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Abstract

Understanding the process of genetic adaptation in response to human-mediated ecological
change will help elucidate the eco-evolutionary impacts of human activity. Red fire ants
(Solenopsis invicta) spread across Southeastern USA since their accidental introduction via Port
Mobile, Alabama in the 1930s, serving today as both novel venomous predator and novel toxic
prey to native eastern fence lizards (Sceloporus undulatus). To identify potential signatures of
genetic adaptation in lizards to invasive fire ants, we generated whole genome sequencing data
from 420 native fence lizards sampled across three populations, two of which had not been
invaded by fire ants (in Tennessee and Arkansas) and one which had been invaded for ~70 years
(Alabama). We detected signatures of positive selection exclusive to the exposed Alabama
population for genetic variants overlapping genes related to the membrane attack complex of the
complement immune system, growth factor pathways, and morphological development. Prior
work identified a relationship between increased lizard survival of fire ant attack and longer hind
limbs, which lizards use to remove ants from their bodies. Furthermore, we conducted a genome-
wide association study with 381 Alabama lizards to identify 24 hind limb length-associated
genetic loci. For two loci, positive-effect alleles occur in high frequency and overlap genomic
regions that are highly differentiated from the populations naive to fire ants. Collectively, these
findings represent plausible genetic adaptations in response to fire ant invasion, whereby
morphological differentiation may increase survival against swarming ants and altered immune

responses may allow the exploitation of a novel, toxic food resource.
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Significance statement

Human activity can force interactions between species from distinct ecological backgrounds.
These interactions can consequently impose novel selective pressures on endemic populations
via predation or disruption of ecological niches through community-wide effects. While some
endemic taxa have been able to adapt biologically to these disruptions, we do not have a full
understanding of the underlying genetic processes that may allow it. Here we identify genomic
signatures of recent adaptation nearby genes involved in morphological and immunological
processes in native fence lizards that are consistent with pressures imposed by the venomous,
predatory fire ants introduced by humans. These signatures are largely absent from lizard

populations that are naive to fire ants.
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Introduction

Endemic species worldwide face rapid environmental change resulting from various types of
human activity. For example, human-mediated translocation of species into new environments
promotes novel ecological interactions, often with detrimental effects (Saul and Jeschke 2015).
The consequences can be dire: species introductions have been identified as an underlying cause
of at least 170 animal extinctions (Clavero and Garcia-Berthou 2005). In some invasive-endemic
interaction cases, standing genetic variation may provide endemic populations with the raw
materials needed for quick adaptative responses (Barrett and Schluter 2008). Yet even then, such
adaptations can induce cascading effects on the broader ecosystem (Mooney and Cleland 2001;
Schlaepfer et al. 2005; Strauss et al. 2006; Hale et al. 2016). Therefore, understanding the
process of genetic adaptation to novel species interactions will better inform us of the scope of

potential ecological impacts related to human behavior.

In the 1930s, the red imported fire ant, Solenopsis invicta, was accidentally transported,
by humans, from South America (presumably northeastern Argentina) to Port Mobile, Alabama,
in the United States of America (Ascunce et al. 2011). Since then, fire ants have established and
steadily expanded their range in the Southeastern USA, with both economic and public health
impacts arising from their potent venom and aggressive nature (Gruber et al. 2022). Furthermore,
ecological impacts stemming from fire ant invasion are marked and diverse. In the United States,
fire ants outcompete and displace native ants, with cascading effects on the broader invertebrate
community (Porter and Savignano 1990; Morrison 2002; Roeder et al. 2021). Experimental
studies have confirmed that fire ants directly and indirectly impact various endemic small
vertebrates. Specifically, predation by fire ants led to a reduction of up to 66% of Ambystoma

salamander populations within 48h (Todd et al. 2008), whereas fire ant suppression led to


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

significant increases in small vertebrate abundance (Stahlschmidt et al. 2018). Meanwhile, fire
ant disruption of arthropod communities led to a 10% decrease in the number of eastern bluebird

fledglings and to the displacement of adult birds (Ligon et al. 2011).

Among impacted vertebrates, the eastern fence lizard Sceloporus undulatus has been an
important model system for studying the ecological impacts of this fire ant introduction. First,
despite their toxicity, fire ants have become a novel prey item in the fence lizard’s diet (Robbins
et al. 2013). Second, fire ants are a novel predator of fence lizards: swarming worker ants can
envenomate and kill juvenile and adult individuals (Langkilde 2009), as well as prey on their
eggs (Thawley and Langkilde 2016). The predatory impact is likely very high: experimental
removal of fire ants from enclosures increased fence lizard recruitment by ~60% (Darracq et al.
2017), while lizard hatchling survival is negatively associated with fire ant mound density
(Gifford et al. 2017). Even lizards that initially survive fire ant encounters experience a 20%
increase in mortality rate over the 11 weeks post-exposure relative to unexposed lizards
(Langkilde and Freidenfelds 2010). Yet, fence lizards remain abundant in fire ant-invaded
habitats, prompting behavioral, ecological, and evolutionary investigations into the underlying

mechanisms.

Exposure to fire ant venom induce wide-ranged immunological responses in fence lizards
(Tylan et al. 2020; Tylan et al. 2023). Prior to venom exposure, however, behavioral defenses are
also employed by fence lizards against swarming fire ants. These defenses include body-
twitching — using their hind legs to directly remove ants with a flicking motion — and fleeing
from the attack (Langkilde 2009). In behavioral trials, the success of these tactics was positively
linked to hind limb length (relative to body size), with a ~20% longer relative hind limb resulting

in the removal of ~30% more fire ants (Langkilde 2009). A morphological study of fence lizard
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97  museum specimens that predate the fire ant introduction revealed a latitudinal cline where lizards
98  from the southern extreme of their range had ~5% smaller relative hind limb lengths than those
99 in the northern extreme (a difference of ~14° in latitude), a trend likely driven by temperature
100  and precipitation gradients (Thawley et al. 2019). However, a different pattern is observed in the
101  present day, following this introduction. Relative limb length is greater in populations with the
102 longest history of fire ant invasion; a pattern that could be explained by recent evolutionary
103 change in response to fire ants (Thawley et al. 2019). A positive, albeit non-significant,
104  correlation between mother and offspring relative limb lengths suggests that this trait is likely
105  heritable in fence lizards (Langkilde 2009), as it is for other lizards (Tsuji et al. 1989; Kolbe and
106  Losos 2005). Together, these observations suggest that relative limb length in fence lizards may
107  have been and could continue to be a viable target for natural selection in response to novel

108 interactions with fire ants.

109

110  Results

111 In this study we sought to identify potential fire ant invasion-related genomic signatures
112 of adaptation in eastern fence lizards. To do so, we analyzed whole-genome sequencing data for
113 atotal of n=420 lizards from three sampling sites (Fig 1A) — two sites were naive to fire ants (in
114  Arkansas, n=19, and Tennessee, n=20) and one had a long history of fire ant exposure (66 to 77
115  years in Alabama, n=381). We first generated high-coverage sequencing data (average of 13.01X
116  sequence reads per site, per individual) from n=20 individuals from each site (total n=59; one
117  sample failed QC) for population history and evolutionary genomic analyses. We also generated

118  low-coverage (4.39X) sequencing data from an additional n=361 individuals from the fire ant-
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119  invaded site in Alabama (total n=381 when including those individuals also in the high-coverage

120  dataset) to identify any significant genotype associations with relative hind limb length.

121 The lizards from the fire ant-exposed population were collected between 2006 and 2017
122 from the Solon Dixon Forestry Education Center, in Andalusia, Alabama (AL). Fire ants were
123 recorded and this site was quarantined in the early 1940s (Code of Federal Regulations 2006).
124 Estimates of eastern fence lizard generation time vary from 1.15 to 2.24 years (Rodriguez-

125  Romero et al. 2011); thus, the approximate 70 years of coexistence with fire ants may have

126  encompassed 31 to 60 generations of fence lizards. The other two sampled populations had no
127  record of invasion by fire ants at the time of sampling. These lizards were collected from St.
128  Francis National Forest, Arkansas (AR) in 2006, and from Edgar Evins State Park, Tennessee

129 (TN) between 2011 and 2013.

