a white gene, into the w1118 background. This 

means that the resulting flies would have a w+ gene in a w1118 background. Once the time to 

pupation was calculated we saw that w+ flies were faster than w1118, although to a lesser extent 

(only 10h difference) compared to larvae carrying the mw+ gene (Fig. 3.4A). This might be 

explained because, as mentioned before, the expression levels of the Mw+ protein can be 

variable due to positional effects, therefore, some larvae might have more Mw+ protein than the 

w+ larvae have W+ protein. Again, this hypothesis would be tested with RT-qPCR or WB, like 

the previous ones, but we did not have enough time to do it. Still, what we were able to do was 

to see if, in the presence of the White protein, the Mw+ protein had an addictive effect on 

developmental timing, because if we attribute the faster development to higher W+/Mw+ protein 

levels then, by adding an extra mw+ gene to a fly that already has a w+ gene, we should see an 

acceleration in development in comparison to larvae with the w+ gene only. In order to do so, 

we generated another hodor heterozygous larvae, but this time by crossing hodor -/- to OR flies 

(Appendix C). We wanted to compare the pupariation time of the original hodor -/+ (obtained 

from crossing hodor -/- to w1118) with the pupariation time of an hodor -/+ that has both w+ and 

mw+ (obtained from crossing hodor -/- to OR). We observed a 15 hours difference between the 
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two genotypes, but this value did not reach statistical significance (Fig. 3.4B). However, the 

number of times that we repeated this experiment is quite low (four times) and 15 hours might 

be considered a trend so, perhaps, if we had increased the number of experiments, this value 

would have reached significance. Nevertheless, it is important to note that we should have 

backcrossed the OR line into the hodor -/- background, in order to have the exact same 

background as the original hodor -/+ (w1118 background). Plus, as an alternative to this we could 

have generated the second hodor -/+ by crossing the hodor -/- to the w+ flies that we previously 

generated, instead of OR, but we did not have them available at the time. Only after performing 

one of these two solutions we could conclude that any difference seen in these new 

heterozygous was due to the w+ gene only, and not due to anything else that is characteristic of 

the OR background. 

 

 

 

 

 

 

 
Figure 3.4 Larvae carrying w+ gene have a faster developmental timing than the ones that do not, and larvae that 
carry both mw+ and w+ genes are not significantly faster than the ones that carry mw+ only. A) w+ larvae originated 
by backcrossing OR flies into w1118 background develop faster than the w1118. **<0.01 Mann-Whitney test. B) 
hodor -/+ larvae originated by crossing hodor -/- homozygous to OR are not significantly faster than hodor -/+ larvae 
originated by crossing hodor -/-  homozygous to w1118, although we can see a trend. OR and both hodor -/+ are 
significantly faster than w1118. ns ≥ 0.05, * < 0.05, ** < 0.01, *** < 0.001 ANOVA significance test. Each symbol 
(●☐◆◼▼) represents one experiment where n=15 larvae. 

 

 

While we were looking for information about the mw+ gene, we found a paper from 

Missirlis’ Lab stating that w+ flies have considerably more zinc than white mutant adults, within 

the Malpighian tubules (MT) (Tejeda-Guzmán et al., 2018). So, with this information we 

wondered, since Hodor is a chloride channel gated by zinc and has a role in controlling larval 

development, whether there is also more zinc in mw+ carrying flies and if this could account 

for a hodor related faster developmental growth in the heterozygous larvae. The first drawback 



Chapter III – Results and Discussion 

 51 

with this hypothesis was the fact that the zinc differences were reported in the MT, and we 

know that it is the Hodor present in the copper cell region (CCR) that controls development, as 

previous experiments leading to Hodor KD from the MTs did not lead to a development 

phenotype. The second drawback was the fact that the observations were made in adults and 

not larvae. So, the first experiment that we preformed was aimed to see if there are differences 

in zinc in the CCR of larvae. But to make sure that the protocol was working we started by 

looking to larval MT. For that, we stained OR (our w+), w1118 (our white mutants) and hodor -/+ 

larval guts with a zinc dye, Fluozin3AM, which was the same dye used in Missirlis paper. We 

had to troubleshoot the staining protocol, because we use a different type of slide to mount our 

guts on and this was not compatible with the original one (see Materials and Methods chapter, 

section 2.3.3). When we established a working protocol, we used this dye to stain guts from the 

above genotypes, however, despite we can see a difference between the OR and w1118 larvae 

regarding the MT zinc content, we did not think that this difference was as evident as the 

difference reported by Missirlis between the w+ and w1118 adults (Fig. 3.5). We thought that this 

could be due to the protocol not being working properly after so many modifications so, to 

check if that was the case, we dissected and stained OR and w1118 adults, and also larvae, in the 

same slide to see if we could observe the same results as the ones reported by Missirlis lab 

(Tejeda-Guzmán et al., 2018). Interestingly, we saw a very evident difference in the MT zinc 

levels between OR and w1118 adult flies, but we were still not able to see such an evident 

difference in larvae (Fig. 3.6). These results meant that the protocol was, indeed, working and 

that the difference in zinc amount seems to be clearer in adults than in larvae. Then, we took a 

look at the CCR, since, as mentioned before, the hodor phenotype is caused by hodor 

impairment from this region and not form the tubules, and this time we clearly saw that, OR 

larvae have more zinc than w1118. Although the intensity of the signal was similar, in OR larvae 

zinc seems to be present in both copper (CCs) and interstitial cells (ItCs), whereas in the w1118 

larvae zinc is mainly present in the CCs (Fig. 3.7A and B). We next looked at the hodor -/+ CCR 

and, in this region, it was also clear that they have more zinc than the w1118 flies, in both CCs 

and ItCs (Fig. 3.7A and C). So, at this moment the initial hypothesis, that maybe higher zinc 

levels, caused by the presence of the mw+, affect Hodor channel as this is gated by zinc, and 

thus impact heterozygous larval development, was still making sense. But, to confirm that the 

different zinc levels seen in the CCR were being specifically caused by the w+ gene, and that 

that difference was what was leading to the different developmental timings, we stained w+ (the 

same flies as the w+ used in the previous section 3.1) and w1118 larvae with Fluozin3AM. This 
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is because, in his work, Missirlis used Drosophila isogenic lines, which means that the flies 

have the exact same background with the exception of one gene, in this case, the white gene. 

We observed that in w1118 larvae the CCs were consistently stained, indicating the presence of 

zinc, whereas w+ had zinc in both CCs and ItCs, although it seems that, in the CCs, they have 

less zinc than the w1118 (Fig. 3.8). Since this did not show an outstanding difference between 

the two genotypes, we decided to stain w1118 and one of the other heterozygous that we 

generated, with Fluozin3AM, because, after all, every mw+ heterozygous that we tested (hodor-

Gal4/+, UAS-hodorRNAi/+, UAS-rheb/+) showed a much faster developmental phenotype 

than the w+ larvae. We chose hodor-Gal4/+ to proceed to staining and, in this case, the results 

were clearer, as the w1118 continued to present the same pattern and the heterozygous larvae 

presented a similar pattern to OR and hodor -/+, having signal coming from both CCs and ItCs 

(Fig. 3.9). Thus, we think that it is, indeed, the mw+ gene the responsible for the hodor +/- faster 

development, although the additional experiments previously mentioned should be performed. 

In the future, it would be very interesting to explore the mechanisms through which the mini-

white/white genes can impact and control Drosophila development, as they are so broadly used 

in Drosophila manipulations like transgenic lines. 

 

 

 

 

 

 

 

 
 
Figure 3.5 OR have slightly more zinc in the Malpighian tubules than w1118 larvae. 10x magnification of guts from 
3rd instar larvae raised in LY food, with DAPI staining the nucleus (blue) and Fluozin3AM staining the zinc 
(green). Malpighian tubules (arrowheads) from a w1118 (A and A1), OR (B and B1) and hodor -/+ (C and C1) 
larvae, depicting a slightly stronger signal in the OR, but similar intensity between w1118 and hodor -/+. MT- 
Malpighian tubules. All scale bars are 250µm. 
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Figure 3.6 OR have more zinc in the Malpighian tubules than w1118, in both adults and larvae. A-H) MT from 
adults (A-D) and 3rd instar larvae (E-H) raised in LY food, with DAPI staining the nucleus (blue) and Fluozin3AM 
staining zinc (green), that were under the exact same staining conditions and confocal settings. A and A1) 20x 
magnification of a w1118 adult MT (arrowheads) showing low zinc levels, B and B1) are a 63x magnification image 
of the same MT depicted in A and A1. C and C1) 20x magnification of an OR adult MT (arrowheads) showing 
very high zinc levels when compared to w1118 adults, D and D1) are a 63x magnification image of the same MT 
depicted in C and C1. E and E1) 20x magnification of a w1118 larval MT (arrowheads) showing low zinc levels, F 
and F1) are a 63x magnification image of the same MT depicted in E and E1. G and G1) 20x magnification of 
an OR larval MT (arrowheads) showing high zinc levels, but not as high as in OR adults, H and H1) are a 63x 
magnification of the same MT depicted in G and G1. MT – Malpighian Tubule. Scale bars: A, A1, C, C1, E, E1, 
G, G1 = 250µm;	B,	B1,	D,	D1,	F,	F1,	H,	H1	=	25µm. 
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Figure 3.7 OR and hodor -/+ have more zinc in the CCR than w1118 larvae. Guts from third instar larvae raised on 
LY food, with DAPI staining the nucleus (blue) and Fluozin3AM staining the zinc (green), that were under the 
exact same staining conditions and confocal settings. A and A1) 63x magnification of a w1118 CCR showing that 
zinc is present in this region but is mainly located in the copper cells (delineated by the dotted lines) rather than 
interstitial cells (arrows). B and B1) 63x magnification of an OR CCR showing that zinc is present in similar 
levels in both copper cells (delineated by the dotted lines) and interstitial cells (arrows). C and C1) 63x 
magnification of an hodor -/+ CCR showing that zinc is present in both copper cells (delineated by the dotted lines) 
and interstitial cells (arrows), but with a more intense signal coming from the copper cells. CCR - Copper Cell 
Region. All scale bars are 37µm. 

