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Abstract 

The cardiac extracellular matrix (ECM) is critical to defining the biophysical properties of the 

heart that adapt to changing stresses with growth or disease. The ECM is commonly 

dysregulated in chronic disease such as hypertension, diabetes, and cardiomyopathies, often 

leading to the development of fibrosis. There are no treatment options to address most ECM 

cardiomyopathies, but developing therapeutic targets necessitates an understanding of the 

regulation of ECM remodelling. Here, we employ a larval Drosophila overgrowth model (“giant 

larvae”) to overload the heart and alter ECM remodelling in vivo. These larvae grow to immense 

sizes without exhibiting hallmarks of obesity. Remarkably, cardiac ECM organization scales 

allometrically despite overload. The main effect observed is a change in Collagen fibril 

thickness, possibly reflecting changes to tension in the system. Overgrowth-induced changes in 

gene expression similarly suggest changes in Collagen assembly, such as a dramatic increase in 

LOXL2, the main Collagen crosslinking enzyme. This could indicate that larvae may 

compensate for the stress of overgrowth by stabilizing the Collagen network. The enlarged hearts 

of giant larvae cannot contract fully at systole. Taken together, this reveals non-allometric 

changes to cardiac form and output with increasing body size. Overall, our overgrowth model 

presents an intriguing opportunity to examine the ability of a system to tolerate overgrowth 

without the metabolic inputs of obesity.  

 

Introduction 

Cardiovascular disease (CVD) is the leading cause of death worldwide, and rates are increasing 

globally (World Health Organization 2020). The most common risk factors for the development 

of CVD include aging, obesity, and diabetes. However, there are a wide variety of conditions 

that are at increased risk of developing CVD, including those with chronic kidney disease, 

inflammatory bowel disease, Marfan syndrome, and acromegaly. CVD is the leading cause of 

death for all of these conditions (Jankowski et al. 2021; Follin-Arbelet et al. 2023; Schicho, 

Marsche, and Storr 2015; Vanem et al. 2018; Kamenický, Maione, and Chanson 2021). In some 

conditions, like acromegaly, even individuals with pharmacologically managed disease remain at 
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increased risk of developing CVD (Wolters et al. 2020). This highlights the importance of 

studying the development and progression of cardiac dysfunction and CVD.  

 

One of the often-overlooked components of CVD is the contribution of the cardiac extracellular 

matrix (ECM). In a healthy system, the ECM acts as a protein scaffold that supports tissue 

function (Li, Zhao, and Kong 2018). The ECM is predominantly made up of Collagens, as well 

as proteoglycans and glycoproteins that form a highly organized network around the tissue 

(Jourdan-LeSaux, Zhang, and Lindsey 2010). These proteins adhere to one another by covalent 

crosslinks that may be formed either enzymatically or nonenzymatically (Cox and Erler 2011; 

Pehrsson et al. 2021). One of the main contributions of the ECM to the tissue is the regulation of 

biophysical properties like elasticity. This is of special importance in the heart, which must be 

elastic enough to contract continuously in order to maintain output, yet strong enough to support 

heart shape. In disease states however, dysregulation of the ECM leads to increased deposition of 

matrix proteins, particularly Collagens, which causes an increase in the stiffness of the heart 

itself (Cox and Erler 2011; Hughes and Jacobs 2017). Over time this can have severe functional 

consequences, as Collagen is noncontractile and can also disrupt cell-cell connections and nerve 

impulses through the heart (Travers et al. 2016). Pathological increase in matrix deposition is 

called fibrosis and is considered a hallmark of CVD (Meschiari et al. 2017; Travers et al. 2016). 

An additional concern is the progressive nature of fibrosis. The presence of fibrotic deposits is 

enough to cause the formation of more fibrotic tissue, so over time stiffness compounds to 

further compromise function (Bonnans, Chou, and Werb 2014; Pehrsson et al. 2021). Despite the 

clinical importance of fibrosis to the progression of CVD, it has no treatments that have been 

proven effective at preventing fibrotic remodelling (Leask 2010; Travers et al. 2022).  

