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Andrew AL, Card DC, Ruggiero RP, Schield DR, Adams RH,
Pollock DD, Secor SM, Castoe TA. Rapid changes in gene expression
direct rapid shifts in intestinal form and function in the Burmese python
after feeding. Physiol Genomics 47: 147–157, 2015. First published
February 10, 2015; doi:10.1152/physiolgenomics.00131.2014.—Snakes
provide a unique and valuable model system for studying the extremes
of physiological remodeling because of the ability of some species to
rapidly upregulate organ form and function upon feeding. The pre-
dominant model species used to study such extreme responses has
been the Burmese python because of the extreme nature of postfeed-
ing response in this species. We analyzed the Burmese python
intestine across a time series, before, during, and after feeding to
understand the patterns and timing of changes in gene expression and
their relationship to changes in intestinal form and function upon
feeding. Our results indicate that �2,000 genes show significant
changes in expression in the small intestine following feeding, includ-
ing genes involved in intestinal morphology and function (e.g., hy-
drolases, microvillus proteins, trafficking and transport proteins), as
well as genes involved in cell division and apoptosis. Extensive
changes in gene expression occur surprisingly rapidly, within the first
6 h of feeding, coincide with changes in intestinal morphology, and
effectively return to prefeeding levels within 10 days. Collectively,
our results provide an unprecedented portrait of parallel changes in
gene expression and intestinal morphology and physiology on a scale
that is extreme both in the magnitude of changes, as well as in the
incredibly short time frame of these changes, with up- and downregu-
lation of expression and function occurring in the span of 10 days. Our
results also identify conserved vertebrate signaling pathways that
modulate these responses, which may suggest pathways for therapeu-
tic modulation of intestinal function in humans.

hyperplasia; organ remodeling; physiological remodeling; small in-
testine; RNA-Seq

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 manip-
ulated vertebrate pathways to achieve such phenotypes. Fur-
thermore, 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 mas-
sively 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 have evolved as a mecha-
nism 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 h of feeding, Burmese pythons experi-
ence 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 h 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 ana-
tomical 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 postfed animals. Within just 24 h after
feeding, the wet mass of the small intestine doubles, including
a doubling of the mucosal enterocyte volume and a sixfold
increase in microvillus length (34). Within 48 h, intestinal
nutrient transport capacity increases 20-fold compared with
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 h of feeding, indicating
that every 3 h 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 sug-
gest tightly regulated gene expression patterns that coordinate
massive reconstructions of the anatomy and physiology of the
python digestive system.

Recent studies on the Burmese python have demonstrated
that rapid, massive changes in gene expression do indeed
broadly coincide with physiological remodeling phenotypes
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and that these differentially expressed genes involved in re-
modeling include those known to be involved in human devel-
opment, metabolism, and disease (10). Previous studies have,
however, only surveyed two postfeeding time-points during
this postfeeding response, 1 day postfeeding (1 DPF; when
phenotypes are continuing to increase) and 4 DPF (when
phenotypes have just begun to regress), and lacked any sub-
stantial analyses linking changes in gene expression with
corresponding changes in phenotypes and physiological func-
tion (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 postfeeding, 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 time-points. 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 anal-
yses of gene expression and intestinal physiology provide new
perspectives on the surprising scales associated with this re-
sponse and new insight into the molecular mechanisms and
foundations driving these extensive shifts in phenotype and
physiology.

MATERIALS AND METHODS

Feeding experiments. Burmese pythons were obtained as hatch-
lings from commercial breeders and maintained on a weekly to
biweekly diet of prekilled rodents. All animal care and experiments
were conducted under approved protocols of the University of Ala-
bama Institutional Animal Care and Use Committee. Two- to three-
year-old Burmese pythons (mean mass � 910 g, range � 415-5,776
g) were maintained at 30°C and studied fasted (30 days since last
meal) as well as at 6 h postfeeding (6 HPF), 12 HPF, 1 DPF, 4 DPF,
and 10 DPF following the consumption of meals (prekilled 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 time-point
was sampled with multiple biological replicates (multiple animals).
We humanely euthanized the snakes by severing the spinal cord
immediately behind the head, and, following a midventral 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), snap-
frozen in liquid N2, and stored at �80°C (for enzyme assays and
gene expression analyses).