130 We mapped sequence reads from the high-coverage dataset to the fence lizard 1.0

131  reference assembly (Westfall et al. 2021). After quality control and filtering (see Methods), we
132 identified a total of 46,934,027 SNPs across the three populations, though only 2,249,567 of
133 these SNPs were variable in all three populations. The AL population was the most genetically
134 diverse (AL genome-wide mean pairwise nucleotide distance m = 0.125; TN © = 0.093; AR n =
135  0.076) and also had the largest number of private variants by far (AL = 24,705,862; TN =

136  7,360,015; AR =5,985,756). The number of SNPs variable in two of the three populations were
137 5,975,685 for TN and AL; 3,452,917 for AR and AL; and 4,378,018 for TN and AR. In the AL
138  population, the presence of such a large proportion of rare genetic variants — including

139 10,507,067 singleton or doubleton SNPs — is consistent with a recent, large-scale demographic

140  expansion (Slatkin 1993; Amos and Harwood 1998), even in the face of fire ant invasion.
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We used several descriptive approaches to examine genetic relationships among the three
populations. First, we examined patterns of population differentiation using the Fist statistic,
restricting each pairwise comparison to SNPs that were either variable in both populations or for
which the minor allele in one population was fixed in the second. Average Fst values were AL-
TN =0.210, AL-AR =0.141, and TN-AR = 0.223 (Fig 1b). The three populations also clustered
independently based on results from a principal components analysis (Fig 1b) when retaining
only the 11,437,455 SNPs variable within or between at least two populations (results were
qualitatively equivalent when using all SNPs; Supp fig S1). We also used this set of SNPs to
construct a genetic distance matrix-based neighbor-joining tree, in which individuals from each
population were distinctly separated (Fig 1¢). Lastly, we used ADMIXTURE (Alexander et al.
2009) to compute model-based estimates of individual ancestry. When specifying k=3
populations (which has the lowest cross-validation error; Supp Figure S2), cluster membership
proportions for members of all three populations were distinct (Figure 1d). With k=2, AL and
AR membership proportions were distinct, with TN individuals exhibiting a mix of the two.
Taking all these results together, despite the Mississippi River being a putative biogeographic
barrier for AR fence lizards, we did not observe a clear, strong genetic separation between AR
vs. AL+TN, precluding the definitive assignment of any population as a true outgroup for

downstream evolutionary analyses.
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Figure 1. Invasive fire ant distribution and fence lizard population structure. 4: Reported detection and
quarantine of the red imported fire ant Solenopsis invicta in the Southeastern US since the 1930s (Code of Federal
Regulations 2006), along with sampling sites, sampling periods, and number of collected eastern fence lizards,
Sceloporus undulatus. B. Principal Components Analysis and mean Weir & Cockerham Fst values for the three
pairwise population comparisons. C. Genetic distance-based neighbor-joining tree analysis. D. Admixture analysis

for K =2 and K = 3 ancestral groups. K = 3 yielded the lowest rate of cross-validation error (supp figure S2).

Signatures of selection exclusive to Alabama lizards overlap morphology- and immune system-

related genes

To identify candidate regions for recent positive selection in each lizard population, we
used three different population genetic approaches: Tajima’s D (Tajima 1989); saltilassi
(DeGiorgio and Szpiech 2022), and LSBL (locus-specific branch length; (Shriver et al. 2004). If
selective pressures imposed by fire ants resulted in recent genetic adaptation in the fire ant-
exposed AL population, then we would predict the commensurate signatures of selection

reflecting such adaptations to be absent in the two northern populations naive to fire ants.
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176 Tajima’s D compares the mean number of pairwise genetic differences to the sample
177  size-corrected number of variable sites in a population across a given genomic region. Low

178  Tajima’s D values (an excess of rare alleles) may reflect recent population expansion or positive
179  selection (Slatkin 1993; Amos and Harwood 1998). With genome-wide deviations from D=0
180  most likely reflecting past demographic history, we considered genomic regions containing

181  Tajima’s D values in the lowest 0.5% of all 100 Kb regions for a given population as positive
182  selection candidates. For AL we identified n=143 such regions (D <-1.81; Figure 2a). For the
183  two uninvaded populations, AR and TN, we identified n=98 (D <-2.11) and n=97 (D <-1.9)

184  Tajima’s D candidate selection regions, respectively (Supp fig S3-S4).

185 The program saltilassi computes likelihood ratio tests on the haplotype frequency

186  spectrum of a given population to identify haplotypes with high frequencies compared to the

187  genome-wide expectation as candidate targets of past positive selection. We similarly considered
188  regions containing one or more variants in the top 0.5% distribution of saltilassi’s A statistic (see
189  Methods) as selection candidate regions (for AL: A > 92.24 and n=1582 regions; Figure 2a; For
190  AR: A>407.56 and n = 566 regions; for TN: A > 252.27 and n = 764 regions; Supp Figure S5-

191  S6).

192 Finally, we used the LSBL statistic (Shriver et al. 2004) to identify variants with

193  frequencies highly differentiated in one population relative to each of the two others, based on all
194  pairwise Fst values (LSBLa = (AB Fst + AC Fst— BC Fsr) / 2). Here, we considered regions as
195  candidates for positive selection if at least 3 SNPs in the top 0.1% of the LSBL distribution were
196  observed within S50Kb of one another and in high linkage disequilibrium (r*> > 0.9). In total, we

197  identified n=2,210 candidate regions (LSBL > 0.76) for AL (Fig 2x), n=2,960 regions (LSBL >
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198  0.74) for TN, and n=1,686 regions (LSBL > 0.78) for AR (Supplementary Figures S7-S8;

199  Supplementary Table S9-S11).

200 We initially focused our analysis on genomic regions that were flagged as candidates for
201  a history of past selection by at least two of the above approaches for a given population,

202  resulting in a dataset of 42, 35, and 24 multi-signal selection candidate regions for AL, TN, and
203 AR, respectively (Supp Table S12). We used g:Profiler (Raudvere et al. 2019) to perform

204  functional profiling enrichment analyses to identify known biological and molecular functions
205  and pathways (see Methods) significantly overrepresented among the set of genes overlapping or

206  nearby (+ 25Kb) the candidate selection regions for each population.

207 For the fire ant-invaded population, AL, genes within the multi-signal selection candidate
208  regions were significantly enriched for multiple anatomical structure and the immune system
209  functional categories (supp table S13), including Myofibril (GO:0030016; 7 observed vs. 1.21
210  expected genes; Fisher’s one-tailed test, FDR adjusted = 0.011) and Complement and

211  coagulation cascades (KEGG:04610; 3 observed vs. 0.18 expected genes; FDR = 0.042). One of
212 the multi-signal candidate regions that contains myofibril-related genes overlaps a myosin gene
213 cluster on chromosome 2 (Figure 2d). The different myosin proteins are responsible for the

214  distinct contractile properties across muscle cells (Weiss and Leinwand 1996; Foth et al. 2006).
215  The complement immune system genes of interest include C84 and C8B (Figure 2d), which are
216  directly involved in the membrane attack complex (MAC). Nucleated cells targeted by the MAC
217  can undergo autoimmune and inflammatory processes through the secretion of proinflammatory
218  proteins such as IL-B and IL-18 (Morgan 2016; Xie et al. 2020), making genetic variants within
219  or nearby these genes plausible targets for natural selection by fire ant venom exposure. Lastly,

220  another multi-selection signature (Tajima’s D and lassi) locus of interest is a 411Kb region in
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chromosome 1 that overlaps two genes — COL4A41 and COL4A2 — involved in the production of
collagen IV (Figure 2). Collagen IV is the main component of the cellular basal membrane and is
responsible for skeletal muscle stability (Koskinen et al. 2001; Csapo et al. 2020). In the green
anole Anolis carolinensis, skeletal muscle is the tissue with second highest expression of

COL4A1 and the third highest expression of COL4A42 (Bastian et al. 2021).

Among regions identified in the Tajima’s D analysis (but not necessarily as outliers with
the other two statistics), growth and growth factor-related pathways were significantly
overrepresented in the invaded AL lizard population (supp table S14). Significant enrichments
included regulation of insulin-like growth factor transport and uptake by insulin-like growth
factor binding proteins (REAC:R-MMU-381426; 7 observed vs. 1.12 expected genes; FDR <
0.01) and osteoblast signaling (WP:WP238; 2 observed vs. 0.1 expected genes; FDR = 0.042).
Specific genes involved in these enrichments include the macrophage colony-stimulating factor
gene CSFI (chromosome 4), Insulin-like growth factor 1 (/GFI; chromosome 5), IGF2
(chromosome 1), and the Insulin-like Growth Factor binding protein 1 (/GFBPI; chromosome
6), which all serve as primary drivers of embryonic growth (Holt 2002), and fibroblast growth
factor 23 (FGF23; chromosome 5), which has significant expression in bone tissue and is

involved in osteoblast differentiation (Wang et al. 2008).

For the TN and AR populations, naive to fire ants, genes overlapping candidate regions
for positive selection in at least two statistics showed no functional enrichments analogous to
those in the fire ant-invaded AL population. In TN (supp table S16), the most significant
enrichment was for ovarian infertility (WP273; FDR = 0.021), while there were no significant

enrichments for AR. However, when considering only the saltilassi results, there was a
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243 functional enrichment for negative regulation of developmental growth in AR (GO:0048640, 6

244 observed vs. 0.28 expected genes; FDR < 0.001) and analogous terms (Supp table S20).

245
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247 Figure 2. Signatures of genetic adaptation in fence lizards from the fire ant-invaded population in Alabama.