 

 

 
Figure 3.8 Larvae carrying the w+ gene have slightly more zinc in the CCR and MTs than w1118. Guts from third 
instar larvae raised in LY food, with DAPI staining the nucleus (blue) and Fluozin3AM staining the zinc (green), 
that were under the exact same staining conditions and confocal settings. A and A1) 20x magnification of w1118 
MTs showing very low levels of zinc. B and B1) 63x magnification of the CCR of the same gut depicted in A and 
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A1, showing that, once more, zinc is mainly present in the copper cells (delineated by the dotted lines) rather than 
interstitial cells (arrows). C and C1) 20x magnification of w+ MTs showing low levels of zinc, but higher than the 
ones seen in w1118. D and D1) 63x magnification of the CCR of same gut depicted in C and C1, showing that zinc 
is present in the copper cells (delineated by the dotted lines) and, to a lesser extent, in the interstitial cells (arrows). 
Although we think that there is a difference regarding both MTs and CCR zinc content between w1118 and w+, this 
is not as clear as the difference observed between w1118 and OR. MT – Malpighian Tubule; CCR - Copper Cell 
Region. Scale bars: A, A1, C, C1 = 150µm;	B,	B1,	D,	D1	=	37µm. 

 

 
 

 

 

 

 
 
 
Figure 3.9 Larvae carrying the mw+ gene have more zinc in the CCR and slightly more in the MTs than w1118. 
Guts from third instar larvae raised in LY food, with DAPI staining the nucleus (blue) and Fluozin3AM staining 
the zinc (green), that were under the exact same staining conditions and confocal settings. A and A1) 10x 
magnification of w1118 MTs (arrow heads) showing very low levels of zinc. B and B1) 20x magnification of the 
CCR of the same gut depicted in A and A1, showing that, once more, zinc is mainly present in the copper cells 
(delineated by the dotted lines) rather than interstitial cells (arrows). C and C1) 10x magnification of an 
hodorGal4/+ fly carrying a mw+ gene showing low levels of zinc in the MTs (arrow heads), but slightly higher 
than the ones seen in w1118. D and D1) 20x magnification of the CCR of the same gut depicted in C and C1, 
showing that zinc is present in both copper cells (delineated by the dotted lines) and interstitial cells (arrows) in a 
similar level. MT – Malpighian Tubule; CCR - Copper Cell Region. Scale bars: A, A1, C, C1 = 250µm;	B,	B1,	D,	
D1	=	55µm. 

 

 

Out of curiosity, we also checked the CCR of adults, both w1118 and OR, since there was 

no information regarding its zinc content in Missirlis’ Lab paper or in any other paper that we 

found. From our observations adult Drosophila melanogaster do not to have zinc in this area 

or, at least, not in a sufficient amount to be detected by the Fluozin3AM, leading us to think 

that Drosophila melanogaster have different locations for zinc storage during its different life 

stages, in the MT in adults, and CCR in larvae (Fig. 3.10). Nevertheless, what can be happening 

is that the CCR might be an alternative place to store zinc, and larvae have zinc in there because 
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it is known that they spend the majority of their larval stage eating (Sokolowski, 1980), and so 

larvae might have higher zinc levels than adults, thus needing an extra place for zinc storage.  

To address this, a possible experiment would be to feed adults with food supplemented 

with high amounts of zinc, in order to try to increase their internal zinc levels. If the CCR was 

a secondary place to store zinc, then we should be able to see zinc in this region when in food 

rich in zinc. 

 

Figure 3.10 Adults do not seem to have zinc in the CCR. Whole gut from a w1118 virgin female adult raised in LY 
food, with DAPI staining the nucleus (blue), phalloidin staining actin (red) and the Fluozin3AM staining the zinc 
(green). In contrast to larvae, the green signal is only seen in the Malpighian tubules (arrowheads) not being visible 
in the copper cell region (dotted box). Scale bar is 250µm. 
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3.2. Food supplementation experiments 

 

Since hodor phenotype is exacerbated from HY to LY conditions (Fig. 1.4), we 

hypothesized that the decrease of some specific component from the HY to the LY food could 

be what was leading to the exacerbation. This was because, even though control larvae also 

develop slower in LY, due to the overall reduction of nutrients, it is a 4 days difference when 

compared to HY, whereas in the hodor KD larvae that difference is much more obvious, over 

8 days (Fig. 1.4 A and B). This phenotype exacerbation was later confirmed to exist in the 

hodor mutants as well (DATA not shown). The only difference between our LY and HY food 

is the amount of yeast (see Materials and Methods section 2.1.2). However, yeast is the source 

of metals, ions, proteins and nutrients in general (Sang, 1956) thus, the levels of all of these are 

also changing from LY to HY diet. Hence, any of these components could be the culprit for 

exacerbating the developmental growth phenotype seen in the LY regime, and that is why one 

of the aims of my project was: to find which specific component reduction is responsible for 

the exacerbation of hodor phenotype in a LY environment. To do so, we planned on feeding 

w1118, hodor -/+and hodor -/- larvae with LY and LY supplemented with different compounds 

and measure and compare the respective pupariation time. 

Before I started in the lab, some supplementation experiments had already been tested, 

for example adding extra proteins. When Dr. Redhai supplemented LY food with peptone, 

which is a mixture of partially hydrolyzed proteins, he did not see any rescue effect of 

pupariation time in comparison to LY by itself, in either controls or mutants (DATA not 

shown). When I arrived, we were considering other options and we thought that, since Hodor 

is a chloride channel and its function is absent in hodor mutants, perhaps it was the reduction 

in chloride levels that was leading to the worsened phenotype. According to this hypothesis the 

ItCs might have other ways of transporting chloride, for example, through other chloride 

channels, and that is why they have a milder phenotype when in HY, as they have access to 

higher levels of nutrients in general, including chloride, helping to attenuate hodor absence. 

Therefore, we decided to feed larvae with LY food supplemented with chloride. But, 

before doing so, we decided to check if this hypothesis was even possible, so we investigated 

if there were any other chloride channels being expressed in the larval CCR, besides hodor. For 

that we resorted to bioinformatics to analyze the expression levels of the chloride channels 

within the intestine. We found four, namely, Chloride channel-a (ClC-a), Chloride channel-b 

(ClC-b), Chloride channel-c (ClC-c) and Chloride intracellular channel (Clic). All of these had 
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some expression in the acidic area, where the CCR is found, yet none of them seem to be 

specific, as they were also showing expression in other regions of the gut (Fig. 3.11). 