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 �m), 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 according to the formula for
a cylinder. We assessed ultrastructural changes to the intestinal
brush-border membrane by transmission electron microscopy. Small
pieces of intestinal mucosa were fixed in 2.5% gluteraldehyde, post-
fixed in 1% osmium tetroxide, dehydrated in a graded series of
ethanol, and embedded in Spurr’s epoxy resin. Ultrathin sections
(�80 nm) were cut and placed on copper mesh grids and examined
under a Hitachi (H-7650) transmission electron microscope. Sections
of microvillus membrane were viewed with the scope’s high-defini-
tion camera (Orca) and image analysis software (Advance Micros-
copy Techniques). For each sample, we measured the height and
width of 100 individual microvilli and calculated microvillus surface
area with the equation width � 	 � 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,

Table 1. Sampling design and number of mapped reads per
sample

Sample Mass, g Tissue Time-point Mapped Reads

AI6 462.5 SI 0 h 1,511,751
AJ6 445.8 SI 0 h 3,965,717
Ai8 414.5 SI 0 h 800,799
U25 5,800 SI 0 h 372,003
AF2 581 SI 0 h 950,773
S19 868.4 Muc 0 h 203,389
AJ7 610 SI 6 h 881,249
AJ7 610 Muc 6 h 1,492,138
Ak25 725 SI 6 h 1,626,270
Ak25 725 Muc 6 h 403,645
R27 815.7 Muc 6 h 590,892
W11 788.7 Muc 6 h 532,607
Ak4 635 SI 12 h 936,987
Ak4 635 Muc 12 h 928,321
Ak10 747 Muc 12 h 936,420
U7 796.3 Muc 12 h 797,731
U13 774.8 Muc 12 h 654,142
Z14 467 SI 24 h 3,420,055
V43 782 SI 24 h 678,000
Z18 525 SI 24 h 596,198
W20 797.8 SI 24 h 1,280,360
S6 809 SI 24 h 1,281,658
S6 809 Muc 24 h 974,889
Y5 839 SI 96 h 1,911,844
Y18 971 SI 96 h 2,099,417
Y23 802 SI 96 h 1,016,261
Y24 957 SI 96 h 871,196
V40 867.5 SI 96 h 503,975
W2 807.7 Muc 96 h 235,595
W22 764 SI 10 d 481,585
W22 764 Muc 10 d 923,344
U1 767.9 Muc 10 d 532,607
V29 825 Muc 10 d 2,688,732
W12 981.6 Muc 10 d 799,404

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 time-point. Mapped reads are composed of
RNA-Seq reads generated from cross-sectional (SI) or mucosal (Muc) samples
of intestinal tissue or from both types of sampling. d, Days.
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63). Sleeves (1 cm) of everted intestine were preincubated in reptile
Ringer’s solution for 5 min at 30°C and incubated for 2 min at 30°C
in reptile Ringer’s solution containing both an unlabeled and radio-
labeled 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 nanomoles of nutrient per minute per
milligram of tissue (29, 63). We used colorimetric methods to quan-
tify (�mol·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 and intestinal mucosa with Trizol
reagent (Invitrogen). The details of the sampling design and the
numbers of replicates per time-point are outlined in Table 1. Illumina
mRNA-Seq barcoded libraries were constructed with either the Illu-
mina TruSeq RNA-Seq kit or the NEB Next RNA-Seq kit, both of
which include poly-A selection, RNA fragmentation, cDNA synthe-
sis, and indexed Illumina adapter ligation. Completed RNA-Seq
libraries were quantified on a BioAnalyzer (Agilent), pooled in vari-
ous multiplex arrangements, and sequenced on either an Illumina
GAIIx or Illumina HiSeq2000.

Analysis of gene expression. Raw Illumina RNA-Seq 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 prelim-
inary 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), 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 Work-
bench using the following parameters: maximum number of mis-
matches � 2, minimum length fraction � 0.8, minimum similarity
fraction � 0.8, and maximum number of hits for a read � 10. We
determined expression 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 are accessioned in the National Center for
Biotechnology Information Short Read Archive (SRP051827).

The raw expression counts were normalized by trimmed mean of
M-values (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 time-
points by two different approaches. First, we estimated significant
changes in gene expression between pairs of time-points with 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 expres-
sion 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.

