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Abstract
We present the oldest genetically identified dog in the Americas, directly dated to 9,260±170 Cal.
B.P. The DNA was extracted from an occipital condyle imbedded in a human paleofecal sample
from Hinds Cave in southwest Texas. A 368 base pair fragment of the mitochondrial genome
control region was sequenced. These data were analyzed with comparable data, which included
other ancient dogs and extant dogs, wolves and coyotes from around the world. Compiled with
published data, our results characterize ancient American dogs within clades rooted by Eurasian
wolves. In the Americas, these data provide no evidence of local interbreeding with wolves. This
is a departure from the genetic pattern in other areas of the world where interbreeding with local
wolf populations is apparent. Our discovery of domestic dog bone in a human paleofecal sample
provides the earliest direct evidence for human consumption of dogs in the New World. These
data support the hypothesis that dogs were a food source for early Paleoamericans.
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It is now established that extant domestic dogs (Canis lupus familiaris) were domesticated
from Middle Eastern gray wolves (Canis lupus), with interbreeding with local wolf
populations for specific lineages (Vonholdt et al., 2010). The old idea that domestic dogs in
the Americas descend from a Eurasian wolf (Olsen and Olsen, 1977) is now widely accepted
(Anderson et al., 2009; Boyko et al., 2009; Leonard et al., 2002; Malmstrom et al., 2005;
Savolainen et al., 2002; Vilà et al., 1997; Vonholdt et al., 2010). We further evaluate the
relationship between Paleoamerican dogs and humans from an ancient DNA analysis of an
extraordinary sample. A portion of a domestic dog skull was recovered from the interior of
an intact human paleofecal sample (BE-20) excavated from Hinds Cave in southwest Texas
(Archaeological Survey Number: 41VV456) (Shafer et al., 1975; Shafer and Bryant Jr.,
1977). Accelerator Mass Spectrometry (AMS) directly dated the BE-20 sample to 9260±170
B.P. (2σ calibration).

We sequenced a fragment of the mitochondrial DNA (mtDNA) control region for the BE-20
bone sample. We compared the genealogical relationship of the mtDNA fragment to
previously published data for ancient dogs and extant dogs, wolves and coyotes from around
the world. The results fill an important gap in the geographic distribution of ancient dog
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genetics. In the Americas, the previously published mtDNA data originate from
archaeological sites in Alaska, southern Mexico, and South America (Leonard et al., 2002),
while BE-20 originates from south central North America.

MATERIALS AND METHODS
The BE-20 paleofecal sample was identified as human based on its archaeological context
and by established criteria (Bryant Jr., 1974; Bryant Jr. and Williams-Dean, 1975). The
paleofecal sample was AMS dated by Beta Analytic Incorporated (reference number
Beta-273755). Dissection and sorting of the paleofecal content was conducted within the
Sobolik Lab at University of Maine.

The BE20 bone was observed within the paleofecal sample during dissection and sorting.
The BE20 bone sample was handled with gloves at all times. The sample never came into
direct contact with any canid material during this study. The BE20 bone was identified as a
canid right occipital condyle by a comparison with reference specimens from the University
of Maine’s zooarchaeological collection. The BE-20 bone was then taken to the Harvard
Museum of Comparative Zoology and morphologically compared to ancient domestic dogs,
wolves and coyotes.

Ancient DNA extraction and analysis was performed at the University of Oklahoma’s
Molecular Anthropology Ancient DNA Laboratory. The laboratory is a positive pressure
clean room isolated from the modern genetics lab. Incoming air passes through ISO 7 (class
10,000) HEPA-filtration. The room is equipped with UVC lighting. Sterile disposable
gowns, gloves, hairnets and masks are worn while working in the laboratory.

Two extractions were performed on the BE20 bone averaging 0.25 grams of material each.
The bone fragments were immersed in 6% sodium hypochlorite for 10 minutes to remove
any surface contamination, followed by three rinses with molecular grade water. The bone
fragments were decalcified by a 72 hour soak in EDTA 0.5M. DNA extraction followed a
salting out procedure described previously (Tito et al., 2008), with the modification of using
ammonium acetate for ionic strength and QIAmp Mini kits (Qiagen) for purification and
concentration.

