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Summary statement

Thermogenic UCP1 was pseudogenized much earlier than previously thought, in a
common ancestor of peccaries and pigs, providing the molecular rationale for cold sensitivity and

current tropical biogeography among extant peccaries.

Abstract

Uncoupling protein 1 (UCP1) governs non-shivering thermogenesis in brown adipose
tissue. It has been estimated that pigs lost UCP1 ~20 million years ago (MYA), dictating cold
intolerance among piglets. Our current understanding of the root causes of UCP1 loss are, however,
incomplete. Thus, examination of additional species can shed light on these fundamental
evolutionary questions. Here, we investigated Chacoan peccary (Catagonus wagneri) UCP1, a
member of the Tayassuid lineage that diverged from pigs during the Late Eocene-Mid Oligocene.
Peccary UCP1 exons 1 and 2 have been deleted while the remaining exons display additional
inactivating mutations. A common nonsense mutation in exon 6 reveals UCP1 was pseudogenized
in a shared ancestor of pigs and peccaries. Our selection pressure analyses indicate the inactivation

occurred much earlier, 36.2-44.3 MYA during the mid-late Eocene, than previously thought.

© 2020. Published by The Company of Biologists Ltd.
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Importantly, pseudogenized UCP1 provides the molecular basis for cold sensitivity and current

tropical biogeography of extant peccaries.

Introduction

Brown adipose tissue (BAT) is a unique organ among eutherian mammals responsible for
augmenting heat production during cold stress via adaptive non-shivering thermogenesis (NST).
This mitochondria-rich tissue is especially important for rewarming from torpor bouts in
hibernators and safeguarding high body temperatures in small-bodied species and newborns of
larger species (Alexander et al., 1975; Cannon et al., 1977; Smith and Horwitz, 1969). The cold-
inducible expression of uncoupling protein 1 (UCP1) governs the molecular mechanism of BAT-
mediated thermogenesis. UCP1 resides in the mitochondrial inner membrane and, upon activation,
promotes mitochondrial proton leak, dissipating oxidation energy as heat to support NST (Nicholls
and Locke, 1984). While UCP1-mediated NST is key for the survival of many eutherian species,
the first documented case of a UCP1 gene inactivation within the mammalian lineage was
discovered in pigs, occurring an estimated ~20 million years ago (MYA) (Berg et al., 2006). In
pigs, exons 3-5 have been deleted while the remaining exons of this six-exon gene each display an
inactivating (frameshift insertion/deletion or nonsense) mutation. While the presence of UCP1
protein in pigs has still been claimed by some (Mostyn et al., 2014), it has been refuted by others
(Jastroch and Anderson, 2015) and experimentally verified to be not translated (Hou et al., 2017).
The absence of UCP1 is thought to contribute to poor thermoregulatory abilities of piglets,
dictating their well-described reliance on shivering thermogenesis (Herpin et al., 2002). Others
have proposed a compensatory role of UCP3 in adipose tissue of some cold-adapted pig lineages
(Lin et al., 2017), but many arguments have been put forward from phylogenetic inference,
physiological and biochemical analyses of UCP3 in genetic mouse models, arguing against direct
thermogenic function by uncoupling (Gaudry and Jastroch, 2019). While Berg et al., (2006)
speculated that UCP1 lost functionality due to diminished selection pressures for NST during
periods of evolution in warm tropical environments, the authors also raised the possibility that the
wild boar (Sus scrofa), a species that inhabits temperate climates, evolved compensatory
behavioural adaptations such as maternal nest building to insulate their young and overcome their
lack of UCP1-mediated NST.
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Although the described loss of UCP1 among pigs has been seminal to our understanding
of the role of UCP1 for larger, cold-sensitive eutherians, Berg et al., (2006) pointed out limitations
that should be resolved in future studies, such as increasing the genomic information by expanding
species diversity with comparative studies that would enable more precise dating of inactivation
events. While Berg and colleagues suggested including more suid species, molecular dating would
also benefit from examining close suid relatives, determining whether the inactivation has occurred
during or before suid evolution. Collectively, expanded genomic information would have
important implications not only for the evolution of eutherian thermoregulation, but also for the
understanding of speciation, migration and eventual extinction of mammals in our changing

environment.

Peccaries (members of the family Tayassuidae) are the closest living relatives of pigs
(family Suidae) and have both been grouped into the suborder Suina (Fig. 1). The peccary lineage
originated in Southeast Asia, with members later colonizing the ‘New World’, the Americas
(Prothero, 2015). Pigs, on the other hand, remained in the ‘Old World’ until human intervention
precipitated their invasion of the Americas ~500 years ago (Burgos-Paz et al., 2013). The fossil
record shows that peccaries were once diverse, however, only three extant species remain
(Collared peccary [Pecari tajacu]; white-lipped peccary [Tayassu pecari]; Chacoan peccary
[Catagonus wagneri]). Pigs and peccaries diverged in the Late Eocene-Mid Oligocene according
to fossil and molecular data (Orliac et al., 2010; Parisi Dutra et al., 2017; Prothero, 2009; 2015),
predating the estimated pig UCP1 inactivation event (Berg et al., 2006). We show that this locus
is also pseudogenized in peccaries, indicating either an independent inactivation event or pushing
back the UCP1 loss of pigs from the Miocene to the Eocene, in a common ancestor of modern
suinans. Given identical inactivating mutation events in exon 6, we provide evidence for the latter
scenario that UCP1 pseudogenization occurred in a common suinan 36.2-44.3 MY A according to
our molecular dating analyses. Our examination of this lineage provides a more complete picture
of UCP1 inactivations among eutherian mammals and may even explain current biogeographical

distributions and cold sensitivity of the remaining extant peccaries.
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Materials and methods

We utilized human UCP1 mRNA (accession number: NM_021833.4) as a query to perform
nucleotide discontinuous megablasts against whole genome shotgun projects of the Chacoan
peccary (Catagonus wagneri), domestic pig (Sus scrofa) and 57 other ungulate species on the
NCBI webserver. Top hit contigs (see Table S1 — for accession numbers) were annotated in
Geneious Prime 2019.2.1 using human UCP1 exons as references. Contigs were manually
inspected to ensure proper reading frame and correct exon/intron boundary splice sites according
to the AG-GT rule. We also included two other Suid (Sus verrucosus and Sus cebifrons) UCP1
pseudogene sequences in our dataset previously acquired (Gaudry et al., 2017) through the NCBI
SRA database. As both the pig and peccary UCPL1 loci display major deletions, dot plots were
generated using the EMBOSS 6.5.7 dotmatcher tool. We also annotated the flanking TBCD19 and
ELMOD?2, respectively located upstream and downstream of UCP1 to confirm gene orthology and
used Easyfig 2.2.2 to evaluate the conserved synteny of the gene clusters with sequences that span
2 kb upstream of the termination codons of TBC1D9 and ELMOD?2.

Selection pressure analyses were performed using CODEML in the PAML 4.8 software
package (Yang, 2007) following the description outlined by Gaudry et al., (2017). Briefly, we first
constructed a species tree to reflect the evolutionary relationships between Catagonus wagneri,
Sus spp., and other ungulate species (Table S1) based on the phylogenies of previous literature
(Agnarsson and May-Collado, 2008; Bibi et al., 2013; McGowen et al., 2009; Meredith et al., 2011;
Steeman et al., 2009). UCP1 coding sequences were aligned using the Geneious Prime 2019.2.1°s
alignment algorithm and manually adjusted to accommodate insertion/deletion pseudogenization
sites. The free ratio model in CODEML was used to assess selection pressures along each branch
of the tree, providing an initial dN/dS ratio (®) prior to targeting individual branches for more

robust analyses using the M2 model.

