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chromatin entry site activities of TREs are
functionally separated. Cumulatively, our
results support a model in which RNAs
transcribed from the TREs of Ubx are retained
at TREs through DNA-RNA interactions and
provide a RNA scaffold that is bound by
Ash1.
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A Swimming Mammaliaform from the
Middle Jurassic and Ecomorphological
Diversification of Early Mammals
Qiang Ji,1,3 Zhe-Xi Luo,2,1* Chong-Xi Yuan,3 Alan R. Tabrum2
A docodontan mammaliaform from the Middle Jurassic of China possesses swimming
and burrowing skeletal adaptations and some dental features for aquatic feeding. It is
the most primitive taxon in the mammalian lineage known to have fur and has a broad,
flattened, partly scaly tail analogous to that of modern beavers. We infer that docodontans
were semiaquatic, convergent to the modern platypus and many Cenozoic placentals.
This fossil demonstrates that some mammaliaforms, or proximal relatives to modern mammals,
developed diverse locomotory and feeding adaptations and were ecomorphologically different
from the majority of generalized small terrestrial Mesozoic mammalian insectivores.
he Middle Jurassic mammalian diversification gave rise to several emergent
clades: basal eutriconodontans, amphitheriid cladotherians, the basal mammalian
lineage of shuotheriids, and basal australosphenidans (1–5). These new clades of crown
Mammalia coexisted with several mammaliaform lineages (the proximal relatives to
modern mammals) (1, 6–8). Docodontans are
a Mesozoic mammaliaform lineage that have
specialized molars for omnivorous feeding;
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several taxa are known from the Middle
Jurassic (1, 9–13). Here, we report on a large
docodontan mammaliaform that has some
dental features for feeding on aquatic invertebrates and small vertebrates, plus specialized
skeletal and soft-tissue features for swimming
and burrowing.
Description and comparison. Castorocauda
lutrasimilis, gen. et sp. nov. (14), is from the
Middle Jurassic Jiulongshan Formation, dated
to be approximately 164 million years ago
(15–17). The fauna includes pterosaurs (17, 18),
a coelurosaurian dinosaur (19), lissamphibians
(20), abundant fossil insects (21), and the
conchostracan Euestheria (22). The holotype
of C. lutrasimilis (Fig. 1) is represented by a
partial skeleton (preserved rostrum-tail length
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Q425 mm) with incomplete cranium (preserved length Q60 mm) but well-preserved
mandibles and lower dentition (incisors 4,
canine 1, premolars 5, molars 6). Lower molars
3 to 6 have the diagnostic characteristics of
docodontans (Fig. 2): anteriorly placed and
enlarged lingual cusp g, triangulated crests
formed by cusps a-c and a-g, and two partially
enclosed basins formed respectively by cusps a,
b, and g, and by cusps a, c, and d (9–12). As in
all docodontans, the molars were capable of
both shearing by the triangulated crests and
grinding between the anterior (‘‘pseudotalonid’’)
basin and the transversely widened upper molars
(9–12). Castorocauda is distinctive from other
docodontans in having mediolaterally compressed crowns of molars 1 and 2, each with
five cusps in straight alignment (23, 24); primary cusp a and posterior cusps c and d are
slightly recurved (Fig. 2). These ‘‘triconodontlike’’ anterior molars are plesiomorphic for
mammaliaforms (6–8) but nonetheless distinctive among docodontans. They are convergent to
those of placental mesonychians and Eocene
whales (25). This type of molar with recurved
cusps in alignment is hypothesized to be a specialization for feeding on fish and aquatic
invertebrates by functional analogy to the teeth
of modern pinniped carnivores such as seals.
Castorocauda is preserved with intact middle
ear bones (Fig. 2) on the mandible, including the
articular (malleus), the surangular, and the
angular (ectotympanic). The middle ear bones
in anatomical association with the mandible
corroborate a previous interpretation of the middle ear in docodontans (26). A concavity on the
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Fig. 1. Holotype of Castorocauda
lutrasimilis [Jinzhou Museum of Paleontology (JZMP) 04-117]. (A) Photograph
of the holotype. (B) Osteological structures and preserved soft-tissue features.