We identified statistically overrepresented gene expression profile
clusters with short time-series expression miner 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 - 10 DPF). We set the maximum number of model

profiles to 50 and limited the maximum unit change (between con-
secutive time-points) within model profiles to 3; together these set-
tings allow for a large number of sampled model profiles while
maintaining a conservative estimate of expression fluctuations within
a profile.

Fig. 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 2 different individuals (AJ7 and R27). It is clear that
the 2 different types of samples (cross-sectional and mucosal) from the same
individual (A and B) are more similar than the same type of sample from
different individuals (C).

149FORM, FUNCTION, AND EXPRESSION IN PYTHON INTESTINAL REMODELING

Physiol Genomics • doi:10.1152/physiolgenomics.00131.2014 • www.physiolgenomics.org
Downloaded from www.physiology.org/journal/physiolgenomics by ${individualUser.givenNames} ${individualUser.surname} (076.186.083.104) on January 22, 2018.

Copyright © 2015 American Physiological Society. All rights reserved.



RESULTS

Rapid shifts in gene expression upon feeding. To quantify
which temporal periods following feeding have the most ex-
treme shifts in gene expression, we conducted pairwise anal-
yses between time-points (Table 2). Our comparisons show the
general trend that bursts of up- or downregulated genes early
after feeding are effectively reversed around 1–4 DPF and
return to near baseline by 10 DPF or earlier (Table 2). These
comparisons also show that much of the observed differential
expression occurs within the first 6 HPF, with 2,489 genes
undergoing differential expression at this time compared with
the fasted state. Nearly equal numbers of genes were up- and
downregulated in the first 6 h (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 h, as seen
in the 6 vs. 12 h and 12 vs. 24 h as well as the 0 vs. 24 h
comparisons (Table 2). The return to near-fasting gene expres-
sion levels was not as rapid as the early postfeeding response,

with only 864 significantly differentially expressed between
24 and 96 h, and 538 significantly differentially expressed
genes between 96 h and 10 DPF. By 10 days, expression
levels are nearly back to starting conditions, with only 31
genes significantly differentially expressed between 0 h vs.
10 days (Table 2).

Our analysis of significantly overrepresented 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 6–12 HPF (Fig. 2).
Overall, we observed a wide variety of expression patterns for
differentially expressed genes in the small intestine after feed-
ing, with genes experiencing peak low or high expression
values at various times, and many clusters either broadly
corresponded with patterns of morphological and physiolog-
ical changes or directly opposed them. As expected based on
the comparisons in Table 1, the profiles all return to near

Table 2. Numbers of significantly differentially expressed genes between pre- and postfeeding time-points

Time-point Comparisons

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

Up 1,367 2 11 498 202 1,468 730 25
Down 1,122 22 5 366 336 1,225 469 6

For each pairwise time-point comparison, the number of up- and downregulated genes, as inferred by pairwise analysis (Benjamini-Hochberg corrected P value

0.05), is indicated.

Fig. 2. General trends in gene expression across postfed time-points in the Burmese python intestine analyzed with 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 overpopulated profiles. The numbers of genes clustered and P value of these clusters is shown along with linear trends in expression.
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baseline (fasted) levels of expression levels by 10 DPF or
earlier (Fig. 2).

Analyses of shifts in gene expression across all time-points
via pairwise comparisons and by regression analyses both
identified a large number of significantly differentially ex-
pressed genes across the entire time series before and after
feeding (4,432 identified via pairwise analysis and 1,772 iden-
tified via regression analysis). Regression analysis was, how-
ever, substantially more conservative than pairwise analysis in
its estimation of the number of genes significantly differen-
tially expressed, and a large majority of genes (1,711) identi-
fied by regression analyses overlapped with those identified by
pairwise comparisons. Given the large numbers of genes esti-

mated 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 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 DPF
(Fig. 3A). As discussed in greater detail below, it is notable that
rapid shifts in gene expression correspond well to physiologi-
cal and morphological changes in the intestine, returning to
near baseline (fasted) levels as early as 4 DPF (Fig. 3A).