 

Developing treatments for fibrosis necessitates an understanding of how the regulation of the 

ECM changes in disease states. Mammalian models have been limited in their ability to address 

these fundamental questions due to the complexity of the ECM (Diop and Bodmer 2012). The 

human matrisome comprises 4% of the total proteome, and any given ECM may be composed of 

100-200 different proteins (Naba et al. 2012). The use of small animal models is therefore an 

attractive alternative for addressing broad concepts. The genetic model system Drosophila 

melanogaster has emerged in recent years for its utility in studying the cardiac ECM. Drosophila 
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is the simplest model system that possesses a heart. The formation of its simple, tubular heart 

follows the same developmental pathways that govern formation of the human heart, and it has a 

low degree of genetic redundancy, making it possible to manipulate whole gene families (Diop 

and Bodmer 2012; Hughes and Jacobs 2017). It has previously been reported that arresting 

Drosophila larvae in the growth phase generates larvae that grow indefinitely and reach an 

immense body size (Zeng et al. 2020). This model presents an intriguing opportunity to examine 

how the heart and the cardiac ECM adapts in the face of cardiac overload, which is known to 

modify ECM remodelling (Frangogiannis 2017; Hutchinson, Stewart, and Lucchesi 2010).  

 

Here, we report that the Drosophila overgrowth model (referred to hereafter as “giant larvae” or 

“giants”) does not exhibit hallmarks characteristic of obesity. Giant larvae are significantly larger 

than their control counterparts, but do not have elevated triglyceride levels or increased lipid 

droplet size. These larvae also possess a remarkably conserved spatial organization of the cardiac 

ECM protein Pericardin, a heart specific Collagen found in Drosophila. The heart is able to 

adapt to this increase in body size without visible defects in the matrix. However, the heart itself 

is enlarged and demonstrates an inability to contract fully. Overall, cardiac morphology is 

preserved but cardiac output does not scale allometrically. Gene expression analysis revealed 

significant upregulation of the matrix crosslinking enzyme LOXL2, suggesting that giants may 

compensate for an increase in body size by altering the biophysical properties of their ECM. As 

with fibrosis, the overgrowth response reflects increased ECM deposition and increased cross-

linking, but without the pathological accumulation of inelastic scars in the matrix.  
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Results 

Giant larvae do not possess characteristics of obesity 

In order to determine if giant larvae are a model for overgrowth or obesity we first examined 

some key phenotypes associated with obesity. Overall, larvae are larger in length, width, and 

mass compared to a wandering third instar (Figure 1A, Figure S1). Giant larvae are also less 

active than parental controls, and never initiate pre-pupation wandering behaviour. This was also 

observed previously (Zeng et al. 2020). Larval mass was significantly elevated, with giant larvae 

attaining a mass over twice that of controls (Figure 1B). Triglyceride (TG) levels however were 

significantly lower in both male and female giant larvae (Figure 1C). Elevated TG levels have 

previously been noted in response to high fat diet (HFD) treatments that result in obesity 

phenotypes (Birse et al. 2010; Guida et al. 2019; Andrews et al. 2023). We investigated further 

by labelling lipid droplets (Figure 1D) within the fat body and quantifying their diameter. We 

find that lipid droplet diameter is reduced in females and to a lesser extent in male giant larvae 

(Figure 1E). Taken together, these results suggest that this is a model for overgrowth rather than 

obesity, with the caveat that some changes may reflect the delay in tissue metamorphosis.  

 

Giant larvae scale the cardiac ECM remarkably well despite overgrowth  

We next aimed to determine how the cardiac ECM of the giant larvae adapts to the increase in 

body size. We examined the cardiac ECM by immunolabelling of Pericardin, a Collagen-IV like 

protein that is specific to the heart in Drosophila (Wilmes et al. 2018). The Pericardin network 

showed a remarkable tolerance for this overgrowth condition (Figure 2). In controls, this 

network has a honeycomb appearance, with fibres pulled away laterally from the heart by the 

alary muscles (Figure 2A-B’). The appearance of the matrix was similar in giants (Figure 2C-

C’). We previously reported defects in matrix organization with high fat diet treatments 

