
observed pairwise FST between European pop-
ulations in the 1000 Genomes project, which was
0.013 T 0.00059 between Finnish and Italian
individuals (Fig. 3B). These estimates suggest
greater genetic stratification among Stone Age
European groups as compared with current-day
groups of European ancestry (7) but that this strat-
ification in Stone Age Europe was correlated with
the mode of subsistence instead of geography, as
in current-day Europe (23).

The distinct features of the two Neolithic
Scandinavian groups—nonsymmetric gene-flow
into farmers, low level of diversity among hunter-
gatherers, and strong differentiation between
groups—have important implications for our
understanding of the demographic histories of
these groups. The greater diversity in the farmer
population may have been influenced by gene
flow from hunter-gatherers. However, the low
level of genetic diversity in Neolithic hunter-
gatherers likely has a demographic explanation,
similar to that of the Iberian Mesolithic individ-
ual (8). Although we cannot exclude that this
low diversity is a feature restricted to the Gotland
island hunter-gatherer population, the low diver-
sity may be due to the fact that hunter-gatherer
ancestors resided in ice-free refugia in Europe
during the Last GlacialMaximum (LGM), poten-
tially causing population bottlenecks. Climatic
changes and occasional population crashes also
likely affected the population sizes of hunter-
gatherers (24, 25). Furthermore,mobilitymay have
decreased among late hunter-gatherer groups, es-
pecially when settling in coastal areas (20). Mean-
while, the population ancestral to the Neolithic
farmers, that later were to expand across Europe,
resided in warmer areas that could sustain larger
population sizes during the LGM. Although it is
possible that climate also affected populations in
southern Eurasia, it may have been in a different
manner (26), and farming economies are associated
with greater carrying capacity than those of hunter-
gatherer economies. It is likely that several factors
contributed to the different levels of genetic diver-
sity, and disentangling these processes and assess-
ing their generality in prehistoric Europe may be
possible as more genomic data from a wider ge-
ographic and temporal range becomes available.
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Late Pleistocene Human Skeleton and
mtDNA Link Paleoamericans and
Modern Native Americans
James C. Chatters,1* Douglas J. Kennett,2 Yemane Asmerom,3 Brian M. Kemp,4 Victor Polyak,3

Alberto Nava Blank,5 Patricia A. Beddows,6 Eduard Reinhardt,7 Joaquin Arroyo-Cabrales,8

Deborah A. Bolnick,9 Ripan S. Malhi,10 Brendan J. Culleton,2 Pilar Luna Erreguerena,11

Dominique Rissolo,12 Shanti Morell-Hart,13 Thomas W. Stafford Jr.14

Because of differences in craniofacial morphology and dentition between the earliest American
skeletons and modern Native Americans, separate origins have been postulated for them, despite
genetic evidence to the contrary. We describe a near-complete human skeleton with an intact
cranium and preserved DNA found with extinct fauna in a submerged cave on Mexico’s Yucatan
Peninsula. This skeleton dates to between 13,000 and 12,000 calendar years ago and has
Paleoamerican craniofacial characteristics and a Beringian-derived mitochondrial DNA (mtDNA)
haplogroup (D1). Thus, the differences between Paleoamericans and Native Americans probably
resulted from in situ evolution rather than separate ancestry.

Genetic studies of contemporary Native
Americans and late prehistoric skeletal
remains from the Americas have consist-

ently supported the idea that Native Americans
are descended from Siberian ancestors whomoved
into eastern Beringia between 26,000 and 18,000
years ago (26 to 18 ka), spreading southward
into the Americas after 17 ka (1). A complete ge-
nome analysis of the 12.6-ka Anzick infant from
Montana (2), and mitochondrial DNA (mtDNA)
from the 14.1-ka coprolites from Paisley Caves in
Oregon (3) and mtDNA from other early (10.5 to
10.2 ka) remains from Nevada and Alaska (4, 5)
support this hypothesis. With Anzick linked to
the Clovis culture and Paisley Caves to the West-

ern Stemmed tradition—North America’s two
widespread early archaeological complexes—the
genetic evidence for a Beringian origin of the
earliest inhabitants of western North America is
compelling.