(C) Reconstruction of Castorocauda
lutrasimilis as a swimming and burrowing mammaliaform. Abbreviations: as, astragalus; ca, caudal vertebrae; cn, ento-,
meso-, and ecto-cuneiforms; co, coronoid process of dentary; cp, carpals; cs,
calcaneus; ec, ectepicondyle and supinator shelf (humerus); ef, entepicondyle
foramen; ep?, probable epipubis; is,
ischium; J, jugal; L1-6, lumbar ribs 1
to 6; m, molars; mb, manubrium of
malleus; mp, metacarpals; mx, maxilla;
px, premaxilla; ra, radius; rc, radial
condyle; S1-2, sacrals 1 and 2; sp,
extratarsal (‘‘poisonous’’) spur; t4-t14
(preserved ribs through thoracic 17); uc,
ulnar condyle; ul, ulna.

posterior aspect of the mandibular angle accommodates the ectotympanic (angular). The
posterior position of the ectotympanic concavity on the mandibular angle in docodontans is
different from and more derived than that in the
mammaliaforms Sinoconodon and Morganucodon, in which the ectotympanic concavity
is on the medial aspect of the mandibular angle
(6, 7). The manubrium of the malleus (retroarticular process of the articular) is anteriorly
curved and long in comparison with the
short manubrium of Morganucodon and
Sinoconodon (6, 7, 27). The proportion of
the malleus manubrium is similar to that of
extant monotremes, although slightly more
robust than in the latter. Castorocauda is similar to crown Mammalia and more derived
than Sinoconodon, Morganucodon, and all premammaliaform cynodonts (27) in preserved middle ear features.
Our analyses, including new characters of
Castorocauda, corroborate that docodontans
are a mammaliaform clade, less derived than
Hadrocodium but more derived than Sinoconodon and Morganucodon (1, 8, 26, 28, 29).
Among docodontans, Castorocauda is closely related to the Middle Jurassic Krusatodon
and Simpsonodon of England (9–11), suggesting interchange between faunas of the
Eurasian landmasses during the Middle Jurassic time.
Integument. The fur of Castorocauda is
preserved as impressions of guard hairs and
carbonized under-furs. Hairs and hair-related
integument structures are important characteristics of all modern mammals (30, 31). Several
younger fossils within the crown Mammalia
are preserved with fur, including basal eutherians and metatherians (32, 33), multituberculates,
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Fig. 2. Dentition and
mandible of Castorocauda
lutrasimilis (JZMP04-117).
(A) Labial view of lower
molars 1 to 6. (B) Lingual view of lower molars
1 to 6. (C) Crown view of
lower molars 3 to 6. (D)
Cusp pattern [cusp designation from (11, 12)]. (E)
Middle ear bones. (F)
Reconstructed mandible
and middle ear bones
(lateral view). c, canine;
m, molars.

eutriconodontans, and symmetrodonts (1). This
indicates that the presence of fur is ancestral
for the crown Mammalia. Castorocauda further
shows that fur was also present in mammaliaform relatives of modern mammals (Fig. 3A)
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and that the origins of biological adaptations
of mammalian integument, such as tactile sensory function and thermal insulation, occurred
before the origin of the crown Mammalia
(30, 31).
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Swimming and fossorial adaptations. Mammals with fossilized pelage from the Early
Cretaceous Yixian Formation have few or no
hairs on the tail posterior to the pelvic area,

indicating that their tails were naked or scaly.
By contrast, Castorocauda shows a broad
outline of preserved fur on the tail, which is at
least 50% wider than the pelvic width along the

Fig. 3. Phylogenetic relations of the docodontan
Castorocauda lutrasimilis.
(A) Relation of Castorocauda
to other mammaliaforms (including crown Mammalia):
the strict consensus of 74
equally parsimonious trees
from 1000 heuristic runs of
PAUP (version 4.0b10) search
of a data set of 48 taxa and
281 characters [emended from
refs (1, 28, 29, 42, 43)];
for each of the 78 parsimonious trees: tree length, 941;
consistency index, 0.507;
retention index, 0.773. (B) Relationships of Castorocauda
within the order Docodonta: the single most parsimonious
tree from brand-and-bound search of Phylogenetic Analyses
Using Parsimony (and Other Methods) 4.0b10 of 9
docodontan genera plus 6 outgroups and 19 dental characters
[adopted from refs. (10–12, 43)]; tree length, 49; consistency
index, 0.633; retention index, 0.755. For details of analyses,
see (24).

