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Abstract
Invasive species provide powerful in situ experimental systems for studying evolution in response to selective pressures in novel habitats. While research has shown
that phenotypic evolution can occur rapidly in nature, few examples exist of genomewide adaptation on short “ecological” timescales. Burmese pythons (Python molurus
bivittatus) have become a successful and impactful invasive species in Florida over
the last 30 years despite major freeze events that caused high python mortality. We
sampled Florida Burmese pythons before and after a major freeze event in 2010 and
found evidence for directional selection in genomic regions enriched for genes associated with thermosensation, behaviour and physiology. Several of these genes are
linked to regenerative organ growth, an adaptive response that modulates organ size
and function with feeding and fasting in pythons. Independent histological and functional genomic data sets provide additional layers of support for a contemporary
shift in invasive Burmese python physiology. In the Florida population, a shift towards maintaining an active digestive system may be driven by the fitness benefits of
maintaining higher metabolic rates and body temperature during freeze events. Our
results suggest that a synergistic interaction between ecological and climatic selection pressures has driven adaptation in Florida Burmese pythons, demonstrating the
often-overlooked potential of rapid adaptation to influence the success of invasive
species.
KEYWORDS
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1 | I NTRO D U C TI O N

2016; Reid et al., 2016). Invasive species are valuable models for understanding such links because they are often subjected to strong

The most striking examples of evolution involve rapid phenotypic

selective pressures due to the novelty of environmental conditions

adaptation in natural populations (Grant & Grant, 2002; Losos,

they face in non-native environments (Reznick & Ghalambor, 2001;

Warheitt, & Schoener, 1997), but few studies have linked genomic

Schoener, 2011).

change to phenotypic evolution occurring over a small number of

Among the most widely known and impactful invasive species in

generations (though see Campbell-Staton et al., 2017; Epstein et al.,

the United States is the Burmese python (Python molurus bivittatus)

4744

|

© 2018 John Wiley & Sons Ltd

wileyonlinelibrary.com/journal/mec

Molecular Ecology. 2018;27:4744–4757.

|

CARD et al.

4745

(Engeman, Jacobson, Avery, & Meshaka, 2011; Schleip & O’Shea,

& Diamond, 1995, 1998). Accordingly, Burmese pythons are pre-

2010; Willson, Dorcas, & Snow, 2011). The Burmese python is a

sumably poorly adapted to the year-round prey availability typical

large constricting snake native to Southeast Asia (Barker & Barker,

in South Florida. However, the establishment and expansion of inva-

2008) that has received substantial attention due to their recent and

sive Florida Burmese pythons have coincided with dramatic reduc-

highly successful invasive colonization of South Florida (Engeman

tions in small mammal populations (Dorcas et al., 2012; McCleery

et al., 2011; Willson et al., 2011). Burmese pythons were first dis-

et al., 2015), indicating a potential ecological shift due to more con-

covered in Florida in the early 1980s (Meshaka, Loftus, & Steiner,

sistent prey availability in comparison with monsoonal Southeast

2000) and were considered established by the mid-1990s (Collins,

Asia. The expansion of this population in an ecosystem so different

Freeman, & Snow, 2008; Snow, Brien, Cherkiss, Wilkins, & Mazzotti,

from its native range therefore raises the question of whether rapid

2007). This population is thought to have originated from the re-

evolution and adaptation may have played a role in the success of

lease of pet pythons, including a catastrophic release event resulting

this invasive species.

from the destruction of an animal import facility during Hurricane

Given the success and rapid proliferation of the invasive Burmese

Andrew in 1992 (Willson et al., 2011). The ecological impact re-

python population, especially in the face of strong ecological se-

sulting from predation on endangered species by pythons within

lection pressures, we were interested to test for evidence of rapid

Florida’s Everglades National Park (ENP) is extensive, and the eco-

evolution (i.e., allele frequency fluctuations) and selection-driven

nomic impact is estimated to be at least $83,892 per snake per year

adaptation. Further, we were motivated to determine whether pu-

(Smith, Sementelli, Meshaka, & Engeman, 2007). These snakes prey

tatively selected genomic loci are associated with physiological

upon many bird and mammal species, including species listed under

traits linked to the novel climatic and ecological pressures present

the US Endangered Species Act (Dove, Snow, Rochford, & Mazzotti,

in Florida. To address these aims, we collected and analysed multiple

2011; Reed, 2005; Snow et al., 2007), and have been implicated in

complementary data sets, including ecological, genomic, transcrip-

recent severe declines in small mammal populations (Dorcas et al.,

tomic and morphological data, and integrated the results of genomic

2012; McCleery et al., 2015).

scans, differential expression analysis and histological analyses to

Several lines of evidence suggest that invasive Florida Burmese
pythons may be under substantial selection pressures. First, invasive

test for corroborative evidence of rapid adaptation in the invasive
Florida Burmese python population.

Burmese pythons reside at the margin of climatically suitable habitat within the United States (Jacobson et al., 2012; Pyron, Burbrink,
& Guiher, 2008) and several studies have found high cold-induced

2 | M ATE R I A L S A N D M E TH O DS

mortality in Burmese pythons relocated from native Southeast
Asia to more temperate areas (Avery et al., 2010; Dorcas, Willson,

The sections below outline the general details of our methodology. A

& Gibbons, 2011; Jacobson et al., 2012). Moreover, acute climatic

more detailed version of our full methods is provided as Supporting

events, including rapid shifts in temperature, also periodically impact

Information.

South Florida. For example, 50%–90% mortality was documented in
South Florida Burmese python populations during a freeze event in
January 2010 (Mazzotti et al., 2011). Collectively, this suggests that

2.1 | Overview of sample collection

the more temperate environment in Florida (compared to tropical

Ninety-seven Burmese python (Python molurus bivittatus) samples

Southeast Asia) imposes strong selection pressures on the invasive

were collected from South Florida as part of ongoing conservation

Burmese python population.

efforts by state and federal agencies under approved collecting and

In addition to being ill-
suited to the subtropical climates of

IACUC protocols. These samples were obtained during two general

Florida, the invasive Burmese python population has experienced

time periods: (a) N = 48 samples from 19 May 2003 to 17 June 2009

a fundamental shift in prey ecology. The ecology and physiology

and (b) N = 49 samples from 30 October 2012 to 6 December 2013

of Burmese pythons have been strongly shaped by the monsoonal

(Supporting information Figure S1), with most sampling separated by

ecosystems of their native Southeast Asia, where they experience

only seven years. These two time periods are temporally separated

major seasonal shifts in prey availability. Indeed, Burmese pythons

by an extreme freeze event that occurred in January 2010, and we

represent an important and unique model system for studying ex-

therefore refer to them as pre-freeze and post-freeze, respectively.

treme physiological regulation (Secor, 2008; Secor & Diamond,

Supporting information Table S1 contains complete information for

1995, 1998). These snakes have adapted to enduring long periods

all samples used in this study.

of fasting (based on their native ecology) by massively upregulating and downregulating their metabolism and their organ size and
function between meals to conserve energy during long fasts associated with their native ecology (Secor, 2008; Secor & Diamond,

2.2 | Evaluating shifts in feeding ecology and
climate in Burmese pythons from Florida

1995, 1998). For example, the python heart, small intestine, liver and

The establishment and proliferation of the invasive Burmese python

kidneys can increase 40%–100% in mass, and their metabolism can

population have corresponded with large declines in small mammal

increase up to 40-fold, all within 48 hr of feeding (Secor, 2008; Secor

populations (Dorcas et al., 2012; McCleery et al., 2015), which form

|
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a consistent source of prey in the Florida ecosystem. To understand

Auwera et al., 2013). We used BCFtools (Li, 2011; Li et al., 2009) and

whether more consistent prey availability has led to more frequent

VCFtools (Danecek et al., 2011) to exclude variants around indels

feeding in invasive Burmese pythons, we analysed five years of data

and filter variants based on genotype quality score, read depth and

collected from Burmese pythons that were captured, euthanized and

minor allele frequency (see Supplementary Materials & Methods for

necropsied as part of control efforts in South Florida. Specifically,

more details).

we quantified the proportion of snakes with a meal item in their gut
(i.e., snakes actively digesting) between 2003 and 2008.
We also used ecological niche modelling (ENM) to reconstruct

