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Abstract 

GROWTH AND STRESS RESPONSE MECHANISMS UNDERLYING POST-FEEDING 

ORGAN REGENERATIVE GROWTH IN SNAKES 

Audra Andrew, PhD 

 

The University of Texas at Arlington, 2017  

 

Supervising professor: Todd Castoe 

 

Snakes represent an emerging model in biological research and provide a 

valuable system for studying multiple extreme phenotypes unparallel to those seen in 

mammals. Recently, snakes have become increasingly used in studies of extreme organ 

regenerative growth due to the ability of some species to rapidly and reversibly 

upregulate organ form and function upon feeding. The predominant model used to study 

this feeding response has been the Burmese python (Python molurus bivittatus) because 

of the particulalry extreme nature of this post-feeding response in this species. 

Specifically, the wet masses of major organs increase by 50-100% within just 48 hours 

post-feeding with rapid spikes in metabolism greater than those seen in any other 

vertebrate. Once digestion is complete, organs rapidly atrophy back to fasted levels. My 

transcriptome analyses have implicated the differential expression of thousands of genes 

during this feeding response, and many of these genes are involved in key cellular 

pathways, including cell cycling, apoptosis, and WNT signaling. Post-feeding organ 

regenerative growth has also been demonstrated in other species of snakes, including 

the vipers. By leveraging comparative transcriptomic data from species that do and do 

not regenerate their organs upon feeding, my dissertation work has uncovered several 
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key growth and stress response pathway that appear to regulate regenerative growth in 

the Burmese python and rattlesnake. Specifically, it seems that mTOR interacts with 

several growth pathways, including PI3K-AKT, MAPK, and lipid signaling pathways to 

coordinate this growth response across time. Additionally, consistent activation of the 

NRF2-mediated oxidative stress response during growth likely leads to protection of the 

cells against apoptosis during extreme functional and metabolic fluctuations.  
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Chapter 1 

Rapid changes in gene expression direct rapid shifts in intestinal form and function in the 

Burmese python after feeding 

Andrew et al. 2015, Physiological Genomics 

 

Introduction 

 

Snakes represent an emerging model system for studying extreme vertebrate 

phenotypes, including extreme examples of modulation of physiological form and function 

(1, 13, 19, 23, 31, 37, 69, 70). Studying such extreme examples of vertebrate phenotypes 

and physiology may provide novel insight into vertebrate biology and how snakes have 

evolutionarily manipulated vertebrate pathways to achieve such phenotypes. 

Furthermore, such studies have the potential to demonstrate how conserved vertebrate 

pathways may be modulated to achieve desired therapeutic phenotypes in other 

vertebrates, such as humans. A particularly interesting feature to study is the ability of 

certain snake species to rapidly and reversibly remodel major organ systems, including 

growth of new organ tissue, in response to feeding. Multiple species of snakes appear to 

have evolved the ability to massively downregulate metabolic and physiological functions 

during periods of fasting, including the atrophy of organs, such as the heart, liver, kidney, 

and intestine (44, 51, 58, 59). Upon feeding, their metabolism, along with the size and 

function of these major organ systems, is massively and rapidly upregulated to 

accommodate the digestion of prey. While some snake species represent the most 

extreme exemplars of such remodeling, complex cyclic physiological remodeling has 

been documented in other ectotherms including frogs and fishes, and is proposed to 
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have evolved as a mechanism to reduce daily energy needs while enduring long periods 

(months or years) of fasting (10, 51, 52, 58, 59).  

Among snake species that experience such large fluctuations in physiology with 

each meal, the Burmese python (Python molurus bivittatus) is the most well studied (2, 

10, 15, 45, 51, 55, 56, 60). Within 48 hours of feeding, Burmese pythons experience 

major shifts in systemic physiology, including as much as 44-fold increases in metabolic 

rate and 160-fold increases in plasma triglyceride content (56, 58). Major organ-specific 

changes also occur within 72 hours of feeding, including 40-100% increases in the mass 

of the heart, liver, pancreas, kidneys, and small intestine (15, 34, 51, 55, 64).  

Evolutionary processes have driven improvement of anatomical and 

physiological traits of the digestive system to ensure that organisms can effectively digest 

and assimilate large meals. The extreme phenotypic plasticity of the Burmese python 

small intestine has been well documented, with results indicating major fluctuations in 

form and function of this organ between fasted and post-fed animals. Within just 24 hours 

after feeding, the wet mass of the small intestine doubles, including a doubling of the 

mucosal enterocyte volume and a six-fold increase in microvillus length (34). Within 48 

hours, intestinal nutrient transport capacity increases 20-fold compared to fasted levels 

(15, 44). The pH of the stomach also drops by as much as 4.6 (from 7.5 to 2.9) within 12 

hours of feeding, indicating that every 3 hours there is a 10-fold increase in intragastric 

hydrogen ions [H+] (53). Digestion is completed within 6-10 days, and this completion 

coincides with the downregulation of intestinal form and function to fasted levels (15, 55). 

These extreme cycles of physiological fluctuations with feeding suggest tightly regulated 

gene expression patterns that coordinate massive reconstructions of the anatomy and 

physiology of the python digestive system. 
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Recent studies on the Burmese python have demonstrated that rapid, massive 

changes in gene expression do indeed broadly coincide with physiological remodeling 

phenotypes, and that these differentially expressed genes involved in remodeling include 

those known to be involved in human development, metabolism, and disease  (10). 

Previous studies have, however only surveyed two post-feeding timepoints during this 

post-feeding response –1 day post feeding (1DPF; when phenotypes are continuing to 

increase), and 4DPF (when phenotypes have just begun to regress), and lacked any 

substantial analyses linking changes in gene expression with corresponding changes in 

phenotypes and physiological function  (10). Therefore, major gaps in our understanding 

remain, including how patterns of gene expression precisely underlie shifts in intestinal 

phenotype and function throughout the intestinal remodeling process, how rapidly gene 

expression responses occur post-feeding, and how different temporal phases of gene 

expression direct temporal phases of intestinal phenotypic and functional change.  

In this study we address gaps in our understanding of how the python intestine 

undergoes such transformations of form and function by substantially increasing 

sampling of gene expression data to include more biological replicates and post-feeding 

timepoints. Though of a distinct body form, the Burmese python shares with humans and 

other vertebrates the same structure and function of organs at the tissue and cellular 

levels, including the intestine, making them a useful system for investigating the 

regulation of vertebrate organ structure and function  (55, 58, 60).This expanded 

sampling allows us to link shifts in gene expression through time with the phenotypic and 

functional shifts that co-occur in the intestine by linking particular gene expression 

programs to cellular and functional physiological processes that they underlie. Our 

integrated analyses of gene expression and intestinal physiology provide new 

perspectives on the surprising scales associated with this response, and new insight into 
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the molecular mechanisms and foundations driving these extensive shifts in phenotype 

and physiology.  

Materials and Methods 

Feeding experiements 

Burmese pythons were obtained as hatchlings from commercial breeders and 

maintained on a weekly to biweekly diet of pre-killed rodents.  All animal care and 

experiments were conducted under approved protocols of the University of Alabama 

Institutional Animal Care and Use Committee. Two to three year old Burmese pythons 

(mean mass = 910g, range = 415-5776g) were maintained at 30°C, and studied fasted 

(30 days since last meal), as well as at 6 hours post-feeding (6HPF), 12HPF, 1 day post-

feeding (1DPF), 4DPF, and 10DPF following the consumption of meals (pre-killed rats) 

equaling at least 25% of their body mass (Table 1). The sampling times were chosen to 

represent episodes of clear shifts in tissue physiology and gene expression  (10, 11, 15, 

51). Each timepoint was sampled with multiple biological replicates (multiple animals). 

Snakes were humanely euthanized by severing the spinal cord immediately behind the 

head and, following a mid-ventral incision, organs were immediately extracted and 

weighed  (44). For fed snakes, elements of the digestive tract were emptied of their 

contents and reweighed. Segments of the anterior third of the small intestine were placed 

in ice-cold reptilian Ringer’s solution (for nutrient uptake), fixed in reptilian Ringer’s-

buffered 10% formalin solution (for light microscopy), fixed in reptilian Ringer’s-buffered 

2.5% gluteraldehyde solution (for electron microscopy), and snap frozen in liquid N2 and 

stored at -80°C (for	enzyme	assays	and	gene	expression	analyses).	
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Analysis of tissue and cellular structure 

We used light microscopy to examine postprandial changes in intestinal tissue 

thickness and enterocyte size. Formalin-fixed intestinal samples were embedded in 

paraffin, cross-sectioned (6 µm), and stained with hematoxylin and eosin on glass slides. 

Samples were viewed with a light microscope linked to a computer loaded with image-

analysis software (Motic Image Plus, Richmond, British Columbia, Canada). From each 

cross section, we measured mucosal/submucosal thickness at 10 locations along with 

muscularis/serosa thickness, and enterocyte height and width. We calculated enterocyte 

volume using the formula for a cylinder. We assessed ultrastructural changes to the 

intestinal brushborder membrane using transmission electron microscopy. Small pieces 

of intestinal mucosa were fixed in 2.5% gluteraldehyde, postfixed in 1% osmium 

tetroxide, dehydrated in a graded series of ethanol, and embedded in Spurr’s epoxy 

resin. Ultra thin sections (~80 nm) were cut and placed on copper mesh grids and 

examined with a Hitachi (H-7650) transmission electron microscope. Sections of 

microvillus membrane were viewed with the scope’s high definition camera (Orca) and 

image analysis software (Advance Microscopy Techniques Corp.). For each sample, we 

measured the height and width of 100 individual microvilli and calculated microvillus 

surface area using the equation width x π x height. 

 

Measuring intestinal function 

We quantified intestinal nutrient uptake and hydrolase activities to determine the 

magnitude that intestinal function is modulated with feeding and fasting. We used the 

everted-sleeve technique to measure the brush-border uptake of the amino acids L-

leucine and L-proline and of the sugar D-glucose  (28, 63). Sleeves (1 cm) of everted 

intestine were pre-incubated in reptile Ringer’s solution for 5 minutes at 30oC and 
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incubated for 2 minutes at 30oC in reptile Ringer’s solution containing both an unlabeled 

and radiolabeled nutrient (3H-L-leucine, 3H- L-proline, or 14C-D-glucose), and a 

radiolabeled adherent fluid marker (14C-polyethylene glycol for the amino acids or 3H-L-

glucose for D-glucose). We quantified total uptake (carrier-mediated and passive) of each 

amino acid, and carrier-mediated uptake of D-glucose, as nmoles of nutrient per minute 

per mg of tissue  (29, 63). We used colorimetric methods to quantify (µmole min-1 mg-1 

protein) the activities of the membrane-bound intestinal aminopeptidase N (APN) (15). 

 
Transcriptome library generation 

Total RNA was extracted from snap-frozen intestinal cross-sections (SI) and 

intestinal mucosa (Muc) using Trizol Reagent (Invitrogen). The details of the sampling 

design and the numbers of replicates per timepoint are outlined in Table 1. Illumina 

mRNAseq barcoded libraries were constructed using either the Illumina TruSeq RNAseq 

kit or the NEB Next RNAseq kit, both of which included poly-A selection, RNA 

fragmentation, cDNA synthesis, and indexed Illumina adapter ligation. Completed 

RNAseq libraries were quantified on a BioAnalyzer (Agilent), pooled in various multiplex 

arrangements, and sequenced on either an Illumina GAIIx or Illumina HiSeq2000.  

 
Analysis of gene expression 

Raw Illumina RNAseq reads were quality filtered, trimmed, and mapped to the 

complete annotated transcript set of the Burmese python genome  (10). The numbers of 

mapped reads per sample are provided in Table 1. Based on preliminary analyses, we 

found intestinal mucosa and intestinal cross section samples to be extremely similar in 

terms of gene expression (Fig. 1). Mucosal and intestinal sections were therefore 

analyzed together, and where both samples existed for a single specimen (same animal), 
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these reads were combined for final analysis. In instances where replicates of a sample 

were available (e.g., same  

library sequenced in multiple different runs), replicated samples were combined 

and mapped for each individual. Mapping of reads to the  

reference transcriptome of the Burmese python  (10) was conducted in CLC Genomics 

Workbench using the following parameters: maximum number of mismatches = 2, 

minimum length fraction = 0.8, minimum similarity fraction = 0.8, and maximum number 

of hits for a read = 10. Expression was determined by counting the  

number of unique gene reads that mapped to a particular annotated transcript, while 

excluding reads that mapped to multiple positions. Combined with data previously 

published  (10), new data is accessioned in the NCBI Short Read Archive (SRP051827).  

The raw expression counts were normalized using TMM normalization in edgeR  

(50) and all statistical analyses of gene expression used these normalized data. We 

identified genes that were significantly differentially expressed between timepoints using 

two different approaches. First, we estimated significant changes in gene expression 

between pairs of timepoints using pairwise exact tests for the binomial distribution 

calculated in edgeR  (50), which integrates both common and tagwise dispersion. 

Second, to accommodate the time-series nature of the experimental design of this study 

we also conducted step-wise regression analysis of gene expression in maSigPro  (14).  

To facilitate analyses of candidate genes, we annotated Burmese python genes 

by using reciprocal best blast and one-way tblastx  (7) estimates of homology to gene 

sets from Anolis carolinensis, Homo sapiens, and Gallus gallus. Results of these 

analyses allowed a large proportion of python genes to be assigned to a homologous 

human gene, and therefore assigned a human Ensembl ID. 
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We identified statistically overrepresented gene expression profile clusters using 

STEM  (21). For STEM analyses, we input our TMM normalized gene expression data 

(averaged across replicates per time-point) using default settings, further log normalized 

these data as recommended in the STEM manual, and conducted STEM analyses over 

our entire time series dataset (fasted – 10DPF). We set the maximum number of model 

profiles to 50, and limited the maximum unit change (between consecutive timepoints) 

within model profiles to 3; together these settings allow for a large number of sampled 

model profiles while maintaining a conservative estimate of expression fluctuations within 

a profile.  

 

Results 

 

Rapid shifts in gene expression upon feeding 

To quantify which temporal periods following feeding have the most extreme 

shifts in gene expression, we conducted pairwise analyses between timepoints (Table 2). 

Our comparisons show the general trend that bursts of up- or downregulated genes early 

after feeding are effectively reversed around 1-4DPF, and return to near baseline by 

10DPF or earlier (Table 2). These comparisons also show that much of the observed 

differential expression occurs within the first 6 hours after feeding (6HPF), with 2,489 

genes undergoing differential expression at this time compared to the fasted state. Nearly 

equal numbers of genes were up- and downregulated in the first 6 hours (1,367 genes 

upregulated vs. 1,122 genes downregulated; Table 2).  

Only a few more genes were upregulated in the remaining time of the first 24 

hours, as seen in the 6 versus 12 hour and 12 versus 24 hour as well as the 0 versus 24 

hour comparisons (Table 2). The return to near-fasting gene expression levels was not as 
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rapid as the early post-feeding response, with only 864 significantly differentially 

expressed between 24 and 96 hours, and 538 significantly differentially expressed genes 

between 96 hours and 10 days post-feeding. By 10 days, expression levels are nearly 

back to starting conditions, with only 31 genes significantly differentially expressed 

between 0 hours versus 10 days (Table 2).  

Our analysis of significantly over-represented patterns of gene expression in 

STEM yielded 11 significant gene profile clusters, and many of the genes identified in 

these clusters were significantly downregulated upon feeding while others were 

significantly upregulated within the first 6 to 12 hours post-feeding (Fig. 2). Overall, we 

observed a wide variety of expression patterns for differentially expressed genes in the 

small intestine after feeding, with genes experiencing peak low or high expression values 

at various times, and many clusters either broadly corresponded with patterns of 

morphological and physiological changes, or directly opposed them. As expected based 

on the comparisons in Table 1, the profiles all return to near baseline (fasted) levels of 

expression levels by 10 days post-feeding or earlier (Fig. 2).  

Analyses of shifts in gene expression across all timepoints via pairwise 

comparisons and by regression analyses both identified a large number of significantly 

differentially expressed genes across the entire time series before and after feeding 

(4,432 identified via pairwise analysis and 1,772 identified via regression analysis). 

Regression analysis was, however, substantially more conservative than pairwise 

analysis in its estimation of the number of genes significantly differentially expressed, and 

a large majority of genes (1,711) identified by regression analyses overlapped with those 

identified by pairwise comparisons. Given the large numbers of genes estimated by both 

methods, we focus primarily on the more conservative estimates of significance derived 

from regression analyses hereafter to dissect the biologically relevant features of this 
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transcriptional response. Regression	analyses	identified	a	total	of	1,772	genes	that	were	

significantly	differentially	expressed	across	the	entire	time	course	from	fasted	to	10	days	post-

feeding	(DPF;	Fig.	3A).	As	discussed	in	greater	detail	below,	it	is	notable	that	rapid	shifts	in	gene	

expression	correspond	well	to	physiological	and	morphological	changes	in	the	intestine,	

returning	to	near	baseline	(fasted)	levels	as	early	as	4DPF	(Fig.	3A).		 

To illustrate this correlation of the timing of meal breakdown and passage with 

shifts in intestinal gene expression, we have plotted stomach and small intestinal 

contents (relative to meal mass) as a function of time post-feeding (Fig. 3B). Meals (adult 

rats) were consumed intact. After six hours they had not experienced any discernable 

loss in material within the snakes’ stomachs. By 12 hours, a small amount of material 

from the rat’s head had passed into the small intestine. At 24 hours, on average, 17% of 

the rat meal had exited the stomach and was moving through the small intestine. Over 

the next three days, the majority (~70%) of the rat meal was converted to chyme, had 

exited the stomach, and filled the small intestine. After four days, the stomach and the 

small intestine gradually emptied. Only remnants of the meal were found within the distal 

small intestine at day 10. This physiological response correlates well with the patterns of 

differential gene expression described above, as the most pronounced shifts in gene 

expression between 6HPF and 1DPF (as the meal is exiting the stomach and moving 

through the small intestine), and begin to revert to fasted expression levels by 4DPF 

(when both the intestine and stomach are emptying their contents).  