To estimate the inactivation date of the UCP1 gene in the shared ancestor of both
Catagonus wagneri and Sus spp., we first categorized each branch in the tree as ‘functional’,

‘pseudogenic’, or ‘transitional’ according to Meredith et al., (2009) and Gaudry et al., (2017),

e
Q
=
(O]
wn
>
C
©
£
©
()
)
Q
Q
(9]
Q
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
(]
S



where ‘transitional’ refers to the branch upon which the transition from a functional to non-
functional gene arose. Using the M2 model with parameters identical to those described in Gaudry
etal., (2017), we estimated selection pressures for all functional branches as a single category, all
pseudogenic branches as a single category, and each transitional branch as its own category. The
selection pressure corresponding to the ‘transitional’ Suina branch was then used to estimate the
inactivation date of the UCP1 gene using the fossil constrained molecular time-tree 28.8 MYA
global mean divergence date of Meredith et al., (2011) and the 37 MYA split considered by
Prothero (2009; 2015) and following the calculations outlined by Meredith et al., (2009) and
Gaudry et al., (2017).

Results

Conserved synteny of the UCP1 locus in a peccary

A single contig (GenBank accession: PVHT010004494.1) of the Chacoan peccary was
retrieved that encompasses the 5’-TBC1D9-UCP1-ELMOD2-3" gene cluster. As expected, the
synteny of UCP1 is conserved for both the pig and peccary (Fig. 2A). A distinct contig (GenBank
accession: PVHT010002981.1) containing the UCP3-UCP2 gene cluster was also retrieved from
the peccary genome, both of which have intact open reading frames (see Fig. S1 for amino acid
translations of UCP3 and UCP2 genes).

UCP1 pseudogenization

The Chacoan peccary UCP1 locus displays numerous inactivating mutations. A dot plot
comparing sequence identity of the pig versus peccary UCP1 genes (Fig. 2B) reveals a ~5.3 kb
deletion in the peccary that eliminates exons 1 and 2. At least part of the UCP1 enhancer is also
deleted, though a small (~85 bp) upstream section displays ~83% similarity to the ~220 bp
enhancer of the pig. Pig UCP1 has been inactivated in part by an alternative ~2.3 kb deletion that
eliminates exons 3, 4, and 5 (Fig. 2B). While UCP1 exons 3, 4, and 5 are present in the peccary,
they exhibit several points of disruption (Fig. S2). In addition to a 57 bp in-frame deletion in exon
3, both exons 3 and 4 contain single nucleotide frameshift deletions. Exon 5 displays a single bp
insertion followed by a 4 bp deletion, but all GT-AG splice sites remain intact. Exon 6 is the only
shared exon that has been retained in both UCP1 pseudogenes of the pig and peccary and contains
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a premature nonsense mutation in both Suina species (Fig. S2) that, excluding all other inactivating
mutations, would truncate the C-terminus the protein by 30 amino acids. This shared inactivating
mutation among both pigs and peccaries suggests UCP1 was inactivated in a common suinan
ancestor prior to their divergence.

Selection pressure analyses and UCP1 inactivation date

The free ratio CODEML model provided initial individual selection pressures for each
branch. Notably, under this model, the Chacoan peccary UCP1 pseudogene displayed a near-
neutral dN/dS ratio (o = 0.9933; Fig. S3). Further analyses using the M2 model revealed an
elevated o value of 0.4095 for the stem Suina transitional branch (Fig. 3A), while o values for
functional (o = 0.1755) and pseudogenic branch (o = 1.0025) categories are indicative of purifying
selection and neutral evolution, respectively. Given these dN/dS ratios and the 28.8 MYA
Tayassuidae-Suidae divergence date from molecular data (Meredith et al., 2011), we determined
that UCP1 was pseudogenized in a common suinan ancestor 36.2-38.5 MYA. On the other hand,
if this divergence date is considered to be 37 MYA based on fossil data (Prothero, 2009; 2015),
our calculations place the UCP1 inactivation 42.6-44.3 MYA.

Discussion

The shared inactivating nonsense mutation in exon 6 among pigs and peccaries reveals
UCP1 inactivation in a common suinan ancestor. These findings provide the molecular basis for
early seminal anatomical investigations that examined four newborn collard peccaries, all of which
visually lacked BAT (Rowlatt et al., 1971). Given the genomic information of peccaries, our
inactivation date estimates based on selection pressure analyses provide a better estimate of the
UCP1 pseudogenization event during the late Eocene (36.2-44.3 MY A), pushing back the previous
Miocene (~20 MYA) inactivation date, which was only based on a single pig genus within the
Suid lineage (Berg et al., 2006). Given the lack of exons 1 and 2, and partial deletion of the
enhancer box, we expect that UCPL1 is not transcribed in peccaries, whereas some vestigial
transcription of these exons occurs in pigs (Hou et al., 2017) which have retained the UCP1

enhancer (Gaudry and Campbell 2017).
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The fairly wide range of our inactivation date estimate stems from the ambiguous
phylogenetic relationships of late Eocene suinans. Prothero (2009; 2015) regards Perchoerus spp.
as early members of the Tayassuidae lineage based on fossil data, placing the suinan radiation ~37
MY A. By contrast, others characterize Perchoerus spp. as a sister lineage to Suids and Tayassuids
based on molecular and fossil data, placing the suinan radiation at ~30 MY A (Parisi Dutra et al.,
2017). Using a fossil-constrained ~36 kb molecular time tree, Meredith et al., (2011) place the
divergence of Suids and Tayassuids at 28.8 MYA. We calculated our inactivation date estimates
based on both these most recent and most ancient divergence dates. Nevertheless, our data indicate
UCP1 functionality was lost in an ‘Old World’ stem suinan, preceding the Tayassuidea split and

dispersal into the ‘New World’.

Among peccaries, cold intolerance is a broadly known characteristic. For instance, collared
peccaries (Pecari tajacu) halt summer nocturnal activity and instead huddle to reduce heat loss
during the cooler winter nights, seek shelter and visibly shiver (Bissonette, 1982; Zervanos and
Hadley, 1973). This species also increases the dark coloration and density of their pelt over the
winter months, facilitating heat absorption during extended periods of sun basking (Zervanos and
Hadley, 1973). The lower critical temperature of the collared peccary thermal neutral zone ranges
between 25-28°C (Zervanos, 1975) and their cold limit is much higher (-12°C ambient temperature
without air movement) as compared to domestic swine (Porter and Gates 1969; Zervanos and
Hadley, 1973). On the other hand, the thermoregulatory strategies of peccaries is shifted towards
higher heat dissipation, likely facilitating life in the tropics (Zervanos and Hadley 1973). Thus, it
is conceivable that the lack of UCP1-mediated NST contributes to physiological cold sensitivity
of both pigs and peccaries, as well as interesting behavioral adaptations such as huddling and
basking in peccaries. A strikingly high mortality rate (50-100%) among collared peccary young
has not been attributed to a single factor (Bissonette, 1982), but may be exacerbated by the lack of
UCP1, making offspring more vulnerable towards cold temperatures. While sarcolipin-mediated
muscle NST has been claimed to overcome the lack of functional UCP1 in wild boars (Nowack et
al. 2019), the potential thermogenic contributions of sarcolipin have been questioned by others
(Campbell and Dicke 2018) and have yet to be experimentally demonstrated. It has been proposed
that UCP3 in adipose tissue may be thermogenic in cold-tolerant pig breeds Lin et al., (2017), yet
no direct evidence has so far shown that UCP3 uncouples respiration (Jastroch et al., 2018),
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contributing to NST. However, these potential compensatory mechanisms would still be worth

investigating in peccaries and pigs.