The ancestry of the earliest Americans is still
debated, however, because the oldest skeletal re-
mains from the Americas (>9 ka, the Paleoameri-
cans) consistently fail to group morphometrically
with modern Native Americans, Siberians, and
other northeast Asians (6). Paleoamericans ex-
hibit longer, narrower crania and smaller, shorter,
more projecting faces than later Native Ameri-
cans (7). In nearly all cases, they are morpholog-
ically most similar to modern peoples of Africa,
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Australia, and the southern Pacific Rim (7–9).
Polymorphic dental traits currently found in East
Asia also distinguish later Native Americans (10),

who tend to exhibit such specialized (Sinodont)
traits aswinged, shovel-shaped upper incisors, three-
rooted lower first molars, and small or absent third
molars; from Paleoamericans, who exhibit a less spe-
cialized (Sundadont) morphology (7). These differ-
ences suggest that America was colonized by
separatemigrationevents fromdifferentpartsofEurasia
(11) or bymultiple colonization events fromBeringia
(12), or that evolutionary changes occurred in the
Americas after colonization (13).

To date, most genetic data are from immature
individuals, such as theAnzick infant (2); fragmentary
material, such as the remains fromOnYourKnees
Cave (5); or human byproducts, such as the Paisley
Cavecoprolites (3). Theonecomplete skull associated
with ancient DNA (aDNA), Wizard’s Beach (4), is
a single early Holocene individual that groups mor-
phometrically with modern Native Americans (9).
Furthermore, genetic evidence from the earliest
Americans—those predating 10 ka—is limited to
northwestern North America (Fig. 1 and Table 1),
leaving open the possibility of different geograph-
ic origins for Paleoamericans elsewhere in the
hemisphere.

Resolution of this issue has also been hindered
by the rarity of Paleoamerican skeletons. Remains

of no more than 30 individuals from North Amer-
ica, most of them fragmentary, predate 10 ka, and
only 12 are directly dated (table S1). Furthermore,
just 20 skeletons in this age range are reported for
South America (14). Only five individuals, all from
North America, securely predate 12 ka (Table 1).
Of these five, only two have intact skulls and none
possesses a complete dental assemblage.

Herewe report anearly complete,LatePleistocene–
age human skeleton (HN5/48) with intact denti-
tion fromHoyoNegro (HN), a submerged collapse
chamber in the Sac Actun cave system, eastern
Yucatan Peninsula, Mexico (Fig. 1). HN lies at
the confluence of three horizontal passages formed
within a Cenozoic limestone platform (fig. S1).
This and other cave systems in the Yucatan were
accessible via sinkholes for much of the last
glacial period, serving as natural traps for people
and animals. They became inundated between 10
and 4 ka (15), as the glaciers melted. Sea-level
change was predominantly eustatic in this tec-
tonically stable region (16), with a moderate
offset imposed by a global glacial isostatic ad-
justment (17). The remains of Pleistocene mega-
fauna and pre-Maya humans occur in other cave
systems, including eight partial human skeletons
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Fig. 1. The site and skull form of the HN human remains. HN5/48 was
found far to the southeast of other ancient American skeletons from which
DNA has been obtained (A). HN5/48 lies at the bottom of HN, a submerged

chamber shown in plan and profile (B and C). Paleoamerican features are
visible in this view of the cranium (D). Paisley Cave is an early site with DNA
but without Paleoamerican skeletal remains.
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found 20 km south of HN in the Tulum region.
These individuals are inferred to predate 10 ka on
the basis of their depth below sea level, but reli-
able radiometric dates on the skeletons are lacking.