length of the tail. Carbonized scales are present
adjacent to caudal vertebrae 9 through 20 but
are best seen on both sides of caudals 11
through 18 (Fig. 1). The proximal 25% of the
tail is covered by guard hairs, the middle 50%
mostly covered by scales with sparse hairs, and
the distal 25% by scales interspersed with guard
hairs. The broad and scaly tail of Castorocauda
was similar to that of the modern beaver Castor
canadensis, a semiaquatic placental mammal
well adapted for swimming.
Postcranial skeletal features of Castorocauda
also show specializations for swimming. Caudal vertebrae 5 through 13 have dorsoventrally
compressed centra, with the more posterior
vertebrae completely flattened. Caudal vertebrae 5 through 15 have bifurcate transverse
processes. Both are key features of placental
mammals with tails specialized for swimming
(34). In caudal vertebrae 5 through 7, the cranial
transverse process is much longer than the
caudal transverse process. The flattened centrum
and bifurcate transverse processes form a
distinctive ‘‘butterfly’’ pattern (Fig. 4). This is
identical to caudals 9 through 12 of the beaver
(Fig. 4). In caudals 7 through 10, the cranial and
caudal transverse processes are of approximately
equal size and are similar to caudals of the river
otter Lutra canadensis. In caudals 10 through 18,
the transverse processes are reduced and the
vertebral outline is graded into an hourglass
shape. These vertebral and tail characteristics in
this Middle Jurassic docodontan are very similar
to those of modern beavers and otters, mammals
capable of paddling and/or dorsoventral caudal undulation for propulsion in swimming
(34, 35). Remnants of soft tissue between pedal
digits suggest some webbing of hind feet.

Fig. 4. Comparison of the caudal vertebrae of Castorocauda
lutrasimilis and other mammals (A to E scaled to about the
same tail length, all dorsal view). (A) Felis domestica (cat), a
generalized terrestrial mammal. (B) Jeholodens jenkinsi (eutriconodontan), a terrestrial mammal of the Early Cretaceous. (C)
Castorocauda (JZMP04117), all caudal vertebrae. (D) Castor
canadensis (modern beaver), all caudal vertebrae. (E) Lutra
canadensis (river otter), caudal 9. (F) Castorocauda, caudals 5
and 9. (G) Beaver, caudal 15. Transverse processes are present
in proximal caudal vertebrae of all mammals but are reduced
markedly in the vertebrae posterior to the pelvis and are absent
in more distal caudal vertebrae of generalized terrestrial
mammals (e.g., Felis and Jeholodens). In semiaquatic placentals, the hypertrophied and bifurcate transverse processes form
a ‘‘butterfly’’ or ‘‘horizontal H’’ pattern in caudal vertebrae that
are correlated with the scaly and paddlelike tail of the beaver
(34). The Middle Jurassic Castorocauda developed similar caudal
vertebral structures and had a broad, flattened, scaly tail as in
modern beavers. Its semiaquatic feeding adaptation is similar to
that of the modern river otter.
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Both Castorocauda and the Late Jurassic
docodontan Haldanodon are similar to the modern monotreme Ornithorhynchus in forelimb
fossorial specializations (28–36). The distal humerus is wide; it has hypertrophied epicondyles,
a supinator process, and massive and widely
separated ulnar and radial condyles. The ulna
has a massive and asymmetrical olecranon
process. The radius is robust. The carpals are
blocklike, and the metacarpals and proximal
phalanges are robust and wide. A single and
large sesamoid bone for the digital flexor muscle
tendon is present at the metacarpal-phalangeal
joint.
The forelimb of Ornithorhynchus is adapted
to digging and also used for rowing during
swimming and diving (35–37). It has been
hypothesized that the docodontan Haldanodon
was semiaquatic (28, 38). From the additional
evidence of Castorocauda, it appears that many
docodontans were burrowing mammals with
sprawling limb posture and gait in terrestrial
locomotion. They may have also used the forelimbs for rowing during swimming, as an
exaptation (37), as in the platypus.