2.4 | Analyses of population structure

the climatic niche of the Burmese python based on climatic variables

Given the invasive Burmese python population was established from

associated with its native range and to project the suitable invasive

pet-trade snakes originating from various native-range regions and

range in the United States (Elith et al., 2006). We selected 90 geo-

populations (Hunter et al., 2018), we used our inferred sample geno-

referenced localities throughout the species native range, extracted

types at RAD locus variable sites to estimate how many source popu-

climatic niche data from 11 bioclimatic variables from the worldclim

lations comprise the invasive population with no a priori information

data

set v 1.4 (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005) and

constructed climatic niche models using

maxent

v. 3.3.3k (Phillips,

about potential source population. We used the

lea

package v. 1.0

(Frichot, François, & O’Meara, 2015; Frichot, Mathieu, Trouillon,

Anderson, & Schapire, 2006), following our previously published ap-

Bouchard, & François, 2014) in the r statistical environment (v. 3.3.;

proach (Card et al., 2016; Jezkova et al., 2015; Schield et al., 2015),

R Core Team, 2018) to estimate the number of ancestral populations,

with 500 maximum iterations, a convergence threshold of 0.00001,

commonly referred to as K, which in this case should correspond to

a regularization multiplier of 1 and 10,000 background points. We

the number of source populations given the relatively recent intro-

first ran five model replicates using climatic layers spanning the en-

duction of pythons to Florida. LEA uses an alternative algorithm for

tire world. We also ran a second set of 10 models, where we con-

estimating population structure from the popular program Structure

strained climatic layers to the areas of interest (i.e., southern half of

(Pritchard, Stephens, & Donnelly, 2000), but is much faster and more

Asia and southeastern United States). The two sets of models were

accurate than Structure in the presence of inbreeding (Frichot et al.,

very similar and therefore we only present the average model from

2014). It also implements a cross-entropy criterion (Alexander &

the first set of models. We visualized this model in arcgis v. 10.3 using

Lange, 2011; Frichot et al., 2014) based on replicates (N = 10 repli-

three logistic probability thresholds: (a) minimum training presence

cates with our data set) to estimate the number of population clus-

threshold (i.e., the lowest logistic probability inferred in the native

ters in the data.

range); (b) equal training sensitivity and specificity logistic threshold;
and (c) 10th percentile training presence logistic threshold (90% of
samples in the native range have a logistic probability equal or higher
than this threshold).

2.5 | Inferring and visualizing the between-time site
frequency spectrum
The two-dimensional site frequency spectrum (2D-SFS) offers an

2.3 | RADseq library generation, sequencing and
data processing

intuitive way to visualize the density in minor allele frequencies and
how they shift between pre-
freeze and post-
freeze populations.
We used δaδi (Gutenkunst, Hernandez, Williamson, & Bustamante,

We used a modified version of the Peterson, Weber, Kay, Fisher, &

2009) to calculate and visualize the folded 2D-SFS after project-

Hoekstra (2012) protocol to prepare double-digest RADseq libraries

ing down to a sample size of 45 for each population. We created

for the 48 pre-freeze and 49 post-freeze samples. RADseq sampling

two 2D-SFS matrices by inverting the placement of each population

targeted approximately 20,000 loci from throughout the genome

time point site frequency spectrum on the x- or y-axis, effectively

per individual, which was estimated based on an in silico digestion

creating two transposed 2D-SFS, which we used to calculate linear

and size selection of the Burmese python genome (Castoe et al.,

Poisson residuals between the time points and visualize the change

2013). Genomic DNA was digested simultaneously with rare (SbfI;

in the 2D-SFS between pre-freeze and post-freeze populations.

8 bp) and common (Sau3AI; 4 bp) cutting restriction enzymes. The
final pooled library was sequenced using 100-bp paired-end reads
on an Illumina HiSeq 2000 lane. Raw Illumina reads were filtered

2.6 | Multivariate scans for signatures of selection

to remove PCR clones (using an 8-bp unique molecular identifier),

We used a custom Python script to calculate six metrics to evaluate

v. 1.35 (Catchen, Amores, Hohenlohe,

the degree of allele frequency fluctuation between the pre-freeze

Cresko, & Postlethwait, 2011; Catchen, Hohenlohe, Bassham,

and post-freeze populations: (a) the absolute value of allele frequency

Amores, & Cresko, 2013) and were quality-trimmed using

trimmo-

change |ΔAF|, (b) population allelic differentiation (FST ) based upon

v. 0.33 (Bolger, Lohse, & Usadel, 2014). We used the RADcap

Weir & Cockerham (1984), (c) the absolute differentiation in genetic

demultiplexed using

matic

stacks

analysis pipeline (Hoffberg et al., 2016) to map reads and infer geno-

diversity (DXY ), (d) the fluctuation in nucleotide diversity (pre-freeze

types based on the Genomic Analysis Toolkit (GATK) best-practices

– post-freeze; ΔPi), (e) the difference in heterozygosity between

guidelines (DePristo et al., 2011; McKenna et al., 2010; Van der

populations (pre-freeze – post-freeze; ΔHet) and (f) the fluctuation

|
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in Tajima’s D statistic (pre-
freeze – post-
freeze; ΔTajD; (Tajima,

information was used to link, order and orient adjacent python scaf-

1989). Combining information from two or more summary statis-

folds (for regions of interest) based on their alignment to the highly

tics provides increased power to detect loci under natural selection

contiguous Boa constrictor genome.

(Evangelou & Ioannidis, 2013; François, Martins, Caye, & Schoville,
2016; Grossman et al., 2010; Lotterhos et al., 2017; Ma et al., 2015;
Randhawa, Khatkar, Thomson, & Raadsma, 2014, 2015; Utsunomiya
et al., 2013), and thus, we employed a multivariate outlier approach

2.8 | Estimating gene expression for Florida
Burmese pythons

to identify genetic loci with strong signatures of directional selection

Given findings from the selection scans (see Results and Discussion),

based on the six univariate statistics. We used MINOTAUR (Verity

we were interested in comparing patterns of small intestine gene ex-

et al., 2017) to estimate the Mahalanobis multivariate distance

pression from invasive pythons in Florida with previous estimates of

(Mahalanobis, 1936) based on the six metrics described above. The

expression patterns from controlled experiments involving commer-

top 2.5% of Mahalanobis distance measures were taken to indicate

cial trade pythons (Andrew et al., 2015, 2017; Castoe et al., 2013).

variants putatively under selection, and this threshold reflected a

These experiments leveraged replicate sampling of captive Burmese

natural break in the Mahalanobis multivariate distribution and in

pythons taken at the following controlled time points: fasted

associated bivariate plots between pairwise univariate statistics

(30 days since last meal), 1-
day post-
feeding (1DPF), 4DPF and

(Supporting information Figure S6). We also used ApproxWF (Ferrer-

10DPF. We downloaded the raw read data from these previous stud-

Admetlla, Leuenberger, Jensen, & Wegmann, 2016), which uses a

ies from the NCBI SRA database. These data were combined with

Bayesian model-based approach to explicitly account for demogra-

newly generated small intestine RNAseq data from seven pythons

phy, to estimate selection coefficients (s) based on the fluctuation

from the invasive Florida population collected in January of 2016

in allele frequencies between the pre-and post-freeze populations.

(see Supporting information Table S1 for details of sampling). Due to

These independent analyses identify regions of the genome pu-

regulatory constraints, we were unable to carry out a well-controlled

tatively under selection based either on how much of an outlier a

experiment akin to that presented in previous studies (Andrew et al.,

region is based on a composite measure of population genetic statis-

2015, 2017; Castoe et al., 2013). However, we were able to leverage

tics (Mahalanobis distance) or whether a Bayesian highest posterior

the known and well-defined, cyclical pattern of digestive physiology

distribution of selection coefficients is significantly different from 0

and gene expression following feeding to ensure that snakes were

(no selection; the ApproxWF analysis). We used permutation tests to

strategically fasted prior to sacrifice. Burmese pythons reach their

test the null hypothesis that the allele frequency estimates are not

peak digestive physiological state at 1–2 days post-feeding, and by

significantly different between the two populations. We also con-

four days, they are starting to revert to a fasted state. Therefore,

ducted forward-time, Wright–Fisher simulations of neutral genetic

snakes that contained no meal item in the gut and that were in cap-

drift, matching the sample sizes, locus length and other important

tivity without access to food for at least eight days were used for

factors from our empirical data, to more directly address whether

this experiment. We found that these expectations were upheld, as

fluctuations in population genetic statistics were beyond what

overall gene expression in these seven pythons closely resembled a

would be expected under genetic drift (see Supplementary Materials

fasted state in animals from previous well-controlled experiments

& Methods for full details). Higher densities of loci in the empirical

(Supporting information Figure S11), and we feel that this design is

data set versus the simulated data sets at more extreme values of

justified for roughly deciphering the digestive tract physiology in

population genetic statistics provide evidence for directional selec-

fasted modern Florida Burmese pythons.

tion, versus neutral genetic drift, producing patterns of high allelic
fluctuation between population time points.