(Andrews et al. 2023), so we sought to determine if there were any organizational defects 

detectable in our overgrowth model. To quantify the organization of the Pericardin fibrils we 

utilized the Fiji macro TWOMBLI to determine the degree of alignment of fibres within the 

matrix. Analysis of the Pericardin fibres (see methods) revealed no significant changes in 

alignment between giants and controls (Figure 3A). However, giants do possess thinner 

Pericardin fibrils than controls (Figure 3B). The distribution of fibril thickness in both female 

and male giants was skewed towards smaller fibre widths (Figure 3C, D). Fibre thickness was 
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comparable between the two parental controls. This alteration in giants could reflect increased 

ECM tension due to a larger body size, thus stretching fibres to cover more area. Overall, it 

appears that heart morphology and ECM organisation adapts remarkably well to increasing body 

size. 

 

Cardiac function does not scale with increased body size 

Live imaging of giant larval hearts was conducted using optical coherence tomography (OCT) 

(Figure 4A). Giant larvae were found to possess increased systolic and diastolic areas (Figure 

4C), corresponding to an increase in stroke volume (Figure 4D). Stroke volume was 1.79 fold 

increased in females, and 1.77 in males. However, the observed increase in mass of giant larvae 

is 2.22 (n=25, from Figure 1B), suggesting that the increase in stroke volume may not be enough 

to compensate for increased body size. Additionally, the percentage of the cross-sectional area of 

the body cavity that the heart occupies at diastole is significantly elevated in giant larvae (Figure 

4B). This suggests that the heart is growing hyperallometrically with increasing body size, but 

proportional output is not maintained, perhaps due to an inability to contract the heart as 

effectively at systole.  

 

Gene expression in giant larvae is different from high fat diet treatments 

Organization of the cardiac ECM was preserved in giant larvae but heart growth did not increase 

proportionally with body size. We therefore sought to determine what mechanism of 

accommodation to overgrowth could be revealed by the expression levels of genes related to 

ECM assembly. We also quantified expression of some genes involved in fat metabolism to 

determine if giants are metabolically affected by their increased body size. We compared giant 

larvae to wandering third instar parental controls, as well as to y1w1118 high fat diet (HFD) treated 

wandering third instars (Andrews et al. 2023). The parental controls revealed some variation in 

expression of core ECM proteins, including Pericardin, and both Collagen-IV subunits (viking 

and Cg25c or Col4a1). Giant larvae tended to follow the expression pattern of one parent or the 

other, with the exception of giant males showing increased Pericardin expression (Figure 5A, 

C). ECM network cross-linkers Nidogen and Perlecan showed opposite expression patterns, with 

giant larvae upregulating nidogen but downregulating perlecan. The metalloproteinase MMP2 

and its inhibitor TIMP were both also elevated (Figure 5A, C). HFD treated individuals did not 
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mirror these changes, exhibiting decreased pericardin expression, and in females increased 

cg25c (Col4a1) (Figure 5B, D). This indicates that HFD treatments and giant larvae regulate 

their ECMs differently. One notable finding was an enormous increase in expression of LOXL2 

in both female and male giant larvae (Figure 5A, C). Lysyl oxidase (LOX) family members are 

the main Collagen crosslinking enzymes. Female giant larvae showed a larger increase (~24 fold 

overexpression) compared to males (~8 fold overexpression). This trend was not observed in 

HFD treated larvae (Figure 5B,D). Overall, this suggests that ECM regulation in giant larvae is 

affected more dramatically than in HFD treatments, with opposing expression patterns for genes 

that have previously been shown to contribute to similar processes, like Nidogen and Perlecan, 

that have both been implicated in increasing stability of the matrix (Matsubayashi 2022). 