Nevertheless, we proceeded on doing a quantitative Reverse Transcription Polymerase Chain 

Reaction (RT-qPCR) on each one of these channels, in order to see if their expression levels 

were affected in the mutants. And what we saw was that, in hodor -/-, both clc-a and clc-b were 

upregulated, whereas clc-c and clic were down regulated. Although exciting, these results need 

to be interpreted with caution, as it was found that individuals that have a limited food intake 

(which is one of hodor -/- phenotypes) frequently up and down regulate genes in order to 

compensate for the lack of nutrients (Zhang et al., 2011), and so, these altered expression levels 

might be a consequence of impaired food intake and not directly of hodor absence. Regarding 

the hodor -/+, these seem to have a lower expression of every channel when compared with the 

w1118 controls (Fig. 3.12). Having these results, this experiment appears to support our 

hypothesis, yet, when we took a closer look to our negative control (hodor mutants with primers 

against hodor), we saw that, although in a very low level (note that yy axis interval is 0,5), there 

was some expression that was not expected, as they should not have hodor mRNA at all, given 

the fact that they were originated through a knock-out process, meaning that the gene was 

removed from the fly genome. Thus, this outcome is probably being caused by an outside source 

of either RNA or genomic DNA contamination (as hodor gene is not present in hodorKO 

mutants and, thus, their DNA/RNA does not have the gene), that would be solved by being 

more careful, an extra step of DNAase treatment and/or by re-designing the primers where each 

primer targets two consecutive exons, as DNA have introns separating exons, and so, these 

primers would not be able to hybridize with DNA even if there was contamination. Plus, it is 

important to note that the RNA used was extracted from whole larvae and not from the gut only, 

and so we cannot be sure that the altered expression levels are coming from the CCR. The 

reason why we chose to use whole larvae for RNA extraction was because, due to the larvae 

small size, we would need a very high number of guts in order to have enough amounts of RNA 

for the RT-qPCR to work, and that would be a very laborious and time-consuming dissection 

process. 
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Figure 3.11 ClC-a, ClC-b, ClC-c and Clic are chloride channels that are expressed in the acidic area where the 
CCR is included. Expression levels of four chloride channel throughout the different regions of larval midgut. A) 
chloride channel-a (clc-a) is expressed in every part of the midgut, but being more specific to the neutral region, 
followed by the transitional, acidic and alkaline regions. B) chloride channel-b (clc-b), C) chloride channel-c (clc-
c) and D) chloride intracellular channel (clic) are all almost equally expressed in every midgut region (note YY 
axis intervals). DATA from http://flyatlas.gla.ac.uk/MidgutAtlas/index.html , consulted on 30/07/2018. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.12 ClC-a, ClC-b, ClC-c and Clic levels are affected in hodor -/-. Results of a RT-qPCR performed in 
w1118, hodor -/+ and hodor -/- late second instar larvae, with expression calculated relative to GAPDH and 
normalized to w1118. As a negative control we used primers against hodor, but we can see some expression in hodor 
-/-, meaning that there was probably some contamination. The chloride channel-a (clc-a) and chloride channel-b 
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(clc-b) are both up-regulated in hodor -/- larvae, and down-regulated in the hodor -/+. The chloride channel-c (clc-
c) and chloride intracellular channel (clic) are down-regulated in hodor -/+ and, to a bigger extent, hodor -/-. 

 

 

 

After this we finally started our chloride supplementation experiments. Because 

chloride is an anion, it is not possible to supplement the food with just chloride by itself, as it 

needs to be conjugated with a less electronegative element, thus, we chose to use zinc chloride 

(ZnCl2) as the chloride source. The ideal experimental scenario would be to add to LY food the 

exact difference in the amount of chloride that exists between HY and LY diets, but we did not 

have the necessary equipment to measure the precise chloride concentration present in the food. 

Therefore, we took a look into the bibliography to see which concentrations of ZnCl2 were 

appropriated, since we wanted to avoid high toxicity levels (Richards et al., 2017; Saini and 

Schaffner, 2010). We decided to start with 1 and 2 millimolar (mM). We then added the 

appropriate volume of the ZnCl2 solution to the LY food, immediately after being cooked and 

before pouring it into vials. For the “LY only” control food we used the LY from the same 

batch as the supplemented food, in order to try to reduce variability. We transferred larvae of 

the respective genotypes to LY, LY + 1mM and LY + 2mM vials, and put them at 25ºC. Since 

we did not want to use toxic concentrations, we started by checking the survival percentage of 

our controls in each dietary condition, and what we saw was that, in food supplemented with 1 

mM of ZnCl2, neither w1118 or hodor -/+ were being significantly affected, though one can argue 

that they might be showing a trend towards a lower survival rate (Fig. 3.13B). Remarkably, 

when we looked to the survival rate of hodor -/- larvae we saw that they were actually showing 

the opposite trend, with a survival percentage, approximately, 15% higher than in LY only. Yet, 

although a correlation was seen, these results did not reach statistical significance (Fig. 3.13B). 

Regarding the food supplemented with 2mM of ZnCl2, every genotype showed a decrease in 

the survival rate when compared with LY only, this time with the w1118 reaching the statistical 

significance. After having the survival checked, we took a look into the pupariation time. Not 

surprisingly, for the 2mM condition, both w1118 and hodor -/+ were showing a significant severe 

delay of over 300h and 200h, respectively, yet hodor -/- did not seem to be affected by this 

concentration as they were not getting further delayed (Figure 3.13A). In the 1mM condition, 

both w1118 and hodor -/+ were still being negatively affected, though to a lesser extent than in 

2mM, as they showed a delay in the pupariation time of 112h and 100h, respectively (Fig. 

3.13A). After statistical treatment of the DATA, w1118 larvae showed a significant increase in 
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the time to pupate, whereas hodor -/+ larvae were only showing a trend. However, when we 

looked to hodor -/- developmental time we saw that they were showing the opposite result, 

exhibiting a significant partial rescue of, approximately, 70h (Fig. 3.13A). It is interesting that 

hodor -/+ larvae, that have lower Hodor levels, did not exibit a different response from the w1118 

larvae to the food supplemented with ZnCl2, because, since Hodor is a chloride channel gated 

by zinc, we thought that increasing the zinc and chloride levels in the food would lead to some 

specific response in the heterozygous. (Note that the lower hodor levels in hodor -/+ were proved 

by the RT-qPCR results that showed that hodor expression levels is, indeed, lower in 

heterozygous when compared with w1118). Although we saw a partial rescue in the mutants fed 

with LY+1mM of ZnCl2, the controls showed what might be a trend towards a toxic phenotype, 

hence, we wanted to test if lower concentrations of ZnCl2, that do not negatively impact the 

controls, were still enough to rescue the mutants. Plus, we also thought that the w1118 might be 

having a negative effect because, despite they are in food containing the same concentration of 

ZnCl2 as the mutants, since hodor -/- have impaired food intake they are eating lower amounts 

of ZnCl2 than the w1118, and maybe that bigger amount of ZnCl2 ingested by the w1118 is toxic 

but lower amounts might be beneficial. According to this, then if we feed w1118 with several 

decreased ZnCl2 concentrations, then we should be able to make them eat the same amount of 

ZnCl2 than mutants in LY+1mM at some point, and if we find a concentration where they show 

a positive effect, then we cannot see these rescues as specific from hodor mutants.  For that we 

fed w1118 controls with LY food supplemented with several lower concentrations of ZnCl2 (0.2, 

0.4, 0.6 and 0.8 mM) in order to find the higher one that did not lead to toxicity in controls, as 

well as to see if any concentration led to a positive effect. And what we saw was that none of 

these concentrations were enough to affect survival, which makes sense since the 1mM 

concentration only showed a trend towards a higher death rate, and that none of them seemed 

to lead to a positive effect either (Fig. 3.14B). Regarding their development we saw was that 

only the 0.8mM concentration led to a significant delay when compared with the LY only 

condition and that, again, none of them seem to lead to a rescue (Fig. 3.14A). Thus, it seems 

that the rescues seen in the mutants fed with the 1mM concentration are specific from them. 

After that we planned on feeding hodor -/- with the highest non-toxic concentration, that we 

found to be 0.6mM, and measure its pupariation time, in order to see if we were still able of 

seeing a rescue of the phenotype, however, I left before managing to complete this experiment. 

So, with these results it appears that the ZnCl2 is, somehow, beneficial to hodor -/-, as it partially 

rescues the developmental phenotype and shows a clear trend towards survival rescue as well, 
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whereas the controls showed the opposite behavior. Together with the chloride channels RT-

qPCR, these results seem to support the initial hypothesis of the chloride being the component 

responsible for the phenotype exacerbation seen from HY to LY environment.  

 

 

 
 

 

 
Figure 3.13 hodor -/- development is rescued and survival shows a trend towards the rescue, after ZnCl2 dietary 
supplementation. A) w1118 and heterozygous larvae show an increase in the pupariation time when fed with LY 
supplemented with 1mM of ZnCl2, that reaches the significance in w1118, but not in heterozygous, whereas hodor 
-/- shows a partial rescue by developing faster than in LY only diet. When fed with 2mM, both w1118 and hodor -/+ 
show a significantly increased pupariation time, whereas hodor -/- do not seem to be affected, having a similar 
development as when in LY only conditions. B) Both w1118 and hodor -/+ show at a trend towards lower survival 
when fed with LY supplemented with 1mM of ZnCl2, whereas hodor -/-  shows the opposite behavior with a trend 
towards an increase in survival. When in LY supplemented with 2mM of ZnCl2 all genotypes seems to be 
negatively affected with hodor -/+ and hodor -/- showing a trend towards a lower suvival and w1118 reaching the 
significance. ns ≥ 0.05, * < 0.05, ** < 0.01, **** < 0.0001 ANOVA significance test. Each symbol (●■▲) 
represents one experiment where n=15 larvae. 
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Figure 3.14 0.6mM of ZnCl2 is the higher concentration that does not cause any toxicity in w1118. A) w1118 fed 
with LY supplemented with 0.2, 0.4, 0.6 and 0.8mM of ZnCl2 show a trend towards a delay proportional with 
increasing concentrations, but only reaches significance when supplemented with 0.8mM. B) w1118 survival 
percentage when fed with LY only or LY supplemented with 0.2, 0.4, 0.6 and 0.8mM of ZnCl2 remains the same. 
ns ≥ 0.05, ** < 0.01 ANOVA significance test. Each symbol (●) represents one experiment where n=15 larvae. 