Overall, UCP1 pseudogenization in peccaries further exemplifies that UCP1-mediated
NST is a “use it or lose it” phenomenon, likely resulting from its specific function and expression
as a thermogenic protein. We previously demonstrated that UCP1 is also lost in whales and
dolphins, horses, elephants, hyraxes, sea cows, xenarthrans and pangolins (Gaudry et al., 2017;
and McGaugh and Schwartz 2017). Inactivation dates calculated for other ungulate UCP1
pseudogenes, among equids and cetaceans, were highly congruent with Gaudry et al., (2017) (Fig.
3A). While the majority of UCP1 pseudogenizations appear to be temporally correlated to
evolutionary increases in body size, we currently have only a rudimentary picture of the root causes
of these inactivations. Thus, the examination of additional eutherian species is key to enhancing
the dating precision of these genetic events in order to reconstruct a complete image of

environmental and physiological constraints that led to the repeated pseudogenization of UCP1.

Hypothetically, if BAT is unnecessary due to warm ambient temperatures and/or large
body size for example, selection pressures on UCP1 are presumably minimal or non-existent, thus
the locus is free to accumulate random mutations that may lead to its inactivation without
physiological consequences. However, the detriments of such reductions to the genetic repertoire
for future lineages are perhaps evident in the biogeographical confinement to subtropical/tropical
habitats, increased cold sensitivity, low species diversity and high extinction rates. Indeed,
xenarthrans and pangolins also are confined to tropical habitats and lack functional UCP1 (Gaudry
etal., 2017). Extinct peccary species (e.g. Platygonus compressus and Mylohyus spp.) once ranged
over more northern parts of the current United States, with one fossil even being recovered from
Yukon, Canada. However, all extant species are currently restricted to tropical/subtropical
latitudes (Fig. 3B).

e
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
L]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S




Competing interests

No competing interests declared.

Funding
This work was supported by the Swedish Research Council (grant no. 2018-03472).

References

Alexander, G., Bennett, J. W. and Gemmell, R. T. (1975). Brown adipose tissue in the new-
born calf (Bos taurus). J. Physiol. 244, 223-234.
https://doi.org/10.1113/jphysiol.1975.sp010793

Agnarsson, I. and May-Collado, L. J. (2008). The phylogeny of Cetartiodactyla: the
importance of dense taxon sampling, missing data, and the remarkable promise of
cytochrome b to provide reliable species-level phylogenies. Mol. Phylogenet. Evol. 48,
964-985. https://doi.org/10.1016/j.ympev.2008.05.046

Berg, F., Gustafson, U. and Andersson, L. (2006). The uncoupling protein 1 gene (UCP1) is
disrupted in the pig lineage: A genetic explanation for poor thermoregulation in piglets.
PLoS Genet. 2, e129. https://doi.org/10.1371/journal.pgen.0020129

Bibi, F. (2013). A multi-calibrated mitochondrial phylogeny of extant Bovidae (Artiodactyla,
Ruminantia) and the importance of the fossil record to systematics. BMC Evol. Biol.13,
166.

Bissonette, J. A. (1982). Ecology and Social Behavior of the Collared Peccary in Big Bend
National Park, Texas. Scientific Monograph Series No. 16, US Department of the
Interior, National Park Service, Washington.

=
Q
=
O
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Burgos-Paz, W., Souza, C. A., Megens, H. J., Ramayo-Caldas, Y., Melo, M., Lemus-Flores,
C., Caal, E., Soto, H. W., Martinez, R., et al. (2013). Porcine colonization of the
Americas: a 60k SNP story. Heredity. 110, 321-330.
https://doi.org/10.1038/hdy.2012.109

Cannon, B., Romert, L., Sundin, U. and Barnard, T. (1977). Morphology and biochemical
properties of perirenal adipose tissue from lamb (Ovis aries). A comparison with brown
adipose tissue. Comp. Biochem. Physiol. B: Comparative Biochemistry. 56, 87-99.
https://doi.org/10.1016/0305-0491(77)90227-9

Campbell, K. L. and Dicke, A. A. (2018). Sarcolipin makes heat, but is it adaptive
thermogenesis? Front. Physiol. 9, 714. https://doi.org/10.3389/fphys.2018.00714

Gaudry, M. J. and Campbell, K. L. (2017). Evolution of UCP1 Transcriptional Regulatory
Elements Across the Mammalian Phylogeny. Front. Physiol. 8, 670.
https://doi.org/10.3389/fphys.2017.00670

Gaudry, M.J., Jastroch, M. (2019). Molecular evolution of uncoupling proteins and
implications for brain function. Neurosci. Lett. 696, 140-145.
https://doi.org/10.1016/j.neulet.2018.12.027

Gaudry, M.J., Jastroch, M., Treberg, J.R., Hofreiter, M., Paijmans, J. L. A., Starrett, J.,
Wales, N., Signore, A. V., Springer, M. S. and Campbell, K. L. (2017). Inactivation of
thermogenic UCP1 as a historical contingency in multiple placental mammal clades. Sci.
Adv. 15, e1602878 https://doi.org/10.1126/sciadv.1602878

Hou, L., Shi, J., Cao, L., Xu, G., Hu, C. and Wang, C. (2017). Pig has no uncoupling protein
1. Biochem. Biophys. Res. Commun. 487, 795-800.
https://doi.org/10.1016/j.bbrc.2017.04.118

=
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S


https://doi.org/10.1016/0305-0491(77)90227-9

Herpin, P., Damon, M. and Le Dividich, J. (2002). Development of thermoregulation and
neonatal survival in pigs. Livest. Prod. Sci.78, 25-45. https://doi.org/10.1016/S0301-
6226(02)00183-5

Jastroch, M. and Andersson, L. (2015). When pigs fly, UCP1 makes heat. Mol. Metab. 4, 359-
362. https://doi.org/10.1016/j.molmet.2015.02.005

Jastroch, M., Oelkrug, R. and Keipert, S. (2018). Insights into brown adipose tissue evolution
and function from non-model organisms. J. Exp. Biol. 221, jeb169425.
https://doi.org/10.1242/jeb.169425

Lin, J., Cao, C., Tao, C., Ye, R., Dong, M., Zheng, Q., Wang, C., Jiang, X., Qin, G., Yan, C.,
et al. (2017). Cold adaptation in pigs depends on UCP3 in beige adipocytes. J. Mol. Cell
Biol. 9, 364-375. https://doi.org/10.1093/jmcb/mjx018

McGaugh, S. and Schwartz, T. S. (2017). Here and there, but not everywhere: repeated loss of
uncoupling protein 1 in amniotes. Biol. Lett. 13, 20160749.
https://dx.doi.org/10.1098/rsbl.2016.0749

McGowen, M. R., Spaulding, M. and Gatesy, J. (2009). Divergence date estimation and a
comprehensive molecular tree of extant cetaceans. Mol. Phylogenet. Evol. 53, 891-906.
https://doi.org/10.1016/j.ympev.2009.08018

Meredith, R. W., Gatesy, J., Murphy, W. J., Ryder, O. A., Springer, M. S. (2009). Molecular
decay of the tooth gene enamelin (ENAM) mirrors the loss of enamel in the fossil record
of placental mammals. PLoS Genet. 5, e1000634.
https://doi.org/10.1371/journal.pgen.1000634

Meredith, R. W., Janecka, J. E., Gatesy, J., Ryder, O. A, Fisher, C. A., Teeling, E. C.,
Goodbla, A, Eizirik, E., Taiz, L., Siméo, T., et al. (2011). Impacts of the Cretaceous

=
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Terrestrial Revolution and KPg extinction on mammal diversification. Science. 334, 521-
4.