 

Gene expression of lipid metabolism genes lsd-2, pummelig, seipin, and CG5966 revealed 

differences in between expression in giant larvae and HFD treatments (Figure 6). Female and 

male giant larvae follow similar trends, with both sexes downregulating lsd-2, and upregulating 

pummelig, seipin, and CG5966 (Figure 6A, C). lsd-2 is involved in preventing the mobilization 

of lipid stores, suggesting that giant larvae may be utilizing energy stores (Beller et al. 2010). 

pummelig mutants experience increased lipogenesis, while CG5966 is involved in lipid 

catabolism. Elevated levels of these two genes suggests that lipids are being broken down for 

energy and that there is decreased lipogenesis in giant larvae. HFD treatments show no 

differences in any of these genes in males compared to controls (Figure 6D), while females have 

mild downregulation of both lsd-2 and pummelig (Figure 6B). lsd-2 depletion prevents lipid 

storage, while pummelig depletion accumulates fat (Beller et al. 2010; Hehlert et al. 2019). These 

changes could indicate an alteration in the regulation of lipid storage in HFD females compared 

to males. 
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Discussion 

Arresting Drosophila larvae during the growth phase of development results in larvae that are 

over twice the mass of a wandering third instar. Characterization of this overgrowth phenotype 

revealed that giant larvae grow to immense sizes without exhibiting hallmarks of obesity, 

including low triglyceride levels, reduced lipid droplet size, and gene expression reflecting an 

increase in mobilization of stored lipids, as well as decreased lipogenesis (Beller et al. 2010; 

Hehlert et al. 2019). This is in contrast to previous studies that have demonstrated obesity 

symptoms in response to high fat diet treatments (Birse et al. 2010; Guida et al. 2019; Andrews 

et al. 2023). This indicates that giant larvae attain their size by overgrowth, not fat storage. This 

presents an opportunity to examine how body size can affect the heart and other organ systems in 

the absence of metabolic effects, which are typically present in obesity. Additionally, 

acromegaly, a condition characterized by excessive growth in humans, is known to trigger 

cardiovascular disease (Sharma et al. 2017; Wolters et al. 2020). Cardiovascular disease is the 

leading cause of death in patients with acromegaly, even if their disease is medically managed 

(Wolters et al. 2020). Therefore having a genetic model system in which to examine adaptations 

made by the heart to increased body size will be informative for humans with overgrowth 

conditions.  

 

Amazingly, the morphology of the cardiac ECM was largely unaffected by the overgrowth of 

giant larvae, despite supporting a body over twice the size. Pericardin fibre thickness was 

reduced in both female and male giants, with transcript abundance increased in males. Pericardin 

is the only fibrous, and likely the least elastic component of the Drosophila cardiac ECM, 

responsible for surrounding the heart and linking to the alary muscles that suspend it in the body 

cavity. Rather than growing longer fibres, overgrowth stretches those linkages and transmits the 

tension to the heart itself. In vivo imaging of active hearts revealed some physiological 

consequences of compensating for increased size and increased cardiac output. The heart was 

found to be disproportionately enlarged relative to body size with both diastolic and systolic 

dimensions increased. Systole may be reduced due to tension from the Pericardin network. The 

heart itself also occupied a larger percentage of the cross-sectional area of the body at diastole 

than controls. It is known in mammals that the mass of the heart scales linearly with increasing 

body size (Lindstedt and Scaeffer 2001). This suggests that giant larvae are experiencing 
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hyperallometric scaling of the heart during overgrowth. The increase in stroke volume did not 

scale in proportion to body size. A deficit in output with a disproportionately enlarged heart 

provides evidence that matrix tension is increased, preventing the heart from contracting 

effectively at systole. Overall, the morphology of the heart adapted to overgrowth remarkably 

well, but the observed changes were hyperallometric and could suggest that a physiological limit 

has been reached.  

 

Gene expression of important ECM components as well as ECM regulators reveals contrasting 

expression patterns of genes that play a role in similar processes. For example, Nidogen and 

Perlecan are both known to play a role in stabilizing the basement membrane (Grigorian et al. 