 

 

 

Since we used ZnCl2 as the chloride source, we wanted to make sure that the rescue was 

definitely being caused by the chloride and not by the zinc, or even the combination of both. In 

order to assess this, we fed larvae with another source of zinc independent from chloride, zinc 

sulfate (ZnSO4). If the chloride was the main compound causing the partial rescue of 

developmental time seen in the mutants fed with 1mM ZnCl2 supplemented food, then nothing 

should happen with this diet in comparison with the LY only. Because the 2mM ZnCl2 

supplementation was highly toxic for controls, we decided to proceed only with LY+1mM. 

Surprisingly, when we took a look to the results we saw that hodor -/- were also being partially 

rescued as well. This time, the mutants were approximately 40h faster in supplemented food 

compared to LY only (Fig. 3.15A). Also, the survival percentage was significantly higher, 

almost 20% (Fig. 3.15B), in contrast to ZnCl2 that only showed a trend of 15%. We also 

observed that the survival of w1118 controls and hodor -/+ did not seem to be affected in 

supplemented conditions, yet, the time it took to pupariation was significantly increased, 

showing a delay of 100h and 165h, respectively (Fig. 3.15). With these results in mind, we 

hypothesized that zinc could be the compound leading to the developmental rescue, as it is a 

metal and, thus, its levels also change between LY and HY food. When we thought about a 

possible justification for why zinc could improve hodor phenotype, we realized that Hodor is a 

chloride channel that is gated by zinc, meaning that the channel uses zinc to open. Therefore, 

in our model we hypothesized that, in larvae where hodor is absent, zinc homeostasis is, 

somehow, disrupted, leading to an extra requirement of zinc from these animals, and that is 

why the phenotype is attenuated when in HY, because yeast is also the source of zinc and so 

more yeast should imply more zinc. We decided to confirm this by altering, once more, the zinc 

levels in the food. Yet, this time, instead of trying to increase the levels of zinc present in LY 

to one which is closer to the HY, we aimed to decrease dietary zinc levels in HY food closer to 

the ones present in LY. For that we supplemented HY food with three different concentrations 

(50, 100 and 150 uM) of TPEN (N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine), 

which is an intracellular membrane permeable zinc chelator and, once more, these amounts 
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were chosen after searching the bibliography (Lye et al., 2012; Richards et al., 2017; Yin et al., 

2017). If zinc was really the component responsible for exacerbating the developmental 

phenotype seen in poor nutritional conditions, then we should expect a delay in the mutants 

pupariation time fed with HY+TPEN when compared with HY only. However, we observed no 

changes in either controls or mutant larvae for both developmental timing and survival (Fig. 

3.16A and B). Although none of the concentrations gave a significant result, we did see a 

downward trend in the mutants survival from HY to HY+50mM. However, this trend was also 

seen for w1118, and so, we think that this trend is neither real nor specific from hodor -/-. But 

these results should be interpreted with caution as there might be several possible reasons for 

this outcome. For example, first, the amount of TPEN that we used might not have been enough 

to lead to a significant reduction in the zinc levels in the HY food. Plus, TPEN is known to 

chelate free zinc, but the majority of zinc contained within food is not in a free state and, even 

if TPEN goes inside of the cells (as it is an intracellular membrane permeable zinc chelator) the 

zinc is also usually conjugated to other molecules, like metallothioneins (Carpenè et al., 2007), 

thus limiting TPEN chelating efficiency. Secondly, TPEN also has affinity to cadmium (Cd2+) 

when this is increased and so, if hodor -/- have an excess of Cd2+, then the TPEN would bind 

preferably to Cd2+ rather than Zn2+, which has higher affinity under normal conditions 

(Takeshita et al., 2004). Another possible explanation is that it was not zinc that caused the 

phenotype rescue seen with the ZnSO4, but rather it could be the sulfate or even something else 

that we are not considering. Thus, this experiment was not very informative as we cannot make 

any certain conclusion. Nevertheless, we could address the first supposition, that the TPEN 

amounts used were not enough to truly reduce zinc levels, by staining guts from larvae fed with 

HY and HY+TPEN food with the zinc dye that we previously used for the mini-white 

experiments (Fluozin3AM), to see if we could observe an evident decrease in the gut zinc levels 

between larvae fed with the two diets. For that, the first step was to investigate if the Fluozin 

dye was even sensitive enough to detect the difference in zinc levels between guts from larvae 

fed with LY and HY (Fig. 3.17). Consistent with our previous results from the mw+ gene section 

(see Results and Discussion chapter, section 1.1), w1118 larvae seem to store zinc mainly in the 

CCs, in both LY and HY diets. The signal intensity coming from these cells when fed with HY 

was higher compared to LY fed animals, supporting the idea that more yeast does lead to higher 

zinc levels, and that Fluozin3AM is sensitive enough to detect that difference. Interestingly, we 

could not see an evident difference of the signal intensity between the MT of larvae fed with 

LY and HY food, thus supporting our previous hypothesis that, in contrast to what happens in 
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adults, larvae MT does not seem to be the prime location for storing zinc during development. 

After this, we should have done the same experiment for larvae raised in HY vs HY+TPEN, 

but, unfortunately, after a failed first attempt at performing the staining protocol, I did not have 

the time to repeat it, as I had several other experiments ongoing. However, even if we could not 

see any difference in the intensity of the signal this would not mean that there was no real 

difference in the zinc levels, but rather that the Fluozin3AM might not be sensitive enough to 

detect the small change. 

 

 

 

 

 

 

 
 
Figure 3.15 hodor -/- development and survival are partially rescued when they are fed with LY food supplemented 
with 1mM of ZnSO4. A) w1118 and hodor -/+ show a significant increase in the pupariation time when fed with LY 
supplemented with 1mM of ZnSO4, whereas hodor -/- show a partial rescue by developing faster than in LY only 
diet. B) w1118 shows at a trend towards a lower survival percentage when fed with LY supplemented with 1mM of 
ZnSO4, but never reaching significance, whereas hodor -/+ remain the same. hodor -/- shows the opposite behavior 
with a significant increase of survival in supplemented diet. ns ≥ 0.05, * < 0.05, ** < 0.01, *** < 0.001 Mann-
Whitney significance test. Each symbol (●■▲) represents one experiment where n=15 larvae. 
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Figure 3.16 Decreasing zinc levels in HY food does not affect development nor survival. A) w1118 and hodor -/- 
fed with HY supplemented with 50, 100 and 150 uM of TPEN did not yield significant differences regarding 
development B) nor survival, when compared to HY only condition. ns ≥ 0.05, ANOVA significance test. Each 
symbol (●▲) represents one experiment where n=15 larvae. 

 

 

 

 
Figure 3.17 w1118 larvae fed with HY appear to have more zinc in the CCR than larvae fed with LY. Guts from 
w1118 third instar larvae raised in LY (A-B) and HY (C-D), with DAPI staining the nucleus (blue) and Fluozin3AM 
staining the zinc (green), that were under the exact same staining conditions and confocal settings. A and A1) 20x 
magnification of w1118 larva MTs fed with LY showing very low levels of zinc. B and B1) 20x magnification of 
the CCR of the same gut depicted in A and A1, showing that, once more, zinc is mainly present in the copper cells 
(delineated by the dotted lines) rather than interstitial cells (arrows). C and C1) 20x magnification of w1118 larva 
MTs fed with HY showing very low levels of zinc, similar to the ones seen in the MT of larvae fed with LY. D 
and D1) 20x magnification of the CCR of the same gut depicted in C and C1, showing that zinc is mainly present 
in the copper cells (delineated by the dotted lines) rather than interstitial cells (arrows), but in this case the copper 
cells seem to have more zinc than the copper cells from larvae fed with LY, as it is possible to observe more 
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extended green signal. LY – Low Yeast; HY – High Yeast; MT – Malpighian Tubule; CCR - Copper Cell Region. 
Scale bars: A, A1, C, C1 = 150µm;	B,	B1,	D,	D1	=	55µm. 

 

 

 

With the results from our previous experiments, we can say that the zinc might be 

leading to a partial rescue of the delayed phenotype seen in hodor mutants, as it is the common 

denominator between the two different diets used (ZnCl2 and ZnSO4) where a rescue was seen. 

