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Introduction

Snakes are limbless reptiles that first appeared in the fossil
record in the middle of the Cretaceous, approximately 98 million
years ago [1]. Most species of living snakes are macrostomatans,
which consume large prey items using a specialized gape achieved
via a posteriorly displaced jaw joint, increased cranial kinesis, and
an elongated skull and lower jaws. The evolution of large-gape
feeding in macrostomatans has remained controversial owing to
the scarcity of Cretaceous snake specimens preserving cranial and
postcranial remains. Phylogenetic interpretation of these early
snake fossils as either basal to all living snakes or to its subgroup
Macrostomata has polarized views on snake origins, interrelation-
ships, and ancestral habitat [2–6].

Here we describe an articulated snake fossil from uppermost
Cretaceous horizons of Indo-Pakistan that is among the first such
known from the subcontinent prior to the Miocene [7]. The new
snake is preserved in an extraordinary setting—within a sauropod
dinosaur nesting ground in association with eggs and a hatchling

(Figures 1 and 2). The new fossils provide the first evidence, to our
knowledge, of snake predation on hatchling dinosaurs and a rare
example of non-dinosaurian predation on dinosaurs [8,9]. Below
we describe this new snake and its association with a sauropod egg
clutch, resolve its phylogenetic relationships to other early snakes,
and explore its implications for the evolution of wide-gape feeding
in snakes and predation risks on sauropod dinosaurs.

Results and Discussion

Systematic Paleontology
Squamata Oppel 1811
Serpentes Linnaeus 1758
Alethinophidia Nopcsa 1923
Madtsoiidae Hoffstetter 1961

Sanajeh gen. nov.
urn:lsid:zoobank.org:act:AB09F42A-6E4E-4F96-8B32-60D4B9-
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entombing sediments [19]. The high porosity of the eggs at Dholi
Dungri suggests that they were incubated in a nest covered by a
layer of either vegetation or loose sediment [20]. The skull of
Sanajeh rests atop a coil of the vertebral column, which wraps
around three sides of a crushed egg (Figures 1 and 2). The two
other eggs are uncrushed and unhatched, and we infer that the
crushed egg encircled by the snake was exited by the sauropod
hatchling found adjacent to it.

The sauropod hatchling is represented by a portion of the left side
of the anterior thorax, a partial shoulder girdle, and a partial
forelimb preserved in anatomical articulation (Figure 5). The
hatchling bones are not completely ossified, but they can be
confidently attributed to a sauropod dinosaur on the basis of the
presence of a relatively large acromial region on the proximal
scapula and a straight-shafted humerus [21]. The hatchling almost
certainly is a titanosaur because no other sauropod lineage has been
recovered from uppermost Cretaceous sediments in Indo-Pakistan
or elsewhere [22]. The Dholi Dungri specimen is only the second
definitive association between sauropod bones and eggs [23].

Multiple lines of evidence suggest that the snake-dinosaur
association preserved at Dholi Dungri was the result of
preservation of organisms ‘‘caught in the act’’ rather than a
postmortem accumulation of independently transported elements.
First, the pose of the snake with its skull resting atop a coil
encircling a crushed egg is not likely to have resulted from the
transport of two unassociated remains. Second, the high degree of
articulation of the snake, hatchling, and crushed egg, as well as the
excellent preservation of delicate cranial elements and intact,
relatively undeformed eggs rule out substantial transport and are
indicative of relatively rapid and deep burial. Third, our
sedimentological analysis indicates that the site was located
adjacent to a paleotopographic high that could have been the
source of rapid sedimentation pulses as a result of storm-induced
debris flows (see Text S2). Fourth, at least three individual snake
specimens were found associated with sauropod eggs, suggesting
active habitation of nests rather than postmortem transport.