 

Intestinal structure and function 

To further dissect cellular processes regulating intestinal physiological 

remodeling, we identified genes known to play important roles in both cell cycle 

progression and apoptosis that were significantly differentially expressed across 
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timepoints. Mitogen activating kinases, as well as various cyclins and kinesin family 

members important to cell cycle progression experience significant differential expression 

during digestion of a meal, which highlights the role of both cell growth and cell division in 

the process of intestinal remodeling (Fig. 4A). Genes regulating apoptosis (i.e., tumor 

necrosis factors and caspases, among others) also experience significant differential 

expression across timepoints, consistent with apoptosis playing a role in the atrophy of 

the small intestine following the completion of digestion (Fig. 4A).  

At a phenotypic level, feeding generated significant trophic responses of the 

small intestine at multiple levels of organization. Small intestinal wet mass increased by 

50% within 12 hours after feeding and peaked at day 4 following an 87% increase in 

mass (Fig. 4B). Six days later, the small intestine had decreased in mass by 30%. Both 

mucosa/submucosa and muscularis/serosa thickness varied significantly (P’s < 0.034) 

across sampling timepoints. Mucosa/submucosa thickness increased post-feeding (by 

53%), whereas the thickness of the muscularis/serosa layer decreased by 32% (Figs. 4C 

& 4D).  

The WNT signaling pathway likely plays a role in growth and maintenance of the 

small intestine upon feeding, with multiple genes within this cascade experiencing 

significant differential expression throughout the digestion process. Genes such as 

frizzled class 4 receptor (FZD4) and wingless-type MMTV integration site 5A (WNT5A) 

show significant differential expression across timepoints post-fed, along with axis 

inhibition protein 2 (AXIN2) and transcription factor 7-like 2 (TCF7L2; Fig. 4E & 4F). 

Trafficking and cytoskeletal genes, as well as genes important to microvilli 

structure were significantly differentially expressed upon feeding, indicative of tightly 

regulated patterns of expression underlying the phenotypic changes of intestinal 

structures across time (Fig. 5A). Significantly differentially expressed genes included 
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those central to intestinal function, consistent with the changes in intestinal form and 

digestive function. Metabolism increases substantially following a large meal, and our 

gene expression data shows corresponding significant upregulation of genes involved in 

oxidative phosphorylation as well as glucose up-take. Nutrient transporters and 

hydrolases essential to digestion and nutrient absorption also experience sharp increases 

in expression upon feeding (Fig. 5A). 

These changes in expression of genes underlying intestinal form and function 

correlate well with the upregulation of intestinal physiology. Feeding triggers the 

significant upregulation of the python’s intestinal function, including increased enterocyte 

height and width (and thus volume) during meal digestion (P’s < 0.00001; Fig. 5B). Within 

24 hours of feeding, enterocyte volume had peaked, representing a 2.6-fold increase 

compared to the fasted state. Enterocyte volume remained elevated through day 4, 

before declining toward fasted values by day 10 (Fig. 5B). At the ultrastructural level, 

feeding generated a 4-fold increase in the length of the intestinal microvilli (Fig. 5C), 

which regressed to pre-feeding levels by between 4DPF and 10DPF (Fig. 5C).  

Mass-specific rates of D-glucose, L-proline, and L-leucine uptake varied 

significantly among sampling times (P values < 0.0009), as each nutrient significantly 

increased uptake within 12-24 hours of feeding (Fig. 5D-F, respectively). For all three, 

uptake rates peaked at 1DPF, increasing from fasting levels 5.3, 2.8, and 2.1 fold 

respectively. Nutrient uptake rates remained elevated through day 4, before becoming 

significantly down regulated by day 10 (Fig. 5D-F). Intestinal APN exhibited a similar up-

regulatory response, peaking at 1-4 DPF following a 3.6-fold increase. By day 10, APN 

activity had returned to fasted levels (Fig. 5G). 
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Discussion 

 

The Burmese python is an exceptional model for the study of extreme 

physiological remodeling, as few organisms exhibit this large and discretely staged 

response to feeding. This study, as well as previous studies  (10, 15, 55, 59), have shown 

the process of organ remodeling in the python to be highly regulated, exhibiting controlled 

waves of gene expression that coincide with large changes in intestinal form and 

function. Despite substantial efforts, however, the cellular mechanisms that facilitate rapid 

organ growth and tissue remodeling in snakes remain poorly understood.  

Our analysis demonstrates that extensive and rapid shifts in gene expression 

accompany rapid and massive changes in intestinal form and function upon feeding in 

the Burmese python. Perhaps the most surprising finding of the current study is that 

approximately 2,500 genes are significantly differentially expressed within the first six 

hours after feeding (Table 2). This extremely rapid response has been previously 

overlooked due to a lack of fine-scale sampling of post-feeding timepoints following 

feeding  (10). We find that patterns of differential expression largely mirror (and often 

precede) physiological changes in the intestine, with peaks of differential gene 

expression occurring around 1DPF when the organ is experiencing the greatest 

increases in mass and functional performance  (15, 51, 55). Equally remarkable, patterns 

of gene expression as well as physiological form and function rapidly return to baseline 

fasted levels within 10DPF, indicating a tight association between differential gene 

expression and the rapid and cyclic physiological remodeling of the intestine. From STEM 

analysis, we see a number of distinct co-expressed clusters of genes that shift in 

expression with shifts in this remodeling process, indicating that various waves of 

expression are responsible for the tight regulation of intestinal remodeling (Fig. 2). A 
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complete understanding of the roles of these discrete waves of co-expressed loci may 

elucidate novel and discrete mechanisms controlling organ growth and functional change. 

We have taken the first steps towards dissecting these roles by linking genes involved in 

cellular processes and intestinal function with shifts in intestinal phenotype and function.  

We found that genes involved in modulating the cell cycle and cellular 

development are differentially expressed during the feeding response, and thus direct 

substantial increases in organ mass and form. Previous studies of the Burmese python 

have shown that intestinal remodeling is accomplished by both hypertrophy (increase in 

cell size) and hyperplasia (cell division)  (2, 25, 34, 49, 61, 66). Our gene expression 

results indicated tight regulation of the cell cycle through time. From observed expression 

patterns, it appears that the intestinal cells experience pro-mitotic pressure 6 hours after 

feeding and are actively cycling by 4DPF, which, interestingly, is when the organ form 

and gene expression patterns begin to revert to fasted levels (Fig. 4A). Results of 

previous studies have also implicated cellular replication in intestinal remodeling in the 

python  (25); based on these previous data, the number of replicating cells/mm increases 

over time and levels out at around 3 days post-feedings (25). These clear signals of cell 

cycle progression indicate that hyperplastic organ growth begins relatively early in the 

process of intestinal remodeling. 

Potent cell cycle promoters, mitogen activated protein kinase 6 (MAPK6) and 

cyclin H (CCNH), are upregulated 6-12 hours after feeding. MAPK6 is a serine/threonine 

protein kinase that activates cyclin D3 (CCND3), which promotes cell growth and S-

phase entry, and is implicated in several cancers (26, 67). Cyclin H acts with cyclin-

dependent kinase 7 (CDK7) as a broad activator of cyclin activity and is essential for cell 

cycle progression (30, 36). Upregulation of the cell cycle antagonist cyclin-dependent 

kinase inhibitor 1A (CDKN1A) during this same period suggests that intestinal cells may 
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be preparing for, but not freely entering the cell cycle  (22). Later, at 4DPF, we see 

evidence of several stages of cell division. Cyclin-dependent kinase 2 (CDK2), which 

drives cells into S-phase and G2   (4), is upregulated, as are cyclin B3 (CCNB3) and 

cyclin-dependent kinase 1 (CDK1) genes, which together are responsible for progression 

through mitosis  (40, 42, 43) (Fig. 4A). Clearly, with increased activity of cell cycle 

regulators at various early and late timepoints post-feeding, we can identify cell division 

as a key aspect to the remodeling of the intestine upon feeding.  

At 4DPF, we also see increased activity of genes responsible for the regulation of 

the cytoskeleton related to mitotic processes. Kinesin 4B (KIF4B) and kinesin 20B 

(KIF20B) are responsible intracellular trafficking during metaphase to anaphase, and 

anaphase to telophase/cytokinesis transitions respectively  (16). Several indicators of 

cells undergoing cytokinesis are also observed at 4DPF, notably components of the 

contractile ring apparatus Ras homolog gene family, member A (RhoA), myosin light 

chain kinase (MYLK), and Septin 2 (SEPT2), which are essential for cell shape 

reconfigurations  (27, 47). For the Burmese python, as for other infrequently feeding 

snakes, the surface area of the intestine is massively expanded primarily due to an 

increase in microvillus length of up to six-fold following feeding  (34, 51, 52, 62), entailing 

a substantial increase in the ability of the small intestine to absorb nutrients (15, 55). In 

contrast, snakes that feed more frequently in nature (along with fishes, amphibians, other 

reptiles, birds, and mammals) maintain consistent microvillus length with feeding and 

fasting and hence experience only modest regulatory changes in intestinal function  (9, 

18, 20, 39, 52, 54, 62). It is also notable that the pulse of contractile machinery at 4DPF 

likely additionally plays a role in initiating the shortening of microvilli that begins at this 

time (Fig. 4A).  
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A particularly intriguing result from our analysis of gene expression underlying 

intestinal remodeling is evidence that WNT signaling may play a central role in 

coordinating rapid shifts in cellular processes in response to feeding. The WNT signaling 

pathway is a key signal transduction pathway crucial to appropriate embryonic 

development and includes signaling that leads to correct axis formation as well as 

proliferation, cell fate specification, cell migration, and planar cell polarity  (12, 46). 

Dysregulation of WNT signaling also contributes to several cancer pathologies, including 

breast and colorectal cancer  (48). We found that increased expression of both WNT and 

its extracellular receptor, Frizzled, occurs 6-12 hours after feeding. During this same 

period, Axis inhibition protein 2 (AXIN2), an intracellular inhibitor of WNT signaling, is 

substantially downregulated within 6 hours. We also find that transcription factor 7-like 2 

(TCF7L2) is downregulated within the first 6 hours and remains low through 10DPF. 

TCF7L2 acts in concert with beta catenin in response to WNT signaling, but in the 

absence of WNT pathway activity inhibits expression of WNT target genes  (6). 

Interestingly, the TCF7L2 gene is known to be necessary for the maintenance of stem 

cell compartments in the epithelium of the small intestine  (41). These and earlier 

observations implicate WNT signaling in the proliferative and physiological response to 

feeding (Fig. 4E & 4F). Collectively, these results indicate that the python intestinal 

remodeling response may provide a unique and novel system for investigating the role of 

WNT signaling in trophic physiological contexts such as feeding.  

Once digestion is complete, we see a complete reversal in intestinal remodeling 

as the organ atrophies and metabolism and nutrient uptake are downregulated. This and 

previous studies have shown that in the Burmese python, the post-feeding increase in 

enterocyte proliferation and sharp increase in intestinal activity are followed by an 

increase in apoptosis upon completion of digestion and a sharp decline in absorption and 
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digestion  (25, 55). Our results here indicate that this apoptotic response appears to 

occur as a two-stage process, primed first by the expression of apoptosis regulators and 

completed by the expression of potent downstream factors that execute apoptosis. 

We observed the differential expression of genes regulating apoptosis by 6HPF, 

indicating that regulation of apoptosis begins early in digestion. At 6HPF there is 

increased expression of TNF-related apoptosis-inducing ligand (TRAIL), which activates 

extracellular death receptors and promotes of apoptosis  (71). Apoptosis inducing factor 3 

(AIFM3) is also expressed at this point. AIF proteins are mitochondrial flavoproteins that 

normally act as NADH oxidases but can trigger caspase-independent cell death in cells 

under pro-apoptotic pressure  (8, 17). In contrast, two negative regulators of apoptosis, 

MDM2 proto-oncogene, known for its role in inhibiting p53, and Baculoviral IAP repeat 

containing 3 (BIRC3), a caspase inhibitor, showed increased expression at six hour post 

feeding. Together these observations indicate that by 6HPF some intestinal cells are 

exposed to extracellular and intracellular signaling promoting cell death but many cells 

exhibit intracellular resistance to this process by expressing inhibitors of apoptosis. 

Competing factors that promote or antagonize apoptosis are also expressed later. 

Around 96 hours post-feeding there is a significant increase in expression of both tumor 

necrosis factor receptor 10 (TNFSF10), an apoptosis inducing death receptor (35, 71), 

and ring finger and FYVE-like domain E3 ubiquitin protein (RFFL), a negative regulator of 

apoptosis  (38) (Fig. 4A).  

While expression of upstream activators and inhibitors of apoptosis are highly 

variable, we see a clear pattern of caspase gene expression: both caspase 6 and 

caspase 3 are activated at 4DPF which, as clarified above, is the time when the organ 

begins to atrophy and revert to fasted levels of gene expression and nutrient absorption. 

Many types of caspases are known to play key roles in the execution of apoptosis upon 
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activation by various intra- and extra-cellular signals. The caspases identified here are 

known as executioner caspases, activated by initiator caspases, which are capable of 

irreversibly triggering cell death  (32). This controlled activation and execution of 

apoptosis has not been documented by previous studies on the Burmese python small 

intestine (Fig. 4A). 

 

Genes involved in intestinal function that are significantly differentially expressed 

In addition to gene expression programs related to regulation of cellular 

processes (e.g., cell division and apoptosis), we observed major shifts in expression in 

diverse classes of genes associated with the upregulation of digestive and absorptive 

functionality of the intestine upon feeding  (15, 55). This included genes related to 

metabolism, transport, and hydrolase activity, which allow for increased absorption and 

processing of large meals. Physiological data also indicates rapid increases in absorption 

of D-glucose, L-proline, and L-leucine within the same time frame that genes for 

transporters and hydrolases for these types of nutrients are being rapidly upregulated 

(Figs. 5A & 5D-F). Genes related to trafficking and microvillus regulation are also 

upregulated rapidly upon feeding and act to expand (and later reduce) the surface area of 

the small intestine following feeding by facilitating the six-fold increase in microvillus 

length (6A & 5C). A likely method for this lengthening of intestinal microvilli upon feeding 

is the triggering of existing pools of cytoskeletal and linking proteins to migrate to the 

microvilli and insert at the tips; this is likely followed by de novo construction of new 

cytoskeletal proteins, membranes, regulatory, and trafficking molecules  (51). The 

expansion of enterocyte volume and increase in microvillus length observed in 

physiological experiments (Figs. 5B-C) coincides well with this pattern of significant 

differential expression of candidate genes related to microvillus regulation and transport. 
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Here, and in previous studies, it has been demonstrated that extreme increases in 

nutrient absorption occur within the first 24-48 hours of feeding, along with large 

increases in metabolic rates and the mass of the organ  (55, 57). In this study we have 

identified a number of associated candidate genes related to these shifts in phenotype 

and show coincident shifts in gene expression such that their expression levels mirror the 

physiology of the organ throughout digestion (Fig. 5A). 

The discrete temporal regulation and the large number of coordinated, significant 

changes in gene expression observed in the python intestine post-feeding make it an 

excellent potential model for understanding the regulation of a number of important 

pathways, including cell cycle regulation, apoptosis, and WNT signaling in a physiological 

context in differentiated tissues of an adult vertebrate organ, as opposed to a 

developmental context in an undifferentiated embryonic tissue, for example. In most 

systems, the continuous nature of metabolism and growth obscures discrete gene 

expression regimes underlying such shifts in form and function because of the need for 

persistent and moderate activity. In contrast, examining the extreme physiological 

responses observed in the python may provide the opportunity to clarify fundamental 

relationships between gene expression and basic changes in vertebrate physiology. Our 

exploration of gene expression and analysis of candidate genes demonstrates that 

intestinal remodeling in pythons involves the regulation of gene expression programs 

associated with cell division, cytoskeletal remodeling, and apoptosis during growth and 

regression of the small intestine to modulate intestinal form, in addition to other gene 

expression programs regulating intestinal function (e.g., hydrolases and transporters).  