We normalized raw expression count data using the TMM
method (Robinson & Oshlack, 2010) in edgeR (McCarthy, Chen, &
Smyth, 2012; Robinson, McCarthy, & Smyth, 2010) and tested for

2.7 | Using synteny with the Boa constrictor genome
to identify genomic regions in the python

significant changes in gene expression between the fasted invasive python sampling and each of these experimental time points
using pairwise exact tests with independent hypothesis weighting

The Burmese python reference genome suffers from relatively low

(IHW) to minimize the false discovery rate (Ignatiadis, Klaus, Zaugg,

contiguity, and some genome scan outliers were on small python ge-

& Huber, 2016). Genes identified as significantly differentially ex-

nome scaffolds or were located near the ends of scaffolds. To enable

pressed (IHW FDR < 0.1) in pairwise comparisons between fasted

more meaningful analyses of the genomic context of genome scan

Florida and fasted experimental animals were analysed using Core

outliers, we took advantage of the highly contiguous Boa constric-

Analysis in Ingenuity Pathway Analysis (IPA; Qiagen) to infer dif-

tor reference genome (Bradnam et al., 2013) and the fact that snake

ferential activity of canonical pathways and upstream regulatory

genomes have well-conserved genome size, karyotype, and regional

interactions. Annotated genes located on scaffolds that contained

synteny (Alföldi et al., 2011; Matsubara et al., 2006; Singh, 1972) to

putative targets of selection were analysed for GO term (Ashburner

infer linkage of python scaffolds. We used Satsuma (Grabherr et al.,

et al., 2000; The Gene Ontology Consortium, 2017) and KEGG

2010) to map each entire Burmese python genome scaffold to their

Pathway (Kanehisa, Furumichi, Tanabe, Sato, & Morishima, 2017;

syntenic location in the Boa constrictor genome, and this synteny

Kanehisa & Goto, 2000; Kanehisa, Sato, Kawashima, Furumichi, &

4748
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Tanabe, 2016) enrichment using the Web-based Gene Set Analysis
Toolkit (WebGestalt 2017; Zhang, Kirov, & Snoddy, 2005) and using
ClueGO v. 2.2.6 (Bindea et al., 2009) implemented in Cytoscape v.
3.3.0 (Shannon et al., 2003), with ontologies/pathways from GO,
KEGG and WikiPathways (Pico et al., 2008; Slenter et al., 2018). As a
complement to our ontology-and pathway-based enrichment analyses, we also evaluated the impact of genes on vertebrate phenotype using mouse knockout phenotype enrichment tests conducted
using the Mammalian Phenotype Enrichment Analysis (MamPhEA;
Weng & Liao, 2010), with manual post hoc clustering of similar phenotypes, which were visualized using a wordcloud constructed using
the wordcloud2 v. 0.2.0 package in r. We used the GenometriCorr r
package (Favorov et al., 2012) to test for spatial autocorrelation between differentially expressed transcripts and genome scan outliers
using the Jaccard index of overlap (Jaccard, 1908).

2.9 | Histological analyses of organ morphology
Burmese pythons experience extreme and rapid changes in the
morphology of digestive organs when transitioning between a
dormant fasted state and an actively digesting state, and we
were interested in comparing the morphological state of samples from fasted invasive pythons from Florida to that of experimental animals in carefully controlled fasted and fed states.
Cross sections from the anterior third of the small intestine
from the seven invasive python samples from Florida taken in
January of 2016 were embedded in paraffin, cross-s ectioned
(6 μm) and stained with haematoxylin and eosin on glass slides.
Existing paraffin blocks from 3 replicate animals each from controlled fasted, 3DPF and 10DPF time points were also obtained,
cross-s ectioned and stained in the same manner. We took replicate measures of cell sizes for all four organs for the three experimental time points and for fasted samples from the invasive
Florida population were compared using an ANOVA with post
hoc Tukey’s honest significant difference tests of pairwise comparisons. We also visualized and measured the state of intestinal
microvilli using transmission electron microscopy, as intestinal
microvillus regression is incredibly rare in vertebrates, yet an
extreme and reliable hallmark of the downregulation of intestinal physiology and function in Burmese pythons (see Figure 5c;
Lignot, Helmstetter, & Secor, 2005).

3 | R E S U LT S A N D D I S CU S S I O N
FIGURE 1 Evidence of novel ecological conditions for invasive
Burmese pythons in South Florida. (a) Temporal analyses of the
proportion of captured pythons containing a food item. White
numbers within the bars indicate sample sizes. (b) A map of the
sampling used for this work from pre-freeze (N = 48; green points)
and post-freeze (N = 49; blue points) populations and habitat
suitability estimates based on the ecological niche modelling of
native-range Burmese pythons [Colour figure can be viewed at
wileyonlinelibrary.com]

3.1 | Climatic and feeding data indicate ecological
shifts in invasive Burmese pythons
Burmese python physiology is highly adapted to monsoonal
Southeast Asian ecosystems with major seasonal shifts in
prey availability that lead to these snakes enduring long periods of fasting (Secor, 2008; Secor & Diamond, 1995, 1998).
In Florida, however, invasive pythons have constant access to

|

CARD et al.

4749

prey and thus feed year-r ound (Dorcas et al., 2012). Our analy-

population. Among all samples, we found that 3.5% of sequenced

ses, based on five years (2003–2008) of necropsy data from

RAD loci contained one or more variants (i.e., multiple alleles) in the

the Florida population of Burmese pythons (Florida Burmese

Florida population.

pythons, hereafter), indicated that an annual average of 94%

To test whether selection on standing genetic variation is

of captured snakes contained a meal (97% in wet season and

leading to temporal fluctuations in allele frequencies, we com-

91% in dry season; Figure 1a). Though no directly comparable

pared genomic variation in our R AD loci between the pre- and

data exist for Burmese pythons in their native range, similar

post-freeze populations. Evidence for rapid genomic evolu-

data collected for Morelia spilota—an Australian pythonid snake

tion and adaptation in the Florida Burmese python popula-

species with similar feeding ecology—found that 73.9% of sam-

tion through time were evident in the two-d imensional allele

ples contained prey items in the digestive tract during the sum-

frequency spectrum and from genomewide population genetic

mer, which is the monsoonal season where snakes feed most

diversity statistics (Figure 2b; Supporting information Figure

(Slip & Shine, 1988). We used a binomial test to test whether

S2). The allelic fluctuation between empirical pre- versus

the observed proportion of actively digesting Burmese py-

post-f reeze Florida population samples was also significantly

thons in Florida year-r ound (94.3%; N = 455 samples) is signifi-

different than random population assignments of samples, in-

cantly greater than expected based on what we would expect

dicating evolution across our temporal samples (Supporting

in Southeast Asia, using data from Morelia as a proxy. The re-

information Figure S3). Using forward-t ime simulations across

sult of this test was significant (p < 0.01), which indicates that

a range of plausible demographic scenarios, we found that the

Florida Burmese pythons are feeding year-r ound at an overall

largest empirical allele frequency changes are unlikely to have

rate that far exceeds what we expect from native-r ange popu-

occurred due to neutral genetic drift alone (Supporting infor-

lations. This shift in feeding rates represents a major ecological

mation Figures S4 and S5). Collectively, these results provide

shift from the “feast-f amine” feeding patterns associated with

strong support for rapid evolution of the Florida Burmese py-

their native range.

thon population and the role of selection at a subset of ge-

We also found that invasive Florida Burmese pythons experience

nomic regions.