The three associations ofSanajeh bones andMegaloolithus eggs
found over a 25-m2 area, together with the sedimentological and

Figure 2. Fossil snake preserved within a sauropod dinosaur nesting ground. Interpretive map of blocks shown in Figure 1.
doi:10.1371/journal.pbio.1000322.g002
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taphonomic profile of the site, suggest ‘‘ethofossil’’ preservation—
i.e., a record of typical behavior rather than of aberrant behavior
or a fatal mistake [24]. We infer thatSanajeh actively frequented
sauropod nesting environments and predated upon sauropod
hatchlings. It is unlikely thatSanajeh consumed large, intact, rigid
sauropod eggs (16 cm diameter, 2,145-cm3 volume), which greatly
exceed its gape, because it lacks the cranial and vertebral
adaptations for consumption of large eggs present in oophagous
macrostomatans [25,26]. However, it is possible thatSanajeh

consumed contents of the sauropod eggs in a fashion resembling
the non-macrostomatan snakeLoxocemus bicolor, which is known to
break eggs of the Olive Ridley sea turtle (Lepidochelys olivacea) by
constriction and then ingest shell and contents with minimal loss
[27]. In addition, L. bicolor is known to consume both eggs and
hatchlings of the lizardsCtenosaura and Iguana [28,29] and has a
relatively flexible prey restraint repertoire [30]. Given the presence
of theropod dinosaur eggs and smaller reptile eggs at the site
(unpublished data), it is possible that a broad range of prey items
supported a nest-plundering feeding strategy forS. indicus.

Phylogenetic Relationships of Sanajeh indicus
A phylogenetic analysis of 116 characters in 23 fossil and recent

snake taxa resolvesS. indicus as the sister taxon to the late
Cenozoic Australian snakesWonambi and Yurlunggur (Figure 6).
The latter have been referred to as madtsoiids [15,16], and we
apply this name to the clade unitingSanajeh, Wonambi, and
Yurlunggur but note that additional phylogenetic investigation is
needed to resolve whether this clade includes the giant,
fragmentary South American, African, and Malagasy species that
originally formed the basis for the group (e.g.,Madtsoia bai andM.

madagascariensis), or the numerous Cretaceous and Paleogene taxa
that have subsequently been assigned to it based on vertebral
morphology [31,32]. Lengthy ghost lineages preceded the
appearance ofWonambi and Yurlunggur in the fossil record,
consistent with their hypothesized early origin on Gondwana
[33]. Morphology of the braincase and mandibular suspensorium
resolve the madtsoiidsSanajeh, Yurlunggur, and Wonambi as
phylogenetically intermediate between narrow-gaped anilioids
and wide-gaped macrostomatans. Our analysis does not support

Figure 3. Skull of S. indicus, n. gen. n. sp. (A) Photograph of block GSI/GC/2903 showing the position of preserved cranial elements, which rest in
near anatomical articulation upon a chain of vertebrae (anterior towards top). The braincase was removed from the block prior to final preparation,
but its original position (gray tone) can be seen in Figure 1. (B–E) Half-tone drawings of the braincase in (B) dorsal; (C) ventral; (D) left lateral; and (E)
right lateral views. aac, Atlas-axis complex; ap, accessory process of the crista interfenestralis; ci, crista interfenestralis; ct, crista tuberalis; f, frontal; fo,
fenestra ovalis; jr, juxtastapedial recess; l, left; mn, mandible; mx, maxilla; oc, occipital condyle; oto, otooccipital; pa, parietal; pal, palatine; pbp,
parabasisphenoid processes; pbs, parabasisphenoid; pr, prootic; pvc, posterior vidian canal; r, right; rst, recessus scalae tympani; sc, sagittal crest; so,
supraoccipital; st, supratemporal; v–vii, openings for cranial nerves. Scale bars equal 2 cm.
doi:10.1371/journal.pbio.1000322.g003
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the proposition that the Australian madtsoiidsWonambi and
Yurlunggur are closely related to the South American snakes
Dinilysia and Najash, which are here resolved as basal snakes [34].
Although previous phylogenetic studies placedYurlunggur and
Wonambi as either basal snakes or derived macrostomatans [6,16],

the shortest trees for these alternative arrangements each require
21 additional evolutionary steps (Figure S12; see Text S6). We
found only weak support for the monophyly of Anilioidea, which
is not supported by molecular studies [35]. We found relatively
strong support, in contrast, for a derived position for the limbed,
marine pachyophiids, whose position is uncertain in other
analyses [2–6].