248  A. Top: genome-wide Tajima’s D in 100Kb windows with a 20Kb step. Candidate selection regions fall below the
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0.05" percentile cutoff (D < -1.81). Middle: genome-wide saltilassi statistic for sweeping haplotypes (DeGiorgio
and Szpiech 2022). Candidate selection regions fall above the 99.5" percentile cutoff (A > 92.24). Bottom: locus-
specific branch length (Shriver et al. 2004) means for the AL population in 50Kb windows and a 10Kb step. B.
Number of genes overlapping or nearby (+ 25Kb) candidate selection regions for each of the three selection
statistics. C. Functional enrichment analysis for genes overlapping candidate regions under selection for Tajima’s D.
Plausible adaptations to selective pressure from fire ants include variants in genes for myosin, collagen, growth
factors, and complement immune response. D. Selected multi-signal candidate selection regions, with scores for the

Tajima’s D and saltilassi statistics. Horizontal lines represent the same significance thresholds in 4.

Genomic associations with lizard limb length in the fire ant-invaded population in Alabama

To uncover genomic associations with relative limb length variation, we brought low coverage
(average 4.39X sequence coverage per individual) whole genome sequence data from an
additional n=361 lizards from the same population in Alabama, into our study. We first used the
high-coverage data for the 20 AL individuals (described above) to improve genotyping rates for
the 361 low-coverage genomes via genomic imputation (Browning et al. 2018). Following QC
and filtering, our dataset consisted of 4,245,544 SNP genotypes for n=381 total AL lizards, each
with limb and body length phenotypic data available. We tested for genetic associations with
relative limb length separately for each SNP using linear models, with individual sex and the first
four components of a principal components analysis (to account for population structure) as
covariates (see Methods). Using this procedure, we identified a total of n=24 genomic loci with
significant (P < le-6) genotype-phenotype associations (Figure 3a; supp table S21; Q-Q plot

available on supplemental figure S22).

A gene ontology enrichment analysis on the set of genes overlapping or nearby (+25Kb)

these regions (supp table S23) revealed an overrepresentation of signaling by epidermal growth
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factor receptor pathway genes (REAC:R-MMU-177929; 2 observed vs. 0.03 expected genes;
FDR = 0.049). The two genes, both members of the protein tyrosine phosphatase family, are
PTPNI1 on chromosome 7 and PTPN12 on chromosome 5. In humans, mutations in PTPN1 1
have a strong association with the Noonan syndrome, characterized by short stature and skeletal

malformations (Tartaglia et al. 2002).

We did not observe more overlaps than expected by chance between the GWAS regions
and our AL lizard candidate positive selection regions (permutation analysis; for Tajima’s D: P =
0.31; Supp Figure S24; for saltilassi, no overlaps). However, two loci were both strongly
associated with relative limb length and contained or were in proximity to alleles that were
highly differentiated between AL and the fire ant-naive AR and TN populations. The first locus
overlaps PTPN11 (chromosome 7), discussed above as part of the enrichment for signaling by
epithelial growth factor receptor (Supp Fig 25). The second locus overlaps ARHGAP44
(chromosome 2), which belongs to the gene family of Rho GTPase-activating proteins. These
proteins interact with insulin-like growth factors and the CREB transcription factor to modulate
body size during embryonic development (Moon and Zheng 2003). Here, three non-coding
SNPs, located between 2747 and 3711 bp upstream of ARHGAP44 exon 1 (Figure 3b), are
strongly associated with relative limb length (B = 0.11, P =2.75e-8; Figure 3c). For these SNPs,
the alleles with positive effects on relative limb length are abundant (>84% frequency) in the AL
population yet absent in TN and AR (Figure 3d). The orthologous region in humans overlaps an

annotated alternative splicing isoform of ARHGAP44 (AS-1).
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A Genome-wide associations with hind limb length
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Figure 3. Genome-wide genotype associations with fence lizard hind limb length. 4. Genome-wide associations
with relative hind limb length (residuals of hind limb length on snout-to-vent length with sex and PCs 1-4 from a
Principal Components Analysis of the genome-wide SNP genotype data as covariates). The green line indicates a
significance cutoff of P < 5¢-8 (four genomic loci) and the gray line a significance cutoff of P < le-6 (24 total loci).
B. GWAS results for SNPs at the ARHGAP44 gene locus, with vertical bars representing exons, and arrows
representing transcriptional direction. C. Representative SNP immediately upstream of ARHGAP44 and its
association with relative limb length. D. For this same SNP, the negative-effect allele is fixed in the fire ant-free TN

and AR populations, while the limb length positive-effect allele is abundant in the fire ant-invaded AL population.
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Discussion

The adaptive potential of natural populations when faced with the sudden and pervasive impacts
of anthropogenic activity is uncertain. Understanding these fundamental drivers of ecosystem
change is crucial—especially in an era of unprecedented human activity and climate change. Our
study focused on endemic fence lizards, who have co-existed with introduced fire ants for more
than 70 years in parts of the Southeastern United States. We sampled lizards from a long-invaded
site in Alabama and identified multiple genomic signatures of positive selection that were

generally absent from two lizard populations naive to fire ants, in Arkansas and Tennessee.

Putative adaptations to fire ants

The set of genes contained within or nearby the candidate signatures of positive selection that we
identified in lizards from the fire ant-invaded AL population were significantly enriched for
morphological development functions. Two additional loci — which respectively overlap and are
immediately upstream of genes involved in body growth processes — contain alleles that are
simultaneously strongly associated with longer legs in AL lizards and occur in regions of high
genetic differentiation relative to the fire ant-unexposed TN and AR populations. These variants
may constitute some of the genetic adaptations underlying fence lizard limb length variation,
with longer hind limbs associated with increased survival against swarming ants (Langkilde

2009).

We also identified multiple signatures of positive selection for variants within or nearby
two genes associated with membrane attack complex inflammatory processes (Morgan 2016; Xie
et al. 2020). Inflammatory processes are a key component of the immunological response to

cellular damage from venom toxins (Stafford 1996; dos Santos Pinto et al. 2012; Zamith-
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326  Miranda et al. 2018; Liu et al. 2023). Remarkably, S. undulatus tield and laboratory experiments
327  have previously detected associations between fire ant venom and complement immune activity
328  (Tylan et al. 2020; Tylan et al. 2023), which includes the membrane attack complex.

329  Specifically, field-caught lizards from AL had significantly lower levels of complement activity
330 relative to northern, unexposed lizards (Tylan et al. 2020). Separately, lizards from a TN

331  population naive to fire ants showed higher levels of complement activity immediately after

332 consuming fire ants, as well as three weeks post fire ant stinging (Tylan et al. 2023). Therefore, it
333  seems likely that the complement immune system is involved in both routes of exposure to fire

334  ant venom, albeit with temporally distinct signals for each.

335 Given this context, the findings from our study lead us to suggest that population-level
336  differences in complement immune activity may in part be a product of recent evolutionary

337  processes in response to the introduced fire ant. Specifically, we hypothesize that variants within
338 the C84 and C8B membrane attack genes candidate selection region that we detected in the fire
339  ant-exposed AL population but not the fire ant-naive TN and AR populations may underlie an
340  adaptive suppression of the innate complement system. If constant consumption of fire ants

341  triggers chronic, costly inflammatory responses that are of limited immunological benefit, then it
342 follows that such inflammatory suppression will be sparing of resources otherwise diverted from
343  other physiological processes (Straub and Schradin 2016). Such a tradeoff between immune

344  response and energetic resources has been demonstrated in poultry (Van Der Most et al. 2011),

345  house sparrows (Martin et al. 2003), and the tobacco hornworm (Adamo et al. 2017).

346
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347  Community-scale consequences

348  Across ecosystems, evidence for rapid adaptation to human-induced environmental changes

349  continues to build (Strauss et al. 2006; Shaw and Etterson 2012; Sullivan et al. 2017; McCulloch
350 and Waters 2023). A few illustrative examples include the water flea Daphnia showing signals
351  of adaptation for resistance to salinization derived from human activity (Wersebe and Weider
352 2023), and independent populations of crested anoles (4nolis cristatellus) carrying signatures of
353  convergent genetic adaptation to urbanization (Winchell et al. 2023). Meanwhile, human-

354  commensal house sparrows (Passer domesticus) have signatures of positive selection

355  overlapping an amylase gene, which encodes an enzyme involved in starch digestion (Ravinet et
356  al. 2018), and poaching of African elephants for ivory appears to have resulted in rapid

357  adaptation for a tuskless phenotype (Campbell-Staton et al. 2021).

358 Although the above examples and our results in fence lizards following the introduction
359  of fire ants contribute to the growing evidence of successful native species adaptations in

360 response to anthropogenic change the species-specific and community-wide ramifications of
361  rapid adaptation in a keystone species remain unknown (Thompson 1999; Mooney and Cleland
362  2001; Strauss et al. 2006). For fence lizards, while fire ant predation is at least partly

363  counteracted by longer hind limbs combined with a twitch/flee response for fire ant removal and
364  escape, such behavior is likely accompanied by a break in crypsis. Field surveys in an Alabama
365  fence lizard population have demonstrated that close to 50% of male lizards show signs of

366  injuries — a two-fold increase from fire ant-naive populations — speculatively due to increased
367  detection by birds of prey (Thawley and Langkilde 2017). This conundrum likely represents a

368 delicate balance between context-dependent antipredator responses (Martin et al. 2009) faced by
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369  fence lizards since fire ant introduction, exemplifying the broader community ramifications of

370  adaptation to human activity.