To illustrate this correlation of the timing of meal break-
down and passage with shifts in intestinal gene expression, we
have plotted stomach and small intestinal contents (relative to

Fig. 3. General trends of gene expression and digestion
across postfed time-points. A: heat-map of gene expres-
sion for 1,772 genes found to be significantly differen-
tially expressed across time-points based on regression
analysis. Each column represents a replicate, with time-
points clearly delimited, and each row represents a
gene, which are clustered by similarity using average
linkage hierarchical clustering. B: percent of meal mass
in stomach (filled circles and solid line) and small
intestine (open circles and dashed line) across postfeed-
ing time-points.
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meal mass) as a function of time postfeeding (Fig. 3B). Meals
(adult rats) were consumed intact. After 6 h they had not
experienced any discernable loss in material within the snakes’
stomachs. By 12 h, a small amount of material from the rat’s
head had passed into the small intestine. At 24 h, on average,
17% of the rat meal had exited the stomach and was moving
through the small intestine. Over the next 3 days, the majority
(�70%) of the rat meal was converted to chyme, had exited the
stomach, and filled the small intestine. After 4 days, the
stomach and the small intestine gradually emptied. Only rem-
nants 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 6 HPF and
1 DPF (as the meal is exiting the stomach and moving through
the small intestine), and begin to revert to fasted expression
levels by 4 DPF (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 differ-
entially expressed across time-points. Mitogen-activating ki-
nases as well as various cyclins and kinesin family members
important to cell cycle progression experience significant dif-
ferential expression during digestion of a meal, which high-
lights 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 time-points, 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 organiza-
tion. Small intestinal wet mass increased by 50% within 12 h
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 (Ps 
 0.034) across sam-
pling time-points. Mucosa/submucosa thickness increased
postfeeding (by 53%), whereas the thickness of the muscularis/
serosa layer decreased by 32% (Fig. 4, C and D).

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 differ-
ential expression across time-points postfed, along with axis
inhibition protein 2 (AXIN2) and transcription factor 7-like 2
(TCF7L2; Fig. 4, E and F).

Trafficking and cytoskeletal genes as well as genes impor-
tant 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 include 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 show corresponding sig-

nificant upregulation of genes involved in oxidative phos-
phorylation as well as glucose uptake. 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 upregu-
lation of the python’s intestinal function, including increased
enterocyte height and width (and thus volume) during meal
digestion (Ps 
 0.00001, Fig. 5B). Within 24 h of feeding,
enterocyte volume had peaked, representing a 2.6-fold increase
compared with 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 fourfold increase in the length of the intestinal
microvilli (Fig. 5C), which regressed to prefeeding levels by
between 4 and 10 DPF (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 h of feeding (Fig. 5, D–F, respectively). For all three,
uptake rates peaked at 1 DPF, increasing from fasting levels
5.3-, 2.8-, and 2.1-fold, respectively. Nutrient uptake rates
remained elevated through day 4, before becoming signifi-
cantly downregulated by day 10 (Fig. 5, D–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).

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), has shown the
process of organ remodeling in the python to be highly regu-
lated, 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 �2,500 genes are significantly differentially
expressed within the first 6 h after feeding (Table 2). This
extremely rapid response has been previously overlooked due
to a lack of fine-scale sampling of postfeeding time-points
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 expres-
sion occurring around 1 DPF 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 10 DPF, indicating a tight asso-
ciation between differential gene expression and the rapid and
cyclic physiological remodeling of the intestine. From STEM
analysis, we see a number of distinct coexpressed clusters of
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genes that shift in expression with shifts in this remodeling
process, indicating that various waves of expression are re-
sponsible for the tight regulation of intestinal remodeling (Fig.
2). A complete understanding of the roles of these discrete
waves of coexpressed loci may elucidate novel and discrete
mechanisms controlling organ growth and functional change.
We have taken the first steps toward 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 divi-
sion) (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 promitotic pressure 6 HPF and are actively cycling
by 4 DPF, 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

Fig. 4. Patterns of expression for genes involved in cell cycling, apoptosis, and WNT signaling along with corresponding physiological changes in the small
intestine. A: heat-map of genes involved in cell cycle progression and apoptosis that were shown to be significantly differentially expressed across time-points,
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 postfed time-points. F: heat-map of expression values for all replicates
across postfed time-points, with each row representing a gene and each column representing an individual, which are manually clustered by time-points. This
pathway is known to be important in development and processes such as asymmetric cell division.
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increases over time and levels out at around 3 DPF (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 ki-
nase 6 (MAPK6) and cyclin H (CCNH), are upregulated 6–12
HPF. 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). CCNH 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 sug-
gests that intestinal cells may be preparing for, but not freely
entering, the cell cycle (22). Later, at 4 DPF, we see evidence
of several stages of cell division. Cyclin-dependent kinase 2
(CDK2), which drives cells into S-phase and G2 (4), is up-
regulated, 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 time-points postfeeding, we can identify cell division
as a key aspect to the remodeling of the intestine upon feeding.