2013; Sasse et al. 2008; Wolfstetter et al. 2019; Dai et al. 2018), but Nidogen expression was 

upregulated and Perlecan was downregulated during overgrowth. It has been shown previously 

that both of these proteins have a highly tissue specific role, and that Perlecan tends to be 

anchored more stably in the matrix while Nidogen remains more mobile (Matsubayashi 2022; 

Teuscher et al. 2024). Previous studies have shown that Collagen IV matrix turnover increases in 

Nidogen mutants, suggesting that Nidogen is important for stabilizing Collagen IV 

(Matsubayashi 2022). Our results suggest that Nidogen may be acting to stabilize the matrix 

during overgrowth in this system. In contrast, MMP2 expression was upregulated but TIMP was 

also upregulated. MMP2 is required for breakdown of the ECM during remodelling in the 

Drosophila heart and TIMP inhibits MMP2 and other proteases (Hughes et al. 2020). Taken 

together, this supports the idea that turnover of the matrix is dysregulated in this system. Overall, 

stark changes to matrisome gene expression are present in giant larvae compared to HFD 

treatments, which show comparatively minor changes in gene expression. The elevation of 

LOXL2 may be as a result of these changes to the matrisome. LOXL2 is responsible for 

Collagen crosslinking, which insolubilizes the matrix and makes it more resistant to degradation 

(Meschiari et al. 2017; Sivakumar et al. 2008). It is possible that elevated LOXL2 and increased 

crosslinking levels are acting to create a matrix that is both stiffer and therefore more likely to 

withstand mechanical strain. Increased resistance to degradation may also be compensating for 

increased expression of the ECM remodelling enzymes MMP2 and TIMP, which promote matrix 

turnover.  
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Here we have described a model for overgrowth that is free from confounding hallmarks of 

obesity. The Drosophila larva, an organism that normally grows 5 times in size from hatching to 

pupation, is able to scale its cardiac morphology well with increasing body size, even when taken 

beyond normal limits. The functional consequences are relatively minimal. This model presents a 

fascinating opportunity to determine how an organism can scale its physiology to accommodate 

overgrowth, which could provide insights into how interventions can be applied in a human 

context to improve health outcomes. The hormonally-triggered overgrowth condition acromegaly 

leads to increased risk factors for several diseases, even when the hormone imbalance 

responsible is being kept under control by treatment protocols (Wolters et al. 2020). 

Investigating the mechanism of response to overgrowth in this model may reveal pathways by 

which human overgrowth occurs, as in acromegaly. 

 

Methods 

Drosophila strains and dietary treatments 

UAS-snail-RNAi (50003) was obtained from VDRC. UAS-Dicer2 (BDSC 24644) was obtained 

from Bloomington stock centre. phm22-GAL4 (on third chromosome) was obtained from Dr. 

Michael B. O’Connor. The y1w1118 background was used for high fat diet treatments. UAS-snail-

RNAi, UAS-Dicer2 and phm22-GAL4 were crossed to y1w1118 for use as controls and are 

abbreviated here as Snail and Phm.  

 

Flies were maintained on standard lab food, consisting of 3.6L of water, 300g sucrose (0.2M), 

150g yeast, 24g KNa tartrate, 3g dipotassium hydrogen orthobasic, 1.5g NaCl, 1.5g CaCl2, 1.5g 

MgCl2, 1.5g ferric sulfur, and 54g of agar. Fly food is autoclaved, cooled to 550C, then 22mL of 

10% tegosept and 15mL of acid mix is added before dispensing. Giant larvae were allowed to 

grow for 14 days at 250C before being sacrificed for analysis, parental controls were taken at 

wandering third instar. For high fat diet treatment, 30% volume was supplemented with coconut 

oil and flies were maintained at room temperature (Andrews et al. 2023).  
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Triglyceride assay 

Triglyceride levels were measured using a serum triglyceride determination kit (Sigma Aldrich, 

TR0100) ((Wat et al. 2020). 5 intact third instar larvae were flash frozen in liquid nitrogen and 

stored at -800C before sample preparation. Frozen larvae were ground with a manual 

homogenizer in 0.1% Tween in PBS. 20µl of buffer per larva was used. Samples were heat 

treated at 700C for 10 minutes, then centrifuged at maximum speed for 3 minutes. 10µL of each 

sample was loaded into a 96 well plate in triplicate. 10µL of a glycerol standard at 2.5mg/mL, 

1.25mg/mL, 0.625mg/mL, 0.315mg/mL, 0.156mg/mL, and 0mg/mL were also loaded. 250µL of 

free glycerol reagent was added to each well, incubated at 370C, and absorbance was read at 

540nm. 50µL of triglyceride reagent was then added, incubated for 10 minutes at 370C, and 

absorbance read at 540nm. The change in glycerol levels after addition of the triglyceride reagent 

was calculated to determine the level of stored triglycerides in the sample. A Bradford assay was 

then conducted on the same samples and the level of stored triglycerides was divided by the 

amount of protein in the sample to control for body size.  