HN is a 62-m-diameter, subterranean, bell-
shaped, collapsed dissolution chamber (pit) con-
taining the skeletons of one human and at least
26 largemammals (Fig. 1 and table S2). The three
passages joining HN are 10 m below sea level
(mbsl); the pit drops to a maximal depth of 55 mbsl.
The bottom is strewn with roof-collapse boulders
and marked by guano, accumulations of calcite
raft sediment, and a few stalagmites. HN con-
tains layered fresh and saltwater, with a halocline
at 15 to 22 mbsl. This permeable aquifer tracks
sea level to within 1 to 2 m. The skeletal material
lies at the base of the pit, 600 m from the nearest
entrance when it was a dry cave. HN is now
accessible only by technical dive teams. Informa-
tion collected to date has been derived primarily
through videography, photography, minimal sam-
pling, and three-dimensional modeling from re-
mote images.

The faunal assemblage in the bottom of HN is
composed of extinct taxa, including sabertooth
(Smilodon fatalis), gomphothere (Cuvieronius cf.
tropicus, a proboscidean), Shasta ground sloth
(Nothrotheriops shastensis), and an unnamed
megalonychid ground sloth, along with extant spe-
cies, including puma, bobcat, coyote, Baird’s tapir,
collared peccary, white-nosed coati, and a bear
of the genus Tremarctos (table S2 and fig. S2).
Animal bones are concentrated on the south side
of the floor onwall projections or sloping boulders
between 40 and 43 mbsl (28 to 31 m below the
pit rim; figs. S3 and S4). The distribution and
condition of elements are probably explained by
the decomposition of the carcasses in water, which
scattered bones toward the walls of the room
during episodic flooding of the chamber (fig. S4).

Subaerial conditions existed in this room above
42 mbsl before inundation or recurred after short-
lived episodes of water table rise, because some

bones of the human and one gomphothere are
covered with patches of calcite speleothems in
the form of 0.5 to 5-cm bushy crystals referred
to here as florets. Florets develop from dripping
water in a manner similar to stalagmites, growing
from the mist/aerosol created by drip water hit-
ting the cave floor.

Directly dating HN5/48 and the associated
faunal assemblage is challenging because the con-
ditions do not favor bone collagen preservation.
Attempts to extract collagen from bone and tooth
specimens for accelerator mass spectrometry
(AMS) radiocarbon (14C) dating were unsuc-
cessful. Multiple lines of evidence, however, in-
dicate that the human remains and much of
the faunal assemblage date to the latest Pleisto-
cene. HN5/48 is associated by position and depth
with the remains of multiple species of mega-
fauna (sabertooth, gomphothere, and ground sloths)
that were largely extinct in North America by
13 ka (18, 19). HN, therefore, trapped the animals
before flooding. The age of the human skele-
ton is thus constrained by sea-level history after
the Last GlacialMaximum (LGM) (17). Identify-
ing the florets as subaerial deposits is consistent
with the inundation of HN5/48 after 10 to 9.5 ka
on the basis of global sea-level reconstructions
(20, 21) and our independent evidence of cave
flooding.

In 2013, our dive team collected florets formed
on the surfaces of human bones (Fig. 2) for
absolute age determinations with the uranium-
thorium (U-Th) method. Nine U-Th dates on flo-
rets removed directly from the upper surfaces of
these bones range from 12.0 T 0.2 to 9.6 T 0.1 ka
(tables S3 and S4). This establishes a minimum
age of ~12 T 0.2 ka for the human skeleton. In-
dependent AMS 14C measurements on enamel
bioapatite from an upper third molar yielded sta-
tistically identical 14C ages of 10,970 T 25 [Stafford
Research sample no. 8205, University of California-
Irvine AMS (UCIAMS) sample no. 119438] and
10,985 T 30 years before the present (14C yr B.P.)