Mostyn, A., Attig, L., Larcher, T., Dou, S., Chavatte-Palmer, P., Boukthir, M., Gertler, A.,
Djiane, J., Symonds, M. E. and Abdennebi-Najar, L. (2014). UCPL1 is present in
porcine adipose tissue and is responsive to postnatal leptin. J. Endocrinol. 223, M31-
M38. https://doi.org/10.1530/JOE-14-0155

Nicholls, D. G. and Locke, R. M. (1984). Thermogenic mechanisms in brown fat. Physiol. Rev.
64, 1-64. https://doi.org/10.1152/physrev.1984.64.1.1

Nowack, J., Vetter, S. G., Stalder, G., Painer, J., Kral, M., Smith, S., Le, M. H., Jurcevic,
P., Bieber, C., Arnold, W. and Ruf, T. (2019). Muscle nonshivering thermogenesis in a
feral mammal. Sci. Rep. 9, 6378. https://doi.org/10.1038/s41598-019-42756-z

Orliac, M. J., Pierre-Olivier, A. and Ducrocqg S. (2010). Phylogenetic relationships of the
Suidae (Mammalia, Cetartiodactyla): new insights on the relationships within Suoidea.
Zool. Scr. 39, 315-330. https://doi.org/10.1111/j.1463-6409.2010.00431.x

Parisi Dutra, R., de Melo Casali, D., Missagia, R. V., Gasparini, G. M., Perini, F. A. and
Cozzuol, M. A. (2017). Phylogenetic Systematics of Peccaries (Tayassuidae:
Artiodactyla) and a Classification of South American Tayassuids. J. Mammal. Evol. 24,
345-358. https://doi.org/10.1007/s10914-016-9347-8

Prothero, D. R. (2009). The early evolution of the North American Peccaries (Artiodactyla:
Tayassuidae). Mus. North. Ariz. Bull. 65, 509-541.

Porter, W. P. and Gates, D. M. (1969). Thermodynamic equilibrium of animals with
environment. Ecol. Monogr. 39, 245-270.

=
Q
=
Q
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Prothero, D. R. (2015). Evolution of the early Miocene Hesperhine peccaries. New Mexico Mus.
Nat. Hist. Sci. Bull. 67, 235-256.

Rowlatt, U., Mrosovsky, N. and English, A. (1971). A comparative survey of brown fat in the

neck and axilla of mammals at birth. Biol. Neonate. 17, 53-83.

Smith, R. E. and Horwitz, B. A. (1969). Brown fat and thermogenesis. Physiol. Rev. 49, 330-
425.

Steeman, M. E., Hebsgaard, M. B., Fordyce, R. E., Ho, S. Y. W., Rabosky, D. L., Nielsen R.,
Rahbek, C., Glenner, H., Sgrensen, M. V. and Willerslev, E. (2009). Radiation of
extant cetaceans driven by restructuring of the oceans. Syst. Biol. 58, 573-585.
https://doi.org10.1093/sysbio/syp060

Yang, Z. (2007). PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evol. 24,
1586-1591. https://doi.org/10.1093/molbev/msm088

Zervanos, S. M. and Hadley, N. F. (1973). Adaptational Biology and Energy Relationships of
the Collared Peccary (Tayassu Tajacu). Ecology. 54, 759-774.
https://doi.org/10.2307/1935671

Zervanos, S. M. (1975). Seasonal effects of temperature on the respiratory metabolism of the
collared peccary (Tayassu tajacu). Comp. Biochem. Physiol. 50A, 365-371.
https://doi.org/10.1016/0300-9629(75)90027-4

=
Q
=
O
(2]
>
C
©
£
©
()
)
Q
Q
O
O
<<
[ ]
>
(@)}
o
Q
o
©
-
C
Q
S
=
Q
Q
X
Ll
[
(o]
©
C
=
>
O
S



Figures

—10

—20

- 40

— 50

Millions of Years Ago

- 60

~ 70

Figure 1. Phylogenetic relationships among ungulates based on Meredith et al., (2011). The
Suina lineage is highlighted with bold branches.
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Figure 2. Peccary UCP1 is pseudogenized. A) Sequence comparison of the peccary 5°-TBC1D9-
UCP1-ELOMD2-3’ gene cluster versus that of humans and pigs, displaying conserved synteny in
peccaries. Exons are highlighted in red, and TBC1D9 and ELMOD?2 denoted by yellow and green
arrows, respectively. Sequences spanned 2 kb upstream of TBC1D9 and ELMOD2 termination
codons. Varying shades of blue denote sequence identity across species and scale bar indicates the
length of 1 kilobase pair (Kbp). B) Dot plot spanning TBC1D9 exon 21 (yellow arrow) to UCP1
exon 6 of Sus scrofa (x axis) versus Catagonus wageri (y axis). The UCP1 enhancer is shown with
the blue rectangle, while red rectangles represent the remaining exons of UCP1 pseudogenes.
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Figure 3. UCP1 was inactivated in a common ancestor of pigs and may contribute to the
current biogeography of modern peccaries. A) UCP1 inactivations mapped to the ungulate
phylogeny. Branch lengths are adapted from Meredith et al., (2011). Branches where UCP1
remains intact are shown in black, while branches that display a UCP1 pseudogene are in red. The
transitional branches, along which UCP1 switched from functional to pseudogenic, are a mixture
of blue and red, while red rectangles denote our estimated date ranges for these inactivation events.
The red arrow signifies the pushing back of the previous 20 MYA inactivation estimate by Berg
et al., (2006) to a common Suina ancestor. UCP1 has also been inactivated in stem ancestors of
equids and cetaceans (Gaudry et al., 2017). Note that as in Gaudry et al., (2017), o for the
transitional cetacean branch (o = 1.1089) is slightly higher than that of the pseudogenic branch
category (o = 1.0025), thus the inactivation date is assumed to be at the base of the transitional
branch. B) Tropical and subtropical geographic distribution of the three extant peccary species
(Pecari tajacu, Tayassu pecari, and Catagonus wagneri). Locations of fossil recoveries of extinct
Tayassuids (Platygonus compressus and Mylohyus spp.) indicate peccaries were selected out of
northern latitudes. Fossil localities of extinct Tayassuids were predominantly data-mined from the
Fossilworks database (see Table S2 for references of fossil localities), while the current
distributions of extant peccaries were adapted from the IUCN red list database.
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Supplemental information
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Fig S1. A) Amino acid alignment of human (accession number: NM_003356.4), peccary