Evolution of Gape and Feeding in Early Snakes
Our phylogenetic analysis has important implications for the

evolution of feeding in snakes (Figure 6). Basal snakes, which
include scolecophidians and anilioids (uropeltines,Anomochilus,
Cylindrophis, Anilius), possess a narrow oral gape and limited kinesis
of the palatal bones. Their prey items are generally restricted to
ant and termite larvae (scolecophidians) or annelids and small-
bodied, often elongate limbless vertebrates such as amphisbaenians
and caecilians (anilioids). This feeding ecology has been hypoth-
esized to represent the plesiomorphic condition for snakes [36].
Conversely, derived macrostomatan snakes (boids, pythonids,
caenophidians) evolved a specialized wide oral gape that allows
them to consume a variety of relatively large-bodied prey items.
Osteological specializations facilitating wide gape feeding in
macrostomatans include posterior displacement of the jaw joint
via an elongate, free-ending posterior process of the supratemporal
bone, elongation of the lower jaws, and increased mobility of the
tooth-bearing bones of the upper and lower jaws [36].

The evolutionary transition from narrow-gape feeding to wide-
gape macrostomy has remained controversial owing to disagree-
ment about the interrelationships of snakes and paucity of well-
preserved fossils and ecological data for basal and early appearing
snake taxa.Sanajeh possesses cranial characters that, combined
with its depositional context and ecological associations, shed
light on this transition (Figure 6). The short supratemporal and
inferred broad, short quadrate indicate a narrow oral gape

Figure 4. Precloacal vertebrae of S. indicus, n. gen. n. sp. Half-
tone drawing of the four articulated vertebrae at the base of the block
GSI/GC/2903. fos, fossa; ns, neural spine; poz, postzygapophysis; prz,
prezygapophysis; ri, rib; zs, zygosphene. Scale bar equals 2 cm.
doi:10.1371/journal.pbio.1000322.g004

Figure 5. Titanosaur sauropod hatchling and egg. (A) Photograph of block GSI/GC/2904, showing elements of the anterior thorax and forelimb
of the hatchling. The images at right are radial (B) and tangential (C) sections through an eggshell fragment removed from titanosaur egg 3 (from
block GSI/GC/2905). External is towards the top in (B). hu, Humerus; il, incremental lines; n, node; pc, pore canal; ra, radius; ri, rib; sc, scapula; su, shell
unit. Scale bar equals 2 cm for (A) and 500 mm for (B and C).
doi:10.1371/journal.pbio.1000322.g005
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Figure S4 ‘‘Gandhinagar’’ block (GSI/GC/2906). This
block preserves fragments of the crushedMegaloolithus egg and a
chain of Sanajeh vertebrae connecting the series on blocks GSI/
GC/2901 and GSI/GC/2902. This image shows the underside of
the block shown in Figure S3. Scale equals 5 cm.
Found at: doi:10.1371/journal.pbio.1000322.s004 (2.84 MB TIF)

Figure S5 Stratigraphic column for Dholi Dungri.
Section base is at 23u 07.7549 N, 73u 22.5449 E; terminus is at
23u 07.8189N, 73u 22.5449E. All unit contacts, with the exception
of the boulder lag and Precambrian basement, are gradational.
Lateral variability not reflected in this transect. Drafted by SEP.
Found at: doi:10.1371/journal.pbio.1000322.s005 (0.38 MB TIF)