climatic conditions that are distinct from their native range. Our eco-

To further test for evidence of locus-specific signatures of se-

logical niche models agreed with previous estimates (Pyron et al.,

lection, we used multiple genomic-scan approaches to survey our

2008) that this population persists at the margin of the predicted cli-

genomewide variant data set. We identified evidence of tempo-

matic suitability of this species (Figure 1b). Further supporting this in-

ral genetic differentiation driven by selection at several loci by

ference, Burmese pythons exhibit high mortality (50% or higher) when

summarizing six population genetic statistics using a multivariate

relocated to more temperate U.S. locations (Avery et al., 2010; Dorcas

composite measure (Mahalanobis distance) that identified multi-

et al., 2011) and during freeze events in South Florida (Mazzotti et al.,

variate outliers (Figure 3a; Supporting information Figures S6 and

2011). We hypothesized that these novel ecological factors—more ex-

S7; Lotterhos et al., 2017; Verity et al., 2017). We also conducted

treme cold climatic events and consistent prey availability—have acted

an independent estimation of locus-specific selection coefficients

as strong selective catalysts to drive the evolution of Florida Burmese

(s) based on temporal allele frequency changes using a Bayesian

pythons.

approach that explicitly accounts for demography (Ferrer-Admetlla
et al., 2016). Selected variants based on Bayesian HPD not over-

3.2 | Genomic evidence for rapid evolution driven
by natural selection in Florida Burmese pythons

lapping 0 (i.e., no selection) were found in many of the same
genomic regions that contained outlier Mahalanobis distances, indicating that these regions are evolving under directional selection

To test for evidence of evolution and selection on genetic varia-

(Figure 3b). These two approaches together implicated 12 candi-

tion through time, we generated genomic data (using ddRADseq;

date genomic regions as likely influenced by directional selection

Peterson et al., 2012) from Florida Burmese pythons collected before

between pre-and post-freeze event pythons. To guard against our

and after a January 2010 freeze event that occurred in South Florida,

results being strongly driven by a small number of extreme out-

which is known to have caused high python mortality (50%–90%;

lying samples (e.g., samples with highly differentiated genotypes),

see Supporting information Figure S1 for temporal ranges of sam-

we compared allele frequency fluctuations between the two time

pling; Mazzotti et al., 2011). Our filtered variant data set contained

points for the full data set and a subsampled data set. Specifically,

1,021 variants across 23,041 nuclear loci sampled from 97 Florida

we ran a PCA on sample genotypes to identify the eight samples

Burmese pythons (48 sampled before and 49 after the freeze event;

with the most outlying or divergent genotypes (Supporting in-

Figure 1b; Supporting information Figure S1, Table S1) and indicates

formation Figure S8A). Half of these samples were from the first

that the Florida population was likely derived from 2 to 3 distinct

time point while the other half were from the second time point.

source populations (Figure 2a). These findings align with importa-

Excluding these outliers, we re-calculated allele frequency fluctu-

tion records indicating two main native-
range sources (Engeman

ations and found remarkably little difference between these esti-

et al., 2011) and expand on previous microsatellite analyses (Collins

mates and estimates from the full data set (Supporting information

et al., 2008) to provide genomic evidence for a panmictic invasive

Figure S8B), suggesting our inferences about changes in genotypes
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F I G U R E 2 Genomic evidence for mixed ancestry and genetic
evolution in the invasive Burmese python population. (a) Structure
plot showing the admixture proportions for K = 2 and K = 3 source
populations. (b) Allele frequency shifts in the Florida population
illustrated by the 2D site allele frequency spectrum (below solid
diagonal) and the residual change in allele spectrum density
between the two time points (above solid diagonal). Each axis
represents the distribution of minor allele frequencies for variant
loci at the time point, which was projected down to a sample size of
45 [Colour figure can be viewed at wileyonlinelibrary.com]

evolution driven by directional selection at a subset of genomic
regions.

3.3 | Rapid adaptive evolution targeted genes
related to ecological shifts
Given strong evidence for selection-d riven evolution, we were
motivated to identify the potential functional targets of selection. We used the Burmese python genome annotation to identify genes that are genetically linked to the 12 candidate genomic
regions inferred to be under selection (Supporting information
Figure S9; Castoe et al., 2013). We used alignments to the more
contiguous Boa constrictor genome (Bradnam et al., 2013) to identify adjacent syntenic scaffolds in the python (see Supplemental
Methods). Seventy-e ight genes were identified within the 12
putatively selected genomic regions, and functional annotations
for these genes demonstrated striking relevance to physiological features that were a priori predicted to be relevant to the
novel ecological conditions of Florida. Analyses of associated
Mouse Knockout (MKO) phenotypes identified four prominent
clusters of phenotypes: sensory perception and responsiveness,
thermosensation and hypothermia responsiveness, learning and
behaviour, and organ form and function (Figure 3c). Gene ontology (GO) analyses also indicated enrichment for genes linked to
cell division, organ growth and development (including calcium
signalling), reproduction, immunity and responses to stress, and
to neuronal function and behaviour (Figure 3d; Supporting information Figure S10).
Because Burmese pythons are known for their ability to undergo extreme organ growth upon feeding, we cross-referenced genes in these 12
regions with genes relevant to regenerative organ growth (Andrew et al.,
2015, 2017) and found several genes in key organ growth regulation pathways. Multiple genes were involved in calcium-mediated signalling, which
plays a central role in organ hypertrophy, including PLEK, CHP2 and, importantly, PPP3R1, which encodes a regulatory subunit of calcineurin (a key
regulator of cardiac hypertrophy), and PLCE1 (a regulator of processes including cell growth and differentiation). This gene set also included PITX2, a
regulator of abdominal development, and a long non-coding RNA with hothrough time are not biased by a small number of extreme sam-

mology to PTEN—a gene that functions in the mTOR growth pathway that

ples. Collectively, population genomic data provide evidence

is central to modulating post-feeding organ growth in pythons (Figure 4;

for genomewide evolution (i.e., allele frequency change) and for

Andrew et al., 2015, 2017). Overall, genomic data broadly correspond with

CARD et al.

F I G U R E 3 Genomewide shifts in
population genetic variation indicate
selection in genes related to reproduction,
behaviour and regenerative organ
growth. (a) Manhattan plot of multivariate
Mahalanobis distance across variants
with points above the 97.5% quantile
(red broken line) indicated in red. (b)
Manhattan plot of selection coefficients
for each genome-wide variant. Grey
lines represent the 95% high posterior
density for each point (truncated at 0 for
visualization). Red points have a 95% high
posterior density (HPD) that falls entirely
above 0, indicating selection. (c) Word
cloud of MKO phenotypes associated
with genes in regions with genomic
outliers, clustered by colour into broader
physiological categories. (d) Enriched
GO networks differentiated by colour
and clustered into broader physiological
categories [Colour figure can be viewed at
wileyonlinelibrary.com]
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F I G U R E 4 Natural selection modulates differential expression and is associated with genes known to play a role in regenerative organ
growth. (a) Genome tracks displaying broader context of Mahalanobis distances and selection coefficients in syntenic genomic regions
with selected variants, and associated Burmese python genome scaffolds, annotated transcripts and significantly differentially expressed
transcripts. Loci with outlier Mahalanobis distances or selection coefficients indicating evidence for selection are shown as orange
points and all other loci are indicated in blue (as in Figure 3). Regions were identified from alignments between the Burmese python and
Boa constrictor reference genomes, and multiple Burmese python scaffolds map to each region (see “Python Scaffolds” track). Region 6
contained no annotated genes. (b) Significant pairwise differential expression comparisons (red in top heatmap and red transcript labels)
and normalized expression heatmap (see inset scale of log2 CPM) for fasted post-freeze Florida Burmese pythons and laboratory pythons in
fasted and post-feeding morphological states. CPM, counts per million; D.E., differentially expressed; DPF, days post-fed; FL, invasive Florida
Burmese python; lncRNA (?), long non-coding RNA with unknown homology
ecological and climatic data in implicating strong selection on traits related
to thermal tolerance as well as feeding ecology/physiology. Furthermore,
these multiple lines of evidence that implicate changes in feeding physiology raise the intriguing question of whether Florida Burmese pythons have

3.4 | Histological and functional genomic data
implicate phenotypes linked to ecological pressures and
correspond with putative genes under selection

adapted to alter their dynamic physiology to a more consistently active

We conducted a second set of experiments to identify whether

state based on increased prey availability in South Florida.

any evidence outside of genomic allele frequency changes might

CARD et al.
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corroborate (or refute) our inference that rapid adaptation has oc-

of population genomic data (p < 0.01). This pattern suggests that di-

curred that may have altered physiological regulation in the inva-

rectional selection in these genomic regions may have driven allelic

sive Florida Burmese pythons. We tested for evidence that modern

changes that have modified expression of key genes involved with

Florida Burmese pythons possess a more upregulated fasting physi-

regenerative organ growth. We cannot, however, discount the role of

ological state by comparing gene expression and histological data on

plasticity, either alone or together with genetic adaptation, in driving

organ cell sizes between fasted Florida Burmese pythons captured in

patterns of differential expression (Card, Schield, & Castoe, 2018;