371 Meanwhile, if it is true that fence lizards from fire ant invaded sites, such as in Alabama,
372 have adapted to exploit fire ants as a novel food resource, as our results suggest, then this may
373  have significant cascading effects on that ecosystem’s food web. The voracious predatory

374  behavior of fire ants has been broadly demonstrated; they can effectively prey on higher-level
375  consumers such as salamanders (Todd et al. 2008), bird nestlings (Kopachena et al. 2000), cotton
376  rats (Long et al. 2015), and hatchling sea turtles (Allen et al. 2001). Consequently, with potential
377  adaptations to include fire ants in their dietary niche, fence lizards may indirectly assimilate

378  biomass otherwise unavailable. The ability to exploit this nutritional input may be one factor
379  underlying a recent, rapid population expansion of AL fence lizards, evidenced by an abundance
380  ofrare alleles observed in our analysis. Such food web disruptions by invasive species are to be
381  expected (Zanden et al. 1999; Miehls et al. 2009). However, less discussed is how standing

382  genetic variation can capitalize on rapid anthropogenic change for an ecological advantage.

383 In conclusion, our study identifies genetic signatures of positive selection in fence lizards
384  exposed to human-introduced fire ants. These plausible adaptations to the fire ant introduction
385  are observed in conjunction with a recent and large-scale population expansion in fence lizards,
386 inferred from our population genomic data. Together, our findings highlight the potential of

387  standing genetic variation in promoting population resilience in the face of anthropogenic

388  disturbance.
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389 Methods

390  Animal sampling

391  Between 2006 and 2017, adult male and female lizards were collected from the three study

392  populations using the lasso method. The AL population was included in the study due to its long
393  history with introduced fire ants. The individuals from the TN and AR populations were included
394  because these sampling locations had not yet been invaded by fire ants at the time of collection.
395  Phenotypic data were collected from the n=381 sexually mature lizards in our AL population

396  sample: hind limb length (HLL) and snout-to-vent length (SVL) were each measured to the

397  nearest 0.5 mm using a ruler following a protocol described in (Langkilde 2009) The phenotypic

398  data are available in supp table S26.

399

400 DNA Extraction

401  All the fence lizard tissue toe and/or tail samples were stored in 70% ethanol at 4°C. We used up
402  to 30 mg of each of the 421 preserved fence lizard tissue samples for E.Z.N.A.® tissue kit

403  (D3396, Omega Bio-Tek, Inc., Norcross, GA, USA) DNA extractions. DNA extractions were
404  performed following the manufacturer’s instructions with the following exceptions: each tissue
405  sample was ground with a polypropylene pestle in a 1.5-mL microcentrifuge tube, total digestion
406  time was increased to 14-15 hours in a 600 rpm shaking thermomixer, 1 uL of Pellet Paint® NF
407  Co-Precipitant was added to each sample to increase DNA adherence in the HiBind® DNA Mini
408  Column, and the total elution volume was halved (two 50-uL portions). Each sample’s DNA
409  extraction concentration was obtained with a Qubit® 3.0 Fluorometer dsSDNA High Sensitivity

410  Assay Kit, and then stored at -20°C until library preparation.
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411

412 Library Preparation and Sequencing

413  Portions of each DNA extract were sheared to a target length of 500 bp with a Covaris M220
414  Focused-ultra sonicator (Peak Incident Power: 50, Duty Factor: 20%, Cycles per Burst: 200,
415  Temperature: 20°C). Libraries for each sample were prepared from >200 ng of sheared DNA
416  with TruSeq® Nano DNA High Throughput Library Prep Kit (20015965, Illumina Inc., San
417  Diego, CA, USA) and IDT for Illumina — TruSeq® DNA UD Indexes v1 (Illumina Inc., San
418  Diego, CA, USA). The libraries were pooled and sequenced with a paired-end 150 bp strategy on
419  two Illumina NovaSeq 6000 S4 flowcells for 1.3 T of paired-end raw read data each. One pool
420  (HC-60) had 20 randomly selected AL individuals as well as the 20 lizards from the uninvaded
421  sites TN and AR. An average of 165.24 million reads were generated for each sample in pool
422  HC-60. The second pool (LC-381) contained the full set of 381 AL individuals, with an average

423 27.88 million reads sequenced.

424

425  Read Mapping and Quality Filtering

426  We used a chromosome-level reference genome assembly, “PBJelly,” that was recently

427  developed from two male S. undulatus individuals collected at Solon Dixon Forestry Education
428  Center, AL (English et al. 2012; Westfall et al. 2021)for read mapping. The annotated reference
429  assembly was indexed with bwa v0.7.16 index and SAMtools v1.5 faidx (Li et al. 2009; Li and

430  Durbin 2009), and a sequence dictionary was created with picard CreateSequenceDictionary

431  (Picard Toolkit 2019) for use in read mapping, SNP identification, and downstream analyses.
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432 The LC-381 group reads were sequenced without lanes in their NovaSeq S4 flowcell, but
433 the HC-60 group reads were sequenced across four lanes and needed to be combined into one
434  forward and reverse read prior to trimming and mapping to the reference genome. The raw reads
435  were trimmed with Trimmomatic v0.36 to remove the Illumina TruSeq3-PE-2 adapters and other
436  reads <36 bases long, as well as leading and trailing low quality or N bases (Bolger et al. 2014).
437  The trimmed reads were aligned to the reference genome with bwa v0.7.16 mem (default

438  settings), an alignment tool specialized for large genome sizes that seeds alignments with

439  maximal exact matches and extends seeds with Smith-Waterman’s affine-gap penalty for

440  insertions or deletions (Li 2013).

441 SAMtools v1.5 flagstat was used to calculate estimated genome-wide coverage for the
442  mapped reads, and “-view” was used to convert the mapped .sam files to .bam files (Li et al.

443 2009). SAMtools BAMtools v2.4.1 was used to sort and filter out unmapped reads and mapped
444  reads with mapQuality less than 50 (Li et al. 2009; Barnett et al. 2011). The subset of AL (Solon
445  Dixon) samples subject to both high- and low-coverage sequencing (n=20) were merged after
446  mapping (using samtools -merge) and were processed as part of the LC-381 pool. Duplicates
447  were marked in all samples (AL, TN, AR) using Picard MarkDuplicates (Picard Toolkit 2019).
448  Read groups were added to the mapped read files with Picard AddOrReplaceReadGroups (Picard
449  Toolkit 2019), then the reads were sorted and indexed with SAMtools v1.5 (Li et al. 2009).

450  Sequence metrics were collected using Picard CollectWgsMetrics (Picard Toolkit 2019). For the
451  remaining analyses, we found that several of the more computationally intensive programs

452  required working iteratively at the chromosome- rather than whole-genome level to finish

453  processing and within the limits postulated by our computational cluster system; we indicate

454  such cases accordingly.
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455

456  SNP Identification

457  We followed the Genome Analysis Toolkit (GATK, v4.2.0.0) “Best Practices” pipeline for

458  germline short variant discovery in each of the sequencing pools (McKenna et al. 2010; DePristo
459  etal. 2011; der Auwera et al. 2013). Even though GATK’s pipeline was designed and optimized

460  for analyzing human genetic data, it has been successfully applied in multiple non-model

461  systems with available high-quality reference genomes for evolutionary genomic inferences

462  (Kryvokhyzha et al. 2019; Wright et al. 2019; Bernhardsson et al. 2020; Chen et al. 2020; Wang

463 et al. 2020) and it has been reported to outperform other variant callers in capability and

464  accuracy (Liu et al. 2013; Pirooznia et al. 2014).

465 GATK’s pipeline began with HaplotypeCaller calling germline SNPs and indels for each
466  individual via local de novo assembly. In short, HaplotypeCaller defined active regions based on
467  the presence of evidence for allele variation in each individual’s mapped reads, then built a De
468  Bruijn-like graph to detect overlaps between sequences and reassemble the active region (Poplin
469  etal. 2018). The possible active regions were realigned against the reference haplotype with the
470  Smith-Waterman algorithm to identify potential variant sites, i.e. single nucleotide

471  polymorphisms (SNPs; (Poplin et al. 2018). Likelihoods of alleles were determined using

472  GATK’s PairHMM algorithm, and the most likely genotype per Bayes’ rule was assigned to

473  each potentially variant site.

474 HaplotypeCaller generated an intermediate GVCF file that contained likelihood data for
475  every position in each of the top 24 largest chromosomes in every individual’s mapped read data.
476  The per-chromosome GVCFs were merged and then indexed then merged GVCEF files with

477  GATK’s IndexFeatureFile program. Following the “Best Practices” pipeline,


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

GenomicsDBImport was used to import the single-sample GVCFs into a per-chromosome
database (GenomicsDB) before joint genotyping with GenotypeGVCFs (per-chromosome,
subset into six intervals each for the largest chromosomes, scaffolds 1-6). The resulting
chromosome VCFs were then combined with VCFtools v0.1.12 “vcf-concat” (Danecek et al.
2011) into one file for each sequencing pool. There were 59,006,281 possible SNP sites
identified in the HC-60 group and 67,124,902 SNP sites in the LC-381 group (bcftools -stats;

beftools v.1.12; (Danecek et al. 2011)

SNP Filtering and Quality Control

The raw SNPs were filtered with a series of thresholds recommended by GATK (Poplin et al.
2017). GATK SelectVariants kept only variants that were classified as SNPs, then
VariantFiltration removed SNPs with hard-filters based on the INFO and FORMAT fields of the
VCF files: quality score by depth (QD) <2.0, Phred-scaled p-value using Fisher’s exact test (FS)
>60.0, and mapping quality score (MQ) < 40.0. SelectVariants was applied again to only keep
SNPs that were not filtered out by VariantFiltration. After GATK filtering there remained

56,598,888 SNPs in the HC-60 group and 64,214,575 SNPs in the LC-381 group.