(Pennsylvania State University sample no. 5493,
UCIAMS sample no. 123541), suggesting a cal-
ibrated age for the skeleton of ~12.9 to 12.7 ka.
Bioapatite is subject to contamination by dissolved
inorganic carbon (DIC) in groundwater, however.
A 16,160 T 78 14C yr B.P. date on bioapatite from
a rib of HN5/48 indicates that the rib was con-
taminated by fossil carbon, which may also have
affected the enamel age. The 13-ka date must
therefore be considered a maximum age for the
skeleton. Furthermore, there could be a small
reservoir effect if this individual consumed ma-
rine foods, but that appears unlikely because of
light dental wear, severe dental caries, and pa-
leoecological evidence for a terrestrial emphasis
in the diet of the earliest Central Americans. Thus,
we argue that this individual entered the cave sys-
tem between 13.0 and 12.0 ka.

To determine whether the human bones and
the associated gomphothere (fig. S5) are the same
age, we obtained U-Th ages of florets from the
larger animal’s pelvis and femur and 14C dates
on its tooth enamel (table S3). Five U-Th dates
range between 18.8 T 0.3 and 11.9 T 0.3 ka and
indicate the the gomphothere was deposited by
at least ~19 ka. Two AMS 14C dates on its tooth
enamel suggest an age as early as 41.6 to 36.4 ka,
but these teeth are heavily mineralized, and we
cannot rule out DIC affecting this age estimate.
Regardless, the U-Th and AMS 14C data are con-
sistent with the hypothesis that HN trapped ani-
mals during the latest Pleistocene, when the upper
horizontal passages were accessible, with western
Caribbean sea level below 10 mbsl. The U-Th
dates also indicate that HN was largely subaerial
and primarily dry above 42 mbsl between 19.0
and 9.5 ka.

87Sr/86Sr and d234U values demonstrate that
the florets precipitated under relatively stable va-
dose, subaerial conditions throughout this inter-
val (tables S4 and S5). Floret formation below
42 mbsl terminated at 9.6 T 0.1 ka, consistent
with the hypothesis that inundation of the cave

Table 1. Paleoamerican skeletons directly dated to >12 ka*† and all >10 ka skeletons from which aDNA has been extracted.

Skeleton Location 14C age Age (calendar yr B.P.) Skeletal assemblage aDNA aDNA reference

On Your Knees Cave AK, USA 9200‡§ ~10,500–10,250
Mandible, carnivore-damaged

skeletal fragments
mtDNA: D4h3a; Y: Q1a3a1a

(5)

Wizard’s Beach NV, USA 9225 T 60 10,560–10,250
Skull with partial dentition,

partial skeleton
mtDNA: C1

(4)

Tlapacoya I
Mexico,
EUM

10,200 T 65 12,150–11,610 Calotte No –

Buhl ID, USA 10,675 T 95 12,740–12,420
Skull with partial dentition,
partial skeleton (reburied)

No
–

Anzick 1 MT, USA 10,680 T 50‡ 12,707–12,556
Neurocranium,

four bones of infant
mtDNA: D4H3a Y: Q-L54(xM3)

(2)

Peñon III
Mexico,
EUM

10,755 T 75 12,770–12,560
Skull with partial dentition,

partial skeleton
No –

Arlington Springs CA, USA 10,960 T 80 13,010–12,710 Partial femora No –

HN
Quintana Roo,

EUM
10,976 T 20‡ 12,910–11,750||

Skull with complete dentition,
largely complete skeleton

mtDNA: D1 This article

*Claims of >13 ka for Naharon (Mexico) and Lapa Vermelha IV (Brazil) are not supported by evidence (table S1 footnotes). †For references, see table S1. ‡Mean of multiple
measurements. §No standard deviation provided. ||Age range constrained by 14C and U-Th dates. Calibrations were computed in OXCAL 4.2, based on Reimer et al. (25).
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occurred in parallel with rising sea levels (Fig. 2).
AMS 14C dates of seeds from nearby ostracod-
bearing guano deposited in shallow water range

between 10.2 and 9.5 ka, which is also consistent
with these reconstructions (table S3). Thus, the
age range for HN5/48 (13 to 12 ka) is supported
by this larger geochronological framework.