PCR setups were performed in the Ancient DNA Laboratory in order to avoid external
contamination. A 368 base pair fragment of the mitochondrial DNA control region was
amplified by PCR using four different combinations of primers (Table 1). In addition to the
DNA extract, an extraction blank, two PCR blanks, and a modern control were included in
each PCR setup. Each 30ul PCR reaction contained the following: 1 × PCR Buffer
(Invitrogen), 1.5 mM MgC12 (Invitrogen), 85nM of each primer (IDT), 0.1 × SYBR green
(Molecular Probes), 1 unit of Platinum® Taq (Invitrogen) and 3 µl of either ancient DNA
extract, extraction blank solution, modern dog DNA extract and two PCR blanks by using
molecular grade water. The modern dog extract was added outside of the ancient DNA
laboratory after all other PCR tubes were sealed.

The temperature profile for the PCR reaction included an initial activation of the enzyme at
94°C for 2 minutes, followed by 60 cycles of the following: 94°C for 15 seconds, 55°C - the
annealing temperature for all pairs of primers - for 15 seconds and 72°C for 15 seconds. The
melting curve was obtained measuring the fluorescence intensity of the PCR product in a
linear denaturation ramp from 55 to 95°C, increasing 0.5°C every 6 seconds.

Agarose gels and ethidium bromide staining were used for initial visualization of the PCR
products. For the ancient sample, an estimation of the number of copies of canine mtDNA
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molecules was performed by quantitative PCR as described in Tito et al. (2008); the total
extract was estimated to have 1,000 to 2,000 copies.

PCR products were purified with exonuclease I - shrimp alkaline phosphatase and
sequenced in an ABI 3730XL capillary sequencer. Sequencing of at least two independent
PCR products was attempted for each fragment per extraction. These raw data were
compiled using Sequencher 4.10.1. The final sequences were deposited in GenBank:
HQ585886 and HQ585887, for the BE-20 bone and modern control, respectively.

A Neighbor-Joining tree (Saitou and Nei, 1987) was generated using the program Mega 4
(Tamura et al., 2007), which included data for the BE20 bone sample and the modern lab
control aligned to previously published data (Deguilloux et al., 2009; Leonard et al., 2002;
Malmstrom et al., 2005; Verginelli et al., 2005; Vilà et al., 1997; Vilà et al., 1999). We
assume a Tamura-Nei evolutionary model (1993). The phylogeny was rooted using the
coyote haplotypes as the outgroup. Relevant aspects of the topology were robust to the other
tree building algorithms, such as Minimum Evolution and Maximum Parsimony and other
substitution models, including an equal rate model.

RESULTS AND DISCUSSION
The BE-20 bone morphology most closely matched MCZ Sample #41173, a short-nosed
Indian Dog from New Mexico, when it was compared to the materials housed at the Harvard
Museum of Comparative Zoology. However, morphologically differentiating wolves and
ancient dogs is challenging (Wang and Tedford, 2008). This is particularly true for putative
early Holocene remains.

Fiedel (2005) argued that putative early dog samples have disputable dating, context,
identification and/or they are fragmentary. Despite several studies providing important
contributions to the study of Holocene dogs (Aikens, 1970; Frison and Stanford, 1982;
Grayson, 1988; Jennings, 1957; McMillan, 1970; Morey and Wiant, 1992; Sablin and
Khlopachev, 2002), we were unable to reject Fiedel's claim. Consequently, an accurate
identification of early Holocene domestic dogs may require both direct absolute dating and
molecular evidence, as is provided by our study.

Figure 1 provides the phylogeny of the mtDNA sequence for BE-20 bone and the available
comparative data. The BE-20 bone belongs to a different haplotype than our modern dog
positive control sample, excluding the possibility of cross contamination. Sequence data
from independent extractions and PCRs were consistent with a domestic dog haplotype (see
Supporting Information online). The haplotype was observed previously in the modern dog
D12 (Vilà et al., 1997). This haplotype belongs to Clade I (Vilà et al., 1997), which includes
pre-Columbian dogs in the Americas and modern and ancient dogs throughout the world.
Clade I excludes the studied wolves and coyotes, providing strong support that the BE-20
bone sample is indeed a domestic dog.