2016 and captive bred laboratory descendants of imported pythons

Ghalambor, McKay, Carroll, & Reznick, 2007). Additionally, five of

while fasting and at various post-feeding time points. Specifically,

the six genes identified by our analyses of allele frequency changes,

we tested whether fasted post-freeze Florida Burmese pythons had

and highlighted above as being important in organ growth, showed

substantially different cellular and transcriptomic states compared

differentially expressed transcripts between fasted post-freeze and

to fasted laboratory pythons—a pattern that is predicted by our in-

laboratory pythons (IHW FDR < 0.1). We also found that gene ex-

ferences from genomic and ecological data. While we acknowledge

pression interpreted in the context of pathways known to mediate

that this experiment was not ideally controlled (e.g., common-garden

regenerative growth in Burmese pythons (Andrew et al., 2015, 2017)

design) due to permitting and regulatory constraints, it did allow us

indicates that fasted post-freeze pythons exhibit pathway and up-

to test for phenotypic evidence that supports the hypothesis of a

stream pathway regulatory molecule states that are intermediate

shift in Florida Burmese python physiology. We found that patterns

between the fasted and fed states in laboratory pythons (Figure 5a).

of gene expression in seven fasted post-freeze Florida Burmese py-

Lastly, we examined cell sizes from four organs in fasted post-freeze

thons resembled fasted laboratory pythons (Supporting information

pythons and found that they more closely resemble actively digest-

Figure S11), yet were distinct in several key features. Importantly,

ing laboratory pythons more so than fasted laboratory pythons

when comparing fasted post-freeze pythons and laboratory pythons,

(Figure 5b,c). While the transcriptome and histological data alone do

we found that an excess of differentially expressed genes was lo-

not provide definitive proof of adaptation, it is notable that transcrip-

cated in putatively selected genomic regions based on our analyses

tome and histological results support the independent predictions

F I G U R E 5 Cellular and anatomic evidence for unique, upregulated fasted physiological states in adapted Florida Burmese pythons.
(a) Relative activation states for canonical pathways and upstream regulatory molecules previously shown to be important in python
regenerative organ growth based on gene expression data. Pairwise comparisons represent relative activation between fasted post-
freeze Florida Burmese pythons and laboratory pythons in fasted and post-feeding morphological states. (b) Boxplots showing cell size
measurements between laboratory pythons in fasted and post-feeding morphological states and in fasted post-freeze Florida Burmese
pythons for four organs. Horizontal bars indicate pairwise comparisons between the measurements from the fasted invasive Florida
Burmese pythons and respective treatments from the laboratory pythons, with an asterisk indicating a statistically significant difference
(Tukey’s HSD p-value ≤0.05). (c) Example electron micrographs of proximal intestinal microvilli at several key time points during the normal
feeding cycle in laboratory pythons, and in a post-freeze fasted Florida Burmese python. Scale bar = 1 μM. DPF, days post-fed; FL, invasive
Florida Burmese python [Colour figure can be viewed at wileyonlinelibrary.com]
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from population genomic and ecological data—that post-
freeze

2005, 2009; Seebacher, Elsey, & Trosclair, 2003), which suggest

Florida Burmese pythons may exhibit a unique and more consistently

physiologically upregulated pythons may maintain higher body

upregulated physiology.

temperature. Collectively, these data suggest that physiologically
upregulated, hypermetabolic pythons—either due to having re-

4 | CO N C LU S I O N S A N D S Y NTH E S I S

cently fed or due to heritable variation in their degree of post-
feeding downregulation—may be resistant to freezing and may
explain how the high mortality 2010 freeze event could have cat-

Overall, our results provide evidence for rapid evolution by natu-

alysed adaptive evolution. In situ adaptation of Burmese pythons

ral selection in invasive Florida Burmese pythons, together with

to the South Florida environment has broad ecosystem-s cale ram-

multiple lines of evidence that adaptation may be linked to freeze

ifications for persistence and expansion of this impactful invasive

tolerance and a shift in feeding physiology. Our ecological data pro-

species. This and other examples (Phillips, Brown, Webb, & Shine,

vide compelling evidence for an extreme shift in feeding ecology

2006) also demonstrate the surprising evolutionary potential of

occurring in invasive Burmese pythons since their introduction to

invasive species, and the importance of accounting for adaptation

Florida, and field mortality estimates together with our ecological

in predicting the outcomes of biological invasions.

niche models indicate Florida Burmese pythons exist at the margins of their thermal tolerance. Our genomic data demonstrate that
evolution (allele frequency change through time) has occurred and

AC K N OW L E D G E M E N T S

that a subset of genomic regions exhibit hallmarks of natural se-

This project was supported by UTA start-u p funds to T.A.C., an

lection. Interestingly, these regions are enriched for genes related

NSF DDIG award to D.C.C. and T.A.C. (DEB-
1501747), and a

to thermal tolerance, behaviour and physiological phenotypes.

Society for the Study of Evolution Rosemary Grant award to

Finally, independent gene expression and histological data provide

D.C.C. Stephen Secor provided histological samples for compara-

an intriguing added layer of support for a shift in Florida Burmese

tive purposes, and James Kennedy and Heather Perry assisted

python feeding physiology, which implicates many of the same key

with microscopy. Any use of trade, firm or product names is for

genes identified by the population genomic data. These results col-

descriptive purposes only and does not imply endorsement by the

lectively support the hypothesis that new ecological pressures in

US Government.

Florida, such as a more temperate climate and more consistent prey
availability, have driven adaptation by favouring the maintenance
of a physiologically active state and enhanced thermoregulatory
responsiveness.
A compelling question remains of whether behavioural
changes, thermal tolerance and shifts in digestion physiology
are linked, and future in situ and common-g arden experiments
that extend previous studies (e.g., Andrew et al., 2015, 2017;
Avery et al., 2010; Dorcas et al., 2011; Jacobson et al., 2012;
Lignot et al., 2005) would be valuable to test for these pheno-
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New raw Illumina sequencing data have been accessioned at
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Supporting information Table S1 for individual sample accession
information. Data analysis scripts and intermediate and final data
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m9.figshare.6979940).

typic differences and discern connections between these putative adaptations. Moreover, the relative contributions of longer
term, consistent selection pressures versus acute, strong nat-
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the lowest vertebrate basal metabolic rates, yet upon feeding experience extreme organ growth that coincides with the highest
increase in metabolic rate in vertebrates (40-fold; Secor, 2008;

ORCID

Secor & Diamond, 1995, 1998). Indeed, positron emission tomog-

Daren C. Card

http://orcid.org/0000-0002-1629-5726

raphy (PET) scans of fasted versus fed laboratory pythons high-

Tereza Jezkova

http://orcid.org/0000-0003-4114-4564

light massive upregulation of tissue metabolism in pythons that
corresponds with upregulated organ systems (Secor, 2008; Secor

Margaret E. Hunter

http://orcid.org/0000-0002-4760-9302

& Diamond, 1995, 1998). In ectotherms, metabolism is known to

Kristen M. Hart

http://orcid.org/0000-0002-5257-7974

correlate with body temperature (Guderley, 2004; Seebacher,

Todd A. Castoe

http://orcid.org/0000-0002-5912-1574

CARD et al.