The SNPs that remained in each pool after GATK’s suggested parameters were
additionally filtered with VCFtools v0.1.12 for analysis (Danecek et al. 2011) Both pools were
filtered to keep only biallelic sites (min-alleles 2, max-alleles 2) and remove sites with insertions
and deletions (Danecek et al. 2011). The HC-60 pool was also filtered for Hardy-Weinberg
Equilibrium with a low enough setting to remove sites that were likely to be erroneous variant
calls (hwe 0.000001), leaving 49,837,059 SNPs for analysis (Danecek et al. 2011). PLINK (v1.9)

was also used to filter the HC-60 VCF with -geno 0.05 and -mind 0.1 flags to filter out variants
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501  with missing call rates prior to downstream population analyses, with 46,934,026 SNPs

502  remaining (Chang et al. 2015). The LC-381 group was also filtered for Hardy-Weinberg

503  Equilibrium (hwe 0.001) and to remove sites with a minor allele frequency (MAF, number of
504  times an allele appears over all individuals at that site divided by the total number of non-missing
505 alleles at that site) less than 0.05 to prevent inflation in downstream statistical estimates and

506  during imputation with the remaining 458,533 SNPs (Danecek et al. 2011).

507 To improve genotyping rates for the LC dataset, we leveraged the 20 HC sequences from
508 AL as a template for genomic imputation. To that end, we first used Shape-IT version 2.r837
509  (Delaneau et al. 2008) to phase the each of the 24 scaffolds of the 20 HC sequences and obtain
510  haplotype files. These were used as reference for the imputation of 381 LC sequences.

511  Imputation was performed with Beagle 5.2 (Browning et al. 2018)using a window size of 100
512 and overlap of 10. Prior to the genome-wide genotype-phenotype association analysis that was
513  conducted with the n=381 AL lizard dataset, we removed genotypes with minor allele

514  frequencies < 0.05, leaving 4,245,544 SNPs.

515

516  Demographics analyses

517  We first calculated the mean genome-wide Fst between each of the three pairs of populations
518  using the VCFtools function --weir-fst-pop (Danecek et al. 2011). For this analysis, we filtered
519  the SNP dataset to remove any SNPs whereby an allele that is fixed in one population is also the
520  minor allele in the second population (for AL/TN, SNP count n = 16,075,146; for AL/AR, n=
521  33,225,824; for TN/AR, n = 16,383,584). We then ran three demographics analyses involving
522 the three populations: a principal components analysis (PCA), admixture analysis, and a genetic

523  neighbor-joining tree based on a genetic distances matrix. For these, the original set of
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46,934,026 SNPs was filtered to remove any SNPs whereby an allele that is fixed in two
populations is also the minor allele in the third population, leaving 11,437,455 SNPs. The PCA
was calculated using PLINK’s —pca function (Chang et al. 2015). Population structure was
inferred using ADMIXTURE (Alexander et al. 2009) for a number of ancestral populations K of
2 through 5. The neighbor-joining tree was built using the R package phangorn (Schliep 2011)

with a sample genetic distance matrix generated with PLINK (Chang et al. 2015).

Genome-Wide Estimates of Tajima’s D

For each population, Tajima’s D was estimated in windows across the genomes using vcf-kit
v0.2.6 (Cook and Andersen 2017) Windows were 100 Kb in length with a 20 Kb step. For each
population, putative windows under recent positive selection were those in the bottom 0.5%
percentile of the genome-wide distribution (i.e., D <-1.81 for AL; D <-2.11 for AR; and D < -

1.9 for TN).

Genome-wide Haplotype Distributions via saltilassi statistic

The filtered VCF files were assessed for signatures of positive selection with lassip v1.1.1 using
the “saltilLassi”” method (DeGiorgio and Szpiech 2022) The VCF files for each population were
further separated into a single VCF file for each scaffold. A population ID file was created
containing each individual sample ID and the corresponding population IDs. Each scaffold was
passed to lassip with the following parameters to calculate haplotype statistics and the haplotype
frequency spectrum (HFS): --hapstats —winsize 201 —k 20 —calc-spec —winstep 100. The genome

wide average of the HFS, which functions as the null spectrum, was then determined before
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calculating the saltilassi statistic, a likelihood ratio statistic denoted as A, for each chromosome.
For each population, haplotypes in the top 0.5% of the genome-wide A (i.e., A > 92.24 for AL;
A >407.56 for AR; and A > 252.27 for TN) distribution were designated as candidate signatures

of positive selection.

Locus-specific Branch Lengths (LSBL)

We used LSBL to identify genomic regions in the AL population that are significantly
differentiated from the two northern populations I to fire ants. We first used VCFtools to
calculate the per-SNP Fs7 of the three pairwise population comparisons, and then used those
values to calculate LSBL for AL as per Shriver et al. (2004): LSBL = (AL-AR Fsr+ AL-TN Fsr
— TN-AR Fsr). We identified SNPs in the top 0.1% of the genome-wide distribution (LSBL >
0.76) and combined these outlying SNPs into regions that grouped all outlying SNPs within 50
Kb and in high linkage disequilibrium (LD) with each other (R? >= 0.9) into a single region. LD
was calculated using vcftools (--geno-r2) (Danecek et al. 2011). Next, we used the R package ivs

(Vaughan 2023) to combine linked SNPs into candidate genomic regions.

Functional profiling

For each population, we investigated functional enrichments in the sets of genes located within
or nearby (25 Kb) candidate regions for positive selection identified by any two of the three
selection statistics (Tajima’s D, saltilassi, or LSBL; supp table S12), and separately for Tajima’s
D only and saltilassi only, for each population. To that end, we used the g:GOSt function of the

g:Profiler platform (Raudvere et al. 2019) based on functional annotations for Mus musculus and
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568 across all available databases (i.e., GO: molecular function, GO: biological process, GO: cellular
569  component, KEGG, Reactome, WikiPathways, TRANSFAC, miRTarBase, Human Protein

570  Atlas, CORUM, HP). The background set of genes were all genes in the SceUnd 1.0 assembly
571 (Westfall et al. 2021). We corrected for multiple tests using the False Discovery Rate (FDR;

572 Benjamini and Hochberg 1995).

573

574  Genome-wide Association Study

575  Relative limb length was calculated by extracting the residuals of a linear regression for HLL on
576  SVL. The residuals were then assigned as the response variable for all models. We used the

577  imputed genotype dataset (see SNP Filtering and Quality Control above) for the GWAS. Each
578  SNP was numerically coded for each biallelic genotype (0, 1, or 2) and included as a predictor in
579  its respective model. Covariates were individual sex, to control for sex-specific morphological
580 differences, along with the eigenvectors of a population principal components analysis of the
581  unimputed LC genomic dataset, to help control for population structure (Supp figure S27).

582  Principal components 1 through 4 were included in each model, which in combination explained
583  atotal of 23.24% variation explained. Results for each of the 4,245,544 models are available in

584  supp table S21.

585

586  Permutation Analysis
587  To test whether candidate regions for positive selection and genomic regions associated with
588  limb length overlapped each other more often than expected by chance, we performed

589  permutation analyses with the R package regioneR (Gel et al. 2016). For each pairwise
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permutation (e.g., pairwise comparisons between GWAS and Tajima’s D, saltilassi, LSBL, and
the set of regions highlighted by at least two out of the three statistics), the set of regions for one
statistic was held static while regions of same length as those from the second statistic were
randomly placed across the genome in each of 10,000 permutations. To constrain the available
genomic space wherein regions were to be permuted, the number and length of chromosomes
was specified using the argument genome in the permTest function. These random permutations
generated a neutral probability distribution, and we assessed whether our observed number of

overlaps significantly deviated from this distribution (a < 0.05).

Data availability
Raw sequence data have been deposited in NCBI SRA BioProject: PRINA656311. Quality-
controlled and filtered VCF’s and the full outputs for the GWAS and evolutionary genetics

statistical analysis are available on Dryad https://doi.org/10.5061/dryad.tht76hf50. Scripts for all

statistical analyses are available on https://github.com/braulioassis/sce-sol .

Appendix [: Supplemental figures S1-S8.

Appendix II: Supplemental tables S9-S12.

Appendix III: Supplemental tables S13-S20.