Studies such as this one, that investigate extreme physiology and dramatic shifts 

in structural, functional and transcriptional dynamics, provide a new avenue for gaining 

novel insights into basic mechanisms controlling key aspects of vertebrate biology. This 
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may offer new information about the links between genotypes, phenotypes and 

adaptation in nature, and may also provide new information relevant to understanding 

and treating human disease. Damage of the intestinal tract can occur for various reasons 

in humans, including damage from cancer treatments using radiation or 

chemotherapeutics  (33, 65), which can have chronic or even lethal effects, or 

complications due to inflammatory bowel disease, such as Crohn’s Disease or ulcerative 

colitis  (3). Using the Burmese python as a model system for understanding how the 

vertebrate intestine may be regulated to induce shifts in form and function is therefore 

potentially relevant for understanding diseases and conditions that affect the intestine, 

and for understanding how intestinal regulation may be modulated to treat various 

diseases. Additionally, colorectal and intestinal cancers  (5, 24, 48), and many other 

types of cancers  (48, 68), involve dysregulation of WNT signaling. Evidence that python 

intestinal remodeling involves cell division and apoptosis, modulated at least in part by 

WNT signaling, suggests the python intestine may represent a valuable model for 

studying the interactions of metabolism with the regulation of cell division/death and WNT 

signaling relevant to cancer.  
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Tables 

Table 1.1. Sampling design and number of mapped reads per sample. The number 
of reads mapped to at least one transcript from the Burmese python transcriptome. Each 

row represents a single replicate (individual animal), which are grouped by timepoint. 
Mapped reads are composed of RNAseq reads generated using cross-sectional (SI) or 

mucosal (Muc) samples of intestinal tissue or from both types of sampling. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample	 Mass	(g)	 Tissue	 Timepoint	 Mapped	Reads	
AI6	 462.5	 SI	 0h	 1,511,751	
AJ6	 445.8	 SI	 0h	 3,965,717	
Ai8	 414.5	 SI	 0h	 800,799	
U25	 5,800	 SI	 0h	 372,003	
AF2	 581	 SI	 0h	 950,773	
S19	 868.4	 Muc	 0h	 203,389	
AJ7	 610	 SI	 6h	 881,249	
AJ7	 610	 Muc	 6h	 1,492,138	

Ak25	 725	 SI	 6h	 1,626,270	

Ak25	 725	 Muc	 6h	 403,645	
R27	 815.7	 Muc	 6h	 590,892	
W11	 788.7	 Muc	 6h	 532,607	
Ak4	 635	 SI	 12h	 936,987	
Ak4	 635	 Muc	 12h	 928,321	

Ak10	 747	 Muc	 12h	 936,420	
U7	 796.3	 Muc	 12h	 797,731	

U13	 774.8	 Muc	 12h	 654,142	
Z14	 467	 SI	 24h	 3,420,055	
V43	 782	 SI	 24h	 678,000	
Z18	 525	 SI	 24h	 596,198	
W20	 797.8	 SI	 24h	 1,280,360	
S6	 809	 SI	 24h	 1,281,658	
S6	 809	 Muc	 24h	 974,889	
Y5	 839	 SI	 96h	 1,911,844	

Y18	 971	 SI	 96h	 2,099,417	
Y23	 802	 SI	 96h	 1,016,261	
Y24	 957	 SI	 96h	 871,196	
V40	 867.5	 SI	 96h	 503,975	
W2	 807.7	 Muc	 96h	 235,595	

W22	 764	 SI	 10d	 481,585	
W22	 764	 Muc	 10d	 923,344	
U1	 767.9	 Muc	 10d	 532,607	
V29	 825	 Muc	 10d	 2,688,732	
W12	 981.6	 Muc	 10d	 799,404	
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Table 1.2. Numbers of significantly differentially expressed genes between pre- and 
post-feeding timepoints. For each pairwise timepoint comparison, the number of up 
and downregulated genes, as inferred using pairwise analysis (Benjamini-Hochberg 

corrected p-value < 0.05), is indicated. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

	 Timepoint	comparisons	 	 	 	

	 0h-6h	 6h-12h	 12h-24h	 24h-96h	 96h-10d	 0h-24h	 0h-96h	 0h-10d	

UP	 1,367	 2	 11	 498	 202	 1,468	 730	 25	

DOWN	 1,122	 22	 5	 366	 336	 1,225	 469	 6	
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Figures 

 

 
 

Figure 1.1. Scatterplots comparing gene expression in intestinal mucosal and 
intestinal cross-section samples. (A) Mucosal and cross-sectional samples from 
individual AJ7. (B) Mucosal and cross-sectional samples from individual Ak25. (C) 

Mucosal samples from two different individuals (AJ7 and R27).  It is clear that the two 
different types of samples (cross-sectional and mucosal) from the same individual (A & B) 

are more similar than the same type of sample from different individuals (C). 
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Figure 1.2. General trends in gene expression across post-fed timepoints in the 
Burmese python intestine analyzed using STEM time-series analyses. Generalized 

trends in gene expression that are significantly overrepresented in the python small 
intestine based upon cluster analysis of gene expression profiles and identification of 

statistically over-populated profiles. The numbers of genes clustered and p-value of these 
clusters is shown along with linear trends in expression.   
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Figure 1.3. General trends of gene expression and digestion across post-fed 
timepoints. (A) Heatmap of gene expression for 1,772 genes found to be significantly 
differentially expressed across tiempoints based on regression analysis. Each column 
respresents a replicate, with timepoints clearly delimited, and each row represents a 

gene, which are clustered by similiarity using average linkage hierarchical clustering. (B) 
Percent mass of meal in stomach (filled circles and solid line) and small intestine (open 

circles and dashed line) across post-feeding timepoints.   
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Figure 1.4. Patterns of expression for genes involved in cell cycling, apoptosis, and 
WNT signaling along with corresponding physiological changes in the small 

intestine. (A) Heatmap of genes involved in cell cycle progression and apoptosis that 
were shown to be significantly differentially expressed across timepoints, identified from 
pairwise and regression analysis. (B) Change in small intestinal mass across time. (C) 

Change in mucosal thickness across time. (D) Change in serosa thickness across time. 
(E) Average expression values for Wnt signaling genes plotted across post-fed 
timepoints. (F) Heatmap of expression values for all replicates across post-fed 

timepoints, with each row representing a gene and each column representing an 
individual, which are manually clustered by timepoints. This pathway is known to be 

important in development and processes such as asymmetric cell division.  
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Figure 1.5. Patterns of expression for genes involved with intestinal form and 

function alongside corresponding morphological or physiological changes in the 
small intestine. (A) Heatmap of genes involved in various intestinal functional processes 
that were shown to be significantly differentially expressed across timepoints via pairwise 

or regression analysis. (B) Change in enterocyte volume through time. (C) Change in 
microvillus surface area across time post-feeding. (D) Change in absorption of D-glucose 

across post-fed timepoints. (E) Change in absorption of L-proline across post-fed 
timepoints. (F) Change in absorption of L-leucine across post-fed timepoints. (G) Change 

in activity of aminopeptidase N (APN) across post-fed  
timepoints.  
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Chapter 2  

Growth and stress response mechanisms underlying post-feeding regenerative organ 

growth in the Burmese python 

Andrew et al. 2017, BMC Genomics 
 

 

Introduction 

 
The ability to massively downregulate metabolic and physiological functions 

during extended periods of fasting has evolved in multiple species of snakes. This 

downregulation of physiological form includes the atrophy of organs such as the heart, 

kidney, liver, and small intestine. Upon feeding, the size and function of these organs, 

along with oxidative metabolism, is massively upregulated to accommodate digestion [1-

4]. Of the snake species that experience these large fluctuations in physiology, the 

Burmese python (Python molurus bivittatus) is the most well-studied [5]. Within 48 hours 

of feeding, Burmese pythons can undergo up to a 44-fold increase in metabolic rate and 

>100-fold increases in plasma triglyceride content [3, 6]. Major organs also experience 

dramatic shifts in physiological form, including 40-100% increases in the mass of the 

heart, liver, pancreas, kidneys, and small intestine [2, 7-10]. This extreme organ 

regenerative growth and atrophy is unparalleled across vertebrates, and studies indicate 

that this organ growth is driven by multiple cellular processes, including cellular 

hypertrophy in the heart and mixtures of hypertrophy and hyperplasia in the kidney, liver, 

and small intestine [3, 5, 11, 12]. Organ growth peaks around 1-2 days post-feeding 

(DPF), and by 10-14DPF, organ form and function, as well as gene expression patterns, 

have completely reversed back to fasted levels [1, 2, 5, 7-9, 13].  
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Previous studies have examined aspects of this post-feeding response using 

morphological and physiological assays [2, 3, 7, 14-16], analyses of gene expression [5, 

13], and combinations of the two [5, 14]. Together, these studies have demonstrated that 

transcriptional responses following feeding are extremely rapid and massive, both in the 

magnitude of expression changes and in the number of genes with significant differential 

expression. Genes important in a number of developmental, metabolic, proliferative, 

apoptotic, and growth processes have been shown to be involved in these major shifts in 

organ form and function [5, 11, 13]. Previous studies have shown that mammalian cells 

respond to the growth signals in post-fed python serum, which likely indicates a 

conserved response to core signaling molecules [11, 17]. We therefore hypothesize that 

a relatively small number of core molecular regulatory molecules and signaling pathways 

may underlie these responses. However, the identification of a core set of upstream 

regulatory molecules and mechanisms has been hindered by the large number of genes 

that are significantly differentially expressed during this response, making manual 

interpretation of this gene expression data difficult. Additionally, the lack of comparable 

replicated sampling across multiple organs has further prevented meaningful across-

organ comparisons of changes in gene expression in previous studies [13]. Accordingly, 

major gaps remain in our understanding of the specific mechanisms and growth 

pathways that are responsible for driving these extreme shifts in Burmese python organ 

size and function, as well as how these mechanisms may vary across different organ 

systems. 

Our previous study of the Burmese python feeding response addressed some 

gaps through the use of increased replicates and more frequent time point sampling for 

one organ, the small intestine [5]. We identified over 1,700 genes that were significantly 

differentially expressed during post-feeding regeneration in the small intestine with many 
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of these genes being functionally linked to cellular processes such as WNT signaling, cell 

cycling, and apoptosis. This study also linked changes in gene expression with functional 

and phenotypic shifts by comparing RNAseq data with physiological and histological 

data. This detailed analysis was only conducted on the small intestine, however, and 

failed to address any upper-level signaling mechanisms and pathways. 

Here, we leverage fully replicated organ-specific time courses detailing gene-

level responses to infer canonical pathways and regulatory molecules driving post-

feeding organ growth in the Burmese python. We examined gene expression across four 

major organ systems – the heart, liver, kidney, and small intestine. We combined 

increased replicated sampling with statistical inferences of pathway activation and 

regulatory molecule prediction to identify the mechanistic drivers of cross-tissue, post-

feeding organ regeneration. Despite highly organ-specific gene expression responses 

associated with organ regenerative growth, we found evidence for high degrees of 

overlap in predicted pathways and regulatory molecules underlying these growth 

processes between organs. Pathways predicted to be involved in regulating this 

physiological response include LXR/RXR activation, PI3K/AKT, and mTOR signaling. 

Interestingly, we also found strong and consistent evidence for the involvement of NRF2-

mediated oxidative stress response and other stress-response pathways in this extreme 

example of rapid organ growth. Our results suggest that post-feeding, regenerative organ 

growth in the Burmese python may stem from small numbers of key effector molecules 

mediating a core set of growth and stress-response pathways, which in turn activate 

diverse, tissue-specific signaling cascades.  
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Materials and Methods 

 
Feeding experiments 

Burmese pythons were obtained from commercial breeders. All animal care and 

tissue sampling was conducted using protocols approved by the University of Alabama 

Institutional Animal Care and Use Committee (14-06-0075). Burmese pythons were 

sampled at three physiological states: fasted (30 days since last meal), 1 day post-

feeding (1DPF) and 4DPF, with the meal consumed equaling at least 25% of their body 

mass. Previous studies have shown that organ masses and functional phenotypes climax 

between 1 and 3 DPF [1, 2, 5, 9] and that phenotypes begin to decline by 4DPF [2, 3, 7, 

9]. We therefore chose sampling time points here to capture gene expression patters 

during the period before phenotypes climax (1DPF) and early in their regression (4DPF). 

Snakes were humanely euthanized by severing the spinal cord immediately behind the 

head, and organs were immediately extracted, snap frozen in liquid nitrogen, and stored 

at -80°C. Between three and six biological replicates (i.e., animals) were sampled for 

each time point. See Additional file 1, Supplementary Methods for additional details. 

 

Transcriptome library generation 

Total RNA was extracted from ~50mg of snap-frozen tissue using Trizol Reagent 

(Invitrogen), followed by mechanical cell disruption using a TissueLyzer for 10 minutes at 

20 strokes/minute, and precipitation of RNA using isopropanol. Individual Illumina 

mRNAseq libraries were constructed using either the Illumina TruSeq RNAseq kit or the 

NEB Next RNAseq kit, both of which included poly-A selection, RNA fragmentation, 
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cDNA synthesis, and indexed Illumina adapter ligation. Completed RNAseq libraries were 

quantified on a BioAnalyzer (Agilent), pooled in equal molar ratios in various multiplex 

arrangements, and sequenced on either an Illumina GAIIx or Illumina HiSeq2000 (see 

Additional File 1, Table S1).  

 
Quantifying and visualizing gene expression 

Raw demultiplexed Illumina RNAseq reads were quality filtered and trimmed with 

Trimmomatic v. 0.32 [18]. In instances where the same library was sequenced in multiple 

different runs, reads were combined and mapped for each individual and time point. 

Mapping of reads to the reference transcriptome of the Burmese python [13] was 

conducted using BWA v. 0.6.1 [19] with the following parameters: mismatch penalty=2, 

gap open penalty=3, and alignment score minimum=20. Expression was determined 

using SAMtools v. 0.1.19 [20] by counting the number of unique gene reads that mapped 

to an annotated transcript, while excluding reads that mapped to multiple positions. New 

RNAseq data for various time points and replicates was analyzed together with 

previously published data from other individuals and replicates [5, 13]. Newly-generated 

sequencing data were archived on the NCBI Short Read Archive (NCBI: SRP051827). 

Raw expression counts were normalized using TMM normalization in edgeR [21] 

and all statistical analyses of gene expression were conducted using normalized data. 

We identified genes that were significantly differentially expressed between time points 

using two approaches. First, we estimated significant changes in gene expression 

between pairs of time points using pairwise exact tests for the binomial distribution 

calculated in edgeR, integrating both common and tagwise dispersion [21]. Second, to 

accommodate the time-series nature of the experimental design, we also conducted step-

wise regression analysis of gene expression in maSigPro [22]. Regression analysis 
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enabled the detection of genes with significant patterns of differential expression across 

all three time points. Gene expression heatmaps were generated in R and clustered with 

the package vegan [23], with gene clustering calculated using average linkage 

hierarchical clustering based on a Bray-Curtis dissimilarity matrix. We used the program 

STEM [24] to identify and visualize significant expression profiles for all genes in our 

RNAseq data. 

 
Assigning homology for functional analysis 

To facilitate the use of various pathway activation and regulatory molecule 

predictions, we annotated the full Burmese python transcript set [13] with orthologous 

human gene Ensembl [25] identifiers. Reciprocal tblastx was first conducted between 

Anolis carolinensis and Burmese python, and Anolis gene IDs identified as orthologous to 

python genes were converted to human Ensembl identifiers using homology tables from 

Ensembl’s Biomart [26]. The same process of reciprocal best blast using tblastx was 

performed between Burmese python and Gallus gallus, followed by conversion of chicken 

Ensembl identifiers to human Ensembl identifiers using homology tables from Ensembl’s 

Biomart [26]. We also performed reciprocal best blast of the python with Homo sapiens. 

Finally, we used one-way tblastx with anolis, chicken, and human to annotate python 

genes that were not assigned an ortholog from reciprocal best blast. Using this 

annotation approach, we were able to assign human Ensembl IDs to 22,393 of 25,385 

total python reference transcripts.  

 
Pathway and upstream regulatory molecule analysis 

To infer the involvement of upstream regulatory molecules and pathways, we 

performed Core Analysis in Ingenuity Pathway Analysis (IPA; Qiagen), using default 

parameters. IPA uses gene identifiers and the fold-change value for each differentially 
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expressed gene to identify enrichment patterns for Canonical Pathway Analysis (CPA) 

and Upstream Regulatory Molecule Analysis (URMA), and to infer the activation direction 

(activated versus inhibited) between particular time points. These two analyses both use 

observed gene expression data to infer unobserved features (e.g., activation state of key 

signaling molecules), but differ fundamentally in how they use expression data to make 

inferences. CPA predicts the involvement and activation/inhibition of canonical pathways 

based on observed evidence from gene expression data, specifically for genes that 

participate as higher-level regulatory molecules within a given pathway; analysis of 

observed gene expression data incorporates information from the Ingenuity Knowledge 

Base (including genes known to be involved within a given pathway) to provide both a 

statistical value of enrichment and a prediction of the biological involvement for the 

pathway as a whole (i.e. activated or inhibited; IPA documentation, Qiagen). In contrast, 

URMA uses observed changes in gene expression specifically for genes at lower levels 

within pathways (e.g., low level effectors) to predict activation or inhibition of regulatory 

molecules upstream of these genes [27]. Due to differences in these approaches, 

together these two methods provide a well-rounded set of comparable inferences for 

dissecting molecular mechanisms (Fig. 1). 

For IPA analyses, we used only genes identified as significant in pairwise 

differential expression analyses between time intervals (per organ), and we input fold 

changes per gene averaged across biological replicates, along with our estimate of the 

orthologous human Ensembl ID for each gene. Pathways important to cross-tissue 

physiological responses were isolated using the IPA CPA (included with Core Analysis), 

with a right-tailed Fisher’s exact test p-value of less than 0.01. We examined only those 

pathways that were significant, based on a predicted activation z-score, in at least one of 

the four organs for at least one of the post-feeding time points. For IPA analyses, the z-
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score is used to determine the statistical significance of the number of activated and 

inhibited predictions, and the sign of the value indicates the overall activation state (i.e., 

positive versus negative activation). We used a p-value cutoff of 0.01 for the CPA in IPA 

to reduce potentially spurious inferences. Upstream regulators and hypotheses for global 

signaling molecules were identified using URMA in IPA, with a Fisher’s exact test overlap 

p-value threshold of 0.05. Pathway network figures were modified manually from 

predicted network figures generated in IPA. For analysis of specific pathways (mTOR 

signaling and NRF2-mediated oxidative stress response), we also determined the 

number of genes involved in each pathway that were assigned python orthologs by our 

orthology analyses, and how many of these genes were expressed at some level in our 

dataset (see Additional file 1, Table S2).  

 
 

Results 

 
Trends in gene expression across organs 

We used our expression data from all python samples (see Additional file 1, 

Table S1) to examine the degree to which different organ systems ‘turn on’ upon feeding 

and then experience ‘regression’ towards pre-feeding patterns of expression at 4DPF. 

We found that for each organ, the majority of differentially expressed genes showed 

immediate up- or downregulation from fasting to 1DPF. Interestingly, each of the four 

organs examined appeared to experience regression towards fasting levels of expression 

by 4DPF to widely different extents, indicating that each organ may have its own unique 

temporal program of growth followed by atrophy. Across organs, the heart appeared to 

shift towards regression the fastest. Other organs experienced reversals of fasted to 

1DPF expression shifts to varying degrees by 4DPF, ranging from the moderately paced 
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small intestine and kidney, to the slow-paced liver (Table 1). STEM analysis further 

supported these temporal patterns of up-regulation and regression across organs (see 

Additional file 1, Fig. S1).  

Regression analysis across time points, which tends to be conservative, 

identified hundreds of genes that were significantly differentially expressed across all 

three time points with 722 genes in the heart, 750 genes in the kidney, 711 genes in the 

liver, and 1,284 genes in the small intestine. Of the 2,922 total genes differentially 

expressed across all four organs, 21% are unique to the heart, 16% are unique to the 

kidney, 15% are unique to the liver, and 32% are unique to the small intestine (Fig. 2). 

Only a single gene was identified as significant in all four organs across all time points: 

coagulation factor X (F10). 