(PVHTO010002981.1) and pig (accession number: AF095744.1) translated UCP3 nucleotide

sequences. B) Amino acid alignment of human (accession number: U82819.1), peccary

(accession number: PVHT010002981.1) and pig (accession number: AF036757.1) translated

UCP2 nucleotide sequences.
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——————————————————————————————————————————— GTCCAGAGCCATCTACA
ATTCATTGGGCAACCCACAGAGGTCGTGAAAGTCAGACTTCAAGCACAGAGCCATCTCCA
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TGGTCCCAGACCTTGCTACATIGGGACTTACAATGCTTACAGAATTATAGCACCCACAGA
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Catagonus wagneri agATTTGTATCTTCCTTCCGG.CTGGGATCCTGGAATGTCATCATGTTTGTGTGCTTT

Sus scrofa agATTTGTACCTTCCTTCTGG CTGGAATCCTGGAACGTCATCCTGTTTGTGTGCTTT
Homo sapiens agGTTGGTACCTTCCTTCTTGCGACTTGGATCCTGGAACGTCATTATGTTTGTGTGCTTT
61 70 80 90 100 110 117
Catagonus wagneri GAACAGCTGAAAGGAGAACTGATGGAGTCGCGGCAGACTGTGAACTCTGCCACATAA
Sus scrofa GAACAGCTGAAACAAGAGTTGATGGAGTCATGGCAGACTGTGGACTGTGCCGCATAA
Homo sapiens GAACAACTGAAACGAGAACTGTCAAAGTCAAGGCAGACTATGGACTGTGCCACATAA

Fig S2. Exon-by-exon alignment of the peccary (Catagonus wagneri) UCPI pseudogene
versus the intact UCPI of humans (Homo sapiens). Exon 6 of the pig (Sus scrofa) was also
included in the alignment. A 57 bp in-frame deletion is shown in yellow in the peccary. Highlights
in pink represent frameshift deletions, while a frameshift insertion is displayed in cyan. A shared
nonsense mutation between the peccary and pig in exon 6 is highlighted in red. Lower case letters
represent GT-AG splice sites, all of which are intact.
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Fig S3. UCPI free ratio selection pressure model. Catagonus wagneri is highlighted with a red
dashed box

Table S1. GenBank accession numbers of ungulate species used in this study.

Species name UCP1 Source
Catagonus wagneri PVHTO010004494.1
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Ammotragus lervia

NIVO01003382.1

Antilocapra americana

PVKTO010017748.1

Axis porcinus

QQTR01093826.1

Balaenoptera acutorostrata

ATDI01065547.1

Balaenoptera bonaerensis

BAUQO1197845.1
BAUQO01341929.1
BAUQO1696173.1

Beatragus hunteri

PVKQO01021312.1
PVKQO1017688.1

Bison bison

JPYTO01100523.1

Bos indicus

PRDE(01000009.1

Bos mutus AGSK01075302.1
Bos taurus AAFC05027895.1
Bubalus bubalis AWWX01630119.1

Camelus bactrianus

JARLO1016741.1

Camelus dromedarius

JDVDO01000357.1
JDVDO01000358.1

Camelus ferus

AGVRO01051296.1

Capra aegragus

CBYHO010071014.1

Capra hircus

XM 018061376.1

Capra sibirica

NIYNO02075614.1

Capreolus capreolus

CCMKO010104759.1
CCMKO012865005.1
CCMKO010278719.1

Ceratotherium simum simum

AKZMO01017598.1

Cervus elaphus

MKHE01000005.1

Dicerorhinus sumatrensis

PEKHO010008988.1

Diceros diceris

PVJY010007317.1

Elaphurus davidianus

JRFZ01051564.1

Equus asinus

PSZQ01001512.1

Equus caballus

AAWRO02018851.1

Equus przewalskii

ATBWO01036322.1
ATBWO01036321.1
ATBWO01036320.1

Eschrichtius robustus

RJWNO010007000.1

Eubalaena japonica RJWP010009557.1
Giraffa tippelskirchi LVKQO01071482.1
Hippopotamus amphibius PVJP01000741.1
Inia geoffrensis RJWO010061584.1
Kogia breviceps RIJWL010068022.1

RJWL010062101.1

Lipotes vexillifer

AUPI01000024.1
AUPI01000025.1

Megaptera noveangliae

RYZJ01001352.1

Monodon monoceros

PVJF01002816.1
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Moschus moschiferus PVHUO010011962.1
Neophocaena asiaorientalis | MKKWO01065165.1
Nilgiritragus hylocrius PVJR01000372.1
Odocoileus hemionus RCHLO01005053.1
Odocoileus virginianus MLBE01020605.1
Okapia johnstoni LVCL010093660.1
Oryx gazella RAWWO01011422.1
Ovis aries CBYI010017988.1
Ovis canadensis PVIS010000157.1
Panthalops hodgsonii AGTT01188813.1
Phocoena phocoena PKGA01000564.1
Physeter catodon AWZP01062081.1
Platanista minor RJWKO010001106.1
Pontoporia blainvillei RIWI010022065.1
RIJWI010380541.1
Pseudois nayaur NIZD01207746.1
Rangifer tarandus PVIN010004838.1
Saiga tatarica PVIK010056808.1
Sus scrofa LUXWO01040214.1
Tapirus indicus PVIE01006658.1
Tapirus terrestris PVID01007152.1
Tragulus javanicus PVHZ010004693.1
Vicugna pacos JEMWO01007827.1

Table S2. Localities of extinct Platygonus compressus and Mylohyus spp. fossil recoveries.

Platygonus compressus

Coordinates Reference

345°N, 110.1° W | Murray, L. K., Bell, C. J., Dolan, M. T. and Mead, J. L.
(2005). Late Pleistocene fauna from the southern Colorado
Plateau, Navajo County, Arizona. Southwest. Nat. 50, 363-374.

29.1°N, 82.3° W; | Webb, S. D. and Wilkins, K. T. (1984). Historical

29.6°N, 82.4° W Biogeography of Florida Pleistocene Mammals. In Contributions
in quaternary vertebrate paleontology: a volume in memorial to
John E. Guilday. (ed. H. H. Genoways and M. R. Dawson), pp.
370-383. Pittsburgh, Pa.: Carnegie Museum of Natural History
Special Publication.