However, we cannot exclude the possibility that the chloride is also capable of rescuing as well, 

because the ZnCl2 rescue was 30h faster than the ZnSO4 rescue, which might indicate that, 

when together, zinc and chloride may have an additive effect. Because of that, we fed larvae 

with two other diets, this time supplemented with chloride and independent from zinc. We 

chose magnesium chloride (MgCl2) and calcium chloride (CaCl2) and, again, we used a 1mM 

concentration. We observed that, despite the data not reaching statistical significance, the 

pupariation time also showed a trend towards a rescue (almost 30h), in both diets, whereas 

control larvae remained largely unaffected (Fig. 3.18A). One of the reasons why we think that 

this trend in the development is real is because, when we analyzed the survival percentage, we 

could also see a trend in both diets, and, in fact, in food supplemented with the MgCl2 the results 

reached statistical significance (Fig. 3.18B). Therefore, we think that both zinc and chloride are 

capable of partially rescuing hodor mutant. One probable explanation of why my data did not 

reach significance with MgCl2 and CaCl2 supplemented food (when compared to ZnCl2) is 

because, depending on which element the chloride (or any other element) is conjugated with, it 

might be more or less accessible to be absorbed by the intestinal cells. This could be verified 

by increasing the concentration of the MgCl2 and CaCl2 (>1mM, but without reaching toxic 

levels in the controls) to see if by increasing the amount we would also increase the amount 

absorbed by larvae. Additionally, we could also increase the number of experiments.  If the 

trend now became a statistically significant value, then this would support our hypothesis that 

both zinc and chloride are capable of partially rescuing hodor development and survival.  
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Figure 3.18 hodor -/- development and survival seem to be positively affected by supplementing low yeast food 
with 1mM of MgCl2 or CaCl2. While w1118 and hodor -/+ show the same A) pupariation time and B) survival rate 
when fed with LY only or LY + 1mM MgCl2, hodor -/-  seem to be developing slightly faster and surviving 
significantly more in the supplemented condition. When in food supplemented with CaCl2 they showed a similar 
behavior to the MgCl2 diet with the controls remaining the same but the mutants (C) developing slightly faster and 
(D) surviving more in supplemented food. ns ≥ 0.05, * < 0.05, Mann-Whitney significance test. Each symbol 
(●■▲) represents one experiment where n=15 larvae. 

 

 

 

At this point, we think that our DATA suggests that both zinc and chloride are capable 

of rescuing hodor mutants. However, what we cannot claim is that the rescue is being caused 

specifically and only by the zinc or chloride. Since Hodor is a chloride channel, we thought that 

in its absence, or impairment, this could result in changes to chloride levels (hence the altered 

chloride channels expression levels seen in the RT-qPCR). Interestingly, Dr Redhai has recently 
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shown, using a FRET based chloride sensor, that intracellular chloride is changed in interstitial 

cells when hodor is knocked down (DATA not shown). This imbalance might, ultimately, result 

in changes to osmotic homeostasis, since altering the amount of one ion could have a knock-on 

effect on multiple ions that are involved in regulating cell volume. This may be why all 

compounds that we supplemented food with showed at least a trend towards a rescue, because 

they were, somehow, restoring the osmotic balance. This theory gained our interest when we 

recalled two previous experiments that Dr. Redhai performed before I arrived in the lab. The 

first one was the electronic microscopy (EM) imaging, that revealed the lack of basal infoldings 

in the ItCs, as well as epithelium disorganization in CCs, in mutants. In fact, he observed that 

the lumen of hodor mutants were much larger than control flies, probably as a result of excess 

water entering the lumen, making the CCR look bloated (Fig. 1.11). The fact that hodor -/-  gut 

has a water disequilibrium might suggest an osmotic imbalance. The second one was when Dr. 

Redhai was trying to rescue hodor mutants with different supplementations, he observed an 

unexpected result. He fed larvae with sodium chloride (NaCl) supplemented food and, while 

controls responded as expected, by being moderately affected, mutant animals were 

preferentially affected with almost 100% lethality (DATA not shown). Salt feeding is the most 

common way to induce osmotic stress (Costa et al., 2011; Gor, 2016; Huang et al., 2002), thus 

this made us think that hodor -/- were hypersensitive to osmotic stress, because they already 

have an osmotic imbalance caused by loss of Hodor. This idea became an interesting hypothesis 

when we found out that osmotic stress can impact the mechanistic target of rapamycin (mTOR) 

pathway (Kwak et al., 2012), which is one of the main signaling cascades involved in 

controlling growth during development (Zhang et al., 2000). Adding to all of these reasons, 

there is also the previous work of Feingold et al., 2016 that supports the osmotic imbalance 

idea, as they reported that Hodor is involved in maintaining osmotic homeostasis in the MT. 

Making it an even more likely hypothesis, we also found more than one article claiming that 

zinc directly stimulates the activity of mTOR (Lynch et al., 2001; McClung et al., 2007), and 

this might be why the zinc supplementations are giving us a rescue even though zinc is not an 

ion and, thus, is not directly associated with osmotic balance. The idea is that if zinc stimulates 

the main signal involved in growth during development, mTOR, then this might impact 

development itself and that is why mutants fed with both ZnCl2 and ZnSO4 showed a 

pupariation time rescue. Furthermore, this might also explain why the ZnCl2 supplemented food 

leads to the greater rescue (70h): because the chloride helps restoring the osmotic balance 

affecting mTOR and, ultimately, development, and zinc directly stimulates mTOR thus also 
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impacting development. Therefore, to assess the possibility that any ion can lead to the restoring 

of osmotic balance, and thus lead to a developmental rescue, we needed to feed larvae with 

another diet, that had to be independent from both zinc and chloride, so we chose MgSO4. If 

the rescues were specific to chloride and zinc only, then nothing should happen to hodor -/- 

larvae fed with the LY food supplemented with 1mM of MgSO4. In contrast, if the 

developmental delay was a result of an osmotic imbalance within interstitial cells, then we 

should see at least a clear trend towards a rescue in hodor -/- fed with 1mM MgSO4. And what 

we saw was a mild trend of almost 25h towards a rescue in mutants fed with LY+1mM of 

MgSO4, whereas the w1118 controls remained unaltered (Fig. 3.19A). As we were only able of 

including the heterozygous in this experiment once, we cannot do statistical analysis on them. 

Regarding the survival, neither control nor mutants showed any difference from LY to 

supplemented conditions (Fig. 3.19B). Upon closer inspection of the results, I noticed that the 

average pupariation time of mutants fed with LY was considerably faster than all previous 

experiments seen in all the other LY experiments, despite the naturally variability seen between 

experiments. hodor -/- on average take ~ 300h to pupate, however, looking at the MgSO4 

experiment we can easily observe that the mutants are pupating much faster (~260h) than the 

recorded average time of previous experiments. Due to this, and even though the mutants fed 

with the supplemented food are about 25h faster than in LY only, it would be important to 

repeat this experimental set in the future, as I did not have time to do it myself before leaving 

the lab. 

 

 

 

 

 

 

 

 
 
Figure 3.19 hodor -/- development is modestly positively affected by LY supplemented with 1mM of MgSO4. 
While w1118 and hodor -/+ show the same A) pupariation time and B) survival rate when fed with LY only or LY + 
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1mM MgSO4, hodor -/- seem to be developing slightly faster, but surviving the same, in the supplemented 
condition. ns ≥ 0.05, Mann-Whitney significance test. Each symbol (●■▲) represents one experiment where n=15 
larvae. 

 

 

To understand at what level dietary supplementation was rescuing hodor mutants, we 

decided to investigate if supplementation can rescue other defects associated with hodor 

mutants. We reasoned that since it was already shown by Dr Redhai that hodor mutants eat less, 

then food intake was a good readout to measure, since it is intimately linked with how long it 

takes larvae to pupate (Reis, 2016). Indeed, other phenotypes could also have been analyzed, 

for example, midgut acidity, which is lost in hodor mutants. However, it was previously shown 

in the lab that loss of midgut acidity caused by downregulating the V-ATPase proton pump 

from copper cells – the main cells expressing this complex – failed to result in a developmental 

delay, suggesting that loss of acidity seen in hodor mutants is a consequence of the mutation, 

but it is not driving the delay in the time it takes larvae to pupate. Another phenotype associated 

with hodor mutants are the basal infoldings defects and disorganized epithelium that are 

probably related to the bloated gut phenotype. What led us to think that it was not going to be 

rescued was because, even though we did not do EM in these larvae, when I dissected guts from 

hodor -/- fed with LY+1mM ZnCl2, we could see that the middle midgut still appeared bloated, 

similar to larvae fed with LY only (Lab observations, DATA not shown). As mentioned 

previously, we reasoned that this was perhaps caused by excess water entering the lumen, 

however, since this was unchanged in dietary supplemented mutants, even though they 

presented with a developmental rescue, we focused on food intake to see if this shown a rescue. 

For that we started by raising early L1 larvae in the respective diets (LY and LY+1mM ZnCl2), 

but kept them in plates rather than vials. Due to time constraints, we knew I would only have 

time to repeat these experiments a limited number of times. Thus, we raised larvae in plates 

with the supplemented food in question until they reached the L2 stage, and then we transferred 

them to a new plate with the respective same diets, but also containing a dye named FCF blue. 