Plated ribs. Based on the preserved ribs and
vertebral bodies, we estimate that Castorocauda
probably had 14 thoracic, 7 lumbar, 3 sacral and
25 caudal vertebrae (Fig. 1). The proximal portions of the thoracolumbar ribs have broad
costal plates; the adjacent costal plates overlap
by at least one-third of the plate width. The
costal plates resemble the plated thoracolumbar ribs of the cynodonts Thrinaxodon,
Cynognathus (39), and Diademodon (40),
although Castorocauda differs in lacking
the costal tubercles (ridges) and in the absence of interlocking of adjacent costal plates
seen in Cynognathus and Diademodon (39).
Among Mesozoic mammals, the gobiconodontid Repenomamus has costal plates in the
anterior lumbar and posterior thoracic ribs,
but these are far less developed than those in
Castorocauda.
Plated ribs have a homoplastic distribution
among cynodonts and mammaliaforms. They
are absent in the traversodontids but present
in the closely related diademodontids. Costal
plates are absent in many intermediate groups
between primitive cynodonts Diademodon,
Cynognathus, and Thrinaxodon, and the more
derived Castorocauda. It is parsimonious to
hypothesize that Castorocauda represents a
reversal (or convergence) to cynodonts in the
development of costal plates. Plated lumbar
ribs probably increase the insertion area for the
M. iliocostalis muscle and reinforce the support
of the adjacent vertebral segments by interlocking adjacent ribs, thereby strengthening
the trunk (39). Thoracolumbar rib plates are
present (although much narrower) in xenarthran
mammals with either fossorial or arboreal adaptations (39). The plated ribs of Castorocauda
are very thin and lack the pachyosteosclerosis
(hypertrophied growth of the highly compact
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bones for buoyancy control), a characteristic
of fully aquatic and much larger sirenian
mammals.
Castorocauda is the largest known Jurassic mammaliaform (including mammals). By
its preserved skull length of Q60 mm and the
well-established scaling relation of skull and
body mass (8, 41), we estimate that the body
mass of the holotype specimen was at least
500 g. The preserved length from rostrum
to tail is 425 mm, but the actual body length
is certainly greater. The length of female
platypuses with similar fossorial and semiaquatic habits ranges from 390 to 550 mm,
corresponding to a body mass range of 700 to
2400 g. We estimate the upper limit of body
mass to be approximately 800 g for Castorocauda. All other Jurassic mammals are
small (1). Constrained by their small size,
most were generalized terrestrial insectivores or omnivores. Previously, the largest
taxon was Sinoconodon rigneyi (7); its largest
individuals reached an estimated body mass
of 500 g (8). Based on its relatively large
size, swimming body structure, and anterior
molars specialized for piscivorous feeding,
Castorocauda was a semiaquatic carnivore,
similar to the modern river otter. This fossil
shows that basal mammals occupied more
diverse niches than just those of small insectivorous or omnivorous mammals with
generalized terrestrial locomotory features.
Castorocauda also suggests that mammaliaforms developed physiological adaptations
associated with pelage, well before the rise
of modern Mammalia, and had more diverse
ecomorphological adaptations than previously thought, with at least some lineages occupying semiaquatic niches.
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X-ray Flares from Postmerger
Millisecond Pulsars
Z. G. Dai,1* X. Y. Wang,1 X. F. Wu,2 B. Zhang3
Recent observations support the suggestion that short-duration gamma-ray bursts are produced by
compact star mergers. The x-ray flares discovered in two short gamma-ray bursts last much longer
than the previously proposed postmerger energy-release time scales. Here, we show that they can
be produced by differentially rotating, millisecond pulsars after the mergers of binary neutron
stars. The differential rotation leads to windup of interior poloidal magnetic fields and the resulting
toroidal fields are strong enough to float up and break through the stellar surface. Magnetic
reconnection–driven explosive events then occur, leading to multiple x-ray flares minutes after the
original gamma-ray burst.