 

Dissections 

Heart: 

Dissections were performed by fixing larvae dorsal down to a surface using pins (Brent, Werner, 

and McCabe 2009). Larvae were bathed in PBS and an incision was made at the ventral midline. 

The cuticle was pinned back and the gut and fat bodies were removed to reveal the heart. Control 

dissections were performed at third instar, after the onset of wandering behaviour. Giant larvae 

were dissected at day 14 post laying. 

Fat body:  

Above process was followed but only the gut was removed to expose the fat bodies. 

 

Immunohistochemistry  

Heart: 

Dissections were fixed for 20 minutes without shaking at room temperature in 4% 

paraformaldehyde in PBS. Specimens were then washed 3x10 minutes in PBST (0.3% Triton-X-

100), before blocking for 30 minutes with NGS (1:15). Primary antibodies were incubated 

overnight at 40C with shaking. After incubation with primary 3x10 minute washes in PBST were 
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performed before adding secondary antibodies for one hour at room temperature. Phalloidin was 

added at the same time as secondary antibodies. Specimens were then washed 3x10 minutes in 

PBST, with a final wash in PBS to remove detergent. 50% glycerol was added for at least 3 

hours, then 70% glycerol overnight. The primary antibody used was mouse anti-Prc (Pericardin, 

EC11, DSHB, 1:30 dilution). Secondary antibodies used were Alexa Fluor 488 anti-mouse and 

Alexa Fluor 647 anti-mouse (1:150 dilution). Alexa Fluor 546 and 647 Phalloidin (Thermofisher 

Scientific) were also used (1:75 dilution).  

Fat body: 

Dissections were fixed for 30 minutes at room temperature in 4% paraformaldehyde. Specimens 

were washed 2x5 minutes in PBST, then incubated in 493/503 BODIPY (1:1000) for 30 minutes. 

Specimens were then washed 2x5 minutes, placed in 70% glycerol, and immediately mounted 

for imaging.  

 

Imaging  

A Leica SP5 confocal microscope was used to obtain image stacks. 1µm intervals between 

frames were used for heart dissections, 0.5µm intervals were used for fat bodies. Fat bodies were 

imaged from the surface to a depth of 30µm. Hearts were imaged from the ventral face of the 

cardiac ECM to the dorsal edge of the heart tube. Images were processed using Leica software 

(LAS AF), ImageJ, and ZEN blue.  

 

OCT imaging 

Optical coherence tomography (OCT) was used to visualize the heart beating in vivo in real time 

in late third instar larvae. Larvae were adhered to a microscope slide dorsal side up before being 

placed under the OCT camera. B scans were taken in 3D acquisition mode using a Thorlabs OCT 

Telesto series TEL221PS system at the widest point of the heart chamber with the following 

parameters: X size 1257 pixels, 1.03mm, Y size 0, 400 frames, Z field of view 1.2mm. This 

gives a 20 second video with 20 frames per second. Image stacks were then exported as TIFs and 

processed in ImageJ (Abràmoff, Magalhaes, and Ram 2004). The cross-sectional area was 

measured at both diastole and systole. The difference between diastolic and systolic volumes was 

used as a proxy for stroke volume.  
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qPCR 

RNA extraction and RT-qPCR 

Total RNA was extracted from larvae using TRIzol (Invitrogen, 15596026). Wandering third 

instar larvae or 14 day old giant larvae were flash frozen in liquid nitrogen in groups of 5 (n=3). 