This dye enables us to measure the food intake, as we can measure how much of the blue food 

the larvae consumed in a specific timeframe. After 60 minutes feeding on the LY+FCF and 

LY+1mM ZnCl2+FCF we selected 3 larvae from each condition and then performed the 

appropriate protocol, that culminates with measuring the wavelength of FCF at 594nm with 

Nanodrop, where a higher absorbance translates to higher amounts of food ingested (see 

Materials and Methods chapter, section 2.4). We only had time to do this experiment with the 
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mutant genotype, and only two times, but what we saw was that mutants fed with the 

supplemented diet seem to be eating slightly more than the ones fed with LY only, but this 

result did not reach statistical significance (Fig. 3.20). Nevertheless, we should, in a close 

future, repeat this experiment as we find it to be a promisor trend. If this preliminary data, 

showing a trend towards a food intake rescue in hodor mutant larvae fed with ZnCl2, is 

confirmed, we think that this means that these dietary supplementations, as well as restoring 

ionic balances, also probably enable signals to be transmitted from the ItCs to the brain to 

increase food intake by hodor mutants. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.20 Food intake experiments of hodor -/- larvae in LY vs LY + 1mM ZnCl2. Each symbol (▲) represents 
a group of three L2s, raised on LY diet and LY+1mM ZnCl2 and fed FCF blue dye-containing LY food and FCF 
blue dye-containing LY + 1mM ZnCl2 food for 60 min, showing a small trend towards the rescue when in 
LY+1mM ZnCl2. Intake was measured as the absorbance of larval homogenate at 594 nm. ns ≥ 0.05, Mann-
Whitney significance test. 
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3.3. Zinc importers/exporters  

 

In order to address the second aim of my project - To identify transcripts/proteins whose 

expression changes in response to Hodor activity- we decided that one of the most promising 

candidates that mediates hodor-regulated phenotypes would be zinc transporters. In humans 

and in Drosophila, zinc transporters are the main proteins responsible for maintaining zinc 

homeostasis, and they were initially divided into two large families: zinc importers (Zips), 

which import zinc into the cytoplasm, and zinc exporters (ZnTs), which remove zinc from the 

cytoplasm. With the increasing number of studies concerning Zips and ZnTs, it was discovered 

that, in Drosophila, there are 17 proteins that belong to these two families, and that these can 

be expressed in several places of a cell, like on the plasma membrane or even inside the cell in 

specific sub-cellular organelles. So, after some investigation from Labs interested in this field, 

regarding which combinations of zinc transporters act together, along with where they are 

normally localized within epithelial tissue, the zinc transporters were further divided into four 

subgroups: importers of extracellular zinc, importers of intracellular-stored zinc, cellular zinc 

exporters and zinc exporters into cellular compartments. 

To start exploring our aim we began by checking bioinformatically which Zips and 

ZnTs were being expressed in the midgut acidic region, where the CCR is situated, as different 

tissues might have different sets of transporters expressed. We found 4 putative candidates: 

Zip42C.1, Zip42C.2, ZnT77C and ZnT63C (Fig. 3.21). From these transporters, Zip42C.1 and 

Zip42.C2 were the most expressed genes in the acidic area followed by the ZnT77C. ZnT63C 

is also expressed in the acidic region, but it is also predicted to be present in the other gut 

regions at a similar level. Nevertheless, we decided to take all of the above candidates for further 

analysis. So, to assess if they were true candidates we decided to check if there were changes 

to the expression of these genes in hodor -/-. For that we extracted RNA from whole larvae and 

then performed Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR). 

Besides the hodor -/- we also analyzed w1118, OR and hodor -/+ larvae. The reason why we 

included OR in this experiment was because, since w1118 is known to be deficient in zinc 

(Tejeda-Guzmán et al., 2018), we wanted to see how the expression levels of these Zips/ZnTs 

in a non-white deficient background were. The expression analysis showed that OR have similar 

levels of the candidate Zips and ZnTs when compared to w1118, with the exception of the 

ZnT63C, whose expression is particularly reduced. Similarly, all, but ZnT63C, Zips/ZnTs had 

slightly lower expression levels in hodor -/+ animals than the controls. As we did not have time 
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to repeat the qPCR we are not sure if this result for ZnT63C seen in both OR and hodor -/+ is 

real or just a consequence of, for example, bad pipetting. Interestingly, in hodor -/-, all of these 

proteins (with the exception of ZnT77c) were being overexpressed when compared with the 

controls (Fig. 3.22). However, when we took a closer look to our negative control, the primers 

against Hodor, we saw that, like in our first RT-qPCR (see Results and Discussion chapter, 

section 1.2), there was some expression in hodor -/- that was not supposed to happen, as they 

should not make hodor mRNA at all, given the fact that they were originated through a knock-

out process, meaning that the gene was removed from the fly genome. Like explained before, 

this outcome is probably caused by either RNA or DNA contamination (an outside source of 

RNA or DNA, as hodor gene is not present in hodorKO mutants DNA), that would be solved 

with being more carefull, an extra step of DNAse treatment and/or by re-designing the primers 

where each primer targets two consecutive exonic regions, as DNA have introns separating 

exons, and so, these primers would not be able to allow products to be formed during qPCR as 

it spans a large genomic area. Plus, as previously mentioned for the first RT-qPCR, it is 

important to note that we extracted RNA from whole larvae, and so we cannot be sure that the 

altered expression levels are coming from the CCR. Again, the reason why we chose to extract 

RNA from whole larvae was because, due to the small size of larvae, we would need a very 

high number of guts in order to have enough for the qPCR to work.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.21 Zip42C.1, Zip42C.2, ZnT63C and ZnT77C are zinc transporters that are expressed in the acidic area. 
Expression levels of four zinc transporters throughout the different regions of larval midgut, including the acidic 
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area where the copper cell region is found. A) zip42c.1 is very specific to the acidic region, as it is highly expressed 
in it, in contrast to the other areas, but the neutral area has some expression as well. B) The znt77c is expressed in 
the midgut area, but with higher level in the acidic area. C) The znt63c is expressed roughly at the same level in 
the acidic, neutral, transitional and alkaline areas, and in a lower level in the caeca. D) The zip42c.2 is the most 
specific to the acidic area of all four candidates, as it is expressed only in there and not in any of the other regions. 
DATA from http://flyatlas.gla.ac.uk/MidgutAtlas/index.html , consulted on 31/01/2018. 

 

 

 

 
Figure 3.22 Zip42C.1, Zip42C.2, ZnT63C and ZnT77C levels are affected in hodor -/-. Results of a RT-qPCR 
performed in w1118, OR, hodor -/+ and hodor -/- late second instar larvae, with expression measured relative to 
GAPDH and normalized to w1118. As a negative control we used primers against hodor, but we can see some 
expression in hodor -/-, meaning that there was probably some contamination. hodor -/- are overexpressing zip42c.1, 
zip42c.2 and znt63c and under expressing znt77c. In OR larvae expression seems roughly the same for every zinc 
transporters with the exception of the znt63c whose expression is lower than in the w1118. The hodor -/+ seem to be 
down-regulating both zip42c.1, zip42c.2 and znt77c, but with the znt63c remaining unaltered.  

 

 

As the RT-qPCR showed that these transporters expression levels were, indeed, being 

affected in hodor -/-, we wanted to further study them, so we took a look into the bibliography 

in order to find more about each candidate function. We started with the Zip42C.1, that belongs 

to the group of importers of extracellular zinc. This zinc importer has been described as the 

main protein responsible for dietary zinc absorption in the midgut ECs. Then, the Zip42C.2 is 

part of the group of importers of intracellular-stored zinc. This category includes proteins that 

can remove zinc from intracellular compartments to the cytosol, as well as, also transferring 

zinc from the extracellular environment to the cytosol. The ZnT63C belongs to the group of 

cellular zinc exporters, where members of this family act as zinc exporters, transferring zinc 
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out of the cell from the cytoplasm. It is the major transporter responsible for zinc import from 

the gut into the rest of the body. Lastly, ZnT77C belongs to the family of zinc exporters that 

transfer zinc from the cytoplasm into intracellular compartments. Still, they may retain some 

ability to also export zinc and, although not much is known concerning its function in the 

organismal and cellular zinc metabolism, ZnT77C is reported to be localized in the plasma 

membrane of midgut cells and collaborates with ZnT63C in providing zinc to the body from 

the gut (Navarro and Schneuwly, 2017). 