To further dissect patterns of expression change following feeding, we conducted 

pairwise analyses of gene expression between time points for each organ. In the heart, 

pairwise analyses identified 436 significantly differentially expressed genes between 

fasted and 1DPF (208 upregulated and 228 downregulated; Table 1), and 76 genes were 

significantly differentially expressed between 1DPF and 4DPF (36 upregulated and 40 

downregulated). In the kidney, 344 genes were significantly differentially expressed 

between the fasted state and 1DPF (244 upregulated and 100 downregulated), while only 

8 genes were significantly differentially expressed from 1DPF to 4DPF (5 upregulated 

and 3 downregulated). In contrast to the heart, we found many genes (147) significantly 

differentially expressed between fasted and 4DPF in the kidney. In the liver, 461 genes 

were differentially expressed within 1DPF (335 upregulated and 126 downregulated), 

while only 41 genes were significantly differentially expressed from 1DPF to 4DPF (29 

upregulated and 12 downregulated). With 371 genes significantly differentially expressed 

between fasted and 4DPF, among all four organs, the liver was the least ‘reset’ to the 
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fasting condition by 4DPF. Finally, the small intestine showed higher levels of differential 

expression than the other three organs. Within 1DPF, 2,313 genes were significantly 

differentially expressed (1,271 upregulated and 1,042 downregulated). From 1DPF to 

4DPF, 268 genes were upregulated and 146 genes were downregulated, and 892 genes 

were differentially expressed between fasted and 4DPF (Table 1).  

 

Genes and pathways implicated in differential expression in individual tissues 

To move beyond gene-specific responses and towards deciphering the 

mechanisms that may underlie growth responses across different organs, we identified 

pathways that were significantly activated/repressed between fasting and 1DPF (Fig. 3). 

We found consistent evidence that the NRF2 stress-response pathway is activated in all 

tissues, except in the heart, where there was insufficient data to determine the direction 

of activation. We also found relatively consistent evidence for activation of the related 

growth pathways mTOR and PI3K/AKT across organs, although this inference was most 

significant in the heart and small intestine. We also inferred the involvement of the related 

pathways: LXR/RXR, LPS/IL-1-mediated inhibition of RXR function, PPAR/RXR, and 

PPAR signaling in multiple organs; the direction of stimulation of these pathways was 

both variable across organs and inconclusive in some organs. Substantial involvement of 

cytoskeletal pathways, including Actin cytoskeleton signaling and Actin nucleation by 

ARP-WASP complex, was also inferred across organs and positive in the kidney and 

small intestine, yet negative or inconclusive for the heart and liver, respectively.  

In addition to pathway activation/repression patterns shared across organs, a 

number of pathways showed substantial organ-specific directionality of response. 

Examples of this pattern include the growth-related AMPK signaling pathway (which was 

activated in the heart, repressed in the kidney and small intestine, and ambiguous in the 
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liver), ERK5 signaling (activated in the heart and repressed in the small intestine), and 

Integrin signaling (stimulated in the heart and repressed in the small intestine). Lastly, a 

number of pathways appeared to be organ-specific, including p38 MAPK and ERK5 

signaling in the heart and 14-3-3-mediated signaling in the small intestine (Fig. 3). 

Upstream regulatory molecule analysis of 1 DPF responses 

Our inferences of upstream regulatory molecules (URMs) between the fasted 

and 1 DPF time points supported many of the same molecular mechanisms underlying 

organ growth identified via CPA, such as stress response, growth, and lipid signaling 

pathways. We explored URM predictions for all classes of URMs except biological drugs, 

chemicals, and microRNAs. We found that many predicted URMs were shared among 

organs, with 51 shared among all four organs. Predicted URMs also showed substantial 

organ-specific patterns, with a large number of URMs uniquely predicted for each organ. 

The heart showed the largest number of unique URM predictions (269), while only 123, 

167, and 137 unique URMs were predicted in the kidney, liver, and small intestine, 

respectively (Fig. 4A). 

To identify regulators with broadly relevant patterns across multiple organs, we 

focused on URMs predicted significantly in at least three organs and with moderate to 

high activation z-score (z > |1.5|) in at least one organ. A subset of the URMs meeting 

these criteria is shown in Fig. 4B, and the full set is shown in Additional file 1, Fig. S2. 

Many of these URM predictions coincided directly with predicted canonical pathways. 

NFE2L2 and ATF4, key regulators within the NRF2-mediated oxidative stress response 

pathway, were predicted to be strongly activated in the small intestine, liver, and kidney, 

consistent with the canonical pathway analysis predictions of activation of the overall 

NRF2 pathway in these three organs. We also predicted involvement of NFkB and 

NFkBIA, two key regulators within the NFkB signaling response pathway – this 
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inflammatory response pathway is thought to be inhibited by activation of the NRF2-

mediated oxidative stress response pathway [28, 29]. NFkB was predicted to be inhibited 

in the liver and heart, weakly activated in the kidney, and absent in the small intestine, 

while NFkBIA was predicted to be inhibited in the liver, weakly activated in the heart and 

kidney, and again absent in the small intestine. Activation of the growth pathways mTOR 

and PI3K/AKT were additionally supported by activation of predicted regulators such as 

mTORC1 and RAF1, respectively, and the inhibition of PTEN. Lipid signaling pathways 

such as LXR/RXR signaling, LPS/IL-1-mediated inhibition of RXR function, PPAR/RXR, 

and PPAR signaling were supported by several predicted URMs such as PXR ligand, 

NR1H3, NR1I2, NR1I3, SREBF1, SREBF2, PPARA, PPARG, RXRA, PPARGC1A, and 

PPARGC1B (Fig. 4). These URMs were consistently predicted as activated in the small 

intestine, liver, and kidney and either absent or predicted as inhibited in the heart. 

It is notable that while the inferences of activation directions of lipid signaling 

pathways across organs were largely ambiguous and sometimes inconsistent in our CPA 

(Fig. 3), the associated URMs display a consistent trend of predicted activation in the 

small intestine, liver, and kidney, and either predicted inhibition or absence in the heart 

(Fig. 4). Additionally, several URMs, particularly for the mTOR pathway, were predicted 

as inconsistent or even contradictory to the results of CPA or our experimental data. For 

example, while mTORC1 is predicted as significantly activated in the small intestine by 

URMA, this molecule is downregulated in our experimental data (see Discussion for 

details). Additionally, the mTOR protein that is involved in forming both of the main 

complexes of the mTOR signaling pathway (mTORC1 and mTORC2) is predicted to be 

strongly inhibited in the small intestine and weakly inhibited in the kidney and heart. Both 

of these URM predictions appear to contradict the positive activation of the mTOR 

signaling pathway inferred for the small intestine and heart as inferred from the CPA.  
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In addition to URMs involved in key predicted canonical pathways, upstream 

regulatory analysis predicted several other notable URMs with strong activation or 

informative trends across organs. Insulin and INSR were both predicted as strongly 

activated regulators in the kidney, liver, and small intestine, suggesting a possible role of 

insulin receptor signaling in facilitating this regenerative response, which is also 

consistent with activation of the mTOR pathway. Myc, a regulator within the ERK5 and 

p38 MAPK signaling pathways, was predicted as activated in all four organs, although 

strongest in the liver. Several regulators within the MAPK signaling pathway were also 

predicted in URMA, with ATF4 and ATF6 predicted as activated in the kidney, liver, and 

small intestine, and ERK predicted as activated in the kidney and inhibited in the heart 

and liver. These URMs suggest the involvement of the ERK and MAPK signaling 

pathways in this response, even though CPA predictions for these two pathways were 

not substantially strong (Figs. 3 & 4). 

 

Detailed dissection of NRF2 and mTOR pathway responses to feeding 

We were particularly interested in our findings that the NRF2 stress response 

and the mTOR growth pathways appear to be involved in post-feeding growth in multiple 

organs. To investigate these inferences further, we fully dissected evidence from our 

gene expression data for activation of these pathways by visualizing observed and 

inferred evidence for activation of these pathways in the context of IPA-generated 

pathway maps (Figs. 5-6; Additional file 1, Figs. S3-S6). Specifically, we generated 

pathway predictions that integrate both observed shifts in gene expression from our data 

(from fasting - 1DPF), and estimates of activation/inhibition of molecules downstream of 

these observed genes that are inferred based on canonical signaling patterns in these 

pathways. Relevant to our power to detect pathway-wide signals of activity, we were able 
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to associate over 70% of human genes within the mTOR and NRF2 pathways with 

python orthologs that were expressed at some level in our dataset (see Additional file 1, 

Table S2); thus, we expect that our power and degree of resolution of pathway activation 

for these particular pathways is quite good.  

Pathways maps for mTOR responsiveness between fasted and 1DPF show both 

common and divergent patterns of pathway activation among organs (Figs. 5 & Additional 

file 1, Fig. S3). The heart (Fig. 5A) and kidney (see Additional file 1. Fig. S3) both show 

similar patterns of mTOR activation, including the activation of both the mTORC1 and 

mTORC2 complexes. Major differences in mTOR activation between these two organs 

includes strong evidence for downregulation of AMPK and the eIF4 complex in the heart, 

yet, no direct and/or clear evidence for up- or downregulation of these complexes in the 

kidney. In the small intestine, the mTOR pathway was inferred to be strongly 

downregulated, as is AKT; AMPK and the eIF4 complex showed mixed signs of activation 

(both positive and negative) (Fig. 5B). It is also notable that different organs showed 

different levels of internal consistency in the integration of results with the known 

functionality within the mTOR pathway. For example, the heart and kidney have either 

zero or one pathway connection in which gene expression results contradict the direction 

of activation of the pathway (pink arrows in Figs. 5A & Additional file 1, Fig. S3) – for the 

kidney this disagreement occurs in the relationship between RSK and inhibition of TSC1 

(see Additional file 1, Fig. S3). In the small intestine, eight such disagreements occur 

(Fig. 5B), and most of these occur at the steps immediately above or below activation of 

mTORC1 and mTORC2 complexes. The liver was the only organ that contained no 

signal for the activation or repression of mTOR pathway (i.e., no differentially expressed 

genes in this pathway were observed). It should be noted that inferences for mTOR 

activation from CPA are at times contradictory to those identified via URMA (Figs. 3-5; 
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Additional file 1, Fig. S3). While predictions based on the pathway maps indicate 

downregulation of mTOR in the small intestine, the z-score suggests slight upregulation 

of this pathway during regenerative growth in this tissue. URMA predicts inhibition of the 

mTOR molecule in the heart, kidney, and small intestine, while mTORC1 activation is 

predicted in both the kidney and small intestine, and undefined in the heart. Thus, while 

mTOR involvement in organ regenerative growth is clear across organs, the relationships 

between pathway scores, molecule-level inferences, and URMs are complex.  

Pathway maps for the NRF2-mediated oxidative stress response between fasted 

and 1DPF indicate consistent activation of this pathway in the kidney, liver, and small 

intestine (Fig. 6; Additional file 1, Figs. S4-S6). In addition to predicted responses inferred 

from CPA (Figs. 2 & 5; Additional file 1, Figs. S4-S6), multiple observed genes in our 

dataset downstream of NRF2 are upregulated in these three organs, including 

thioredoxin (TXN), glutathione s-transferase mu 1 (GST), and peroxiredoxin 1 (PRDX1), 

providing confirmatory evidence of NRF2 activation. The response of this pathway in the 

heart is, however, less clear (see Additional file 1, Fig. S4). In the heart, NRF2 responses 

were predicted based on the observed fold-change values of only four genes, and 

predictions suggest inhibition of this pathway in the heart (see Additional file 1, Fig. S4) 

although the direction (activation versus inhibition) was not statistically significant (Fig. 3). 

It is also notable that we observed differences in the inferred consistency of integrated 

gene expression results and activation/inhibition inferences across organs (Fig. 6; 

Additional file 1, Figs. S4-S6): in the heart, only two inconsistencies are observed while 

the kidney, liver, and intestine have one, two, or four inconsistencies, respectively. 

Inferences from URMA for the activation of NRF2 are highly consistent with activation 

inferences from CPA, including significant URM activation predicted for NFE2L1 in the 

liver and intestine and significant activation of NFE2L2 in kidney, liver, and small intestine 
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(Fig. 4). In contrast, upstream regulators of this pathway were not predicted to be 

significantly activated or inhibited in the heart, inconsistent with the predictions given in 

the pathway figure (Figs. 4 & Additional file 1, Fig. S4). 

 
 

Expression response between 1 and 4 DPF 

In comparison to expression between fasting and 1DPF, the IPA analyses 

conducted on genes differentially expressed between 1DPF and 4DPF across organs 

predicted a substantially smaller number of pathways as significantly enriched, the 

majority of which were predicted with ambiguous directions of activation. This is likely due 

to the substantially smaller number of significantly differentially expressed genes 

identified in all organs between 1DPF and 4DPF, which is expected because 4DPF 

represents a sampling time intermediate between the peaking of organ growth and the 

regression of these phenotypes. This time interval (1DPF-4DPF) aimed to capture the 

early stages of organs shifting expression towards organ atrophy and towards a reversion 

to the fasted state, and we expected to observe partial reversals in pathways predicted to 

be active between fasted and 1DPF, and perhaps additional new pathways involved in 

apoptosis and atrophy. However, we found few consistent or clear patterns of 

interpretable pathway involvement between the 1DPF and 4DPF time points (see 

Additional file 1, Fig. S7). Pathways predicted for this time interval include various 

pathways related to biosynthesis and stress response, such as unfolded protein 

response. We also inferred inconsistent involvement of these pathways across organs, 

and none were predicted with a direction of activation (see Additional file 1, Fig. S7). Only 

one pathway, mitotic roles of polo-like kinase, was predicted as significant and with a 

direction of activation between 1DPF and 4DPF, and was predicted only in the small 

intestine. While we did infer a single lipid signaling pathway that also was indicated by 
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CPA predictions from the fasted to 1DPF interval (LPS/IL-1 mediated inhibition of RXR 

function), the lack of predicted directions of activation and unclear involvement across 

organs prevents informative interpretation of the activity of this pathway between 1DPF 

and 4DPF. Collectively, these results suggest that the 4DPF time point may not be 

sufficient to capture shifts in gene expression that elucidate the mechanisms involved in 

the early stages of regression of organ phenotypes.  

 

Discussion 

 
A detailed understanding of the molecular mechanisms capable of driving 

regenerative growth in vertebrates may provide important insights into the treatment of 

diverse human diseases. Because traditional vertebrate model systems offer limited 

insight into natural organ regenerative processes, non-traditional model systems, 

including snakes in general and Burmese pythons in particular, hold great potential for 

providing unique insights into vertebrate regenerative organ growth processes. In this 

study we have found that multiple integrated growth pathways, in addition to multiple 

stress-response pathways, appear to underlie the coordinated organ regenerative 

process in Burmese pythons upon feeding. Despite distinct patterns of gene expression 

associated with growth for each organ, pathway and upstream regulatory molecule 

analyses reveal substantial similarities in pathways associated with post-feeding, 

extreme-growth responses across multiple organs. Specifically, we found evidence for a 

consistent interactive role of three major types of pathways underlying growth responses 

in python organs following feeding, including the related growth pathways mTOR and 

PI3K/AKT, lipid-signaling pathways such as PPAR and LXR/RXR, and stress-

response/cell-protective pathways including NRF2.  
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mTOR and other growth pathways underlying organ growth 

Across the four organs examined, we found evidence for the involvement of the 

mTOR signaling pathway as a key integrator of growth signals underlying post-feeding 

regenerative organ growth. This pathway integrates processes for the use of energy and 

nutrients to regulate growth and homeostasis [30]. mTOR interacts with multiple other 

pathways, including PI3K/AKT, several lipid metabolism and signaling pathways [30, 31], 

and the NRF2-mediated oxidative stress response [32, 33] – all of which are also active 

in multiple organs during growth (Figs. 3-5). mTOR complex 1 (mTORC1) is the most 

well-characterized of the two mTOR complexes and integrates signaling from growth 

factors, energy status, oxygen, and amino acids to promote cell growth when activated 

[31]. The TSC1/2 complex transmits upstream signals from growth factor and insulin 

signaling to modulate the activity of mTORC1 and its interaction with other pathways 

including PI3K/AKT [30, 31, 34]. The effector kinases of these external pathways 

inactivate the TSC complex through phosphorylation, thus, indirectly activating mTORC1 

[30, 31]. AKT can also directly activate mTORC1 through phosphorylation of an mTORC1 

inhibitor. In a low energy state, AMPK inhibits mTORC1 by phosphorylating regulatory 

associated protein of mTORC1 (RAPTOR) [30, 31]. mTORC2 signaling is less well-

understood, but is known to respond to growth factors through PI3K signaling [30].  

CPA of gene expression in the first 24 hours after feeding indicate that 

involvement of the mTOR signaling pathway is significant in the small intestine (predicted 

activation), but insignificant in both the heart (predicted activation) and kidney (activation 

state undetermined). The liver lacked evidence of involvement of the mTOR signaling 

pathway from CPA (Figs. 3-4). In URM analysis, the mTOR molecule itself was predicted 

to be downregulated in the heart, liver, and intestine with no presence in the kidney, 
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which contrasts our CPA results (Figs. 3-4). However, URMA-predicted activation of the 

mTORC1 complex is supported in both the kidney and small intestine with undefined 

involvement in the heart, and the liver shows no signal for mTORC1 (Fig. 4). 

Interestingly, CPA indicate mTORC1 is downregulated in the small intestine at 0-1DPF 

(Fig. 6), yet this downregulated state of mTORC1 is based only on the downregulation of 

a single gene, G protein subunit beta 1 like (GNB1L), which IPA identifies as a subunit of 

the mTORC1 complex. In contrast, AMPK signaling is predicted to be downregulated in 

the kidney and small intestine, indicative of elevated ATP levels and active mTORC1 [30, 

31] (Fig.3). It is notable that nearly all genes in the mTOR pathway were associated with 

python orthologs that were observed as expressed across our dataset (see Additional file 

1, Table S2), which suggests that our inferences of non-responsive genes within the 

mTOR pathway are biologically meaningful (e.g., true negatives), rather than 

representative of a lack of data. Thus, mTOR signaling in python tissues during 

regenerative organ growth may include non-canonical features compared to typical 

models of mTOR signaling that account for the partial responsiveness of genes and 

targets inferred from our CPA.  