Appendix IV: Supplemental tables and figures S21-S27.


https://doi.org/10.5061/dryad.tht76hf50
https://github.com/braulioassis/sce-sol
https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627
628
629
630

631
632

633
634
635

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

Animal collections were approved by the Pennsylvania State University Animal Care and Use
Committee, and by the respective States where collection occurred. We thank the Lansdale
family for allowing us to collect lizard individuals on their property. We also thank T. Schwartz
and the Sceloporus Genome Collaboration team, T. Adams for assistance in the curation of lizard
specimens, and C. Roberts and K. Hickmann for assistance in laboratory work. We thank L.
Perez and N. Grube for bioinformatic support, and S. Giery and J. Schluter for comments on the
manuscript. We also acknowledge the NYU Langone Genome Technology Center (RRID:

SCR _017929). This shared resource is partially supported by the Cancer Center Support Grant
P30CA016087 at the Laura and Isaac Perlmutter Cancer Center. Computations for this research
were performed on the Pennsylvania State University’s Institute for Computational and Data
Sciences’ Roar supercomputer. Components of this work were supported by the National
Science Foundation Graduate Research Fellowship Program (DGE-1255832, to A.P.S.), the
National Science Foundation (BCS-1554834, to G.H.P), and the Penn State University College

of the Liberal Arts.

References

Adamo SA, Easy RH, Kovalko I, MacDonald J, McKeen A, Swanburg T, Turnbull KF, Reeve C.
2017. Predator exposure-induced immunosuppression: Trade-off, immune redistribution or

immune reconfiguration? Journal of Experimental Biology. 220(5):868-875.
doi:10.1242/jeb.153320.

Alexander DH, Novembre J, Lange K. 2009. Fast model-based estimation of ancestry in
unrelated individuals. Genome Res. 19(9):1655-1664. doi:10.1101/gr.094052.109.

Allen CR, Forys E a., Rice KG, Wojcik DP. 2001. Effects of Fire Ants (Hymenoptera:
Formicidae) on Hatching Turtles and Prevalence of Fire Ants on Sea Turtle Nesting Beaches in
Florida. Florida Entomologist. 84(2):250-253.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

636
637

638
639
640

641
642
643
644

645
646
647

648
649

650
651
652
653

654
655
656

657
658
659

660
661

662
663
664

665
666
667

668
669
670

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Amos W, Harwood J. 1998. Factors affecting levels of genetic diversity in natural populations.
Philos Trans R Soc Lond B Biol Sci. 353(1366):177—-186. doi:10.1098/rstb.1998.0200.

Ascunce MS, Yang CC, Oakey J, Calcaterra L, Wu WJ, Shih CJ, Goudet J, Ross KG, Shoemaker
DW. 2011. Global invasion history of the fire ant Solenopsis invicta. Science (1979).
331(6020):1066—1068. doi:10.1126/science.1198734.

der Auwera GA, Carneiro MO, Hartl C, Poplin R, del Angel G, Levy-Moonshine A, Jordan T,
Shakir K, Roazen D, Thibault J, et al. 2013. From FastQ Data to High-Confidence Variant Calls:
The Genome Analysis Toolkit Best Practices Pipeline. Curr Protoc Bioinformatics.
43(1):11.10.1-11.10.33. doi:https://doi.org/10.1002/0471250953.bi1 110s43.

Barnett DW, Garrison EK, Quinlan AR, Stromberg MP, Marth GT. 2011. BamTools: a C++ API
and toolkit for analyzing and managing BAM files. Bioinformatics. 27(12):1691-1692.
doi:10.1093/bioinformatics/btr174.

Barrett RDH, Schluter D. 2008. Adaptation from standing genetic variation. Trends Ecol Evol.
23(1):38-44. doi:10.1016/j.tree.2007.09.008.

Bastian FB, Roux J, Niknejad A, Comte A, Fonseca Costa SS, de Farias TM, Moretti S,
Parmentier G, de Laval VR, Rosikiewicz M, et al. 2021. The Bgee suite: integrated curated
expression atlas and comparative transcriptomics in animals. Nucleic Acids Res. 49(D1):D831—
D847. doi:10.1093/nar/gkaa793.

Benjamini Y, Hochberg Y. 1995. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society: Series B
(Methodological). 57(1):289-300. doi:https://doi.org/10.1111/j.2517-6161.1995.tb02031.x.

Bernhardsson C, Wang X, Eklof H, Ingvarsson PK. 2020. Variant calling using NGS and
sequence capture data for population and evolutionary genomic inferences in Norway Spruce
(Picea abies). bioRxiv. doi:10.1101/805994.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: A flexible trimmer for Illumina sequence
data. Bioinformatics. 30(15):2114-2120. doi:10.1093/bioinformatics/btul70.

Browning BL, Zhou Y, Browning SR. 2018. A One-Penny Imputed Genome from Next-
Generation Reference Panels. The American Journal of Human Genetics. 103(3):338-348.
doi:10.1016/j.ajhg.2018.07.015.

Campbell-Staton SC, Arnold BJ, Gongalves D, Granli P, Poole J, Long RA, Pringle RM. 2021.
Ivory poaching and the rapid evolution of tusklessness in African elephants. Science (1979).
374(6566):483—-487. doi:10.1126/science.abe7389.

Chang CC, Chow CC, Tellier LCAM, Vattikuti S, Purcell SM, Lee JJ. 2015. Second-generation
PLINK: Rising to the challenge of larger and richer datasets. Gigascience. 4(1):1-16.
doi:10.1186/s13742-015-0047-8.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

671  Chen Q, Huang B, Zhan J, Wang J, Qu K, Zhang F, Shen J, Jia P, Ning Q, Zhang J, et al. 2020.
672  Whole-genome analyses identify loci and selective signals associated with body size in cattle. J
673  Anim Sci. 98(3). doi:10.1093/jas/skaa068.

674  Clavero M, Garcia-Berthou E. 2005. Invasive species are a leading cause of animal extinctions.
675  Trends Ecol Evol. 20(3):110. doi:10.1016/j.tree.2005.01.003.

676  Code of Federal Regulations. 2006. Subpart-imported fre ant. http://ecfr.gpoacces.gov.

677 Cook DE, Andersen EC. 2017. VCF-kit: assorted utilities for the variant call format.
678  Bioinformatics. 33(10):1581-1582. doi:10.1093/bioinformatics/btx011.

679  Csapo R, Gumpenberger M, Wessner B. 2020. Skeletal Muscle Extracellular Matrix — What Do
680  We Know About Its Composition, Regulation, and Physiological Roles? A Narrative Review.
681  Front Physiol. 11(March):1-15. doi:10.3389/fphys.2020.00253.

682  Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker RE, Lunter G,
683  Marth GT, Sherry ST, et al. 2011. The variant call format and VCFtools. Bioinformatics.
684  27(15):2156-2158. doi:10.1093/bioinformatics/btr330.

685  Darracq AK, Smith LL, Oi DH, Conner LM, McCleery RA. 2017. Invasive ants influence native
686  lizard populations. Ecosphere. 8(1). doi:10.1002/ecs2.1657.

687  DeGiorgio M, Szpiech ZA. 2022. A spatially aware likelihood test to detect sweeps from
688  haplotype distributions.

689  Delaneau O, Coulonges C, Zagury J-F. 2008. Shape-IT: new rapid and accurate algorithm for
690  haplotype inference. BMC Bioinformatics. 9(1):540. doi:10.1186/1471-2105-9-540.

691  DePristo MA, Banks E, Poplin R, Garimella K V, Maguire JR, Hartl C, Philippakis AA, del
692  Angel G, Rivas MA, Hanna M, et al. 2011. A framework for variation discovery and genotyping
693  using next-generation DNA sequencing data. Nat Genet. 43(5):491-498. do0i:10.1038/ng.806.

694  English AC, Richards S, Han Y, Wang M, Vee V, Qu J, Qin X, Muzny DM, Reid JG, Worley
695 KC,etal. 2012. Mind the Gap: Upgrading Genomes with Pacific Biosciences RS Long-Read
696  Sequencing Technology. PLoS One. 7(11):1-12. doi:10.1371/journal.pone.0047768.

697  Foth BJ, Goedecke MC, Soldati D. 2006. New insights into myosin evolution and classification.
698  Proc Natl Acad Sci U S A. 103(10):3681-3686. doi:10.1073/pnas.0506307103.

699  Gel B, Diez-Villanueva A, Serra E, Buschbeck M, Peinado MA, Malinverni R. 2016. regioneR:
700  an R/Bioconductor package for the association analysis of genomic regions based on permutation
701  tests. Bioinformatics. 32(2):289-291. doi:10.1093/bioinformatics/btv562.

702 Gifford ME, Robinson CD, Clay TA. 2017. The influence of invasive fire ants on survival, space
703 use, and patterns of natural selection in juvenile lizards. Biol Invasions. 19(5):1461-1469.
704 doi:10.1007/s10530-017-1370-z.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

705
706
707

708
709

710
711
712

713
714
715

716
717
718

719
720
721
722

723
724
725
726

727
728

729
730
731

732
733

734
735
736

737
738
739

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Gruber MAM, Santoro D, Cooling M, Lester PJ, Hoffmann BD, Boser C, Lach L. 2022. A
global review of socioeconomic and environmental impacts of ants reveals new insights for risk
assessment. Ecological Applications. 32(4):1-17. doi:10.1002/eap.2577.