Samples were stored at -80 or left in liquid nitrogen until ready to use. Samples were then ground 

in 800µL TRIzol, and incubated at room temperature (RT) for 5 minutes. 80µL chloroform was 

then added, samples were shaken for 15 seconds, incubated at RT for 3 minutes, and spun at 

12,000RPM for 15 minutes at 4OC. After the spin, the supernatant was added to a gDNA 

eliminator column (Qiagen RNeasy plus kit, 74034) and spun at RT for 30 seconds at 

10,000RPM. 600µL of 70% ethanol was added to the flow through, which was then transferred 

to the RNeasy spin column. This was spun for 15 seconds at 10,000RPM RT, flow through was 

discarded, 700µL of buffer RW1 was added, spun for 15 seconds at 10,000 RPM RT, flow 

through discarded, 500µL buffer RPE was added, and spun at 10,000RPM RT for 2 minutes. The 

column was then placed in a fresh tube, 40µL RNase free water was added, incubated for 10 

minutes, and spun for 1 minute at 10,000RPM RT. Samples were then used to make cDNA using 

the Applied Biosystems High-Capacity cDNA reverse transcription kit (ThermoFisher, 

4368814).  

RT-qPCR was performed (in triplicate) using the Bio-Rad cycler CFX 96 and the Luna universal 

qPCR master mix (NEB, M3003X). Gene expression levels were normalized to housekeeping 

genes EF1, Rpl32, and α-tubulin. Primers can be found in supplemental materials.  

 

Quantification and statistics 

Fibre alignment was quantified using using the Twombli plug-in in Fiji 2.14 (ImageJ2 ver2.9.0, 

http://imagej.net) (Abràmoff, Magalhaes, and Ram 2004; Schindelin et al. 2012). Parameters 

were adjusted to detect fibres of 7-25 units and minimum branch length of 15 units. Masks were 

compared against original single channel confocal images. (Wershof et al. 2021). 

 

Fibre thickness was measured using 63x images with 4x zoom in ImageJ (Abràmoff, Magalhaes, 

and Ram 2004). All fibres within a 15x15µm ROI were measured.  

 

Lipid droplet diameter was measured using the line tool in ZEN 3.4 (blue edition).  
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Statistical analysis of larval health (mass, triglyceride levels, lipid droplet size), Pericardin fibre 

thickness, and OCT measurements were performed using Graphpad Prism (v.9.5.1). Analysis of 

variance (ANOVA) with a multiple comparison’s test was performed. Graphs are plotted with 

SEM.  

 

RT-qPCR results were analyzed using CFX Maestro 3.1 software (Bio-Rad, Canada; 

https://www.bio-rad.com/en-ca/product/cfx-maestro-software-for-cfx-real-time-pcr-instruments), 

which performed an ANOVA or a t-test depending on number of groups being compared. 
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Figure 1: Giant larvae attain large sizes but do not demonstrate hallmarks of obesity 
Giant larvae are substantially larger than parental controls at late third instar (A). Mass of giant 
larvae is significantly elevated compared to parental controls (B), but they have lower 
triglyceride levels (C). Fat body morphology is abnormal in giant larvae, with smaller lipid 
droplets contained compartments small sections of the fat body (D,E). Error bars in B and C are 
SEM. White lines in E represents the median, dotted lines represent quartiles. *=p<0.05, 
**=p<0.01, ***=p<0.001, ****=p<0.0001 (n>15 for larval mass, n=3 for TAG, n>5 fat bodies 
imaged) 
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Figure 2: The organization of the cardiac ECM of giant larvae is remarkably conserved 
Parental controls (A&A’, B&B’) show the normal Pericardin network, with a honey comb 
organization and the matrix being pulled away from the heart tube and anchored in the alary 
muscles. Giant larvae (C&C’) reveal plasticity in the organization of Pericardin, with thinner 
fibres (see inset). Pericardin in green, F-actin labels muscles in red. All images are oriented with 
anterior to the left, posterior to the right. In panel A, H labels the heart tube, AM an alary muscle. 
Insets 63x with 4x zoom. Scale in A is 100µm, scale in A inset 20µm. n>10 for all groups.  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 27, 2024. ; https://doi.org/10.1101/2024.03.25.586620doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.25.586620
http://creativecommons.org/licenses/by-nc/4.0/


 