Our results identify mTOR as a central regulator and integrator of a number of 

diverse growth signals that drive post-feeding regenerative organ growth in Burmese 

pythons. Insulin signaling represents a key-regulating factor of the mTOR pathway [31], 

and we found multiple lines of evidence indicating roles of insulin signaling in post-

feeding growth responses. Specifically, 0-1DPF URMA inferred the activation of INSR 

and insulin, and the inhibition of INSIG1 and INSIG2, in the kidney, small intestine, and 

liver, and the inverse of these activation patterns in the heart. INSIG1 and INSIG2 are 

negative regulators of SCAP [35, 36], which in turn regulates SREBP activity. Consistent 

with inferences of inhibition of INSIG1-2, URMA predicted the upregulation of SREBF1 
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and SREBF2, which provide evidence of an increase in sterol-regulatory element activity 

coincident with organ growth [36, 37] (Fig. 4). In addition to the interaction of insulin 

signaling and mTOR activity, we also found multiple lines of evidence for PI3K/AKT 

signaling that would interact with mTOR. Our URMA indicates significant downregulation 

of PTEN, an upstream regulator of the PI3K/AKT pathway, across all four organs, and 

CPA predicts activation of the PI3K/AKT signaling pathway in the small intestine and 

liver.  

Evidence from previous studies also support the role of mTOR, PI3K/AKT, and 

AMPK signaling mechanisms in python post-feeding growth, at least in the heart. 

Western blots of python cardiac tissue post-feeding support the inference of early 

activation of mTOR and PI3K/AKT pathways by demonstrating that phosphorylated AKT 

and MTOR proteins increase significantly in abundance between 12 and 24 hours post-

feeding [11]. These western blots also demonstrated phosphorylated AMPK protein was 

upregulated within 24 hours post-feeding, but lagging temporally behind the peak in 

phosphorylated MTOR and AKT [11], consistent with the antagonistic relationship 

between AMPK and MTOR/AKT [30]. These independent lines of evidence for the roles 

of mTOR, PI3K/AKT, and AMPK signaling in python post-feeding organ growth confirm 

our inferences of the central roles of these pathways, and support the power of pathway 

and URM inferences for inferring signaling mechanisms.  

MAPK and related pathways also appear to be prominently involved in organ 

growth responses post-feeding, which is sensible given their known interactions with 

multiple growth pathways, including PI3K/AKT signaling and mTOR [38-40]. Our data 

reveal the involvement of MAPK signaling most clearly in the heart, with significant 

enrichment and predicted inhibition of p38 MAPK signaling and significant activation of 

ERK5 signaling (Fig. 3). ERK5 is a member of the Mitogen-activated protein kinases 
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(MAPKs) that is crucial to cell proliferation and activated in response to growth factors 

and oxidative stress [41, 42]. MYC is a downstream transcription factor regulated by the 

MAPK pathway and ERK5 specifically [43, 44], and an essential regulator of development 

and cell proliferation [45-47]. Our URMA predict significant activation of MYC in all four 

organs, indicating a broad role of active MAPK signaling in post-feeding organ growth in 

the python.  

 
NRF2 – protective function and interaction with growth pathways 

One of the strongest and most consistent signals in the canonical pathway and 

upstream regulatory molecule analyses was the involvement of the NRF2-mediated 

oxidative stress response pathway. Commonly associated with anti-aging and longevity 

[48-50], injury repair, and mitigation of inflammation [51], evidence for the central 

involvement of the NRF2-mediated oxidative stress response pathway in the small 

intestine, liver, and kidney begs the question of whether there is an important yet largely 

unappreciated role for stress-response signaling pathways in growth responses, and 

regenerative organ growth in particular.  

The NRF2 pathway was significantly upregulated in small intestine, kidney, and 

liver within the first day following feeding (Fig. 3), and the NRF2 transcription factor 

(NFE2L2) was one of the most significant and highest in magnitude URMs predicted in 

these three organs (p-values < 1.55e-10, z-scores > 3.0) (Fig. 4). The 24 hour period 

following feeding in Burmese pythons involves unparalleled rates and magnitudes of 

organ growth, and also includes massive upregulation of metabolism – up to 44-fold 

increases in aerobic metabolism, which is among the highest fluctuation known for any 

vertebrate [3]. It is, therefore, sensible that activation of NRF2 is related to these major 

shifts in oxidative metabolism, and associated generation of reactive oxygen species [1, 
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2, 6, 9]. An open question, however, is what broader role the activation of NRF2 may play 

in facilitating the extraordinary growth responses associated with feeding in pythons. For 

example, post-fed Burmese python blood plasma has been shown to convey resistance 

to apoptosis to mammalian cells, even with exposure to high fatty acid concentrations 

that would otherwise cause cell death [11, 17]; such cell-protective qualities may be 

related to signals that activate NRF2 and/or other stress-response pathways. 

Interestingly, in addition to cell-protective roles of NRF2, this pathway also contains 

multiple points of integration with various growth pathways, including those activated in 

python organ regenerative growth.  

The NRF2-mediated oxidative stress response pathway interacts with multiple 

pathways predicted in our canonical pathway analysis [52-57] (Figs. 3-4). The PI3K/AKT 

signaling pathway, predicted to be upregulated upon feeding in both the liver and small 

intestine, is essential for regulating the antioxidant functions of NRF2, and studies have 

shown that inhibition of this signaling pathway leads to attenuation of NRF2 activities [58, 

59]. This interaction is evident when examining the role of NRF2 in the proliferation of 

cancer cells. Studies have shown that NRF2 is able to redirect glucose and glutamine 

into anabolic pathways through activation of PI3K/AKT signaling [60]. The activated 

PI3K/AKT pathway leads to greater accumulation of NRF2 in the nucleus, which allows 

NRF2 to enhance metabolic activities as well as promote cell proliferation and 

cytoprotection [60]. The PI3K/AKT signaling pathway activates mTOR activity in response 

to growth factors, and this and previous studies [11] have shown that PI3K/AKT and 

mTOR signaling are key growth pathways underlying organ regenerative growth in the 

Burmese python. Therefore, there appears to be strong and coordinated links between 

growth signaling (via PI3k/AKT and mTOR) and stress response signaling via NRF2 

underlying organ growth in pythons following feeding. Like mTOR, a large majority of 
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genes in the NRF2 pathway were associated with python orthologs and were observed 

as expressed across our dataset (see Additional file 1, Table S2), which indicates that 

our inferences of non-responsive genes within the NRF2 pathway are likely true 

negatives, rather than artifacts due to a lack of ortholog identification in the python. 

Accordingly, predicted but unobserved expression responses in the NRF2 pathway in 

pythons suggest that the absence of expected responses may represent novel or non-

canonical aspects of python biology or of the organ regeneration response in pythons. 

In addition to NRF2-mediated oxidative stress response, evidence for the 

involvement of other stress response signaling mechanisms in python post-feeding organ 

growth was also observed. EIF2 signaling, important in translational control and 

responsiveness to conditions of environmental stress [61, 62], is strongly downregulated 

in the intestine, yet, absent in the other three organs (Fig. 3). Acute phase response 

signaling, which is involved in restoring homeostasis following inflammation or injury [63], 

is predicted to be strongly downregulated in the liver and moderately upregulated (but 

non-significant in the heart; Fig. 3). The precise roles of these additional stress response 

mechanisms in regenerative organ growth in the python remains an open question, 

although there is strong and consistent signal for the involvement of multiple stress 

response pathways overall in python post-feeding organ growth. 

 
Role of lipid signaling in driving growth 

Previous studies have shown evidence that molecules responsible for triggering 

python post-feeding organ growth circulate in the blood of the Burmese python [11, 64]. 

Riquelme et al. demonstrated that post-feeding python plasma was capable of inducing 

cardiomyocyte growth in pythons and mice, and that fasted python plasma supplemented 

with three particular fatty acids successfully stimulated cardiomyocyte growth in mice 
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[11]. Because these fatty acids only facilitated a growth response in the presence of 

fasted Burmese python serum, it is likely that python plasma contains additional factors 

required for successful post-feeding regenerative growth and that fatty acids are only 

partially responsible for stimulating growth responses. In the heart, we found significant 

enrichment and predicted activation for the LXR/RXR activation pathway as well as 

predicted activation of this pathway (although insignificant enrichment with P>0.01) in the 

small intestine (Fig. 3). LXR is a potent activator of the SREBP-1c gene [65], and our 

data predict clear and significant activation of both SREBF1 and SREBF2 upon feeding in 

the kidney, liver, and small intestine with significant downregulation and undefined 

direction for SREBF1 and SREBF2 in the heart, respectively (Fig. 4). When activated, 

these proteins directly enhance genes important for the uptake and synthesis of various 

lipids. SCAP, important for the activation of these SREB molecules, is also predicted to 

be strongly activated in the kidney, liver, and small intestine (Fig. 4) [35, 36, 66]. 

We also examined PPAR signaling as a potential pathway for lipid signaling 

during this regenerative growth, given the central role of PPAR in mediating fatty acid 

signaling as well as its effects on gene expression [67]. PPAR has also been identified as 

an important regulator of cell survival during wound repair and regeneration [68]. 

Although CPA did not detect significant PPAR signaling activation, URMA significantly 

predicted PPARA, PPARG, PPARGC1A, and PPARGC1b involvement across organs, 

typically inhibited in the heart and activated in the other three organs in 0-1DPF 

comparisons (Fig. 4). Given the variations in pathway and URM inferences between the 

heart and the other three organs, the question of whether fatty acids also play a similar 

stimulatory role in regenerative growth in the small intestine, liver, and kidney as they do 

in the heart remains. Our results do, however, argue for a poorly understood yet central 

role of lipid-signaling in these growth responses, and suggest that the unusually strong 
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bioactivity of fatty acids may elicit growth through conserved canonical pathway signaling 

mechanisms.  

 

Early phases of organ regression following digestion 

Physiological studies have shown that python post-feeding organ growth peaks 

between 1DPF and 3DPF [1, 2, 5, 9] and that phenotypes begin to decline by 4DPF [2, 3, 

7, 9]. Thus, as post-feeding growth phenotypes reverse from 1DPF to 4DPF, we 

expected to observe shifts towards the fasted state, such as the reversal or inhibition of 

growth-associated pathways. Relative to comparisons between fasting and 1DPF, 

comparisons between 1DPF and 4DPF yielded nearly an order of magnitude fewer 

significantly differentially expressed genes (Table 1). Accordingly, expression heatmaps 

(Fig. 2) and expression profile summaries (see Additional file 1, Fig. S1) show that 

expression profiles of many genes at 4DPF tend to remain elevated (i.e., similar to levels 

at 1DPF), or exist at intermediate levels (between fasted and 1DPF levels of expression). 

We did not observe any particularly informative trends in canonical pathways and 

upstream regulator molecule predictions (see Additional file 1, Fig. S7) associated with 

shifts in gene expression from 1DPF to 4DPF, and this result is not surprising given the 

relatively small number of genes that significantly change between these time points. 

Among the predicted pathways were several that are related to stress response and 

biosynthesis (see Additional file 1, Fig. S7), although a lack of predicted direction of 

activation prevents detailed interpretation of the involvement of nearly all pathways 

predicted between 1DPF and 4DPF. The only pathway predicted as significant and with a 

direction of activation between 1DPF and 4DPF was the mitotic roles of polo-like kinase 

pathway, which was activated in the small intestine (see Additional file 1, Fig. S7). It 

therefore remains an open question whether atrophy and other processes involved in 
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reverting to the fasting state are controlled actively (via a new signal that stimulates the 

apoptotic and atrophy processes), passively (the signal(s) that stimulates the initial 

cascade of responses fades or stops), or some combination of the two mechanisms. 

Collectively, our results suggest that comparisons between the 1DPF to 4DPF time points 

may not be sufficient to predict the physiological mechanisms involved in phenotypic 

regression with adequate power. Further experiments, possibly with multiple later-stage 

time point sampling, may be required to address outstanding questions about how these 

growth phenotypes are reversed.  

 

Comparison of python organ regeneration to other regenerative model systems 

Organ regeneration in snakes represents an extreme and unique phenotype 

among vertebrates. However, other examples of regenerative growth do exist among 

vertebrates, such as limb regeneration in salamanders [69], fin regeneration in fish [70], 

and regenerative heart growth in zebrafish [71, 72] and prenatal mammals [73]. This 

begs the question of whether or not these regenerative responses share common 

mechanisms, and as we continue to better understand the mechanisms driving 

regenerative growth in snakes, such key comparisons can begin to be made. While none 

of these other vertebrate regenerative growth systems directly parallel regenerative organ 

growth in snakes, regeneration of heart tissue in zebrafish is the most analogous 

comparison, as it occurs in adult organisms and represents regenerative growth of organ 

tissue specifically. Following injury or amputation of cardiac tissue, zebrafish hearts grow 

primarily by dedifferentiation and subsequent proliferation of cardiomyocytes [72]. 

Conversely, python hearts grow only by hypertrophy [3, 11, 74], and therefore may be 

driven by largely different regenerative mechanisms. The python small intestine, liver, 

and kidney, however, do grow via by hypertrophy and hyperplasia [3, 5, 11, 12]; while 
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they represent different organ systems than the zebrafish heart, they may be driven by 

similar pathways that regulate cell proliferation in general. Indeed, there are parallels 

between zebrafish and python responses in the shared involvement of p38 MAPK 

signaling, a negative regulator of cardiomyocyte proliferation in zebrafish [71] that we 

infer to be inhibited in the Burmese python heart between fasting and 1DPF (Fig. 3). 

Additionally the mitotic roles of polo-like kinase pathway, which was the only pathway we 

predicted as significant and with a direction of activation between 1DPF and 4DPF 

(activated in the small intestine; see Additional file 1, Fig. S7) is also involved in zebrafish 

regenerative heart growth. Cell-cycle regulation by polo-like kinase 1 is an important 

component of cardiomyocyte proliferation in zebrafish [72], and therefore may be playing 

a similar role in the python small intestine, although it is notable that it was not predicted 

as significant between fasting and 1DPF, when growth is presumably greatest in this 

organ [3, 5]. Other pathways involved in zebrafish regenerative growth, such as IGF 

signaling, FGF signaling, HIPPO signaling, and TGF-Beta signaling [71], were not 

inferred as significant based on canonical pathway analyses of either post-feeding time 

interval in our study of the Burmese python. TGFB1 and IGF1 growth factors were, 

however, inferred in our URMA analysis of the fasting to 1DPF interval (see Additional file 

1, Fig. S2), suggesting that there may still be some involvement of these growth factors in 

the regulation of regenerative growth in the Burmese python. A key conclusion based on 

our study is that, to our knowledge, mTOR signaling and NRF2-mediated oxidative stress 

response pathways have not been implicated in zebrafish regenerative growth. Thus, 

regenerative organ growth in the Burmese python appears to remain quite unique among 

vertebrates, both in the nature of the phenotype, and now in the molecular mechanisms 

underlying growth.  
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Conclusions 

Multiple coordinated growth pathways appear to play an important role in 

facilitating regenerative organ growth in multiple tissues of the Burmese python, and the 

overlap of pathways across organs suggests common signaling molecules may drive this 

response – consistent with evidence that common factors circulating in the plasma of 

pythons are capable of eliciting growth [11, 64]. Our analyses provide strong evidence for 

the involvement of particular growth and stress response pathways in post-feeding organ 

growth responses in multiple organs, although it is notable that our inferences of the 

activation versus inhibition of mechanisms was not always consistent across analyses 

(e.g., CPA versus URMA). As discussed above, such conflicting inferences could be due 

to the fundamental differences in CPA and URMA (e.g., Fig. 1), in that they are 

integrating very different sources of evidence, coupled with the possibility that the 

continuous nature of this response may survey various mechanisms during an inflection 

point of activity that can confound inferences of directionality. However, contradictory 

inferences of mechanistic activation may also suggest that some of these core signaling 

pathways function differentially in snakes, or that some molecules or pathways are 

signaling via non-canonical mechanisms. Experiments have demonstrated that exposure 

to Burmese python 2DPF blood serum elicits significant growth of rat cardiomyocytes 

[11], as well as increases in size and insulin production of human pancreatic beta cells 

[17]. These findings suggest that even if regenerative organ growth in snakes is achieved 

in part by non-canonical pathway or regulator activity, core aspects of signaling 

underlying organ growth in pythons is conserved across vertebrates. Among the most 

intriguing results of this study is the consistent predicted activation of the NRF2-mediated 

oxidative stress response pathway, and NRF2-related signaling molecules, during 
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regenerative organ growth. The integration of NRF2 signaling with other growth 

pathways, including mTOR, provide an exciting and novel mechanistic hypothesis for 

how NRF2 and other stress-response pathways may play an important yet largely 

unappreciated role in regenerative growth responses in vertebrates.  
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Tables 

 

Table 2.1. Numbers of differentially expressed genes between pre- and post-
feeding time points for the four organs studied. For each comparison, the numbers of 

up and downregulated genes were inferred using pairwise analysis with a Benjamini-
Hochberg corrected p-value < 0.05. 

 
Time point Comparisons 

 fasted v 1DPF 1DPF v 4DPF fasted v 4DPF 
 Up Down Up Down Up Down 
Heart 208 228 36 40 5 3 
Kidney 244 100 5 3 125 22 
Liver 335 126 29 12 295 76 
Small 
Intestine 

1,271 1,042 268 146 547 345 
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Table 2.S1. Sequencing information for all included python samples. PE76 and 
PE120 stand for the sequence read type (e.g., Paired-end 76bp). The year provided 

represents the year in which the sample was sequenced.   
  