Hale R, Morrongiello JR, Swearer SE. 2016. Evolutionary traps and range shifts in a rapidly
changing world. Biol Lett. 12(6). doi:10.1098/rsbl.2016.0003.

Holt RIG. 2002. Fetal programming of the growth hormone—insulin-like growth factor axis.
Trends in Endocrinology & Metabolism. 13(9):392—-397. doi:https://doi.org/10.1016/S1043-
2760(02)00697-5.

Kolbe JJ, Losos JB. 2005. Hind-Limb Length Plasticity in Anolis carolinensis Published By :
The Society for the Study of Amphibians and Reptiles Your use of this PDF , the BioOne Web
site , and all posted and associated content. 39(4):674—678.

Kopachena JG, Buckley A, Potts GA. 2000. Effects of the Red Imported Fire Ant (Solenopsis
invicta) on Reproductive Success of Barn Swallows (Hirundo rustica) in Northeast. Southwest
Nat. 45(4):477-482.

Koskinen SOA, Wang W, Ahtikoski AM, Kjer M, Han XY, Komulainen J, Kovanen V, Takala
TES. 2001. Acute exercise induced changes in rat skeletal muscle mRNAs and proteins
regulating type IV collagen content. Am J Physiol Regul Integr Comp Physiol. 280(5 49-
5):1292-1300. doi:10.1152/ajpregu.2001.280.5.r1292.

Kryvokhyzha D, Salcedo A, Eriksson MC, Duan T, Tawari N, Chen J, Guerrina M, Kreiner JM,
Kent T V, Lagercrantz U, et al. 2019. Parental legacy, demography, and admixture influenced

the evolution of the two subgenomes of the tetraploid Capsella bursa-pastoris (Brassicaceae).
PLoS Genet. 15(2):1-34. doi:10.1371/journal.pgen.1007949.

Langkilde T. 2009. Invasive fire ants alter behavior and morphology of native lizards. Ecology.
90(1):208-217. doi:10.1890/08-0355.1.

Langkilde T, Freidenfelds NA. 2010. Consequences of envenomation: Red imported fire ants
have delayed effects on survival but not growth of native fence lizards. Wildlife Research.
37:566-573. doi:10.1071/WR10098.

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics. 25(14):1754—1760. doi:10.1093/bioinformatics/btp324.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R.
2009. The Sequence Alignment/Map format and SAMtools. Bioinformatics. 25(16):2078-2079.
doi:10.1093/bioinformatics/btp352.

Ligon RA, Siefferman L, Hill GE. 2011. Invasive fire ants reduce reproductive success and alter
the reproductive strategies of a native vertebrate insectivore. PLoS One. 6(7).
doi:10.1371/journal.pone.0022578.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

740
741
742

743
744
745

746
747
748

749
750
751

752
753
754

755
756

757
758
759
760

761
762
763
764

765
766

767
768

769
770

771
772

773
774
775

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Liu X, Han S, Wang Z, Gelernter J, Yang B-Z. 2013. Variant Callers for Next-Generation
Sequencing Data: A Comparison Study. PLoS One. 8(9):null.
doi:10.1371/journal.pone.0075619.

Liu Y, Huang J, Zhang J, Xu Y, Li X, Lu Y. 2023. Sensitization of Guinea Pig Skin to Imported
Fire Ant Alkaloids and Establishment of an Inflammatory Model. Int J Environ Res Public
Health. 20(3). doi:10.3390/ijerph20031904.

Long AK, Conner LM, Smith LL, Mccleery RA. 2015. Effects of an invasive ant and native
predators on cotton rat recruitment and survival. ] Mammal. 96(6):1135-1141.
doi:10.1093/jmammal/gyv121.

Martin J, Luque-Larena JJ, Lopez P. 2009. When to run from an ambush predator: balancing
crypsis benefits with costs of fleeing in lizards. Anim Behav. 78(4):1011-1018.
doi:10.1016/j.anbehav.2009.07.026.

Martin LB, Scheuerlein A, Wikelski M. 2003. Immune activity elevates energy expenditure of
house sparrows: A link between direct and indirect costs? Proceedings of the Royal Society B:
Biological Sciences. 270(1511):153—158. doi:10.1098/rspb.2002.2185.

McCulloch GA, Waters JM. 2023. Rapid adaptation in a fast-changing world: Emerging insights
from insect genomics. Glob Chang Biol. 29(4):943-954. doi:https://doi.org/10.1111/gcb.16512.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K,
Altshuler D, Gabriel S, Daly M, et al. 2010. The Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing data. Genome Res. 20(9):1297—
1303. doi:10.1101/gr.107524.110.

Miehls ALJ, Mason DM, Frank KA, Krause AE, Peacor SD, Taylor WW. 2009. Invasive species
impacts on ecosystem structure and function: A comparison of Oneida Lake, New York, USA,
before and after zebra mussel invasion. Ecol Modell. 220(22):3194-3209.
doi:10.1016/j.ecolmodel.2009.07.020.

Moon SY, Zheng Y. 2003. Rho GTPase-activating proteins in cell regulation. Trends Cell Biol.
13(1):13-22. doi:10.1016/S0962-8924(02)00004-1.

Mooney HA, Cleland EE. 2001. The evolutionary impact of invasive species. Proc Natl Acad Sci
U S A. 98(10):5446-5451. doi:10.1073/pnas.091093398.

Morgan BP. 2016. The membrane attack complex as an inflammatory trigger. Immunobiology.
221(6):747-751. doi:10.1016/j.imbio.2015.04.006.

Morrison LW. 2002. Long-term impacts of an arthropod-community invasion by the imported
fire ant, Solenopsis invicta. Ecology. 83(8):2337-2345.

Van Der Most PJ, De Jong B, Parmentier HK, Verhulst S. 2011. Trade-off between growth and
immune function: A meta-analysis of selection experiments. Funct Ecol. 25(1):74-80.
doi:10.1111/5.1365-2435.2010.01800.x.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

776
777
778

779
780
781

782
783

784
785
786

787
788
789

790
791
792

793
794
795
796

797
798
799

800
801
802

803
804

805
806

807
808

809
810
811

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Pirooznia M, Kramer M, Parla J, Goes FS, Potash JB, McCombie WR, Zandi PP. 2014.
Validation and assessment of variant calling pipelines for next-generation sequencing. Hum
Genomics. 8(1):14. doi:10.1186/1479-7364-8-14.

Poplin R, Ruano-Rubio V, DePristo MA, Fennell TJ, Carneiro MO, der Auwera GA Van, Kling
DE, Gauthier LD, Levy-Moonshine A, Roazen D, et al. 2018. Scaling accurate genetic variant
discovery to tens of thousands of samples. bioRxiv. doi:10.1101/201178.

Porter SD, Savignano DA. 1990. Invasion of polygyne fire ants decimates native ants and
disrupts arthropod community. Ecology. 71(6):2095-2106. do0i:10.2307/1938623.

Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J. 2019. G:Profiler: A web
server for functional enrichment analysis and conversions of gene lists. Nucleic Acids Res.
47(W1):W191-W198. doi:10.1093/nar/gkz369.

Ravinet M, Elgvin TO, Trier C, Aliabadian M, Gavrilov A, Satre GP. 2018. Signatures of
human-commensalism in the house sparrow genome. Proceedings of the Royal Society B:
Biological Sciences. 285(1884). doi:10.1098/rspb.2018.1246.

Robbins TR, Freidenfelds NA, Langkilde T. 2013. Native predator eats invasive toxic prey:
Evidence for increased incidence of consumption rather than aversion-learning. Biol Invasions.
15(2):407—415. doi:10.1007/s10530-012-0295-9.

Rodriguez-Romero F, Smith GR, Méndez-Sanchez F, Hernandez-Gallegos O, Nava PS, Méndez
De La Cruz FR. 2011. Demography of a semelparous, high-elevation population of Sceloporus
bicanthalis (Lacertilia: Phrynosomatidae) from the Nevado de Toluca Volcano, Mexico.
Southwestern Naturalist. 56(1):71-77. doi:10.1894/GC-193.1.

Roeder KA, Penuela Useche V, Levey DJ, Resasco J. 2021. Testing effects of invasive fire ants
and disturbance on ant communities of the longleaf pine ecosystem. Ecol Entomol. 46(4):964—
972. doi:10.1111/een.13033.

dos Santos Pinto JRA, Fox EGP, Saidemberg DM, Santos LD, da Silva Menegasso AR, Costa-
Manso E, Machado EA, Bueno OC, Palma MS. 2012. Proteomic View of the Venom from the
Fire Ant Solenopsis invicta Buren. J Proteome Res. 11(9):4643—4653. doi:10.1021/pr300451g.

Saul WC, Jeschke JM. 2015. Eco-evolutionary experience in novel species interactions. Ecol
Lett. 18(3):236-245. doi:10.1111/ele.12408.