amma-ray bursts (GRBs) are flashes of
gamma rays occurring at the cosmological distances. They fall into two classes
(1): short-duration (G2 s) hard-spectrum bursts
and long-duration soft-spectrum bursts. Long
GRBs result from core collapses of massive stars
(2), and short GRBs appear to be produced in
mergers of neutron star binaries or black hole–
neutron star binaries (3–9). Recently, thanks to
accurate localizations of several short GRBs
(3, 6, 8) by satellites Swift and High Energy
Transient Explorer 2 (HETE-2), the multiwavelength afterglows from these events have been
detected and the associated host galaxies
have been identified. The observations provide a few pieces of evidence in favor of the
binary compact object merger origin of short
GRBs (10–12). Because it takes È0.1 to 1 billion years of gravitational wave radiation
before the binary coalesces, at least some
short GRB host galaxies should contain a
relatively old stellar population. Because neutron stars in the binary system usually receive
a very high natal velocity, the merger site is
preferably at the outskirt of the host galaxy,
and the circumburst medium density is likely low. These characteristics have been revealed by recent observations: First, the
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identified elliptical galaxies associated with
GRB 050509B (3, 4) and GRB 050724 (8, 9)
suggest that these hosts are early-type galaxies
with a low star-formation rate, ruling out
progenitor models invoking active star formation. Second, the nondetection of any supernova signal from GRB 050709 indicates that
short bursts are not associated with collapses
of massive stars (5, 7). Third, afterglow modeling of GRB 050709 suggests a low-density
environment (13), which is consistent with that
of the outskirt of the host galaxy or that of an
intergalactic medium.
However, the above merger origin was
recently challenged by the discovery of x-ray
flares occurring after two short bursts. X-ray
flares were discovered to occur at least È100 s
after the triggers of the short GRB 050709 (5)
and GRB 050724 (8). These flares require that
the central engine is in long-lasting activity.
This requirement conflicts with the current models involving neutron star–neutron star mergers
(14, 15) or neutron star–black hole mergers (16),
because all of these models are attached to a
common postmerger picture that invokes a black
hole surrounded by a torus. The predicted typical
time scales for energy release are much shorter
than Q100 s, as observed in GRBs 050709 and
050724. Therefore, understanding the origin
of x-ray flares from short bursts is currently
of great interest. Here, we show that such flares
can be produced by differentially rotating, millisecond pulsars with typical surface magnetic
fields that occur after the mergers of binary
neutron stars.
In the conventional scenarios of short
bursts (10–12), after the merger of a neutron
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star binary, a stellar-mass black hole is formed
with a transient torus of mass È1 to 10% of
the total. These scenarios are valid if the total
mass (È2.5 to 2.8 MR, where MR is the solar
mass) of the postmerger object is larger than
the maximum mass of a nonrotating TolmanOppenheimer-Volkoff neutron star, Mmax,0.
This is valid if the nuclear equation of state
(EOS) is soft to moderately stiff (17).
However, the total mass of the postmerger
object is smaller than Mmax,0 for very stiff
EOSs on the basis of mean field theory (17).
Timing observations of the millisecond pulsar
J0751þ1807 in a circular binary system with
a helium white-dwarf companion (18) reveal
the existence of a neutron star with mass of
2.1 T 0.2 MR (at the 1s confidence level).
This measurement implies that the maximum
mass of nonrotating neutron stars must be
larger than 2.1 MR so that stiff EOSs are
favored. Furthermore, recent general relativistic numerical simulations (17, 19) have
shown that for stiff to very stiff nuclear EOSs,
the postmerger object is indeed a differentially rotating massive neutron star with period of
È1 ms, because uniform rotation and differential rotation can support a maximum mass
È20 and È50% higher than Mmax,0, respectively. It is therefore reasonable to assume the existence of a differentially rotating
millisecond pulsar after a double neutron star
merger. Such a pulsar should also be surrounded by a hot torus with mass È0.01 to 0.1
MR. Similar to the previous scenarios, a short
burst may be produced by the Parker instability in the torus (11) or the annihilation of
neutrinos emitted from the torus (12).
After the GRB trigger, differential rotation
starts to wind the interior magnetic field into
a toroidal field (20, 21). To represent physical
processes of windup and floating of the
magnetic field, we considered a simple twocomponent model in which the star is divided
into two zones with a boundary at the radius
Rc ; 0.5 R* (where R* is the stellar radius): the
core and the shell components. Their moments
of inertia are Ic and Is and their angular
(rotation) velocities are Wc and Ws, respectively.
The differential angular velocity is then DW 0
Wc – Ws and its initial value (marked by a
subscript zero) is taken as (DW)0 0 A0Ws,0
(where A0 is the ratio of the initial differential
angular velocity to the shell_s initial angular
velocity). If the radial magnetic field compo-
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