REFERENCES
Alexander, D. H., & Lange, K. (2011). Enhancements to the ADMIXTURE
algorithm for individual ancestry estimation. BMC Bioinformatics,
12(1), 246. https://doi.org/10.1186/1471-2105-12-246
Alföldi, J., Palma, F. D., Grabherr, M., Williams, C., Kong, L., Mauceli, E., …
Lindblad-Toh, K. (2011). The genome of the green anole lizard and a
comparative analysis with birds and mammals. Nature, 477(7366), 587.
https://doi.org/10.1038/nature10390
Andrew, A. L., Card, D. C., Ruggiero, R. P., Schield, D. R., Adams, R. H.,
Pollock, D. D., … Castoe, T. A. (2015). Rapid changes in gene expression
direct rapid shifts in intestinal form and function in the Burmese python after feeding. Physiological Genomics, 47(5), 147–157. https://doi.
org/10.1152/physiolgenomics.00131.2014
Andrew, A. L., Perry, B. W., Card, D. C., Schield, D. R., Ruggiero, R. P.,
McGaugh, S. E., … Castoe, T. A. (2017). Growth and stress response
mechanisms underlying post-feeding regenerative organ growth in the
Burmese python. BMC Genomics, 18, 338. https://doi.org/10.1186/
s12864-017-3743-1
Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry,
J. M., … Sherlock, G. (2000). Gene Ontology: tool for the unification of biology. Nature Genetics, 25, 25–29. https://doi.
org/10.1038/75556
Avery, M. L., Engeman, R. M., Keacher, K. L., Humphrey, J. S., Bruce, W. E.,
Mathies, T. C., & Mauldin, R. E. (2010). Cold weather and the potential
range of invasive Burmese pythons. Biological Invasions, 12(11), 3649–
3652. https://doi.org/10.1007/s10530-010-9761-4
Barker, D. G., & Barker, T. M. (2008). The Distribution of the Burmese
Python, Python molurus bivittatus. Bulletin of the Chicago Herpetological
Society, 43(3), 33–38.
Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky,
A., … Galon, J. (2009). ClueGO: a Cytoscape plug-
in to decipher
functionally grouped gene ontology and pathway annotation networks. Bioinformatics, 25(8), 1091–1093. https://doi.org/10.1093/
bioinformatics/btp101
Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics, 30(15), 2114–2120.
https://doi.org/10.1093/bioinformatics/btu170
Bradnam, K. R., Fass, J. N., Alexandrov, A., Baranay, P., Bechner, M., Birol,
I., … Korf, I. F. (2013). Assemblathon 2: evaluating de novo methods of
genome assembly in three vertebrate species. GigaScience, 2(1), 1–31.
https://doi.org/10.1186/2047-217X-2-10
Campbell-Staton, S. C., Cheviron, Z. A., Rochette, N., Catchen, J., Losos, J.
B., & Edwards, S. V. (2017). Winter storms drive rapid phenotypic, regulatory, and genomic shifts in the green anole lizard. Science, 357(6350),
495–498. https://doi.org/10.1126/science.aam5512
Card, D. C., Schield, D. R., Adams, R. H., Corbin, A. B., Perry, B. W., Andrew,
A. L., … Castoe, T. A. (2016). Phylogeographic and population genetic
analyses reveal multiple species of Boa and independent origins of insular dwarfism. Molecular Phylogenetics and Evolution, 102, 104–116.
https://doi.org/10.1016/j.ympev.2016.05.034
Card, D. C., Schield, D. R., & Castoe, T. A. (2018). Plasticity and local adaptation explain lizard cold tolerance. Molecular Ecology, 27(9), 2173–2175.
https://doi.org/10.1111/mec.14575
Castoe, T. A., de Koning, A. P. J., Hall, K. T., Card, D. C., Schield, D. R., Fujita,
M. K., … Pollock, D. D. (2013). The Burmese python genome reveals
the molecular basis for extreme adaptation in snakes. Proceedings of
the National Academy of Sciences, 110(51), 20645–20650. https://doi.
org/10.1073/pnas.1314475110
Catchen, J. M., Amores, A., Hohenlohe, P., Cresko, W., & Postlethwait, J. H.
(2011). Stacks: Building and Genotyping Loci De Novo From Short-Read
Sequences. G3: Genes, Genomes, Genetics, 1(3), 171–182. https://doi.
org/10.1534/g3.111.000240
Catchen, J. M., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko,
W. A. (2013). Stacks: an analysis tool set for population genomics.

|

4755

Molecular Ecology, 22(11), 3124–3140. https://doi.org/10.1111/
mec.12354
Collins, T. M., Freeman, B., & Snow, R. W. (2008). Final report: genetic characterization of populations of the nonindigenous Burmese python in Everglades
National Park (Final report for the South Florida Water Management
District) (pp. 1–30). Miami, FL: Florida International University.
Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A.,
… Durbin, R. (2011). The variant call format and VCFtools. Bioinformatics,
27(15), 2156–2158. https://doi.org/10.1093/bioinformatics/btr330
DePristo, M. A., Banks, E., Poplin, R., Garimella, K. V., Maguire, J. R., Hartl,
C., … Daly, M. J. (2011). A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nature Genetics,
43(5), 491. https://doi.org/10.1038/ng.806
Dorcas, M. E., Willson, J. D., & Gibbons, J. W. (2011). Can invasive Burmese
pythons inhabit temperate regions of the southeastern United
States? Biological Invasions, 13(4), 793–802. https://doi.org/10.1007/
s10530-010-9869-6
Dorcas, M. E., Willson, J. D., Reed, R. N., Snow, R. W., Rochford, M. R., Miller,
M. A., … Hart, K. M. (2012). Severe mammal declines coincide with proliferation of invasive Burmese pythons in Everglades National Park.
Proceedings of the National Academy of Sciences, 109(7), 2418–2422.
https://doi.org/10.1073/pnas.1115226109
Dove, C. J., Snow, R. W., Rochford, M. R., & Mazzotti, F. J. (2011). Birds
Consumed by the Invasive Burmese Python (Python molurus bivittatus) in Everglades National Park, Florida. USA. The Wilson Journal of
Ornithology, 123(1), 126–131. https://doi.org/10.1676/10-092.1
Elith, J., Graham, C. H., Anderson, R. P., Miroslav, D., Ferrier, S., Guisan, A.,
… Zimmermann, N. E. (2006). Novel methods improve prediction of
species’ distributions from occurrence data. Ecography, 29(2), 129–151.
https://doi.org/10.1111/j.2006.0906-7590.04596.x
Engeman, R., Jacobson, E., Avery, M. L., & Meshaka, W. E. (2011). The
aggressive invasion of exotic reptiles in Florida with a focus on prominent species: A review. Current Zoology, 57(5), 599–612. https://doi.
org/10.1093/czoolo/57.5.599
Epstein, B., Jones, M., Hamede, R., Hendricks, S., McCallum, H., Murchison,
E. P., … Storfer, A. (2016). Rapid evolutionary response to a transmissible
cancer in Tasmanian devils. Nature Communications, 7, 12684. https://
doi.org/10.1038/ncomms12684
Evangelou, E., & Ioannidis, J. P. A. (2013). Meta-
analysis methods for
genome-wide association studies and beyond. Nature Reviews Genetics,
14(6), 379–389. https://doi.org/10.1038/nrg3472
Favorov, A., Mularoni, L., Cope, L. M., Medvedeva, Y., Mironov, A. A.,
Makeev, V. J., & Wheelan, S. J. (2012). Exploring Massive, Genome Scale
Datasets with the GenometriCorr Package. PLOS Computational Biology,
8(5), e1002529. https://doi.org/10.1371/journal.pcbi.1002529
Ferrer-Admetlla, A., Leuenberger, C., Jensen, J. D., & Wegmann, D. (2016).
An Approximate Markov Model for the Wright-Fisher Diffusion and Its
Application to Time Series Data. Genetics, 203(2), 831–846. https://doi.
org/10.1534/genetics.115.184598
François, O., Martins, H., Caye, K., & Schoville, S. D. (2016). Controlling
false discoveries in genome scans for selection. Molecular Ecology, 25(2),
454–469. https://doi.org/10.1111/mec.13513
Frichot, E., François, O., & O’Meara, B. (2015). LEA: An R package for
landscape and ecological association studies. Methods in Ecology and
Evolution, 6(8), 925–929. https://doi.org/10.1111/2041-210X.12382
Frichot, E., Mathieu, F., Trouillon, T., Bouchard, G., & François, O. (2014). Fast
and Efficient Estimation of Individual Ancestry Coefficients. Genetics,
196(4), 973–983. https://doi.org/10.1534/genetics.113.160572
Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007).
Adaptive versus non-adaptive phenotypic plasticity and the potential
for contemporary adaptation in new environments. Functional Ecology,
21(3), 394–407. https://doi.org/10.1111/j.1365-2435.2007.01283.x
Grabherr, M. G., Russell, P., Meyer, M., Mauceli, E., Alföldi, J., Di Palma, F., &
Lindblad-Toh, K. (2010). Genome-wide synteny through highly sensitive