Schlaepfer MA, Sherman PW, Blossey B, Runge MC. 2005. Introduced species as evolutionary
traps. Ecol Lett. 8(3):241-246. doi:10.1111/§.1461-0248.2005.00730.x.

Schliep KP. 2011. phangorn: phylogenetic analysis in R. Bioinformatics. 27(4):592—-593.
doi:10.1093/bioinformatics/btq706.

Shaw RG, Etterson JR. 2012. Rapid climate change and the rate of adaptation: Insight from
experimental quantitative genetics. New Phytologist. 195(4):752—765. doi:10.1111/j.1469-
8137.2012.04230.x.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

812
813
814

815
816

817
818

819
820
821

822
823
824

825
826
827

828
829

830
831

832
833
834
835

836
837
838

839
840

841
842
843

844
845

available under aCC-BY-NC-ND 4.0 International license.

Shriver MD, Kennedy GC, Parra EJ, Lawson HA, Sonpar V, Huang J, Akey JM, Jones KW.
2004. The genomic distribution of population substructure in four populations using 8,525
autosomal SNPs. Hum Genomics. 1(4):274-286.

Slatkin M. 1993. Isolation by distance in equilibrium and non-equilibrium populations. Evolution
(N'Y). 47(1):264-279. doi:10.1111/j.1558-5646.1993.tb01215 .x.

Stafford CT. 1996. Hypersensitivity to Fire Ant Venom. Annals of Allergy, Asthma &
Immunology. 77(2):87-99. doi:https://doi.org/10.1016/S1081-1206(10)63493-X.

Stahlschmidt ZR, Walman RM, Mills AM. 2018. Red imported fire ants (Solenopsis invicta) and
seasonality influence community refuge use. Biol Invasions. 20(10):2849-2859.
doi:10.1007/s10530-018-1737-9.

Straub RH, Schradin C. 2016. Chronic inflammatory systemic diseases — an evolutionary trade-
off between acutely beneficial but chronically harmful programs. Evol Med Public
Health.:eow001. doi:10.1093/emph/eow001.

Strauss SY, Lau JA, Carroll SP. 2006. Evolutionary responses of natives to introduced species:
What do introductions tell us about natural communities? Ecol Lett. 9(3):357-374.
doi:10.1111/5.1461-0248.2005.00874.x.

Sullivan AP, Bird DW, Perry GH. 2017. Human behaviour as a long-term ecological driver of
non-human evolution. Nat Ecol Evol. 1(3):65. doi:10.1038/s41559-016-0065.

Tajima F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics. 123:585-595.

Tartaglia M, Kalidas K, Shaw A, Song X, Musat DL, Van der Burgt I, Brunner HG, Bertola DR,
Crosby A, Ion A, et al. 2002. PTPN11 mutations in noonan syndrome: Molecular spectrum,
genotype-phenotype correlation, and phenotypic heterogeneity. Am J Hum Genet. 70(6):1555—
1563. doi:10.1086/340847.

Thawley CJ, Goldy-Brown M, McCormick GL, Graham SP, Langkilde T. 2019. Presence of an
invasive species reverses latitudinal clines of multiple traits in a native species. Glob Chang Biol.
25(2):620-628. doi:10.1111/gcb.14510.

Thawley CJ, Langkilde T. 2016. Invasive fire ant (Solenopsis invicta) predation of eastern fence
lizard (Sceloporus undulatus) eggs. J Herpetol. 50(2):284-288. doi:10.1670/15-017.

Thawley CJ, Langkilde T. 2017. Attracting unwanted attention: generalization of behavioural
adaptation to an invasive predator carries costs. Anim Behav. 123:285-291.
doi:10.1016/j.anbehav.2016.11.006.

Thompson JN. 1999. Specific hypotheses on the geographic mosaic of coevolution. American
Naturalist. 153(SUPPL.):1-14. doi:10.1086/303208.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint

846
847
848

849
850
851

852
853
854

855
856
857

858

859
860
861
862

863
864
865

866
867

868
869
870

871
872
873
874

875
876
877

878
879
880
881

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Todd BD, Rothermel BB, Reed RN, Luhring TM, Schlatter K, Trenkamp L, Gibbons JW. 2008.
Habitat alteration increases invasive fire ant abundance to the detriment of amphibians and
reptiles. Biol Invasions. 10(4):539-546. doi:10.1007/s10530-007-9150-9.

Tsuji JS, Huey RB, van Berkum FH, Garland T, Shaw RG. 1989. Locomotor performance of
hatchling fence lizards (Sceloporus occidentalis): Quantitative genetics and morphometric
correlates. Evol Ecol. 3(3):240-252. doi:10.1007/BF02270725.

Tylan C, Engler HI, Villar G, Langkilde T. 2023. Consumption of fire ants, an invasive predator
and prey of native lizards, may enhance immune functions needed to combat envenomation. Biol
Invasions. 25(3):725-740. doi:10.1007/s10530-022-02939-8.

Tylan C, Horvat-Gordon M, Bartell PA, Langkilde T. 2020. Ecoimmune reallocation in a native
lizard in response to the presence of invasive, venomous fire ants in their shared environment. J
Exp Zool A Ecol Integr Physiol. 333(10):792-804. doi:10.1002/jez.2418.

Vaughan D. 2023. ivs: Interval Vectors.

Wang H, Yoshiko Y, Yamamoto R, Minamizaki T, Kozai K, Tanne K, Aubin JE, Maeda N.
2008. Overexpression of Fibroblast Growth Factor 23 Suppresses Osteoblast Differentiation and
Matrix Mineralization In Vitro. Journal of Bone and Mineral Research. 23(6):939-948.
doi:https://doi.org/10.1359/jbmr.080220.

Wang J-J, Zhang T, Chen Q-M, Zhang R-Q, Li L, Cheng S-F, Shen W, Lei C-Z. 2020. Genomic
Signatures of Selection Associated With Litter Size Trait in Jining Gray Goat. Front Genet. 11.
doi:10.3389/fgene.2020.00286.

Weiss A, Leinwand LA. 1996. The mammalian myosin heavy chain gene family. Annu Rev Cell
Dev Biol. 12:417-439. doi:10.1146/annurev.cellbio.12.1.417.

Wersebe MJ, Weider LJ. 2023. Resurrection genomics provides molecular and phenotypic
evidence of rapid adaptation to salinization in a keystone aquatic species. Proceedings of the
National Academy of Sciences. 120(6). doi:https://doi.org/10.1073/pnas.2217276120.

Westfall AK, Telemeco RS, Grizante MB, Waits DS, Clark AD, Simpson DY, Klabacka RL,
Sullivan AP, Perry GH, Sears MW, et al. 2021. A chromosome-level genome assembly for the
eastern fence lizard (Sceloporus undulatus), a reptile model for physiological and evolutionary
ecology. Gigascience. 10(10):1-17. doi:10.1093/gigascience/giab066.

Winchell KM, Campbell-Staton SC, Losos JB, Revell L], Verrelli BC, Geneva AJ. 2023.
Genome-wide parallelism underlies contemporary adaptation in urban lizards. Proc Natl Acad
Sci U S A. 120(3). doi:10.1073/pnas.2216789120.

Wright B, Farquharson KA, McLennan EA, Belov K, Hogg CJ, Grueber CE. 2019. From
reference genomes to population genomics: comparing three reference-aligned reduced-
representation sequencing pipelines in two wildlife species. BMC Genomics. 20(1):453.
doi:10.1186/s12864-019-5806-y.


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.24.559217; this version posted September 25, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

882  Xie CB, Jane-Wit D, Pober JS. 2020. Complement Membrane Attack Complex: New Roles,
883  Mechanisms of Action, and Therapeutic Targets. American Journal of Pathology. 190(6):1138—
884  1150. doi:10.1016/j.ajpath.2020.02.006.

885  Zamith-Miranda D, Fox EGP, Monteiro AP, Gama D, Poublan LE, de Araujo AF, Araujo MFC,
886  Atella GC, Machado EA, Diaz BL. 2018. The allergic response mediated by fire ant venom
887  proteins. Sci Rep. 8(1):14427. doi:10.1038/s41598-018-32327-z.

888  Zanden MJ Vander, Casselman JM, Rasmussen JB. 1999. Stable isotope evidence for the food
889  web consequences of species invasions in lakes. Nature. 401(September):1997-2000.

890


https://doi.org/10.1101/2023.09.24.559217
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Abstract
	Significance statement
	Introduction
	Results
	Signatures of selection exclusive to Alabama lizards overlap morphology- and immune system-related genes
	Genomic associations with lizard limb length in the fire ant-invaded population in Alabama

	Discussion
	Putative adaptations to fire ants
	Community-scale consequences

	Methods
	Animal sampling
	DNA Extraction
	Library Preparation and Sequencing
	Read Mapping and Quality Filtering
	SNP Identification
	SNP Filtering and Quality Control
	Demographics analyses
	Genome-Wide Estimates of Tajima’s D
	Genome-wide Haplotype Distributions via saltilassi statistic
	Locus-specific Branch Lengths (LSBL)
	Functional profiling
	Genome-wide Association Study
	Permutation Analysis

	Data availability
	Acknowledgements
	References