Figure S6 Stratigraphic and petrologic examples of the
Lameta Formation at Dholi Dungri. (A) Overview of section
nearSanajeh discovery site. Cobble lag at base of photo represents an
ephemeral Maastrichtian drainage (see Figure S5). Resistant bed at
top of slope is in silcrete interval near top of section. (B) Base of
section, above Proterozoic basement. Carbonate- and silica-
cemented, poorly sorted sand with angular quartzite clasts. (C-D)
Fossil-bearing interval. (C) Carbonate- and silica-cemented, poorly
sorted sand with subrounded quartzite and vein-quartz clasts. (D)
cross-section showing bone fragment (top center of image). (E) Near
top of section. Pedogenic fabric characteristic of nodular caliche
interval (see Figure S5). (F) Silcrete interval. Discontinuous, resistant
veins are composed of silica cements. The Lameta Formation at
Dholi Dungri has been extensively diagenetically modified by
silcrete and calcrete pedogenesis, but there is evidence for episodic
sedimentation near a paleotopographic bedrock high. It is possible
that this sedimentation resulted in the preservation of the snake-nest
association. Rupee coins in (B, C, and F) are 2.5 cm in diameter.
Found at: doi:10.1371/journal.pbio.1000322.s006 (4.75 MB TIF)

Figure S7 Body length estimate for S. indicus. An
estimated skull length of 95 mm indicates a total body length
(TBL) of 3.46 m.
Found at: doi:10.1371/journal.pbio.1000322.s007 (0.19 MB TIF)

Figure S8 Braincase and skull roof S. indicus. Photo-
graphs in right lateral (A), left lateral (B), dorsal (C), and ventral (D)
views. Scale equals 5 cm.
Found at: doi:10.1371/journal.pbio.1000322.s008 (2.76 MB TIF)

Figure S9 Articulated vertebrae of S. indicus. Photo-
graphs of vertebrae on block GSI/GC/2902 (A) and block GSI/
GC/2903 (B) in dorsal view. Scale equals 2 cm for both images.
Found at: doi:10.1371/journal.pbio.1000322.s009 (4.44 MB TIF)

Figure S10 Megaloolithus eggshell histology. Thin-sec-
tions of uncrushed (A) and crushed (B) eggshell from blocks GSI/
GC/2906 and GSI/GC/2905, respectively. Scale equals 1 mm.
Found at: doi:10.1371/journal.pbio.1000322.s010 (6.69 MB TIF)

Figure S11 Consensus of the single most parsimonious
trees derived from analyses employing Amphisbaenia
and Varanoidea as outgroups. Topologies were identical
except for the position ofNajash relative to Scolecophidia and
Dinilysia. Numbers at nodes indicate decay values greater than 1;
where decay indices differ between analyses, both are reported
(separated by a ‘‘/’’). Trees rooted with Amphisbaenia have
stronger support at basal nodes. Tree statistics are shown at lower

right; n, number of trees; TL, treelength; CI, consistency index;
RI, retention index; RC, rescaled consistency index; A, Amphis-
baenia; V, Varanoidea.
Found at: doi:10.1371/journal.pbio.1000322.s011 (0.23 MB TIF)

Figure S12 Constraint trees. Top, basal positions of
Wonambi, Yurlunggur, Dinilysia, and Pachyophiidae were fixed at
base of tree (but with no specified relationship to one another);
bottom, a sister-taxon relationship betweenWonambi and Boinae
was fixed. Constrained taxa are indicated with arrows. Dashed
lines in top cladogram indicate unresolved nodes in strict
consensus of five trees rooted by Amphisbaenia. Tree statistics
are shown in boxes at lower right; abbreviations as in Figure S11,
except: d, parsimony debt under topological constraints.
Found at: doi:10.1371/journal.pbio.1000322.s012 (0.36 MB TIF)

Text S1 History of the discovery.
Found at: doi:10.1371/journal.pbio.1000322.s013 (0.03 MB
DOC)

Text S2 Geological setting.
Found at: doi:10.1371/journal.pbio.1000322.s014 (0.03 MB
DOC)

Text S3 Body size estimate for S. indicus.
Found at: doi:10.1371/journal.pbio.1000322.s015 (0.02 MB
DOC)

Text S4 Additional anatomical description.
Found at: doi:10.1371/journal.pbio.1000322.s016 (0.06 MB
DOC)

Text S5 Ootaxonomic affinities of eggs at Dholi Dungri.
Found at: doi:10.1371/journal.pbio.1000322.s017 (0.03 MB
DOC)

Text S6 Phylogenetic analysis.
Found at: doi:10.1371/journal.pbio.1000322.s018 (0.15 MB
DOC)
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