29.8° N, 82.1° W; Webb, S. D. (1974). Chronology of Florida Pleistocene
29.1° N, 82.3° W; mammals. In Pleistocene mammals of Florida (ed. S. D. Webb),
28.7° N, 81.5° W pp. 5-31. Gainesville: University of Florida Press.
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Fig S1. A) Amino acid alignment of human (accession number: NM_003356.4), peccary
(PVHTO010002981.1) and pig (accession number: AF095744.1) translated UCP3 nucleotide
sequences. B) Amino acid alignment of human (accession number: U82819.1), peccary
(accession number: PVHT010002981.1) and pig (accession number: AF036757.1) translated

UCP2 nucleotide sequences.
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Exon 3
1 10 20 30 40 50 60
Catagonus wagneri agCAACAGCTAGTTTAGGAAGCAAGGTCTTAGCAGGCCTAGCGACT-—————————————
Homo sapiens agCAGCACCTAGTTTAGGAAGCAAGATTTTAGCTGGTCTAACGACTGGAGGAGTGGCAGT
61 70 80 90 100 110 120
Catagonus wagneri ———————— GTCCAGAGCCATCTACA
Homo sapiens ATTCATTGGGCAACCCACAGAGGTCGTGAAAGTCAGACTTCAAGCACAGAGCCATCTCCA
121 130 140 150 160 170 180
Catagonus wagneri TGGTCCCAGACCTTGCTACATHGGGACTTACAATGCTTACAGAATTATAGCACCCACAGA
Homo sapiens CGGAATCAAACCTCGCTACACGGGGACTTATAATGCGTACAGAATAATAGCAACAACCGA
181 190 200 205

Catagonus wagneri AGGCTTAATGGGGCTTTGGAAAGgt

Homo sapiens AGGCTTGACGGGTCTTTGGAAAGgt
Exon 4
1 10 20 30 40 50 60
Catagonus wagneri agGGACTACTCCCAACCTGACAAGAAATGTCATCATCAGTTGTACAGAG‘GAGTAACGTA
Homo sapiens agGGACTACTCCCAATCTGATGAGAAGTGTCATCATCAATTGTACAGAGCTAGTAACATA
61 70 80 90 100 106
Catagonus wagneri TGACCTAATGAAGGAGGCCCTTGTGAAAAACAAATTATTAGCGGgt
Homo sapiens TGATCTAATGAAGGAGGCCTTTGTGAAAAACAACATATTAGCAGOtL
Exon 5
1 10 20 30 40 50 60

Catagonus wagneri agATGATACGCCCTGCCACTTCGTGTCCGCTGTCATTGCTGGATTTTGCACAGTGGTTCT

Homo sapiens agATGACGTCCCCTGCCACTTGGTGTCGGCTCTTATCGCTGGATTTTGCGCAACAGCTAT

61 70 80 90 100 110 120
Catagonus wagneri GTCCTCTCCAGTGCGTGTGGTGAAGACCAGATCTGGTAACTGTCCACTGGGACAGTACCC
Homo sapiens GTCCTCCCCGGTGGATGTAGTAAAAACCAGATTTATTAATTCTCCACCAGGACAGTACAA

121 130 140 150 160 170 180 186
Catagonus wagneri AAGTGTGCCCAAC TGGCACAGTGACAATGhCTAAGGAAGGAC CACCAGCTCTTTTCAAAGGgt
Homo sapiens AAGTGTGCCCAACT-GTGCAATGAAAGTGTTCACTAACGAAGGACCAACGGCTTTCTTCAAGGGOtL
Exon 6

1 10 20 30 40 50 60

Catagonus wagneri agATTTGTATCTTCCTTCCGG.CTGGGATCCTGGAATGTCATCATGTTTGTGTGCTTT

Sus scrofa agATTTGTACCTTCCTTCTGG CTGGAATCCTGGAACGTCATCCTGTTTGTGTGCTTT

Homo sapiens agGTTGGTACCTTCCTTCTTGCGACTTGGATCCTGGAACGTCATTATGTTTGTGTGCTTT
61 70

Catagonus wagneri GAACAGCTGAAAGGAGAACTGATGGAGTCGCGGCAGACTGTGAACTCTGCCACATAA

Sus scrofa GAACAGCTGAAACAAGAGTTGATGGAGTCATGGCAGACTGTGGACTGTGCCGCATAA

Homo sapiens GAACAACTGAAACGAGAACTGTCAAAGTCAAGGCAGACTATGGACTGTGCCACATAA
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Fig S2. Exon-by-exon alignment of the peccary (Catagonus wagneri) UCPI pseudogene
versus the intact UCPI of humans (Homo sapiens). Exon 6 of the pig (Sus scrofa) was also
included in the alignment. A 57 bp in-frame deletion is shown in yellow in the peccary. Highlights
in pink represent frameshift deletions, while a frameshift insertion is displayed in cyan. A shared
nonsense mutation between the peccary and pig in exon 6 is highlighted in red. Lower case letters
represent GT-AG splice sites, all of which are intact.
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#0.4197 Equus caballus #35.8980
przewalsku #67.7983
Equus_: asmus #999 0000

Tapirus_indicus #0.0001

Tapirus_terrestrus #0.4087
Ceratotherium_simum_simum #0.2152

Diceros_bicornis #46.9606

Dicerorhinus_sumatrensis #0.2834

Vlcugna _pacos #0.1099

#999. Camelus_ferus #91.2356

3 Camelus_| bacmanus #999 0000

ius #0.42

Sus_: scrofa #0.8262

Sus_verrucosus #999.0000

Sus, :eblfrons #999.0000

Camelus_d

#0.2811
Eubalaena_japanlca #1.4833
Eschrichtius_robustus #999.0000

Physeter_catodon #3.6855
Kogia_breviceps #2.3043
Platanista_minor #0.7552
Lipotes_) vexllllfer #1.6348
ia_geoffrensis #1.7786
o toporia_| blamwllei #0.9075
Monodon_monoceros #0.1:
Neophocaena_: asiaennenlalis #44.9264
Phocoena_phocoena #0.854

#0.1676

Tragulus_javanicus #0.1909
#0.0001 Antilocapra_americana #0.1064
Giraffa_tippelskirchi #0.1481
Okapia_johnstoni #0. 8591
#0.0001 ileus_h
#0.3702 Odocmleus _virginianus *0 0001
Rangifer_tarandus #0.6217
20,0001 #0.0001 Axis_porcinus #0.0348
#0.0001 — Cervus, elap‘:\gsogg.lsen

Capreolus capreulus #0.2293
Moschus_ moschlferus #0.1181
#0.0001 Oryx_gazella #0.3216
Beatragus_hunteri #0.3057
Ammoxragus lervia #791 2003

Nllglrllragus hylocrius #999
Ovis_ canadensls #0.4146
Ovis_aries #40.4100
Pseudols _nayaur #0.0001
Capra hircus #999.0000
Capra, aega?vus #0.0001
Capra_t snbmca #0.207

Sal a matarlca #0.2136
Bos_indicus #0.0001
Bos_taurus #999.0000
Bos_mutus #0.6199
Bison_bison #0.1585
Bubalus_bubalis #0.6182

0.003

Fig S3. UCPI free ratio selection pressure model. Catagonus wagneri is highlighted with a red
dashed box
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Table S1. GenBank accession numbers of ungulate species used in this study.