Despite some of these transporters have been previously reported to exist in the midgut 

ECs, they were not specifically seen in the CCR. Thus, we wanted to continue the study about 

the candidate Zips and ZnTs and to find out if they localized faithfully in CCs and ItCs, since 

this has not been shown before. For that, we looked for antibodies against each protein, but we 

could not find any commercially available. Despite this, we found a paper from Zhou’s Lab 

that used an anti-body against Zip42C.1. However, despite the Zhou’s Lab have kindly sent it 

to us, we could not make it work, as the quantity was too small to allow for troubleshooting of 

the staining protocol to take place. We were able to find a paper from another lab, Burke’s Lab, 

where they used what we thought to be two GFP trap lines (for more info about trap lines see 

Morin et al., 2001) for the Zip42C.1 and ZnT63C. We asked for those lines, which they kindly 

provided to us, but when we were trying to image them we realized that those lines were not 

GFP trap lines, but rather UAS-eGFP fusion protein linked to the different Zips/ ZnTs. The 

problem with these GFP lines is that its signal becomes visible only after overexpression of the 

protein and only when crossed to a Gal4 of our choice and, thus, the signal pattern that we see 

might not be representative of protein expression in vivo. Nevertheless, as we already had the 

lines we decided to use them. Since, we had to cross these flies with a Gal4, we ended up 

crossing flies carrying the UAS-eGFP lines to flies carrying the hodor-Gal4 driver (to see the 

location in the ItCs) and lab-Gal4 driver (to see the location in the CCs). Then, we analyzed 

the guts of the resulting larvae, and it appears that in the ItCs the ZnT63C is more basally 

located, whereas the Zip42C.1 is apical (Fig. 3.23), and in the CCs the ZnT63C is also basally 

located, whereas the Zip42C.1 looks to be equally spread through the cytoplasm (Fig. 3.24). 

These locations match the ones described by other researchers in the EC (see review by Navarro 

and Schneuwly, 2017) 
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Figure 3.23 In interstitial cells Zip42C.1 seems to be more apically located whereas ZnT63C seems to be basally 
localized. Guts from third instar larvae raised in LY with DAPI staining the nucleus (blue), phalloidin staining 
actin (red) and GFP expression in green, that were under the exact same staining conditions and confocal settings. 
A, A1 and A2) Basal stack of a 63x magnification of the CCR of a larva driving the expression of Zip42C.1 eGFP 
(UAS-Zip42C.1eGFP) in the interstitial cells (hodor-Gal4 driver). B, B1 and B2) The same gut depicted in A, A1 
and A2 but the luminal stack view, that shows more clearly that the signal is mainly apical (arrows in B1). C, C1 
and C2) Basal stack of a 63x magnification of the CCR of a larva driving the expression of ZnT63C eGFP (UAS-
ZnT63C eGFP) in the interstitial cells (hodor-Gal4 driver). D, D1 and D2) The same gut depicted in C, C1 and 
C2 but the luminal stack view, that shows more clearly that the signal is mainly basal (arrows in D1). CCR - 
Copper Cell Region. All scale bars are 37µm. 
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Figure 3.24 In copper cells Zip42C.1 seems to be located in the cytoplasm, whereas ZnT63C seems to be located 
towards the basement membrane. Guts from third instar larvae raised in LY with DAPI staining the nucleus (blue), 
phalloidin staining actin (red) and GFP expression in green, that were under the exact same staining conditions 
and confocal settings. A, A1 and A2) Basal stack of a 63x magnification of the CCR of a larva driving the 
expression of Zip42C.1 eGFP (UAS-Zip42C.1 eGFP) in the copper cells (lab-Gal4 driver). B, B1 and B2) The 
same gut depicted in A, A1 and A2 but the luminal stack view, that shows more clearly the signal within the CCs 
cup-like shaped morphology (arrows in B1). C, C1 and C2) Basal stack of a 63x magnification of the CCR of a 
larva driving the expression of ZnT63C eGFP (UAS-ZnT63C eGFP) in the copper cells (lab-Gal4 driver). D, D1 
and D2) The same gut depicted in C, C1 and C2, but the luminal stack view, that shows more clearly that the 
signal is mainly basal (arrows in D1). CCR - Copper Cell Region. All scale bars are 37µm. 

 

 

After checking that the zinc transporters were true candidates through RT-qPCR, plus 

searching for their potential roles and their possible localization in cells, we wanted to 

investigate if they had any contribution to processes regulated by Hodor. Since Hodor is a 

channel gated by zinc and is localized in the CCR, which also seems to be a region in larvae 

that appears to store zinc (see Results and Discussion chapter, section 1.1), we decided to 

investigate if disrupting local zinc levels, by downregulating the candidate Zips and ZnTs by 

RNAi, could result in a developmental delay. Our hypothesis was that, since Hodor is gated by 

zinc, reducing zinc would, in principle, also reduce the factor responsible for opening the 

channel and impact development. For this, we decided to perform the KD of these proteins from 

the ItCs (using the hodor-Gal4 driver) and from the CCs (using the lab-Gal4 driver). We chose 
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to analyze both cell-types since we previously showed that zinc might be present in both CCs 

and ItCs (see Results and Discussion chapter, section 1.1) and there might exist some cell-cell 

exchange of zinc e.g zinc released from CCs to activate Hodor in ItCs. However, by the time 

we started the KD experiments, I was almost finished in the lab, so I only managed to tackle 

two of the four candidates, Zip42C.1 and ZnT63C. Since I did not have much time, we chose 

RNAi lines that were already published, so that we did not have to characterize them. The first 

transporter analyzed was the Zip42C.1 and, as previously explained, we crossed flies carrying 

a UAS-Zip42C.1RNAi to flies carrying a hodor-Gal4 or lab-Gal4 driver. Note that, as these 

larvae did not have a Gal80ts, they were driving expression throughout the entire development. 

Since RNAi experiments are more sensitive, we always used a positive control, the hodor-Gal4 

x UAS-hodorRNAi flies, meaning that we only trusted the experiments where these flies also 

showed a delay. We started by restricting expression of KD to the ItCs by using hodor-gal4 

driver and, after analyzing the data, it seems that, apart from the positive control, nothing is 

happening with respect to development (Fig. 3.25A). We then proceeded to the KD of the same 

protein, but from the CCs. Due to the fact that the lab-Gal4 controls have a reduced fertility, 

we could not include these as a control, since we only accomplished one single experiment. 

Nevertheless, we still had the UAS control to which we compared our experiment to, and what 

we saw was that, once more, the development was not affected when this transporter was 

knockdown from CCs. (Fig.3.25B). However, our positive control although shows a trend, it 

was not significantly slower than the UAS control, thus we think that this experiment is not 

reliable and should be repeated. Although we initially though that knocking down Zips and 

ZnTs to reduce local zinc amounts could impact developmental timing, my results did not 

support this. However, this might be because, some Zips/ZnTs might have overlapping roles 

with other Zips/ZnTs. In this case, the Zip42C.1 is described as the main transporter responsible 

for the zinc up-take to the ECs cytoplasm, but the Zip42C.2 is reported to have the same 

capacity as well, thus it can compensate for the loss of Zip42C.1, potentially preventing a 

phenotype from developing (Navarro and Schneuwly, 2017). Plus, if we take another look to 

the expression levels described in bioinformatics we see that the Zip42C.2 is, by far, the most 

specific from all four zinc transporters under study, having expression only in the acidic area. 

In fact, an experiment conducted by (Qin et al., 2013) showed that Zip42C.2 depletion from the 

gut led to development arrest under low zinc condition, and presented with a much more severe 

phenotype than Zip42C.1 depletion alone. Because of this, if I had more time, I would have 

done a RT-qPCR in larvae from hodor-Gal4xUAS-Zip42C.1RNAi genotype to see if Zip42C.2 
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expression was, indeed, increased. If this was the case, I would have generated larvae that 

carries the two UAS’s in order to produce a simultaneous KD of Zip42C.1 and Zip42C.2, and 

then cross them to flies carrying the same drivers previously mentioned. By doing so, we would 

be reducing the redundancy, and, because of that, we might see a phenotype. Another possible 

explanation could simply be that Zip42C.1 is not expressed in the CCR, since we could not 

make the antibody staining to work, thus we cannot be sure if this protein is, indeed, expressed 

in this region. If this is the case, then this is a possible explanation of why its KD does not lead 

to a phenotype. We then tested UAS-ZnT63CRNAi in the same way, by crossing it to both 

hodor-Gal4 (ItCs) and lab-Gal4 (CCs). Interestingly, we observed an unexpected result when 

we crossed this RNAi to hodor-gal4. Firstly, we can clearly see that the positive control worked 

because, when we compare it to the hodor-Gal4 control, we see an evident delay. However, if 

we look to the UAS-control we also see that they are almost as delayed as the positive control, 

and we think that this is because the UAS-ZnT63CRNAi might be leaky (Fig. 3.26A). Yet, this 

idea presupposes that the ZnT63C KD from some other cell/tissue leads to a developmental 

delay. This means that, while in a normal situation the UAS always needs a Gal4 driver to allow 

its expression and, consequently, the RNAi synthesis, in a situation where a UAS-RNAi is 

leaky, some RNAi is produced even in the absence of a driver, which ultimately means that we 

do not know which cell type or tissue is leading to the phenotype. More interestingly, when we 

crossed this leaky UAS-RNAi to the hodor-Gal4 driver, the delayed phenotype disappeared 

(Fig. 3.26A). One possible explanation is that ZnT63C depletion from the ItCs leads to a faster 

development, but this acceleration is being masked by the RNAi leakiness in another cell/tissue 

that leads to the opposite phenotype. A possible future experiment would be too use another 