4756

|

sequence alignment: Satsuma. Bioinformatics, 26(9), 1145–1151. https://
doi.org/10.1093/bioinformatics/btq102
Grant, P. R., & Grant, B. R. (2002). Unpredictable Evolution in a 30-Year
Study of Darwin’s Finches. Science, 296(5568), 707–711. https://doi.
org/10.1126/science.1070315
Grossman, S. R., Shylakhter, I., Karlsson, E. K., Byrne, E. H., Morales,
S., Frieden, G., … Sabeti, P. C. (2010). A Composite of Multiple
Signals Distinguishes Causal Variants in Regions of Positive
Selection. Science, 327(5967), 883–886. https://doi.org/10.1126/
science.1183863
Guderley, H. (2004). Metabolic responses to low temperature in fish
muscle. Biological Reviews, 79(2), 409–427. https://doi.org/10.1017/
S1464793103006328
Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C. D.
(2009). Inferring the Joint Demographic History of Multiple Populations
from Multidimensional SNP Frequency Data. PLOS Genetics, 5(10),
e1000695. https://doi.org/10.1371/journal.pgen.1000695
Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005).
Very high resolution interpolated climate surfaces for global land areas.
International Journal of Climatology, 25(15), 1965–1978. https://doi.
org/10.1002/joc.1276
Hoffberg, S. L., Kieran, T. J., Catchen, J. M., Devault, A., Faircloth, B. C.,
Mauricio, R., & Glenn, T. C. (2016). RADcap: sequence capture of dual-
digest RADseq libraries with identifiable duplicates and reduced missing data. Molecular Ecology Resources, 16(5), 1264–1278. https://doi.
org/10.1111/1755-0998.12566
Hunter, M. E., Hart, K. M., Smith, B. J., Butterfield, J. S., Davis, M. C., Johnson,
N. A., & Snow, R. W. (2018). Cytonuclear discordance in the Florida
Everglades invasive Burmese python (Python bivittatus) population reveals possible hybridization with the Indian python (Python molurus).
Ecology and Evolution, 18(7), 9034–9047. https://doi.org/10.1002/
ece3.4423
Ignatiadis, N., Klaus, B., Zaugg, J. B., & Huber, W. (2016). Data-driven hypothesis weighting increases detection power in genome-scale multiple testing. Nature Methods, 13(7), 577–580. https://doi.org/10.1038/
nmeth.3885
Jaccard, P. (1908). Nouvelles recherches sur la distribution florale. Bull. Soc.
Vaud. Sci. Nat., 44, 223–270.
Jacobson, E. R., Barker, D. G., Barker, T. M., Mauldin, R., Avery, M. L.,
Engeman, R., & Secor, S. (2012). Environmental temperatures, physiology and behavior limit the range expansion of invasive Burmese pythons in southeastern USA. Integrative Zoology, 7(3), 271–285. https://
doi.org/10.1111/j.1749-4877.2012.00306.x
Jezkova, T., Riddle, B. R., Card, D. C., Schield, D. R., Eckstut, M. E., & Castoe,
T. A. (2015). Genetic consequences of postglacial range expansion in
two codistributed rodents (genus Dipodomys) depend on ecology and
genetic locus. Molecular Ecology, 24(1), 83–97. https://doi.org/10.1111/
mec.13012
Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., & Morishima, K. (2017).
KEGG: new perspectives on genomes, pathways, diseases and drugs.
Nucleic Acids Research, 45(D1), D353–D361. https://doi.org/10.1093/
nar/gkw1092
Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Research, 28(1), 27–30. https://doi.org/10.1093/
nar/28.1.27
Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M., & Tanabe, M. (2016).
KEGG as a reference resource for gene and protein annotation.
Nucleic Acids Research, 44(D1), D457–D462. https://doi.org/10.1093/
nar/gkv1070
Li, H. (2011). A statistical framework for SNP calling, mutation discovery,
association mapping and population genetical parameter estimation
from sequencing data. Bioinformatics, 27(21), 2987–2993. https://doi.
org/10.1093/bioinformatics/btr509
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.,
… Durbin, R. (2009). The Sequence Alignment/Map format and

CARD et al.

SAMtools. Bioinformatics, 25(16), 2078–2079. https://doi.org/10.1093/
bioinformatics/btp352
Lignot, J.-H., Helmstetter, C., & Secor, S. M. (2005). Postprandial morphological response of the intestinal epithelium of the Burmese python (Python molurus). Comparative Biochemistry and Physiology Part
A: Molecular & Integrative Physiology, 141(3), 280–291. https://doi.
org/10.1016/j.cbpb.2005.05.005
Losos, J. B., Warheitt, K. I., & Schoener, T. W. (1997). Adaptive differentiation following experimental island colonization in Anolis lizards. Nature,
387(6628), 70–73. https://doi.org/10.1038/387070a0
Lotterhos, K. E., Card, D. C., Schaal, S. M., Wang, L., Collins, C., & Verity,
B. (2017). Composite measures of selection can improve the signal-
to-noise ratio in genome scans. Methods in Ecology and Evolution, 8(6),
717–727. https://doi.org/10.1111/2041-210X.12774
Ma, Y., Ding, X., Qanbari, S., Weigend, S., Zhang, Q., & Simianer, H. (2015).
Properties of different selection signature statistics and a new strategy for combining them. Heredity, 115(5), 426–436. https://doi.
org/10.1038/hdy.2015.42
Mahalanobis, P. C. (1936). On the generalized distance in statistics.
Proceedings National Institute of Science, India, 2(1), 49–55.
Matsubara, K., Tarui, H., Toriba, M., Yamada, K., Nishida-Umehara, C.,
Agata, K., & Matsuda, Y. (2006). Evidence for different origin of sex
chromosomes in snakes, birds, and mammals and step-
wise differentiation of snake sex chromosomes. Proceedings of the National
Academy of Sciences, 103(48), 18190–18195. https://doi.org/10.1073/
pnas.0605274103
Mazzotti, F. J., Cherkiss, M. S., Hart, K. M., Snow, R. W., Rochford, M. R.,
Dorcas, M. E., & Reed, R. N. (2011). Cold-induced mortality of invasive
Burmese pythons in south Florida. Biological Invasions, 13(1), 143–151.
https://doi.org/10.1007/s10530-010-9797-5
McCarthy, D. J., Chen, Y., & Smyth, G. K. (2012). Differential expression
analysis of multifactor RNA-Seq experiments with respect to biological variation. Nucleic Acids Research, 40(10), 4288–4297. https://doi.
org/10.1093/nar/gks042
McCleery, R. A., Sovie, A., Reed, R. N., Cunningham, M. W., Hunter, M.
E., & Hart, K. M. (2015). Marsh rabbit mortalities tie pythons to the
precipitous decline of mammals in the Everglades. Proceedings of
the Royal Society B, 282(1805), 20150120. https://doi.org/10.1098/
rspb.2015.0120
McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky,
A., … DePristo, M. A. (2010). The Genome Analysis Toolkit: A
MapReduce framework for analyzing next-generation DNA sequencing data. Genome Research, 20(9), 1297–1303. https://doi.org/10.1101/
gr.107524.110
Meshaka, W. E., Loftus, W. F., & Steiner, T. (2000). The herpetofauna of
Everglades National Park. Florida Scientist, 63(2), 84–103.
Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E.
(2012). Double Digest RADseq: An Inexpensive Method for De Novo
SNP Discovery and Genotyping in Model and Non-Model Species. PLoS
ONE, 7(5), e37135. https://doi.org/10.1371/journal.pone.0037135
Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecological Modelling,
190(3), 231–259. https://doi.org/10.1016/j.ecolmodel.2005.03.026
Phillips, B. L., Brown, G. P., Webb, J. K., & Shine, R. (2006). Invasion and
the evolution of speed in toads. Nature, 439(7078), 803. https://doi.
org/10.1038/439803a
Pico, A. R., Kelder, T., van Iersel, M. P., Hanspers, K., Conklin, B. R., & Evelo,
C. (2008). WikiPathways: Pathway Editing for the People. PLOS Biology,
6(7), e184. https://doi.org/10.1371/journal.pbio.0060184
Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of Population
Structure Using Multilocus Genotype Data. Genetics, 155(2), 945–959.
Pyron, R. A., Burbrink, F. T., & Guiher, T. J. (2008). Claims of potential expansion throughout the U.S. by invasive python species are contradicted by ecological niche models. PLoS ONE, 3(8), e2931. https://doi.
org/10.1371/journal.pone.0002931

|

CARD et al.