At 4 DPF, we also see increased activity of genes responsi-
ble for the regulation of the cytoskeleton related to mitotic
processes. Kinesin 4B (KIF4B) and kinesin 20B (KIF20B) are
responsible intracellular trafficking during metaphase to ana-
phase, and anaphase to telophase/cytokinesis transitions re-
spectively (16). Several indicators of cells undergoing cytoki-
nesis are also observed at 4 DPF, 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 sixfold 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 4 DPF likely additionally plays a role in initiating
the shortening of microvilli that begins at this time (Fig. 4A).

Fig. 5. Patterns of expression for genes involved with intestinal form and function alongside corresponding morphological or physiological changes in the small
intestine. A: heat-map of genes involved in various intestinal functional processes that were shown to be significantly differentially expressed across time-points
via pairwise or regression analysis. B: change in enterocyte volume through time. C: change in microvillus surface area across time postfeeding. D: change in
absorption of D-glucose across postfed time-points. E: change in absorption of L-proline across postfed time-points. F: change in absorption of L-leucine across
postfed time-points. G: change in activity of aminopeptidase N (APN) across postfed time-points.
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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 sev-
eral cancer pathologies, including breast and colorectal cancer
(48). We found that increased expression of both WNT and its
extracellular receptor, Frizzled, occurs 6–12 HPF. During this
same period, AXIN2, an intracellular inhibitor of WNT signal-
ing, is substantially downregulated within 6 h. We also find
that TCF7L2 is downregulated within the first 6 h and remains
low through 10 DPF. TCF7L2 acts in concert with �-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 impli-
cate WNT signaling in the proliferative and physiological
response to feeding (Fig. 4, E and F). 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 feed-
ing.

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 postfeed-
ing 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
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 apopto-
sis.

We observed the differential expression of genes regulating
apoptosis by 6 HPF, indicating that regulation of apoptosis
begins early in digestion. At 6 HPF there is increased expres-
sion of TNF-related apoptosis-inducing ligand (TRAIL), which
activates extracellular death receptors and promotes of apopto-
sis (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 proapoptotic 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 inhib-
itor, showed increased expression at 6 HPF. Together these
observations indicate that by 6 HPF 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 fac-
tors that promote or antagonize apoptosis are also expressed
later. Around 96 HPF there is a significant increase in expres-
sion 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
4 DPF, 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 activation by
various intra- and extracellular 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 pro-
grams 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-pro-
line, and L-leucine within the same time frame that genes for
transporters and hydrolases for these types of nutrients are
being rapidly upregulated (Fig. 5, A and D–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 facil-
itating the sixfold increase in microvillus length (Figs. 6A and
5C). A likely method for this lengthening of intestinal mi-
crovilli 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, regula-
tory, and trafficking molecules (51). The expansion of entero-
cyte volume and increase in microvillus length observed in
physiological experiments (Fig. 5, B and C) coincides well
with this pattern of significant differential expression of can-
didate genes related to microvillus regulation and transport.
Here, and in previous studies, it has been demonstrated that
extreme increases in nutrient absorption occur within the first
24–48 h 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 physi-
ology 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 postfeeding make it an excellent poten-
tial 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 develop-
mental context in an undifferentiated embryonic tissue, for
example. In most systems, the continuous nature of metabolism
and growth obscures discrete gene expression regimes under-
lying such shifts in form and function because of the need for
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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 phys-
iology. 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, which investigate extreme physi-
ology and dramatic shifts in structural, functional, and tran-
scriptional dynamics, provide a new avenue for gaining novel
insights into basic mechanisms controlling key aspects of
vertebrate biology. This may offer new information about the
links between genotypes, phenotypes, and adaptation in nature
and may also provide new information relevant to understand-
ing 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 dis-
eases. 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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