Species name

UCP1 Source

Catagonus wagneri

PVHTO010004494.1

Ammotragus lervia

NIVO01003382.1

Antilocapra americana

PVKTO010017748.1

Axis porcinus

QQTR01093826.1

Balaenoptera acutorostrata

ATDI01065547.1

Balaenoptera bonaerensis

BAUQO01197845.1
BAUQO01341929.1
BAUQO01696173.1

Beatragus hunteri

PVKQO01021312.1
PVKQO01017688.1

Bison bison

JPYTO01100523.1

Bos indicus

PRDE01000009.1

Bos mutus AGSK01075302.1
Bos taurus AAFC05027895.1
Bubalus bubalis AWWX01630119.1

Camelus bactrianus

JARL01016741.1

Camelus dromedarius

JDVDO01000357.1
JDVDO01000358.1

Camelus ferus

AGVRO01051296.1

Capra aegragus

CBYHO010071014.1

Capra hircus

XM 018061376.1

Capra sibirica

NIYNO02075614.1

Capreolus capreolus

CCMKO010104759.1
CCMKO012865005.1
CCMKO010278719.1

Ceratotherium simum simum

AKZMO01017598.1

Cervus elaphus

MKHE01000005.1

Dicerorhinus sumatrensis

PEKHO010008988.1

Diceros diceris

PVJY010007317.1

Elaphurus davidianus

JRFZ01051564.1

Equus asinus

PSZQ01001512.1

Equus caballus

AAWRO02018851.1

Equus przewalskii

ATBWO01036322.1
ATBWO01036321.1
ATBWO01036320.1

Eschrichtius robustus

RIJWNO010007000.1

Eubalaena japonica

RIJWP010009557.1

Giraffa tippelskirchi

LVKQ01071482.1

Hippopotamus amphibius

PVJP01000741.1

Inia geoffrensis

RIWO010061584.1

Kogia breviceps

RIWL010068022.1
RIJWL010062101.1

Lipotes vexillifer

AUPI01000024.1
AUPI01000025.1

Megaptera noveangliae

RYZJ01001352.1

Monodon monoceros

PVJF01002816.1
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Moschus moschiferus PVHUO010011962.1
Neophocaena asiaorientalis | MKKWO01065165.1
Nilgiritragus hylocrius PVJR01000372.1
Odocoileus hemionus RCHLO01005053.1
Odocoileus virginianus MLBE01020605.1
Okapia johnstoni LVCL010093660.1
Oryx gazella RAWWO01011422.1
Ovis aries CBYI010017988.1
Ovis canadensis PVIS010000157.1
Panthalops hodgsonii AGTT01188813.1
Phocoena phocoena PKGA01000564.1
Physeter catodon AWZP01062081.1
Platanista minor RJWKO010001106.1
Pontoporia blainvillei RIWI010022065.1
RIJWI010380541.1
Pseudois nayaur NIZD01207746.1
Rangifer tarandus PVIN010004838.1
Saiga tatarica PVIK010056808.1
Sus scrofa LUXWO01040214.1
Tapirus indicus PVIE01006658.1
Tapirus terrestris PVID01007152.1
Tragulus javanicus PVHZ010004693.1
Vicugna pacos JEMWO01007827.1
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Table S2. Localities of extinct Platygonus compressus and Mylohyus spp. fossil recoveries.

Platygonus compressus

Coordinates Reference

345°N, 110.1° W | Murray, L. K., Bell, C. J., Dolan, M. T. and Mead, J. 1.
(2005). Late Pleistocene fauna from the southern Colorado
Plateau, Navajo County, Arizona. Southwest. Nat. 50, 363-374.

29.1°N, 82.3° W; | Webb, S. D. and Wilkins, K. T. (1984). Historical

29.6°N, 82.4° W Biogeography of Florida Pleistocene Mammals. In Contributions
in quaternary vertebrate paleontology: a volume in memorial to
John E. Guilday. (ed. H. H. Genoways and M. R. Dawson), pp.
370-383. Pittsburgh, Pa.: Carnegie Museum of Natural History
Special Publication.

29.8°N, 82.1° W; Webb, S. D. (1974). Chronology of Florida Pleistocene
29.1° N, 82.3° W; mammals. In Pleistocene mammals of Florida (ed. S. D. Webb),
28.7°N, 81.5° W pp. 5-31. Gainesville: University of Florida Press.

29.7° N 82.6° W Martin, R. A. (1978). A new Late Pleistocene Conepatus and
associated vertebrate fauna from Florida. J. Paleontol. 52, 1079-
1085.

25.7°N, 80.4° W Emslie, S. D. and Morgan, G. S. (1995). Taphonomy of a late
Pleistocene carnivore den, Dade County, Florida. In Late
Quaternary Environments and Deep History: A Tribute to Paul S.
Martin. (ed. D. W. Steadman and J. I. Mead), pp. 65-83. The
Mammoth site of Hot Springs, Hot Springs, South Dakota,
Scientific Papers 3.

27.2°N, 81.9° W Hulbert, R. C., Morgan, G. S. and Kerner, A. (2009). Collared
peccary (Mammalia, Artiodactyla, Tayassuidae, Pecari) from the
late Pleistocene of Florida. In Papers on Geology, Vertebrate
Paleontology, and Biostratigraphy in Honor of Michael O.
Woodburne (ed. L. B. Albright), vol. 65, pp. 531-544. Flagstaff,
Az.: Museum of Northern Arizona Bulletin.

29.4° N, 82.5°W Martin, R. A. and Webb, S. D. (1974). Late Pleistocene
mammals from the Devil's Den Fauna, Levy County. In
Pleistocene Mammals of Florida. (ed. S. D. Webb), pp. 114-145.
Gainesville: University of Florida Press.
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34.4°N, 84.9° W

Martin, R. A. and Sneed, J. M. (1989). Late Pleistocene records
of caribou and elk from Georgia and Alabama. Ga. J. Sci. 47,
117-122.

42.4°N, 90.4° W

Leconte. J. L. (1848). Notice of five new species of fossil
Mammalia from Illinois. Am. J. Sci. Arts. 5, 102-106.

42.4°N, 90.4° W

Leidy. J. (1860). Observations on the extinct peccary of North
America; being a sequel to "A memoir on the extinct Dicotylinae
of America". Trans. Am. Philos. Soc. 11, 97-105.

37.0°N, 100.5° W

Schultz, G. E. (1969). Geology and paleontology of a late
Pleistocene basin in Southwest Kansas. Geol. Soc. Am., Special
Paper. 105, 1-85.

37.2°N, 100.3° W

Hibbard, C. W. and Taylor, D. W. (1960). Two Late
Pleistocene Faunas from Southwestern Kansas. Contrib. Mus.
Paleontol. Univ. Mich. 16, 1-223.

43.1° N, 85.2° W

Finch, W.I., Whitmore, F.C. and Sims, J.D. (1972).
Stratigraphy, morphology, and paleoecology of a fossil peccary
herd from western Kentucky. U.S. Geological Survey
Professional Paper 790, 25.

42.3°N, 83.7° W

Holman, J. A. Fisher, D. C. and Kapp, R. O. (1986). Recent
discoveries of fossil vertebrates in the lower peninsula of
Michigan. Mich. Acad. 18, 431-463.

37.6°N,91.8°W

Schubert, B. W. (2003). A late Pleistocene and early Holocene
mammalian fauna from Little Beaver Cave, Central Ozarks,
Missouri. In Ice Age Cave Faunas of North America (ed. B. W.
Schubert, J. I. Mead, and R. W. Graham), pp. 149-200.
Bloomington: Indiana University Press.

36.7°N, 93.2° W

Holman. J. A. (1974). A late Pleistocene herpetofauna from
southwestern Missouri. J. Herpetol. 8, 343-346.

36.8°N, 107.6° W

Lucas, S. G. and Smartt, R. A. (1995). Late Pleistocene peccary
from northwestern New Mexico. Southwest. Nat. 40, 293-296.

41.4°N, 83.2° W

Hoare, R. D., Coash, J.R., Innis, C. and Hole, T. (1964).
Pleistocene peccary Platygonus compressus LeConte from
Sandusky County, Ohio. Ohio J. Sci. 64,207-214.