HN5/48 is the largely complete, well-preserved
skeleton of a gracile, small-statured (149 T 4 cm)
female estimated to have been 15 to 16 years old.
All skeletal elements are intact, except for appar-
ent perimortem fractures of pubic bones, trauma
that is consistent with a fall into a shallow pool
from one of the upper passages. Cranial and den-
tal characteristics are comparable to those of other,
less complete pre–10-ka Paleoamerican skeletons,
including Peñon, Buhl, and Wilson-Leonard
[(7, 8) table S1], and to those of Upper Paleolithic
humans across Eurasia (22). Measurements from
a three-dimensional digital model show the cra-
nium to be long and high, with a pronounced
forehead and projecting, sharply angled occipital
(Fig. 1 and fig. S6). The upper face is short,
broad, and small relative to the neurocranium,
with low, wide-set eye orbits and a broad nose. It
exhibitsmoderate alveolar prognathism and lacks
the broad, everted zygomatics characteristic of
late Holocene and contemporary Native Ameri-
cans. The palate is long and parabolic, with mod-
erately shoveled upper central incisors (a Sinodont

trait), a lack of double shoveling, no deflecting
wrinkle on the lower first molar, third molars ap-
proximately equal in size to the second molars
(Sundadont traits), and a strongly developed
Carabelli’s cusp on the upper first molar.

HN5/48 is among the small group of Paleo-
american skeletons, a group that is morphological-
ly distinct from Native Americans. We extracted
DNA from the skeleton’s upper right third molar
and analyzed the mtDNA using methods devel-
oped for poorly preserved skeletal elements, with
independent replication. The mtDNA haplogroup
for the HN skeletal remains was determined through
restriction fragment analysis, direct Sanger sequenc-
ing, and second-generation sequencing after target
enrichment. TheAluI 5176 site loss, in combination
with Sanger and Illumina sequence data, confirm its
placement in haplogroup D, subhaplogroup D1
(Fig. 3). Subhaplogroup D1 is derived from an
Asian lineage but occurs only in the Americas,
having probably developed in Beringia after
divergence from other Asian populations (1).

D1 is one of the founding lineages in the
Americas (1). Subhaplogroup D1 occurs in 10.5%
of extant Native Americans (23), with a high fre-
quency of 29% in indigenous people from Chile
and Argentina (24). This suggests that HN5/48

Fig. 2. Radiocarbon and U-Th dates from HN compared to relative sea
level (RSL). Radiocarbon dates on a human tooth (red histogram) and U-Th
dates from calcite florets on human bones [green bars in (D)] place HN5/48
between 12,910 and 11,750 calendar yr B.P. [pink bar in (A)]. Calcite florets
(C and D) and guano deposits [yellow histograms in (B)] ceased forming when

rising sea level surpassed 42 mbsl and permanently inundated the human
remains (blue bar). The global RSL model presented is from corals with a
234U/238U activity range of 1.137 to 1.157 (21), modified by an estimated
glacial isostasy adjustment (GIA) of 3.5 m (20). Measurement standards: NGRIP,
North Greenland Ice Core Project; VSMOW, Vienna standard mean ocean water.

Fig. 3. Base-pair substitutions (numbers) con-
firming the presence of mtDNA haplogroups D
and D1 in HN5/48. Colors represent substitutions
confirmed in multiple extracts with restriction frag-
ment length polymorphism and DNA sequencing
(orange), multiple extracts with DNA sequencing
(green), and a single extract with DNA sequenc-
ing (blue).
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descended from the population that carried the
D1 lineage to South America. The discovery of a
member of subhaplogroup D1 in Central Amer-
ica, ~4000 km southeast of any other pre–10-ka
DNA in the Americas, greatly extends the geo-
graphic distribution of Pleistocene-age Beringian
mtDNA in the Western Hemisphere.