Coupled with the morphological data, this sample represents the oldest incontrovertible
evidence for domestic dog in the New World. The genetic data predates that previously
available in the Americas by 7800 years (Leonard et al., 2002). When considering the
available comparative data presented in Figure 1, only three other possible dog samples in
the world have similar ages (Verginelli et al., 2005).

The results provide clear evidence that pre-Columbian dogs, from widely dispersed areas in
the Americas, were domesticated in Eurasia. However, it is common knowledge that
domestic dogs are still capable of interbreeding with wolves. For example, hybridization
with dogs has impacted the American gray wolf gene diversity (Anderson et al., 2009;
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Muñoz-Fuentes et al., 2010). While local interbreeding between dogs and wolves is
expected, our compiled data provide no example of introgression of American wolf DNA
into the domestic dog population. This may be attributed to an ascertainment bias where
hybrids are misidentified as wolves in archaeological context (Wang and Tedford, 2008).
Further research on the diversity of ancient North American wolves and dogs may provide
more clarity on this issue.

The presence of a domestic dog bone in the BE-20 human paleofecal sample provides the
earliest evidence of human-dog relationships in the Americas. From this, we can infer that
domestic dogs were most likely associated with humans during the peopling of the
Americas. We raise the question: To what degree were the first Americans dependent on
domestic dogs?

It is intuitive that dogs could assist Paleoindian hunters in tracking, immobilizing and killing
prey. Dogs could provide protection for Paleoindians, particularly by alerting the group
against formidable Holocene predators (Turner, 2002). Additionally, the contemporary use
of dogs as pack animals may reflect a Paleoindian homology (Turner, 2002).

The Paleoindian use of dogs as a food source is apparent from this study. The consumption
of dogs is a relatively common practice throughout Eurasia and the Americas (Morey, 2006;
Park, 1989). An ethnographic account of Polar Eskimos provides an anecdote:

“Dogs are also esteemed excellent food, and are bred as live stock, as well as for
drawing the sledge; but they are only eaten in winter, when no other food can be
obtained” (Ross, 1819:180)

To what extent the first Americans consumed dogs remains speculative. Early Paleoindians
may have eaten dogs only in emergencies, but this idea may undervalue the pervasiveness of
dogs in the Paleoindian diet. Currently, a new set of genomic tools are available to explore
this issue further. For example, the human paleofecal composition can be explored using
metagenomics (Tito et al., 2008), which may lead to an exciting new level of prehistoric
dietary reconstruction in the near future. In the mean time, our discovery of the BE-20 bone
provides the earliest direct evidence for human consumption of dogs in the Americas.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Neighbor-Joining tree of mtDNA control region sequences including the BE-20 bone
sample. Samples within Clade I are highlighted in red. The asterisk identifies haplotypes
found in both modern and ancient samples.
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Table 1

Primer sets used in the study of BE-20 bone sample.

Primer Position* Primer sequence length (bp)** Reference

mt-U1 15412-15432 CCACCATCAGCACCCAAAGCT
103

(Nakamura et al., 2009)

dogDL-5 15555-15533 CATTAATGCACGACGTACATAGG (Leonard et al., 2002)

dL15590MGB 15568-15590 CATATAAGCATGTACATAATATT
99

(Malmstrom et al., 2005)

dH15669R 15692-15669 CATGGTGATTAAGCCCTTATTGGA (Malmstrom et al., 2005)

H15422 15404-15422 CTCTTGCTCCACCATCAGC
112

(Boyko et al., 2009)

dogDL-5 15555-15533 CATTAATGCACGACGTACATAGG (Leonard et al., 2002)

dogDL-4 15656-15679 GCATATCACTTAGTCCAATAAGGG
109

(Leonard et al., 2002)

mt-U2 15809-15789 TGGCCCTGAAGTAAGAACCAG (Nakamura et al., 2009)

*
Position based on the reference dog sequence deposited in the UCSC Genome Browser (Kent et al., 2002).

**
The expected length of the amplicon after the removal of the primer sequence. The actual sequence data may differ because of insertion/deletion

polymorphisms and sequence quality.
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