Figure 3: Pericardin matrix is not aligned differently in giant larvae but fibrils are thinner 
Fibre alignment scores were unchanged between controls and giants (A), but the thickness of 
Pericardin fibres was reduced in giants (B). The distribution of fibre thicknesses was similar in 
control genotypes and skewed toward thinner fibres in giants (C, D). Error bars in A and B are 
SEM. *=p<0.05, **=p<0.01, ***=p<0.001 n>10 individuals for all groups. 
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Figure 4: Functional analysis of larval hearts reveals disproportionately enlarged hearts in 
giant larvae 
Optical coherence tomography (OCT) imaging reveals enlarged diastolic and systolic volume in 
giant larvae (outlined in yellow in A). The percentage of the body cavity that the heart occupies 
at diastole is also significantly elevated (B). Both female and male giant larvae have significantly 
increased diastolic and systolic volume (C). This corresponded to an increase in stroke volume 
(D), but this increase is smaller than the magnitude of the increase in body size. Error bars in B, 
C, and D are SEM. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 n>10 for all groups. 
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Figure 5: Gene expression in giant larvae differs from larvae fed a high fat diet 
Giant larvae have many changes in gene expression of ECM components, and regulators (A,C). 
Female giant larvae exhibit an enormous increase in expression of the crosslinking enzyme 
LOXL2 (A). Males have a similar increase and also show increased Pericardin gene expression 
(B). This is in contrast to the high fat diet treatment where a decrease in Pericardin expression is 
observed in both females and males (C, D). Other ECM components are relatively unaffected in 
HFD treatments (B, D).  Levels of LOXL2 are unchanged in HFD treatments.  
Error bars are SEM. *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001, n=3 biological 
replicates. 
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Figure 6: Giant larvae have significantly altered expression of genes involved in lipid 
metabolism 
Giant larvae downregulate lsd-2, but upregulate pummelig, seipin, and CG5966 (A, C). These 
changes in lipid metabolism are not observed in HFD treatment groups, with only small changes 
observed in females (B). Male HFD treatments show no differences in these genes (D).  
Female and male giant larvae follow similar trends. Error bars are SEM. *=p<0.05, **=p<0.01, 
***=p<0.001, ****=p<0.0001, n=3 biological replicates. 
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Supplemental methods 

Primers used:  

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 
EF1 GCGTGGGTTTGTGATCAGTT GATCTTCTCCTTGCCCATCC 
Rpl32 ATGCTAAGCTGTCGCACAAATG GTTCGATCCGTAACCGATGT 
α-tubulin TGTCGCGTGTGAAACACTTC AGCAGGCGTTTCCAATCTG 
pericardin GCAAGCGCAAATGGAGCTG CCCTCGAATAGCCTCTGCC 
cg25c GATCGCGGGAGCGTTAGTC TCACGGAGTCCTGAATCGAAC 
viking TCTAAGGCATCTCTCGGGTCT CTTTGCAGTCGCATAGCGTTG 
nidogen ATCCATATCCTGAGGAGCAGAT GGTGCAGGTGTAGCCAT 
perlecan (trol) CGCCGATAGTAATGATCGCAG ACCCTAATGTTGGGAATCTCCA 
SPARC CCAGGCCTCTACGGAGTTTT AGGTCGAGGTCCTCATCCAG 
MMP2 GAAATCGGCTCCAATGTGCG GCTCCACGTAAGATCCGTTCTG 
TIMP GAGTCCTTCGCAAATCGGATAC GCTTCGGATGTAGCCTTGTAGG 
LOXL-1 GTCTGCGCAGCCCACGGAAA TACCGGAAGGTGGCCCAGGG 
LOXL-2 CATTCACATGGCAGATGCGG GAATCCCACTCGTCATCGCA 
lsd-2 AGTCTGGCTGTCAACGGAGT ATTGGATAGCCGTCCAACTG 
pummelig CGCAGTACATACACCAGTGC CGCTGCGACTTGATCTTCTC 
seipin CCCGTTCACATGCAGTTCAA GCCAACCATCAGGAGTTGC 
CG5966 TCTTTCGAGAGCTTTAAGGACA AGGGCTTGCTATCTCCAGTC 
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Supplemental figures 

 

 

Figure S1: Giant larvae have significantly increased body measurements  
Giant larvae have significantly increased body length (A) as well as width (B). Error bars are 
SEM. ****=p<0.0001 
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