HN5/48 shows that the distinctive cranio-
facial morphology and generalized dentition of
Paleoamericans can co-occur with a Beringian-
derived mtDNA haplogroup. This 13- to 12-ka
Paleoamerican skeleton thus suggests that Paleo-
americans represent an early population expan-
sion out of Beringia, not an earlier migration from
elsewhere in Eurasia. This is consistent with hy-
potheses that both Paleoamericans and Native
Americans derive from a single source popula-
tion, whether or not all share a lineal relationship.
In light of this finding, the differences in cranio-
facial form between Native Americans and their
Paleoamerican predecessors are best explained as
evolutionary changes that postdate the divergence
of Beringians from their Siberian ancestors.
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Neurosensory Perception of
Environmental Cues Modulates Sperm
Motility Critical for Fertilization
Katherine McKnight,1 Hieu D. Hoang,2 Jeevan K. Prasain,3 Naoko Brown,4 Jack Vibbert,2

Kyle A. Hollister,5 Ray Moore,3 Justin R. Ragains,5 Jeff Reese,4,6 Michael A. Miller2*

Environmental exposures affect gamete function and fertility, but the mechanisms are poorly
understood. Here, we show that pheromones sensed by ciliated neurons in the Caenorhabditis
elegans nose alter the lipid microenvironment within the oviduct, thereby affecting sperm
motility. In favorable environments, pheromone-responsive sensory neurons secrete a transforming
growth factor–b ligand called DAF-7, which acts as a neuroendocrine factor that stimulates
prostaglandin-endoperoxide synthase [cyclooxygenase (Cox)]–independent prostaglandin
synthesis in the ovary. Oocytes secrete F-class prostaglandins that guide sperm toward them.
These prostaglandins are also synthesized in Cox knockout mice, raising the possibility that
similar mechanisms exist in other animals. Our data indicate that environmental cues perceived
by the female nervous system affect sperm function.

Diet and environment have profound, yet
largely unexplained effects on fertility in
many animals (1, 2). Essential compo-

nents of the mammalian diet include the poly-
unsaturated fatty acids (PUFAs), which are oxidized
into labile signaling molecules called prostaglan-
dins (fig. S1). TheF-class prostaglandins are among
themost abundant and ubiquitousmembers. Pros-
taglandins are critical for reproduction (3), but
their functions and regulatory mechanisms are in-
completely understood. For instance, in vitro studies
have shown that prostaglandins induce Ca2+ influx
into human sperm via the CatSper channel (4, 5).

The biological role of this mechanism is not clear,
largely because monitoring sperm behavior in the
female reproductive tract is difficult.

Cyclooxygenase (Cox) enzymes, the targets
of nonsteroidal anti-inflammatory drugs, are thought
to be the exclusive enzymatic initiators of pros-
taglandin synthesis (3). Prostaglandin species are
also formed nonenzymatically under conditions of
high oxidative stress (6). These latter prostaglandins,
which are esterified to phospholipids, lack biolog-
ical regulation and stereoselective generation. The
nematode Caenorhabditis elegans generates spe-
cific F-class prostaglandins, including prostaglandin

F1a (PGF1a) and PGF2a stereoisomers indepen-
dent of Cox (7, 8) (fig. S1). Prostaglandin metab-
olism is regulated and has an important function in
fertilization (8–10). Hence, C. elegans possesses
an alternative metabolic pathway for F-class pros-
taglandin synthesis.

Oocytes synthesize numerous F-class prosta-
glandins from PUFA precursors provided in yolk
lipoprotein complexes (8, 9). These prostaglan-
dins function collectively to guide sperm to the
spermatheca, the fertilization site (Fig. 1A) (7).
The worm’s transparent epidermis facilitates direct
tracking of fluorescently labeled motile sperm.
More than 90% of sperm target the spermatheca
(Z3) successfully 1 hour after mating (Fig. 1B).

We previously found that mutations in the
daf-7 transforming growth factor–b (TGF-b) lig-
and cause sperm-targeting defects (8). daf-7, which
is expressed in amphid single (ASI) sensory neu-
rons (Fig. 1A), functions in a population density
sensing mechanism (11–13). DAF-7 signals are
transmitted through DAF-1 type I and DAF-4
type II receptors (Fig. 1C) (14). Mutations in daf-7,
the daf-1 and daf-4 receptors, or downstream daf-8
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