Tissue																			
	

Timepoint	
Animal	
ID	 Instrument	 cDNA	prep	kit	 Year	

Sequence	
type	

Library	
Name	

Heart	 fasted	 AI6_1	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 fasted	 AI6_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Heart	 fasted	 AI11	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 fasted	 AI8	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Heart	 fasted	 U25	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Heart	 1DPF	 Z12	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 1DPF	 Z14_1	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 1DPF	 Z14_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Heart	 1DPF	 Z18	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 4DPF	 Y5_1	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 4DPF	 Y5_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Heart	 4DPF	 Y18	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Heart	 4DPF	 Y23	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Kidney	 fasted	 AI8	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Kidney	 fasted	 U25	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Kidney	 fasted	 AI6_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 fasted	 AI6_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 fasted	 AI11_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 fasted	 AI11_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 fasted	 AJ6_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 fasted	 AJ6_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 fasted	 AJ6_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Kidney	 1DPF	 Z12_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 1DPF	 Z12_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 1DPF	 Z14_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 1DPF	 Z14_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 1DPF	 Z18_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 1DPF	 Z18_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 1DPF	 Z18_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Kidney	 1DPF	 V43	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Kidney	 1DPF	 Z14_3	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
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Kidney	 4DPF	 Y18_1	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Kidney	 4DPF	 Y24	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Kidney	 4DPF	 Y5_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 4DPF	 Y5_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 4DPF	 Y5_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Kidney	 4DPF	 Y18_2	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 4DPF	 Y18_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Kidney	 4DPF	 Y23_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Kidney	 4DPF	 Y23_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Liver	 fasted	 AI6_1	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Liver	 fasted	 AI6_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Liver	 fasted	 AI8	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Liver	 fasted	 AI11	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Liver	 fasted	 U25	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Liver	 1DPF	 V43	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Liver	 1DPF	 Z14	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Liver	 1DPF	 Z18	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Liver	 1DPF	 Z12_1	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Liver	 1DPF	 Z12_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Liver	 4DPF	 Y5_1	 GAIIx	 Illumina	Truseq	 2010	 PE76	 TC01	
Liver	 4DPF	 Y5_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Liver	 4DPF	 Y18	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Liver	 4DPF	 Y23	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Liver	 4DPF	 Y24	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Small	intestine	 fasted	 AI8	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Small	intestine	 fasted	 AI11	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Small	intestine	 fasted	 U25	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-A	
Small	intestine	 fasted	 AI6_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 fasted	 AI6_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 fasted	 AI11_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 fasted	 AI11_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 fasted	 AJ6_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 fasted	 AJ6_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Small	intestine	 fasted	 AJ6_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Small	intestine	 1DPF	 Z12_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 1DPF	 Z12_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 1DPF	 Z14_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
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Small	intestine	 1DPF	 Z14_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 1DPF	 Z14_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Small	intestine	 1DPF	 Z18_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 1DPF	 Z18_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 1DPF	 V43	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Small	intestine	 1DPF	 Z18_3	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Small	intestine	 4DPF	 Y24	 HiSeq	 NEB	Next	 2013	 SE50	 pRNA-B	
Small	intestine	 4DPF	 Y5_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 4DPF	 Y5_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 4DPF	 Y18_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 4DPF	 Y18_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
Small	intestine	 4DPF	 Y18_3	 GAIIx	 Illumina	Truseq	 2011	 PE120	 TC05	
Small	intestine	 4DPF	 Y23_1	 HiSeq	 Illumina	Truseq	 2011	 SE50	 s1	
Small	intestine	 4DPF	 Y23_2	 GAIIx	 Illumina	Truseq	 2011	 PE120	 SP03	
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Table 2.S2. The number of genes involved in each pathway as defined by IPA, the 
number of genes in the pathway that were assigned python orthologs via tblastx, 

and the number of those python orthologs observed with a non-zero level of 
expression in our dataset.  

 

 

 

 

Pathway Organ Number of 
Genes 

Number of genes 
assigned an 
orthologous 
python gene 

Number of genes 
assigned an 
orthologous 
python gene and 
observed as 
expressed in 
dataset 

mTOR 

Heart  

199 172 

169 
Kidney 170 
Liver 167 
Small Int. 171 

NRF2 

Heart 

292 223 

220 
Kidney 222 
Liver 218 
Small Int. 220 
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Figures 

 

 
Figure 2.1. Conceptual overview of differences between Canonical Pathway 

Analysis (CPA) and Upstream Regulatory Molecule Analysis (URMA). Pairwise 
analyses on experimental gene expression data (A) identify significantly upregulated and 
downregulated genes (B). Significantly differentially expressed genes are then analyzed 
in two distinct IPA analyses (CPA and URMA) (C) Canonical Pathway Analysis predicts 
pathway activation based on overlap of gene expression data with molecules within the 

pathway. (D) Upstream Regulatory Molecule Analysis predicts activation of specific 
regulatory molecules based on downstream molecules in our gene expression dataset. 
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Figure 2.2. Summary of significantly differentially expressed genes for all four 

organs identified via regression analysis. (A) Venn diagram depicting the numbers of 
genes significantly differentially expressed across time points. Darker colors indicate a 

large number of genes and lighter colors indicate a smaller number of genes. (B) 
Heatmaps depicting all significantly differentially expressed genes across all time points 
in each organ. 722 genes were significantly differentially expressed in the heart. There 

were 750 genes significantly differentially expressed in the kidney. 711 genes were 
significantly differentially expressed in the liver and 1,284 genes showed significant 

differential expression in the small intestine. 
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Figure 2.3. Canonical pathways predicted to be activated or inhibited from gene 
expression data. Each pathway shown is significantly enriched for our genes with a 
Fisher’s Exact test p-value less than 0.01 (depicted with an asterisk). Pathways were 

shown only if they met our criteria for significance and had a predicted activation state in 
at least one organ. Z-scores of 0.000 indicate pathway predictions that lack a bias in the 
direction of gene regulation observed in our dataset. PPAR signaling (P<0.05) was also 

included. 
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Figure 2.4. Predicted upstream regulators from IPA analysis of gene expression 
changes from fasted to 1DPF. (A) Venn diagram of all upstream regulatory molecules 
analyzed. (B) Heatmap of predicted activation z-scores for selected classes of upstream 

regulatory molecules. Green indicates predicted activation, blue indicates predicted 
inhibition, white indicates the regulator is not predicted to function in that organ, and grey 
indicates that the upstream regulator is predicted to have significant involvement but the 
activation state cannot be determined based on the gene expression data. Regulators 

shown in this heatmap were filtered by three conditions: 1) were present in at least three 
of the four organs, 2) are significantly predicted (p-value < 0.05), and 3) have activation 

z-scores greater than |1.5| in at least one organ. Biological drug, chemical, and 
microRNA categories were excluded from URM analyses. 
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Figure 2.5. Combined gene expression and predicted activation information for the 
mTOR pathway in the heart and small intestine. (A) Gene expression and predicted 

activity for the mTOR pathway in the heart. (B) Gene expression and predicted activity for 
the mTOR pathway in the small intestine. Differentially expressed genes identified in our 

RNAseq data set are highlighted in red (upregulated) and blue (downregulated) while 
predicted activation states are highlighted in orange (activation) and green (inhibition). 

(C) CPA and URMA results for pathways and upstream regulatory molecules involved in 
mTOR signaling and other relevant growth pathways. 
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Figure 2.6.  IPA generated pathway prediction for the NRF2-mediated oxidative 
stress response in the small intestine. Predicted activation state of the pathway was 

estimated using genes identified as significantly differentially expressed from our RNAseq 
data set. 
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Figure 2.S1. STEM analysis of all genes differentially expressed across all time 
points (fasted – 4DPF). All significant expression profiles are shown with P-value and 

number of genes following that profile.  
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Figure 2.S2. Heat maps depicting activation z-scores for classes of upstream 
regulator molecules significant between fasted and 1DPF. Green indicates predicted 

activation, blue indicates predicted inhibition, white indicates that the regulator is not 
predicted to function in that organ, and grey indicates that the upstream regulator is 

predicted to have significant involvement but the activation state cannot be determined 
based on the gene expression data. Regulators shown on the heat maps were filtered by 

activation z-scores greater than |1.5| in at least one tissue. 
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Figure 2.S3. Combined gene expression and predicted activation information for 
the mTOR pathway in the kidney. Differentially expressed genes identified in our RNA-
seq data are highlighted in red (upregulated) and blue (downregulated) while predicted 

activation states are highlighted in orange (activation) and green (inhibition). 
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Figure 2.S4. Pathway prediction for the NRF2-mediated oxidative stress response 
in the heart. Predicted activation state of the pathway was estimated using genes 

identified as significantly differentially expressed form our RNA-seq data set. 
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Figure 2.S5. Pathway prediction for the NRF2-mediated oxidative stress response 
in the kidney. Predicted activation state of the pathway was estimated using genes 

identified as significantly differentially expressed from our RNA-seq data set. 
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Figure 2.S6. Pathway prediction for the NRF2-mediated oxidative stress response 
in the liver. Predicted activation state of the pathway was estimated using genes 

identified as significantly differentially expressed from our RNA-seq data set.  
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Figure 2.S7. Pathway analysis of all genes significantly differentially expressed 
from 1DPF to 4DPF in the four organs. Bar graph showing significant canonical 

pathways (Fisher’s Exact test P<0.01) enriched for genes differentially expressed at 
these time points. Pathways were filtered to include those with at least one significant p-

value in one of the four organs. Bars are colored based on the predicted activation Z-
score for that pathway. 
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Chapter 3  

Identifying core signaling mechanisms underlying postprandial regenerative kidney 

growth in snakes using a multi-species comparative approach 

 

Introduction 

 

Understanding the mechanisms underlying organ regenerative growth in 

vertebrates poses exciting potential for improving our understanding of the factors that 

regulate organ growth, as well as eventually for the treatment of human diseases. 

Traditional model systems, however, offer limited insight into natural organ regeneration 

due to the subtleties of this response in these organisms [1-4]. Among organ systems, 

kidney function, development, and diseases have been thoroughly studied in model 

vertebrate systems [2, 3, 5-12]. While some mechanisms of kidney regenerative growth 

are well understood, previous studies have been based mostly on regeneration following 

injury or disease [9, 10, 12-17], thereby lacking a perspective on kidney regenerative 

growth based on non-injurious natural conditions. 

To provide new insight into mechanisms underlying natural tissue regeneration in 

vertebrates, new non-traditional model systems that possess extreme regenerative 

growth responses are valuable. Snakes represent one such non-traditional model system 

because multiple species of snakes demonstrate a number of extreme phenotypes, 

including extreme organ regenerative growth following feeding [18-32]. The quintessential 

model system for studying these extreme postprandial responses in snakes has been the 

Burmese python [18, 24-29, 31-34]. Burmese pythons have evolved the ability to 

conserve energy during long periods of fasting by downregulating the form and function 

of major organs [21, 25, 27, 29, 35, 36]. Upon feeding on a relatively large meal, 
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Burmese pythons can rapidly and reversibly upregulate major organ systems, as well as 

their physiology and metabolism, at scales that dwarf that observed in mammalian 

systems. For example, within 48 hours of feeding, the wet masses of the heart, kidney, 

liver, and small intestine increase by 40-150%, while the snakes may experience up to a 

44-fold increase in metabolic rate and 160-fold increase in plasma triglycerides [18, 21, 

25, 27, 35, 37].  

Previous studies have addressed both the physiological and genomic 

mechanisms underlying this extreme organ regenerative growth across multiple organ 

systems in the Burmese python [21, 25-28, 31, 32, 35, 37]. Upon feeding, hundreds to 

thousands of genes are significantly differentially expressed per organ; these genes have 

been linked to pathways important in cell cycling, apoptosis, WNT signaling, and mTOR 

signaling, and include genes and pathways known to be important for human 

development and disease [25-27, 31, 32]. Previous analyses have also predicted the 

activation of the NRF2-oxidative stress response during these extreme growth 

responses, which is indicative of a cytoprotective response to oxidative stress likely 

linked to the protection of tissues during extreme growth conditions that may otherwise 

lead to cell death [26]. Despite substantial progress studying this response in the 

Burmese python, no previous molecular studies have focused exclusively on these 

regenerative growth responses in the kidney, nor have any studies conducted 

experiments on snake species outside of the python.   

Multiple distantly related lineages of snakes, particularly those that feed on large 

meals and infrequently in nature, are known to experience postprandial regenerative 

organ growth [20, 38]. Despite this, no studies of the molecular mechanisms underlying 

postprandial organ regeneration have been conducted in species other than the Burmese 

python. This raises the question of whether mechanisms underlying regenerative organ 
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growth in the python are shared or distinct from those underlying organ regeneration in 

other lineages of snakes that possess this regenerating phenotype – this is particularly 

relevant considering some lineages of snakes that share similar regenerating phenotypes 

(e.g., rattlesnakes and pythons) may be as much as 100MY divergent from one another 

[39, 40]. Additionally, the large scale of the regenerative growth responses in pythons, 

involving differential expression of hundreds to thousands of genes per organ, makes it 

difficult to differentiate essential mechanisms underlying the response from the many 

responsive genes and pathways observed, which may include various species-specific 

nuances and/or genes upregulated during feeding but not essential for regenerative 

growth. Thus, a comparative framework involving multiple species of snake that do and 

do not experience regenerative growth after feeding is necessary to not only understand 

potential variation in regenerative growth mechanisms across divergent species with 

convergent regenerative phenotypes, but to also better dissect and understand the core 

genes, pathways, and regulatory interactions that drive this extreme regenerative 

response through comparison against non-regenerating species. 

Here we use such a comparative approach for dissecting the molecular signaling 

mechanisms underlying postprandial kidney regenerative growth in snakes. We conduct 

analysis of kidney-specific gene expression in two snake species known to undergo 

organ regenerative growth, the Burmese python (Python molurus bivittatus) and the 

prairie rattlesnake (Crotalus viridis), to test the degree to which gene expression 

responses and signaling mechanisms underlying kidney regenerative growth are shared 

between these distantly related species, and to identify a reduced set of core shared 

mechanisms that underlie the regenerative response. We also compare these species to 

a third snake species, the diamondback water snake (Nerodia rhombifer), which does not 

regenerate its organs upon feeding, to differentiate between responses that may 
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accompany feeding in general from those that are specifically associated with 

regenerative growth. Our results broadly highlight the power of a comparative multi-

species approach for understanding core signaling responses, and provide new evidence 

for a shared set of growth and stress-response mechanisms underlying regenerative 

kidney growth in snakes that likely is broadly relevant in vertebrates.  

 

Materials and methods 

 

Feeding experiments and the generation of transcriptome libraries 

Burmese pythons used in this study were commercially bred, while both prairie 

rattlesnakes and diamondback water snakes were captured from the wild. All 

experimental protocols were approved by the University of Alabama Institutional Animal 

Care and Use Committee (14-06-0075). Snakes were humanely euthanized and sampled 

at three post-feeding time points, 30 days fasted, 1 day post-feeding (1DPF), and 4DPF. 

Meal size and methods for euthanization and tissue sampling were identical to those 

used in our previous studies of the Burmese python [25, 26]. 

Total RNA was extracted from ~50mg of snap frozen tissue, and all steps of RNA 

extraction and mRNAseq library generation follow previous studies [25, 26]. In brief, 

Illumina mRNA-seq libraries were constructed using either the Illumina TruSeq RNA-seq 

kit or the NEB Next RNA-seq kit, both of which include poly-A selection, RNA 

fragmentation, cDNA synthesis, and indexed Illumina adapter ligation. Libraries were 

quantified on a BioAnalyzer (Agilent), poled in equal molar ratios in various multiplex 

arrangements, and sequenced on either an Illumina GAIIx or HiSeq (see Supplementary 

Table S1).  
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Gene expression analysis 

Raw Illumina RNA-seq reads were quality filtered using Trimmomatic v. 0.32 [41], 

and reads from each of the three snake species were mapped to the annotated Burmese 

python transcriptome[27] using BWA v. 0.6.1 [42] with default parameters except: 

mismatch penalty=2, gap open penalty=3, and alignment score minimum=20. We 

previously annotated all Burmese python transcripts with human Ensembl identifers [43, 

44] to facilitate the use of pathway prediction programs [25, 26], and both rattlesnake and 

water snake genes (identified via mapping to the Burmese python transcriptome) were 

assigned human Ensembl identifiers based on this established orthology to python 

genes. Numbers of unique reads that mapped to annotated transcripts were counted 

using SAMtools v. 0.1.19 [45]. All newly generated RNAseq data were combined with 

data previously published from Burmese pythons [25, 26]. Newly-generated sequencing 

data were archived on the NCBI Short Read Archive (accession SRA###PENDING###). 

Expression counts were TMM normalized in edgeR [46]. Pairwise exact tests for 

the binomial distribution were calculated in edgeR [46], and step-wise regression analysis 

of differential gene expression across time points was conducted in maSigPro [47]. The 

visualization and clustering of gene expression profiles in heatmaps was conducted using 

average linkage hierarchical clustering based on a Bray-Curtis dissimilarity matrix in the 

R package vegan [48]. All statistical methods followed approaches used in previous 

studies [25, 26]. In addition to the standard TMM normalization, we further scaled all 

expression counts using the harmonic mean of scale factors calculated for a set of 8 

standard housekeeping genes: ACTB, GAPDH, RPL13, SDHA, TBP, YWHAZ, USP30, 

and PPIA. These methods were repeated for the additional two species. However, to 

provide more information going into functional analysis programs, we considered all 

genes with FDR < 0.2.  
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Pathway and functional analysis of genes 

To infer the cellular mechanisms enriched for differentially expressed genes in 

our dataset, we performed gene enrichment analysis using g:Profiler [49] and focused 

specifically on Reactome pathways [50], which we found to provide more mechanistic 

insight than gene ontology (GO) terms. Only pathways enriched with a corrected p-value 

< 0.05 were considered significant. Cellular pathways and upstream regulatory molecules 

involved in this response were predicted using Ingenuity Pathway Analysis (IPA; Qiagen). 

Both Canonical Pathway Analysis (CPA) and Upstream Regulatory Molecule Analysis 

(URMA) with default parameters were used. As per IPA defaults, the fold-change value 

for each differentially expressed gene was used as input for IPA analyses to infer the 

activation direction or sign (activated versus inhibited) between particular time points. In 

rare cases in which gene duplicates existed, the maximum fold change was used. 

Upstream regulatory molecules with a p-value of less than 0.06 were considered 

significantly enriched for the gene expression data.  

 
Results 

 
Broad gene expression response during kidney regenerative growth 

Hundreds of genes are differentially expressed (FDR < 0.2) in all three species of 

snakes within the first 24 hours of consuming a meal (Fig. 1A). Consistent with the 

watersnake not undergoing post-feeding organ growth, this species shows differential 

regulation of only 197 genes, compared to 791 genes in the python and 2,108 genes in 

the rattlesnake. It is notable that, compared to the python, the rattlesnake shows 

consistently higher numbers of differentially regulated genes, and this is likely due to the 

rattlesnake having far greater numbers of mapped reads per sample. Additionally, the 

water snake samples also had a higher number of mapped reads than pythons, but a 
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lower number than rattlesnakes (see Fig. 1B & Supplementary Table S2). However, both 

the python and rattlesnake share a large number of genes (290) differentially expressed 

during kidney growth, while the water snake shares less than 70 genes with these two 

other species (Fig. 1A). Expression patterns of significantly differentially regulated genes 

also appear quite species specific, as well as variable between individuals within species 

(Fig. 1C). The python and rattlesnake show varying patterns of upregulation and 

downregulation of genes, along with differences in the rate of reset of these expression 

patterns. In contrast to the two regenerating species, the majority of genes in the water 

snake appear to be downregulated in response to feeding, and many of these genes 

appear to be nearly reset to fasted levels by 4DPF (Fig. 1C).  