R Core Team. (2018). R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. Retrieved from
http://www.R-project.org/
Randhawa, I. A. S., Khatkar, M. S., Thomson, P. C., & Raadsma, H. W. (2014).
Composite selection signals can localize the trait specific genomic regions in multi-breed populations of cattle and sheep. BMC Genetics, 15,
34. https://doi.org/10.1186/1471-2156-15-34
Randhawa, I. A., Khatkar, M. S., Thomson, P. C., & Raadsma, H. W. (2015).
Composite Selection Signals for Complex Traits Exemplified Through
Bovine Stature Using Multibreed Cohorts of European and African
Bos taurus. G3: Genes, Genomes, Genetics, 5(7), 1391–1401. https://doi.
org/10.1534/g3.115.017772
Reed, R. N. (2005). An Ecological Risk Assessment of Nonnative Boas and
Pythons as Potentially Invasive Species in the United States. Risk Analysis,
25(3), 753–766. https://doi.org/10.1111/j.1539-6924.2005.00621.x
Reid, N. M., Proestou, D. A., Clark, B. W., Warren, W. C., Colbourne, J. K.,
Shaw, J. R., … Whitehead, A. (2016). The genomic landscape of rapid
repeated evolutionary adaptation to toxic pollution in wild fish. Science,
354(6317), 1305–1308. https://doi.org/10.1126/science.aah4993
Reznick, D. N., & Ghalambor, C. K. (2001). The population ecology of contemporary adaptations: what empirical studies reveal about the conditions that promote adaptive evolution. Genetica, 112–113(1), 183–198.
https://doi.org/10.1023/A:1013352109042
Robinson, M. D., McCarthy, D. J., & Smyth, G. K. (2010). edgeR: a
Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics, 26(1), 139–140. https://doi.
org/10.1093/bioinformatics/btp616
Robinson, M. D., & Oshlack, A. (2010). A scaling normalization method for
differential expression analysis of RNA-seq data. Genome Biology, 11,
R25. https://doi.org/10.1186/gb-2010-11-3-r25
Schield, D. R., Card, D. C., Adams, R. H., Jezkova, T., Reyes-Velasco, J.,
Proctor, F. N., … Castoe, T. A. (2015). Incipient speciation with biased gene flow between two lineages of the Western Diamondback
Rattlesnake (Crotalus atrox). Molecular Phylogenetics and Evolution, 83,
213–223. https://doi.org/10.1016/j.ympev.2014.12.006
Schleip, W., & O’Shea, M. (2010). Annotated checklist of the recent and
extinct pythons (Serpentes, Pythonidae), with notes on nomenclature, taxonomy, and distribution. ZooKeys, 66, 29–79. https://doi.
org/10.3897/zookeys.66.683
Schoener, T. W. (2011). The Newest Synthesis: Understanding the Interplay
of Evolutionary and Ecological Dynamics. Science, 331(6016), 426–429.
https://doi.org/10.1126/science.1193954
Secor, S. M. (2008). Digestive physiology of the Burmese python: broad
regulation of integrated performance. Journal of Experimental Biology,
211(24), 3767–3774. https://doi.org/10.1242/jeb.023754
Secor, S. M., & Diamond, J. (1995). Adaptive responses to feeding in
Burmese pythons: pay before pumping. Journal of Experimental Biology,
198(6), 1313–1325.
Secor, S. M., & Diamond, J. (1998). A vertebrate model of extreme
physiological regulation. Nature, 395(6703), 659–662. https://doi.
org/10.1038/27131
Seebacher, F. (2005). A review of thermoregulation and physiological performance in reptiles: what is the role of phenotypic flexibility? Journal
of Comparative Physiology B, 175(7), 453–461. https://doi.org/10.1007/
s00360-005-0010-6
Seebacher, F. (2009). Responses to temperature variation: integration of
thermoregulation and metabolism in vertebrates. Journal of Experimental
Biology, 212(18), 2885–2891. https://doi.org/10.1242/jeb.024430
Seebacher, F., Elsey, R. M., & Trosclair, P. L. III (2003). Body Temperature
Null Distributions in Reptiles with Nonzero Heat Capacity: Seasonal
Thermoregulation in the American Alligator (Alligator mississippiensis). Physiological and Biochemical Zoology, 76(3), 348–359. https://doi.
org/10.1086/375426
Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D.,
… Ideker, T. (2003). Cytoscape: A Software Environment for Integrated

4757

Models of Biomolecular Interaction Networks. Genome Research,
13(11), 2498–2504. https://doi.org/10.1101/gr.1239303
Singh, L. (1972). Evolution of karyotypes in snakes. Chromosoma, 38(2), 185–
236. https://doi.org/10.1007/BF00326193
Slenter, D. N., Kutmon, M., Hanspers, K., Riutta, A., Windsor, J., Nunes, N.,
… Willighagen, E. L. (2018). WikiPathways: a multifaceted pathway database bridging metabolomics to other omics research. Nucleic Acids
Research, 46(D1), D661–D667. https://doi.org/10.1093/nar/gkx1064
Slip, D. J., & Shine, R. (1988). Feeding Habits of the Diamond Python, Morelia
s. spilota: Ambush Predation by a Boid Snake. Journal of Herpetology,
22(3), 323–330. https://doi.org/10.2307/1564156
Smith, H. T., Sementelli, A. J., Meshaka, W. E., & Engeman, R. M. (2007).
Reptilian Pathogens of the Florida Everglades: The Associated Costs of
Burmese Pythons. Endangered Species Update, 24(3), 63–71.
Snow, R. W., Brien, M. L., Cherkiss, M. S., Wilkins, L., & Mazzotti, F. J. (2007).
Dietary habits of the Burmese python, Python molurus bivittatus, in
Everglades National Park, Florida. Herpetological Bulletin, 101, 5–7.
Tajima, F. (1989). Statistical method for testing the neutral mutation hypothesis by DNA polymorphism. Genetics, 123(3), 585–595.
The Gene Ontology Consortium (2017). Expansion of the Gene Ontology
knowledgebase and resources. Nucleic Acids Research, 45(D1),
D331–D338. https://doi.org/10.1093/nar/gkw1108
Utsunomiya, Y. T., O’Brien, A. M. P., Sonstegard, T. S., Tassell, C. P. V., do
Carmo, A. S., Mészáros, G., … Garcia, J. F. (2013). Detecting Loci under
Recent Positive Selection in Dairy and Beef Cattle by Combining
Different Genome-
Wide Scan Methods. PLoS ONE, 8(5), e64280.
https://doi.org/10.1371/journal.pone.0064280
Van der Auwera, G. A., Carneiro, M. O., Hartl, C., Poplin, R., del Angel,
G., Levy-Moonshine, A., … DePristo, M. A. (2013). From FastQ data
to high-confidence variant calls: The genome analysis toolkit best
practices pipeline. Current Protocols in Bioinformatics, 43(1), 11.10.1–
11.10.33. https://doi.org/10.1002/0471250953.bi1110s43
Verity, R., Collins, C., Card, D. C., Schaal, S. M., Wang, L., & Lotterhos, K. E.
(2017). minotaur: A platform for the analysis and visualization of multivariate results from genome scans with R Shiny. Molecular Ecology
Resources, 17(1), 33–43. https://doi.org/10.1111/1755-0998.12579
Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the analysis of population structure. Evolution, 38(6), 1358–1370. https://doi.
org/10.1111/j.1558-5646.1984.tb05657.x
Weng, M.-P., & Liao, B.-Y. (2010). MamPhEA: a web tool for mammalian phenotype enrichment analysis. Bioinformatics, 26(17), 2212–2213. https://
doi.org/10.1093/bioinformatics/btq359
Willson, J. D., Dorcas, M. E., & Snow, R. W. (2011). Identifying plausible
scenarios for the establishment of invasive Burmese pythons (Python
molurus) in Southern Florida. Biological Invasions, 13(7), 1493–1504.
https://doi.org/10.1007/s10530-010-9908-3
Zhang, B., Kirov, S., & Snoddy, J. (2005). WebGestalt: an integrated system for
exploring gene sets in various biological contexts. Nucleic Acids Research,
33(Suppl. 2), W741–W748. https://doi.org/10.1093/nar/gki475

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Card DC, Perry BW, Adams RH,
et al. Novel ecological and climatic conditions drive rapid
adaptation in invasive Florida Burmese pythons. Mol Ecol.
2018;27:4744–4757. https://doi.org/10.1111/mec.14885