RNAi line, one that is not leaky, to KD the ZnT63C from the ItCs because, if the previous 

hypothesis that the phenotype is being masked by the leakiness is correct, then with a new line 

we might see the faster development.  We then proceeded to deplete ZnT63C from the CCs 

and, in here, we can still see that the UAS control is delayed compared to Gal4 control, although 

this did not reach statistical significance (Fig. 3.26B). However, this time when we crossed the 

UAS to the Gal4 driver the time to pupation remained the same in comparison to the UAS 

control (Fig. 3.26B). This led us to think that the faster development seen in hodor-Gal4 x UAS-

ZnT63CRNAi compared to the UAS control was real. Again, this result might have more than 

one interpretation, where the lack of phenotype may be happening because there is no ZnT63C 

being expressed in the CCs, or that there are other ZnTs that can perform the same function as 

ZnT63C, thus preventing a phenotype. Also, as previously mentioned, the ZnT63C is the main 
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responsible for zinc import from the gut into the rest of the body, and it has been reported that, 

when under ZnT63C depletion, the gut tries to compensate its loss by downregulating both 

Zip42C.1 and Zip42C.2, in order to reduce zinc uptake, thus maintaining the equilibrium, to 

some extent (Wang et al., 2009). To check if this was the case we could simply have done a 

RT-qPCR in lab-Gal4xUAS-ZnT63CRNAi in order to check if Zip42C.1 and Zip42C.2 were 

being downregulated. It is interesting that, if we take another look to the initial RT-qPCR (Fig 

3.22), the ZnT63C is the one that showed the biggest expression change in hodor -/-, so a 

possible future experiment would be to attempt a rescue experiment by doing the KD of 

ZnT63C from the ItCs (hodor-Gal4 driver) in a hodor -/- background. Having done all these 

experiments, and despite we did not have time to explore all four candidates, we believe that 

these zinc transporters are good candidates to proceed for further analysis, as some future 

experiments previously suggested are of great importance, and might help revealing the 

mechanisms controlling hodor function, as their expression levels proved to be all affected in 

hodor mutants. 

 

 

 

 

 

 

 

 

 
Figure 3.25 Zip42C.1 knock-down from interstitial cells or copper cells does not affect development. A) the 
developmental time of larvae with Zip42C.1 knocked down from interstitial cells is not different from Gal4 or 
UAS controls, as only the positive control shows a delay. B) the developmental time of larvae with Zip42C.1 
knocked-down from copper cells is not different from UAS control, but neither is the positive control, thus this 
might not be a reliable experiment. ns ≥ 0.05, ANOVA significance test. Each symbol (○△▽◇) represents one 
experiment where n=15 larvae.  
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Figure 3.26 ZnT63C knock-down from interstitial cells might impact development. A) the developmental time of 
larvae with the ZnT63C knocked down from interstitial cells is not significantly different from the Gal4 control, 
but it is significantly different from UAS control. The Gal4 and UAS controls are significantly different between 
each other, with UAS controls having a similar delay as the positive control. B) the developmental time of larvae 
with ZnT63C knocked-down from copper cells is not significantly different from either Gal4 or UAS control. ns 
≥ 	0.05, * < 0.05, ** < 0.01, *** < 0.001 ANOVA significance test. Each symbol (○△▽◇) represents one 
experiment where n=15 larvae. 
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Chapter IV – Conclusion 

 
When I joined the Lab, there was a project ongoing focused on the characterization of 

a novel nutrient sensor expressed in the Drosophila midgut ECs that was named Hodor. Hodor 

deletion or knockdown from the interstitial cells leads to a developmental delay, that is 

exacerbated in poor nutritional conditions, hence, being defined as a nutrient sensor. Apart from 

affecting development, larvae lacking this sensor also showed a low survival rate, reduced food 

intake, loss of the CCR acidity and disorganized intestinal epithelium. Prior experiments found 

that, in addition to be sensitive to nutrition, Hodor is also sensitive to pH, functions as a chloride 

channel and is gated by zinc. My project aimed to contribute to the further understanding of 

inter-organ signaling by continuing this work in order to address several questions related to 

hodor, like finding which component is causing the phenotypes exacerbation under poor 

nutritional conditions, as well as, to identify transcripts whose expressions changes in response 

to Hodor activity, for future investigation into the mechanisms controlling hodor function.  

During my project, in order to be able to interpret and understand some results, I came 

across other findings that are not directly associated with hodor, but that we consider to be 

important as we think that they are novel information. When I started my project, we found that 

hodor heterozygous larvae develop faster than their controls. We thought that it was important 

to understand and explain this result, since development was our main readout, thus, this aim 

was added to my project. After several experiments, we believe that this developmental 

acceleration is being caused by the presence of a mini-white gene, that is commonly present in 

constructs used for the generation of transgenic flies. We also think that this phenotype is, in 

part, contained in the original White protein as larvae with a w+ gene were faster than the white 

mutant flies. Thus, it is important to keep in mind that, if studying development through 

Gal4/UAS system or transgenic lines, the phenotypes might be affected by the presence/absence 

of mw+, rather than by the gene under study. Furthermore, I followed on work from our 

collaborators, the Missirlis lab, and showed that the white gene influences zinc levels in both 

larvae and adults. Moreover, it seems that adults and larvae have different places to store zinc, 

as larvae have an additional storage hub within the copper cell region in addition to the MT, 

whereas adults seem to store zinc exclusively in the MT. 

After addressing the first aim, I went to explore which specific component of the diet is 

responsible for exacerbating the hodor mutant phenotype seen in poor nutritional conditions. 
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First, we showed that supplementing low yeast food with chloride and zinc, results in partial 

rescues of hodor mutant development and survival rate. However, after additional 

supplementation experiments, and together with my supervisor’s data, we made to the 

conclusion that chloride and zinc are probably leading to the rescues seen in mutants by 

affecting osmotic balance and mTOR, respectively. We suspect that the mutants developmental 

delay is a consequence of altered mTOR levels caused by osmotic stress, and that is the reason 

why chloride leads to a rescue, as it helps to restore the osmotic balance, and zinc, that directly 

impacts mTOR. Thus, these rescues are not specific from these two components, as we think 

that any compound that has a similar effect will also result in hodor mutants rescue. Moreover, 

at the mechanistic level, we think that these dietary supplementations, besides restoring ionic 

balances, also enable signals to be transmitted from ItC to the brain to increase food intake in 

hodor mutant, as preliminary data showed a trend towards a food intake rescue in hodor mutant 

larvae fed with LY supplemented with ZnCl2. 

Lastly, we were also able to find four candidate genes, all belonging to the zinc 

transporters family, for future investigation into the mechanisms controlling hodor function, as 

their expression levels proved to be all affected in hodor mutants, and the KD of one of them 

showed promising results.  

Together with data from other authors, this project was very relevant since Hodor is a 

nutrient sensor that is mainly present in the midgut enterocytes, and so exploring and 

understanding its mechanism is important to increase our knowledge about how these cells can 

sense nutrients, and how they communicate with other cells/organs, thus, contributing to our 

understanding of the gut response to the diet. Furthermore, as previously mentioned, hodor is 

conserved in the mosquito species that are responsible for malaria transmission (Anopheles 

gambiae) making it an even more interesting gene to be studied as it is a potential target for 

biotechnology approaches aiming to control mosquito populations in the wild. 
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Appendix A - Schematic of the crossing that gave origin to hodor heterozygous (hodor -/+). A virgin w1118 female 
was crossed to a heterozygous hodorKO male carrying a balancer chromosome (TM6CeGFP). The progeny will 
all have an w1118 background, but they might have received from the male either the III chromosome carrying 
hodorKO, or the III chromosome which is a balancer that confers green mouth hooks under UV light. Thus, from 
this cross only the progeny without green mouth hooks were selected, as those were the true hodorKO 
heterozygous (hodor -/+).  
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Appendix B - Schematic of the crossing that originated one of the other heterozygous that also have a mini-white 
gene in a w1118 background, but independent from hodor. A virgin w1118 female was crossed to a homozygous male 
carrying two hodor-Gal4 constructs, each having one mini-white gene. The progeny of this cross will all have an 
w1118 background and one construct, thus one mini-white copy, like the original hodorKO heterozygous. 
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Appendix C - Schematic of the crossing that originated the hodor heterozygous (hodor -/+) that also have a white 
gene in addition to the mini-white. A virgin OR female was crossed to a heterozygous hodorKO male carrying a 
balancer chromosome (TM6CeGFP). The progeny will all have half OR half w1118 background, but they might 
have received from the male either the III chromosome carrying hodorKO, or the III chromosome which is a 
balancer that confers green mouth hooks under UV light. Thus, from this cross only the progeny without green 
mouth hooks were selected, as those were the true hodor heterozygous (hodor -/+) carrying both mini-white (from 
the male) and white gene (from the female).  

  