Regression analysis of genes from all three time points indicated similar patterns 

of unique and shared gene responses between species (Fig. S1A). The python showed 

significant differential expression (FDR < 0.05) of 888 genes, the rattlesnake had 3,046 

genes, and the water snake showed differential regulation of 717 genes (Fig. S1B). The 

python and rattlesnake still shared the highest number of genes (~261), while the water 

snake shares less than 240 genes with either regenerating species (Fig. S1A). 

Interestingly, genes significantly differentially expressed across all three time points show 

faster levels of reset in the rattlesnake and water snake than in the python (Fig. S1B).  

 

Candidate gene responses during kidney regenerative growth 

Due to the known hyperplasic response of the kidney, we were interested in 

examining expression patterns for genes involved in cell cycling, along with those 

involved in apoptosis that may play a role in the atrophy of the organ once digestion is 

complete (Fig. 2). Both the python and the rattlesnake showed fairly clear expression 
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patterns for these candidate genes, regardless of significance, while few of these genes 

in the water snake showed clear expression patterns.  

Intriguingly, many genes important to cell cycling and division are downregulated 

within 1DPF in both the python and rattlesnake. Chromosome open reading frame 166 

(C14orf166), found to regulate gene expression and the G1/S phase transition during cell 

cycling, is downregulated upon feeding in the python. Cyclin I (CCNI), which is known to 

be expressed throughout cell cycle progression, and Cyclin dependent kinase like 1 

(CDKL1) are also downregulated upon feeding in regenerating species. MOB Family 

member 4 (MOB4), important for the completion of mitosis and cytokinesis, as well as the 

dynein molecule DNAH10 also appear to be downregulated during digestion. RAD21 

cohesin complex component (RAD21) has been associated with the cohesion of sister 

chromatids during mitosis as well as apoptotic processes and is also inhibited during 

organ regenerative growth along with Shugoshin 1 (SGOL1), which prevents the 

centromere cohesin complex from being prematurely cleaved during prophase, and 

Emerin (EMD), important to cytoskeletal organization (Fig. 2). 

We also see significant upregulation of several cell cycle genes, including tubulin 

components TUBA4A and TUBB4B and several proteasome subunits. Heat shock 

protein HSP 90-alpha (HSP90AA1) is upregulated during this response and may play a 

role in the maintenance and regulation and proteins involved in cell cycling and growth 

control. In contrast to what we expected, we saw very few significantly upregulated genes 

shared between species involved in cyclin regulation and specific division processes, but 

instead saw significant differential regulation of genes involved in the periodicity of 

proteins (e.g., proteasome components) as well as those involved in cytoskeletal 

regulation during this response (Fig. 2).  
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We were also interested in examining the differential regulation of apoptosis, 

which likely contributes to the atrophy of the kidney following digestion. Cell death 

activator CIDE-3 (CIDEC), important to adipocyte apoptosis, is upregulated in both 

regenerating species within 1DPF along with Cytochrome C (CYCS). As expected, the 

majority of significantly downregulated apoptosis genes shared between species were 

downregulated during organ growth, including tumor suppressors Programmed cell death 

4 (PDCD4) and Death associated protein kinase 1 (DAPK1), as well as several other 

genes identified in various apoptotic processes (Fig. 2).  

Due to the massive gene expression changes during post-feeding regenerative 

growth of the kidney, we were also interested in epigenetic modifications that may 

contribute to this response. We observed the significant differential expression of three 

genes important to histone modifications across the three time points, KAT7, a histone 

acetyltransferase, HDAC5, a histone deacetylase, and PRMT1, a histone 

methyltransferase (Fig. 2.).  

 

Enrichment of pathway responses during tissue regeneration 

While gene expression levels yielded both shared and divergent responses 

across species, the stark contrast in gene expression and regulatory mechanisms 

between regenerating and non-regenerating species becomes increasingly clear with 

gene enrichment analyses of higher-level pathways (Fig. 3). Enrichment analyses of 

genes differentially expressed between fasted and 1DPF animals, predict 69 Reactome 

pathways shared between the python and rattlesnake, while the water snake showed 

significant enrichment of only 3 pathways (only one of which is shared with regenerating 

species). Those shared between the two regenerating species include multiple cell cycle 

and mitosis pathways, stress response pathways, apoptosis, lipid signaling, and 
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Hedgehog ligand biogenesis. The only pathways predicted to be enriched in the water 

snake were scavenging by class A receptors, glycogen storage disease type 0, and 

metabolism of amino acids and derivatives (Fig. 3). 

 

Predicted regulation of upstream regulatory molecules during kidney growth: fasted vs 

1DPF 

Analysis of upstream regulatory molecules (URMs) also highlighted the 

consistent growth responses exhibited by different regenerating species. While many 

URMs predicted to be differentially regulated upon feeding are unique to individual 

species, we were able to identify 108 URMs shared between regenerating species. As 

expected, the water snake exhibited a very unique URM response with only 51 shared 

with the other two species (Fig. 4A).  

Examining a subset of URMs shared between the python and rattlesnake, as well 

as those shared among all 3 species, a clear pattern of growth and stress response 

signaling emerges (Fig. 4B). Within 1DPF, pathway analysis predicts the significant 

involvement of several pathways related to growth, including insulin and mTOR signaling, 

as well as growth factor and lipid signaling pathways. Both the insulin receptor (INSR) 

and insulin 1 (INS1) are predicted to be activated during this feeding response (Fig. 4B). 

Insulin and insulin-like growth factors are responsible for the regulation of several 

downstream pathways we see activated here, including mTOR, growth responses, and 

lipid synthesis. URMA analysis also predicted the significant differential regulation of 

multiple regulatory molecules involved in mTOR signaling. V-Myc avian 

myelocytomatosis viral oncogene homolog (MYC) is predicted to be strongly activated (Z-

score > 2) and is known to interact with mTOR and regulate cell proliferation. 

Transcription factor 7 like 2 (TCF7L2) is a modulator of MYC and is also activated during 
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kidney regenerative growth. Interestingly, RPTOR independent companion of MTOR 

complex 2 (RICTOR) is predicted to be strongly inhibited (Z-score < -3) (Fig. 4B). 

Phosphatase and tensin homolog (PTEN), a negative regulator of mTOR, is predicted to 

be inhibited in the python and slightly activated in the rattlesnake. Estrogen related 

receptor alpha (ESSRA) is activated in both regenerating species along with Epidermal 

growth factor (EGF) and its receptor (EGFR), indicating stimulation of cell growth and 

differentiation during kidney regenerative growth.  

Lipid signaling was one of the most consistent shared pathways between the 

python and rattlesnake, with clear activation of sterol regulatory element-binding protein 

(SREBP) signaling. Both SREBF1 and SREBF2 were predicted to be strongly activated 

(Z > 3) in both the python and rattlesnake, with no involvement predicted in water snake. 

SREBF chaperone (SCAP) and Membrane bound transcription factor peptidase 

(MBTPS1), both important activators of SREBPs, also shows clear patterns of activation 

during this regenerative growth response. This is consistent with strong predicted 

inhibition of Insulin induced genes 1 & 2 (INSIG1 & INSIG2; Z < -2), which prevent the 

processing and activation of SREBPs. Diazepam-binding inhibitor (DBI), a fatty acyl 

binding protein, is also predicted to be activated (Z > 2) in both regenerating species 

along with the predicted inhibition of Acyl-CoA oxidase 1 (ACOX1) and Cytochrome P450 

51A1 (CYP51A1), which is involved in cholesterol synthesis. We also see strong and 

consistent predicted activation of the PPAR signaling pathway, including Peroxisome 

proliferator activated receptor gamma (PPARG) and its coactivators (PPARGC1A & 

PPARGC1B) along with PPARA. Reinoid X receptor alpha (RXRA) along with 

transcription factors NR1I2 and NR1I3 are also activated and broadly regulated lipid 

signaling mechanisms (Fig. 4B).    
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As predicted, stress responses appear to be strongly activated during kidney 

regenerative growth during these extreme fluctuations in metabolism and physiology. 

Heat shock transcription factor 2 (HSF2) and CCAAT/Enhancer binding protein alpha 

(CEBPA), both regulated by stress responses, were predicted to be activated in both the 

python and rattlesnake within 1DPF. Predictions indicate that Nuclear factor, erythroid 2 

like 2 (NFE2L2), Nuclear factor, erythroid 2 like 1 (NFE2L1), and Activating transcription 

factor 4 (ATF4) are activated upon feeding along with X-box binding protein 1 (XBP1), 

indicative of activation of the NRF2 oxidative stress response. Mitogen-activated protein 

4K 4 (MAP4K4) and Tumor suppressor P53 (TP53) are predicted to be inhibited in both 

the python and rattlesnake. Endoplasmic Reticulum to nucleus signaling 1 (ERN1), which 

interacts with XBP1, is predicted to be inhibited in the python but strongly activated in the 

rattlesnake (Fig. 4B). 

Three immune response regulators were also predicted to be involved in kidney 

regenerative growth. CD28 and CD3, regulators of T-cells, were predicted to be inhibited 

upon feeding, while Interleukin 5 (IL5), a B cell regulator, shows predicted activation in all 

three species. Additionally, we saw significant enrichment for upstream regulators 

involved in various kidney and miscellaneous functions. Kruppel like factor 15 (KLF15) 

showed significant activation in both the python and rattlesnake upon feeding and has 

been linked to podocyte differentiation. ATPase copper transporting beta (ATP7B) 

functions as a copper transporter and is also activated in response to feeding. LIM 

homeobox 1 (LHX1) is a transcription factor involved in renal development and shows 

contrasting patterns of regulation in both regenerating species, while Solute carrier family 

13 member 1 (SLC13A1) was predicted to be inhibited during regenerative growth and is 

involved in renal absorption of sulfate (Fig. 4B).  
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A role for mTOR signaling in kidney regenerative growth 

Using CPA to examine the mTOR pathway in detail reveals strong evidence for 

involvement of this response in regenerating species (Fig. 5). Observed and predicted 

expression responses of mTOR genes indicate activation of this pathway in both they 

python and rattlesnake. In contrast, mTOR signaling appears inhibited in the water 

snake, with very little responsiveness across regulators of this pathway in this non-

regenerating species. Both regenerating species show strong predicted and observed 

inhibition of Tuberous sclerosis 1 (TSC1) and Tuberous sclerosis 2 (TSC2), potent 

negative regulators of mTOR signaling. In the python, both mTORC1 and mTORC2 are 

predicted to be activated, while in the rattlesnake mTORC1 appears inhibited while 

mTORC2 is activated. However, the predicted inhibition of mTORC1 in the rattlesnake is 

based only on the observed expression response of a single gene (PRAS40) (Fig. 5). 

Intriguingly, the fact that RICTOR was predicted as strongly inhibited in URMA analysis 

(Fig. 5B) would indicate that mTOR signaling is shunted through mTORC1 and not 

mTORC2. Several translation initiation factors linked downstream of mTOR show various 

patterns of up and downregulation in both regenerating species. Intriguingly, we see 

highly consistent regulation of mTOR signaling following feeding in the python and 

rattlesnake (Fig. 5). 

 

Response of upstream regulatory molecules during early phases of atrophy: 

1DPF vs. 4DPF  

URMA analysis of genes significantly differentially expressed between 1DPF and 

4DPF indicate a clear reversal of the response observed during kidney growth. As the 

peak of digestion ends and digestion begins to approach completion, we see significant 



 
 

 112 

predicted inhibition of insulin and growth signaling (Fig. S2). While SREBF genes were 

strongly activated during growth (Fig. 4B), here we see strong and consistent signals of 

inhibition, along with less consistent responses of PPARs. MYC, also activated during 

growth (Fig. 4B), is also strongly inhibited during this later time point (Fig. S2).  

 
 

Discussion 

 
While previous studies have identified key physiological and gene expression 

responses underlying post-feeding organ regenerative growth in the Burmese python [18, 

20, 21, 25-27, 31, 35], this study provides the first analysis of such regenerative 

responses across multiple species of snakes (with both similar and divergent 

regenerative phenotypes), providing comparative insight into the core set of shared 

responses that underlie regenerative organ growth. Further, this study provides the first 

analysis of these responses specifically focused on the snake kidney. Previous 

comparative physiological and phenotypic studies have suggested that post-feeding 

regenerative organ growth in snakes has likely evolved multiple times and appears 

surprisingly plastic – coevolving with ecological shifts in feeding habits of species [38]. 

For example, this extreme feeding response has been observed in some species of boas, 

pythons, and also more distantly related vipers [21, 37, 38, 51], yet many species of 

snakes do not exhibit these extreme fluctuations in physiology during digestion [38, 52]. 

While such a complex trait (i.e., involving major shifts in expression of many genes) 

would be expected to show low evolutionary plasticity, the broad phylogenetic dispersion 

of post-feeding organ growth in divergent snake lineages begs the question of whether 

some core aspects of this response evolved early in ancestral snakes, and are thus 

shared among distantly related snake lineages possessing this phenotype. In the case of 
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the kidney, our results suggest hierarchically divergent support for this hypothesis – while 

only a subset of gene-specific responses were shared between regenerating species, 

regenerative responses at the level of pathway and upstream regulators appear highly 

conserved and indicative of a shared derived response.    

In addition to providing a perspective on the evolutionary origins of the post-

feeding regenerative phenotype in snakes, the phenotypic and evolutionary diversity of 

snake species that do and do not regenerate organs upon feeding provides a valuable 

comparative system. Specifically, comparisons across divergent lineages with shared or 

divergent phenotypes provides an ideal experimental design for determining pathways 

and mechanisms that are central to organ regenerative growth, while also allowing 

identification of species-specific nuances and responses that are differentially regulated 

simply due to feeding. Given the large number of responsive genes in regenerating 

species (e.g., 791 in the python kidney), such a comparative approach allows the 

narrowing of focus to a subset of these genes, and associated pathways, which can more 

tractably be studied using functional or experimental approaches. This rational was well 

demonstrated by our results, which highlight ~300 differentially expressed genes upon 

feeding that are shared between regenerating species, and a much smaller set of 

relevant shared pathways and upstream regulatory molecules.  

 

Differential gene expression following feeding: Divergent responses of regenerators and 

non-regenerators  

Divergent patterns of gene expression between regenerators and non-

regenerators emerge immediately from pairwise analyses between fasted snakes and 

snakes at 1DPF. Both the python and rattlesnake have massive numbers of differentially 

regulated genes (~800 - ~2,000) upon feeding, while the water snake experiences 
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differential regulation of fewer than 200 genes. Additionally, 290 differentially regulated 

genes are shared between the python and rattlesnake, while fewer than 70 genes are 

shared between the water snake and both regenerating species (Fig. 1A). The water 

snake does not regenerate its kidney upon feeding [52], and thus, we would expect few 

commonalities in gene expression response with regenerating species, as we observed. 

Visualization of these differentially expressed genes is indicative of varying rates of reset 

following regenerative growth in both regenerating species, and importantly, it does not 

appear that genes activated in the kidney upon feeding are completely reset by 4DPF in 

either the python or the rattlesnake (Fig. 1B).  

 

The regulation of cell division and apoptosis during growth and subsequent atrophy of the 

kidney 

Previous analyses of the Burmese python small intestine have highlighted the 

role of cell cycle responses in hyperplasic regenerative organ growth [25], however 

candidate gene analysis of cell cycling in the kidney provides a mixed conclusion, 

possibly due to divergent responses of different cell types present in the kidney. For 

example, we found little differential regulation of cyclins and other genes specific to active 

cell cycling and division, and contrary to expectation, genes important to cell cycle and 

specific mitotic processes appear to be downregulated between fasting and 1DPF (Fig. 

2). However, we do see clear and consistent upregulation of genes that form proteasome 

complexes and heat shock proteins that may play a role in regulating the periodicity of 

cell cycling proteins during this feeding response [53, 54].  Expression patterns of these 

same genes in the water snake are inconsistent across time points. These results 

suggest the possibility of post-translational modification modulating these cell cycle-

specific proteins, rather than transcriptional activation/repression. In contrast to the 
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limited number of key candidate genes identified in this study, and consistent with cell 

division in kidney tissues upon feeding in regenerating species, enrichment analysis of 

genes differentially expressed during organ growth reveal a large number of significantly 

enriched pathways involved in cell cycling with no evidence of active cell division in the 

water snake (Fig. 3). 

Upon completion of digestion, atrophy of organ systems is likely regulated, at 

least to some extent, by apoptosis [25], and regulation of apoptotic processes was also 

evident in the kidney of regenerating species. Studies of cell death activator CIDEC, 

identified as upregulated in both the python and rattlesnake upon feeding, have shown 

the overexpression of this gene in cases of clear cell renal cell carcinoma [55]. Other pro-

apoptotic genes are downregulated upon feeding and remain inactivated through 4DPF 

(Fig. 2). Additionally, tumor suppressor TP53 is predicted to be slightly inhibited in both 

python and rattlesnake but activated in the water snake (Fig. 4), indicative of active cell 

cycling and inhibition of apoptosis during kidney regeneration.   This pattern of 

inactivation of pro-apoptotic genes indicates that apoptosis is not occurring at 4DPF and 

that cell death may occur at later time points. This is consistent with the previous findings 

that the execution of apoptosis in the Burmese python small intestine likely does not 

occur until around 10DPF [25]. 

 

 Shared responsive pathways in snake kidney regeneration: mTOR signaling 

Previous studies in the python have inferred a central role for tightly regulated 

growth responses (largely integrated through insulin and mTOR signaling) coupled with 

the activation of stress responses pathways mediated by NRF2 during organ 

regenerative growth in the kidney and other organs (small intestine and liver) [26]. mTOR 

signaling has been implicated in a wide variety of renal growth and disease pathways 
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[56-59], and expression analysis of this pathway in the Burmese python has indicated 

that is likely a major driver of post-feeding regenerative growth across major tissues [26]. 