41.0°N, 83.5° W

Tankersley, K. B. (1997). Sheriden: a Clovis cave site in eastern
North America. Geoarcheaology. 12, 713-724.

30.6°N, 97.7° W

Slaughter, B. H. (1966). Platygonus compressus and associated
fauna from the Laubach Cave of Texas. Am. Midl. Nat. 75, 475-
494,
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32.7° N, 96.7° W

Slaughter, B. H. (1966). The Moore Pit local fauna; Pleistocene
of Texas. J. Paleontol. 40, 78-91.

33.1°N, 97.0° W

Crook, W. W. and Harris, R. K. (1958). A Pleistocene campsite
near Lewisville, Texas. Am. Antiquity 23, 233-246.

38.6°N, 79.4° W

F. Grady. (1984). A Pleistocene occurrence of Geomys
(Rodentia: Geomyidae) in West Virginia. In Contributions in
Quaternary Vetebrate Paleontology. A volume in Memorial to
John E. Guilday. (ed. H.H. Genoways and M. R. Dawson), pp.
161-163 Pittsburgh, Pa.: Carnegie Museum of Natural History
Special Publication.

36.9°N, 80.9° W

Eshelman, R. and Grady, F. (1986). Quaternary vertebrate
localities of Virginia and their avian and mammalian fauna. In
The Quaternary of Virginia: a symposium volume (ed. J. N.
McDonald and S. O. Bird), pp. 43-71. Virginia Div. Mineral
Resources Publ. 75.

39.2°N, 78.1° W

Ott, J. R. and Weems, R. E. (1986). The Hot Run Site; a new
Pleistocene vertebrate locality in northern Virginia. In The
Quaternary of Virginia, a symposium volume (ed. J. N.
McDonald), pp. 129-130. Virginia Division of Mineral
Resources.

38.6°N, 78.5° W

Hubbard, D.A. and Grady, F. (1997). Vertebrate
paleontological cave resources in Virginia, USA. Proceedings of
the 12th International Congress of Speleology 3, 175-177.

38.6°N, 79.4° W

Grady, F. (1991). Fossil Chiroptera From Two West Virginia
Caves. The National Speleological Society Bulletin. 53, 122.

38.7°N, 79.3° W

Frazier, M. K. (1977). New Records of Neofiber leonardi
(Rodentia: Cricetidae) and the Paleoecology of the Genus. J.
Mammal. 58, 368-373.

37.5°N, 80.4° W

Grady, F. (1988). A preliminary account of the Pleistocene
mammals from Patton Cave, Monroe County, West Virginia.
Bull. Natl. Speleol. Soc. 50, 9-16.

19.9°N, 99.1° W

Cope, E. D. (1884). The extinct Mammalia of the Valley of
Mexico. Proc. Amer. Phil. Soc. xxii, 10-11

67.83° N, 139.81°
Y

Beebe, B. F. (1980). Pleistocene peccary, Platygonus compresses
Le Conte, from Yukon Territory, Canada. Can. J. Earth Sci. 17,
1204-1209.

40.58° N, 83.27° W

Perry, T., van Loenen, A. L., Heiniger, H., Lee, C., Gongora,
J., Cooper, A. and Mitchell, K. J. (2017). Ancient DNA
analysis of the extinct North American flat-headed peccary
(Platygonus compresses). Mol. Phylogenet. Evol. 112, 258-267.

34.7°N, 97.5° W;
35.5°N, 97.8° W

Czaplewski, N. (2012). Pleistocene peccaries (Mammalia:
Tayassuidae) from Western Oklahoma. Southwest. Nat. 57, 112-
117.
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Mylohyus spp.

34.7°N, 87.9° W

Lively, R. S., Bell, G. L. and Lamb, J. P. (1992). Uranium-
series dates from travertines associated with a late Pleistocene
megafauna in ACb-3, Alabama. Southeast. Geol. 33, 1-8.

34.7°N, 87.8° W

Womochel, D. R. and Barnett, W. S. (1980). The Pleistocene
vertebrate assemblage of Little Bear Cave, Colbert County,
Alabama. In Field trips for the Southeastern Section of the
Geological Society of America, pp. 69-76.

36.0° N, 93.2° W;
40.2° N, 75.3° W

Gidley, J. W. and Gazin, C. L. (1938). The Pleistocene
vertebrate fauna from Cumberland Cave, Maryland. Bull. U.S.
Natl. Mus. 171, 1-99.

28.8°N, 82.1° W

Martin, R. A. (1974). Fossil mammals from the Coleman ITA
fauna, Sumter County. In Pleistocene Mammals of Florida (ed. S.
D. Webb), pp. 35-99. University Presses of Florida.

27.3°N, 81.3° W;
29.7° N, 82.6° W

Morgan, G. S. and Hulbert, R. C. (1995). Overview of the
geology and vertebrate biochronology of the Leisey Shell Pit
Local Fauna, Hillsborough County, Florida. In Paleontology and
geology of the Leisey Shell Pits, early Pleistocene of Florida (ed.
R. C. Hulbert, G. S. Morgan, and S. D. Webb). pp. 1-92. Bull.
Fla. Mus. Nat. Hist. 37.

27.7°N, 82.5° W

Hulbert, R. C. and Morgan, G. S. (1989). Stratigraphy,
paleoecology, and vertebrate fauna of the Leisey Shell Pit Local
Fauna, early Pleistocene (Irvingtonian) of southwestern Florida.
Papers in Florida Paleontology. 2, 1-19

27.9°N, 81.8° W;
29.7° N, 82.6° W;
29.8°N, 82.1° W;
28.8°N, 82.2° W;
29.4° N, 82.6° W;
28.8°N, 82.2° W

Webb, S. D. (1974). Chronology of Florida Pleistocene
mammals. In Pleistocene mammals of Florida (ed. S. D. Webb),
pp- 5-31. Gainesville: University of Florida Press.

29.1°N, 82.3° W

Webb, S. D. and Wilkins, K. T. (1984). Historical biogeography
of Florida Pleistocene mammals. Carnegie Mus. Nat. Hist. Spec.
Publ. 8,370-383.

27.6° N, 80.4° W

Shufeldt, R. W. (1917). Fossil birds found at Vero, Florida.
Florida State Geological Survey Annual Report 9, 35-42.

28.1° N, 80.6° W

Allen, G. M. (1932). A Pleistocene bat from Florida. J. Mammal.
13, 256-259.

27.8°N, 82.7° W

Simpson, G. G. (1929). Pleistocene mammalian fauna of the
Seminole Field, Pinellas County, Florida. Bul/l. Am. Nat. Hist. 56,
561-599.
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26.7° N, 80.2° W

Becker, J. J. (1985). A late Pleistocene (Wisconsinan) avifauna
from West Palm Beach, Florida. Bull. Br. Ornithol. Club 105, 37-
40.

32.0°N, 81.1° W

Hulbert, R. C. and Pratt, A. E. (1998). Pleistocene
(Rancholabrean) vertebrate faunas from coastal Georgia. J.
Vertebr. Paleontol. 18, 412-429.

38.3° N, 97.6° W

Semken, H. A. (1966). Stratigraphy and Paleontology of the
McPherson Equus Beds (Sandahl Local Fauna), McPherson
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