Strikingly, activation of mTOR upon feeding appears specific to species that regenerate 

organs upon feeding, with little to no response of this pathway seen in the water snake 

(Fig. 5). This is indicative of conserved regulation of mTOR signaling during regenerative 

growth across highly divergent lineages of infrequently feeding species of snakes. 

Additionally, MYC, a potent activator of both cell cycle and apoptosis [60-65], appears to 

be consistently activated upon feeding in both the python and rattlesnake with no 

detected activity in the water snake, and studies have shown that mTOR and MYC 

interactions contribute to cancer cell proliferation and survival [66, 67], indicating this 

response is likely to elicit cell proliferative growth activity in regenerating snake kidneys. 

Epidermal growth factor (EGF), important to regulating DNA synthesis during the cell 

cycle, is also activated during regenerative growth and has been shown to interact with 

mTOR during mitogenesis in intestinal epithelial cells [68].  

A key characteristic of mTOR signaling in regenerating species was the strong 

and consistent predicted inhibition of RICTOR, a key component of the mTORC2 

complex, during post-feeding kidney regenerative growth. This leads us to believe that 

mTORC2 may not be involved in regulating kidney regeneration, but that all mTOR 

activity is shunted instead through the mTORC1 complex. This is relevant, and 

particularly interesting, as the mTORC2 complex is known to inhibit insulin signaling [69], 

and recent evidence points to a role of mTORC2 in lipid regulation [70, 71]. Additionally, 

deletion of RICTOR in Myf5 precursor cells has been shown to promote the oxidative 

metabolism of brown adipose tissue and prevent obesity [72], while insulin is unable to 

suppress lipolysis in RICTOR-null fat cells [73]. Studies of the Burmese python heart 

have shown that fats do not accumulate in cardiac tissue despite extremely high levels of 
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circulating plasma triglycerides [21, 31]. In the kidney, fat accumulation may be prevented 

through the inhibition of RICTOR, and thus inhibition of mTORC2, leading to increased 

breakdown of fats despite the activation of insulin signaling.  

 

Lipid signaling during post-prandial kidney regenerative growth 

The role of fatty acid signaling via PPAR-driven pathways in renal disease has 

been well-established [74-77], and fatty acid signaling has been identified as a clear and 

consistent systemic mechanistic response during organ regenerative growth in the 

Burmese python [26]. mTORC1 is known to activate PPARG [70], and both the python 

and rattlesnake exhibit highly significant (Z-score > 2) activation of PPARG and its 

coactivators (Fig. 4). PPARG is a known regulator of adipogenesis, cell cycling, and 

insulin sensitivity [74, 78-82], and studies have shown that PPARG can protect against 

age-related kidney diseases [83]. Additionally, activation of PPARG stimulates 

expression of renin, modulating blood pressure [84, 85]. Thus, activation of PPARG in 

post-feeding kidney regenerative growth in snakes likely modulates a variety of 

processes, including regulation of insulin sensitivity during the observed 44-fold increases 

in circulating insulin levels during this response and blood pressure (as demonstrated in 

the python [21]). Surprisingly, PPARA activation was not only predicted in regenerating 

species, but also showed slight activation (Z-score < 1) in the water snake (Fig. 4), and 

has been shown to regulate genes controlling lipid catabolism in the liver [86]. SREBPs, 

considered master regulators of lipid regulation, are also consistently activated during 

organ regenerative growth in the Burmese python [26], and the kidney is no exception 

(Fig. 4). SREBP signaling contributes to increased lipid accumulation in the kidney 

caused by diabetes and aging [87, 88]. Patterns in the python and rattlesnake indicate 

positive regulation of lipid synthesis coupled with increased catabolism of fats potentially 
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mediated through the inhibition of RICTOR discussed above, which may prevent 

excessive accumulation of fats in the tissues. Additionally, while the majority of this study 

focused on growth responses, a brief examination of upstream regulatory molecules 

indicates that growth and stress response processes are beginning to reverse by 4DPF 

(Fig. S2). 

 

Stress response signals in the kidney 

 Organ regenerative growth in snakes is associated with massive fluctuations in 

metabolism and organ physiology that will undoubtedly lead to the elevated generation of 

reactive oxygen species along with other stress-induced cellular reactions that would 

normally lead to cell death. However, the python has been shown to employ a 

mechanism – activation of the NRF2 Stress Response Pathway – to combat these 

extreme cellular pressures and convey cytoprotection during these extreme bouts of 

organ regenerative growth [26]. This same protective stress response is evident in the 

python and rattlesnake kidney upon feeding, indicating a surprisingly conserved 

mechanism for maintaining cellular integrity during such extreme changes in physiology 

(Fig. 4). Among the multiple URMs associated with NRF2 activation, only ATF4 showed 

increased activity in all three species, yet the response of the NRF2 pathway in the water 

snake was minimal (Z-score < 1) compared to the strong activation of the NRF2 pathway 

inferred for the python and rattlesnake (Z-score > 2; Fig. 4). This is notable because 

previous studies have demonstrated that NRF2 conveys a similar protective response 

during acute kidney injury and disease [89, 90].  
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Conclusion 

Overall, shared mechanisms of kidney growth in both the python and rattlesnake 

correlated with pathways and upstream regulatory molecules identified as broad 

predicted regulators of post-feeding regenerative growth across multiple organs in 

previous studies of the Burmese python [26]. The majority of this study focused on 

growth responses, but a brief examination of upstream regulatory molecules indicates 

that these processes are beginning to reverse by 4DPF (Fig. S2). While large subsets of 

genes were species-specific (Fig. 1), examination of upper-level regulatory responses 

reveals a large set of conserved growth and stress response mechanisms in regenerating 

species (Figs. 3, 4, & 5), and this likely indicates that evolution may have led to the 

divergence of specific gene expression responses among species, while maintaining the 

core shared mechanistic pathways regulating organ regenerative growth. Additionally, 

this suggests that many snake species, as well as vertebrates in general, may have 

retained the ability to respond to these growth signals. This has already been generally 

demonstrated in mammalian cells that grow and divide upon exposure to snake signaling 

molecules that are present in post-fed python blood plasma [19, 31]. Thus, the presence 

or absence of this phenotype may not be dependent on the differential regulation of 

thousands of genes, or on a particular species-specific genetic background, but instead 

may be more tightly linked to the ability to produce particular high-level regulatory signals 

that induce the response. If this were indeed the case, it would also explain well the high 

degree of evolutionary plasticity observed in the presence/absence of organ regenerative 

phenotypes in snake species.  

The ability to dissect how vertebrate systems can elicit and direct the 

regeneration of kidney tissue would be an exciting and important step towards the 
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development of therapeutics for treating various renal diseases and injuries. Specifically, 

both mTOR and fatty acid signaling have been extensively studied in renal systems [75, 

76, 91-93], and we further predicted activation of KLF15, which has been implicated in 

podocyte differentiation [94]. These parallels between post-feeding organ regeneration in 

snakes and known signaling mechanisms underlying renal function, growth and disease 

suggest that organ regeneration in snake kidneys may provide surprising and highly 

relevant yet novel perspectives into signaling mechanisms underlying vertebrate kidney 

regeneration and disease. However, it is also important to note that many genes, 

including those involved in mTOR signaling, have apparently experienced extensive 

positive selection in reptiles, presumably to alter protein function [95], and thus, it is an 

open question of to what extent do mechanisms and pathways in snakes function 

similarly to homologous pathways in other vertebrates, including humans.  
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Tables 

Table 3.S1.  Sequencing details for all snake samples included in this study. SE50 
or PE120 indicate the read type and length (e.g., Paired-end 120bp), and the year 

represents the year in which that sample was sequenced. 
 

Species	 Time	point	 Animal	ID	 Insrument	 cDNA	prep	kit	 Year	 Sequence	type	
Python	 fasted	 AI8	 HiSeq	 NEB	Next	 2013	 SE50	
Python	 fasted	 U25	 HiSeq	 NEB	Next	 2013	 SE50	
Python	 fasted	 AI6_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 fasted	 AI6_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 fasted	 AI11_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 fasted	 AI11_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 fasted	 AJ6_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 fasted	 AJ6_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 fasted	 AJ6_3	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 1DPF	 Z12_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 1DPF	 Z12_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 1DPF	 Z14_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 1DPF	 Z14_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 1DPF	 Z18_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 1DPF	 Z18_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 1DPF	 Z18_3	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 1DPF	 V43	 HiSeq	 NEB	Next	 2013	 SE50	
Python	 1DPF	 Z14_3	 HiSeq	 NEB	Next	 2013	 SE50	
Python	 4DPF	 Y18_1	 HiSeq	 NEB	Next	 2013	 SE50	
Python	 4DPF	 Y24	 HiSeq	 NEB	Next	 2013	 SE50	
Python	 4DPF	 Y5_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 4DPF	 Y5_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 4DPF	 Y5_3	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 4DPF	 Y18_2	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 4DPF	 Y18_3	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Python	 4DPF	 Y23_1	 HiSeq	 Illlumina	Truseq	 2011	 SE50	
Python	 4DPF	 Y23_2	 GAIIx	 Illlumina	Truseq	 2011	 PE120	
Rattlesnake	 fasted	 CV7	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 fasted	 CV4	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 fasted	 CV1	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 fasted	 CV2	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 1DPF	 CV8	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
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Rattlesnake	 1DPF	 CV5	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 1DPF	 CV3	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 1DPF	 CV6	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 4DPF	 CV11	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 4DPF	 CV12	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 4DPF	 CV9	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Rattlesnake	 4DPF	 CV10	 HiSeq	 Illlumina	Truseq	 2014	 PE100	
Water	snake	 fasted	 NR1317	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 fasted	 NR1315	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 fasted	 NR1464	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 fasted	 NR1416	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 1DPF	 NR1357	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 1DPF	 NR1436	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 1DPF	 NR1331	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 1DPF	 NR1388	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 4DPF	 NR1324	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 4DPF	 NR1327	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 4DPF	 NR1354	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
Water	snake	 4DPF	 NR1442	 HiSeq	 Illlumina	Truseq	 2016	 PE150	
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Table 3.S2. Total number of post-filtered mapped reads per individual. Mapped 
reads were count following quality filtering and trimming. 

 
Species	 Time	point	 Animal	ID	 Post-filtered	total	mapped	reads	
Python	 fasted	 AI8	 177,238	
Python	 fasted	 U25	 608,720	
Python	 fasted	 AI6	 541,534	
Python	 fasted	 AI11	 5,038,183	
Python	 fasted	 AJ6	 3,745,154	
Python	 1DPF	 Z12	 2,796,229	
Python	 1DPF	 Z14	 338,002	
Python	 1DPF	 Z18	 2,273,794	
Python	 1DPF	 V43	 921,418	
Python	 4DPF	 Y18	 624,561	
Python	 4DPF	 Y24	 601,437	
Python	 4DPF	 Y5	 2,491,020	

Rattlesnake	 fasted	 CV7	 4,840,677	
Rattlesnake	 fasted	 CV4	 4,774,838	
Rattlesnake	 fasted	 CV1	 2,749,330	
Rattlesnake	 fasted	 CV2	 3,907,801	
Rattlesnake	 1DPF	 CV8	 6,428,650	
Rattlesnake	 1DPF	 CV5	 4,280,014	
Rattlesnake	 1DPF	 CV3	 4,377,150	
Rattlesnake	 1DPF	 CV6	 5,207,605	
Rattlesnake	 4DPF	 CV11	 4,292,286	
Rattlesnake	 4DPF	 CV12	 6,855,628	
Rattlesnake	 4DPF	 CV9	 973,895	
Rattlesnake	 4DPF	 CV10	 3,764,908	
Water	snake	 fasted	 NR1317	 1,976,825	
Water	snake	 fasted	 NR1315	 3,423,288	
Water	snake	 fasted	 NR1464	 2,981,186	
Water	snake	 fasted	 NR1416	 1,512,414	
Water	snake	 1DPF	 NR1357	 1,595,480	
Water	snake	 1DPF	 NR1436	 3,225,394	
Water	snake	 1DPF	 NR1331	 1,847,455	
Water	snake	 1DPF	 NR1388	 3,275,460	
Water	snake	 4DPF	 NR1324	 1,075,312	
Water	snake	 4DPF	 NR1327	 1,643,121	
Water	snake	 4DPF	 NR1354	 1,060,715	
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Water	snake	 4DPF	 NR1442	 925,846	
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Figures 

 

 
Figure 3.1. Comparison of expression response of genes differentially expressed 

between fasted and 1DPF animals.  (A) Venn diagram of all genes differentially 
expressed (FDR <0.2) between fasted and 1DPF animals. (B) Box plot showing the 
numbers of mapped reads for all time points combined per species. (C) Clustered 

heatmaps of all genes displayed in the venn. Pythons exhibited the significant differential 
expression of 791 genes, Rattlesnakes showed significant differential expression of 2,108 

genes, and the water snake only exhibited differential expression of 197 genes.  
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Figure 3.2. Gene expression patterns of genes involved in cell cycling, apoptosis, 
and epigenetic modifications. Each gene shown was identified as significantly 

differentially regulated (FDR < 0.05) via regression analyses, and candidate genes were 
selected from those significant in both the python and rattlesnake or all three species.  
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Figure 3.3. Enrichment of genes for Reactome pathways identifed via g:Profiler. (A) 
All pathways significantly enriched in both the python and rattlesnake. (B) All pathways 
significantly enriched in the water snake. Pathways were enriched (corrected p-value < 

0.05) for genes significantly differentially expressed (FDR < 0.2) between fasted and 
1DPF animals. 
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Figure 3.4. Comparative analysis of URMs in the three species. (A) Venn diagram 
depicts URMs deemed significant (P<0.06) between fasted and 1DPF animals. (B) The 

selection of URMs depicted in heatmap were either significant (P<0.06) in all three 
species or between the python and the rattlesnake with a Z-score greater than 2 or less 

than -2 in at least one species.   
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Figure 3.5.  Comparative IPA canonical pathway analysis of the predicted activation 
state of the mTOR pathway. Both observed gene expression patterns from our RNAseq 

dataset (red for observed upregulation and blue for observed downregulation) and 
predicted pathway responses (orange for predicted activation and purple for predicted 
inhibition) are shown. Both python and rattlesnake show similar (though not identical) 

patterns of activation. The water snake shows very little involvement of mTOR signaling 
following feeding.  
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Figure 3.S1. Comparison of expression response of genes significantly 
differentially expressed across all three timepoints identified via regression 

analysis.  (A) Venn diagram of all genes differentially expressed (FDR < 0.05) across 
time points. (B) Clustered heatmaps of all genes displayed in the venn. Pythons exhibited 

the significant differential expression of 888 genes, Rattlesnakes showed significant 
differential expression of 3,046 genes, and the water snake only exhibited differential 

expression of 717 genes.  
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Figure 3.S2. Expression response of URMs predicted to be significantly involved 
(P<0.06) in the regulation of gene expression patterns between 1DPF and 4DPF 
animals.  Those shown in the heatmap were either significant in both the python and 

rattlesnake or in all three species and had a Z score greater than 2 or less than -2 in at 
least one species.     
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Appendix A – Supplemental methods from Chapter 2 

 
Feeding Experiments 

The following information pertains to snakes that were sampled and sequenced 

for this study (see also Additional file 1, Table S1; and [5, 13] for details regarding 

previously sequenced data incorporated in this study). Burmese pythons (Python molurus 

bivittatus) were purchased within 1-2 months of hatching from commercial vendors. All 

snakes included in this study originated from captive colonies, were phenotypically 

normal in coloration (i.e., no albino animals), and ranged in age from 9 months to 6 years 

(mean = 1.9 years) and in mass from 406 to 5,776 grams (mean = 1,036 g). Snakes were 

housed individually in 12L plastic bins that slide into customized racks in the Central 

Animal Care Facility at the University of Alabama. Each bin featured a floor substrate of 

newspaper and contained a water bowl. All pythons were maintained on a light/dark cycle 

of 14 hours of light followed by 10 hours of dark. Room temperature was maintained at 

26-28°C and was constantly monitored by the Central Animal Care Facility. Prior to 

experimentation, pythons were fed weekly a meal of 1-2 rodents (adult mice or small rats) 

and water was provided ad libitum. Pythons were monitored daily by the Animal Care 

staff and personnel of the laboratory of Dr. Stephen Secor prior to and during 

experimentation. There were no interventions in snake care prior to or during 

experimentation. All experimentation and dissection was performed by Secor lab 

personnel. No special attention was given to selecting animals randomly from a research 

colony, however there was an attempt for matching in sexes (7 males: 6 females), so that 

there would be no bias due to sex in any treatment or the experiment overall. At the time 

of sampling, all animals were in good health and had not been subjected to any previous 

procedures or drug administration. Fasted snakes had been fasted for a minimum of 30 
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days prior to sampling. Snakes of the 1 and 4 days post-feeding treatments had been 

fasted for 30 days and then fed a rodent meal equal in mass to 25% of the snake body 

mass, and sampled 1 and 4 days after feeding, respectively. The mean mass of snakes 

in each treatment were: fasted (1,504 g), 1DPF (892 g), and 4DPF (593 g). At the time of 

sampling, snakes were sacrificed by humanely severing the spinal cord immediately 

behind the head; this provided the most efficient and rapid means to obtain organ 

samples for storage and study without compromising physiological responses of interest. 

Organ tissues were immediately extracted, snap frozen in liquid nitrogen, and stored at -

80°C. Feeding experiments and subsequent sampling of snakes were completed over a 

span of several years, with fasted snakes sampled in 2005 and 2009, and 1 and 4DPF 

snakes sampled in 2005 and 2006. There was no particular order to the sampling of 

tissues from animals. No adverse events occurred during animal care or experimentation, 

and thus no modifications to the experimental protocol were undertaken as a result. 

 The Burmese python has become an outstanding animal model 

(compared to traditional mammal model systems) to explore the cellular and molecular 

mechanisms underlying regenerative organ growth and physiology, and therefore serves 

as an excellent replacement for exploring such systems in typical mammalian models. 

We made efforts to minimize the number of animals used overall in this study, as evident 

in the relatively small sample sizes for each treatment (3-6 individuals). Additionally, 

dissection of snakes included the removal and storage of all organs and other tissues 

(muscle, blood, etc.) so that subsequent studies can utilize these tissues to study this 

regenerative phenotype in other organ systems without the need for the sacrifice of 

additional animals.  

 


