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Early tetrapod evolution

Michel Laurin, Marc Girondot and Armand de Ricgles

Tetrapods include the only fully terrestrial vertebrates, but they also include many
amphibious, aquatic and flying groups. They occupy the highest levels of the food
chain on land and in aquatic environments. Tetrapod evolution has generated great
interest, but the earliest phases of their history are poorly understood. Recent studies
have questioned long-accepted hypotheses about the origin of the pentadactyl limb,
the phylogeny of tetrapods and the environment in which the first tetrapods lived.
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few decades ago, Devonian stego-

cephalians (Boxes 1 and 2) were
known from only two taxa from East
Greenland: Ichthyostega and Acantho-
stega!. The closest known relatives of
these two taxa and of more recent stego-
cephalians were the panderichthyids, a
clade of sarcopterygians that shares
many derived features with stegocepha-
lians, but that retains paired fins. How-
ever, recent studies of fragmentary
remains, previously interpreted as ‘osteo-
lepiforms’?, revealed that many of these
taxa (Metaxygnathus, Obruchevichthys,
Elginerpeton and Ventastega) are more
closely related to tetrapods than to pan-
derichthyids34. No limb extremity (auto-
pod; Box 2) is preserved in any of these
taxa, but the fact that panderichthyids
are our closest relatives known to have
possessed paired fins prompted some
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authors to call these taxa ‘tetrapods™.
However, the position of these taxa does
not enable us to determine whether or
not these taxa possessed digits; both
hypotheses are equally parsimonious
(Fig. 1). An additional genus (Hynerpeton)
claimed to be an early tetrapod, repre-
sented by recently discovered fragmen-
tary remains, seems to be more closely
related to extant tetrapods than to Acan-
thostega (a taxon known to have had dig-
its); if this interpretation is correct, the
parsimony criterion suggests that this
taxon had digits (Fig. 1).

When is a vertebrate with four feet
not a tetrapod?

A controversy in tetrapod taxonomy was
recently triggered by the use of phylo-
genetic definitions of taxon names. This
is part of a larger controversy between
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practitioners of Linnean taxonomy (who
advocate using taxa diagnosed by char-
acters) and practitioners of phylogenetic
taxonomy (who use the phylogeny to de-
fine taxon names). For example, the name
‘Tetrapoda’ has usually been defined as
the taxon that includes all vertebrates
that bear digits (including those that have
lost them, such as snakes). However, an
alternative phylogenetic definition of
Tetrapoda is ‘the most recent common
ancestor of extant lissamphibians and
amniotes and all of its descendants’® (Box
1). These two concepts of Tetrapoda do
not coincide (Fig. 2), because the phylo-
genetic definition of Tetrapoda actually
excludes some digit-bearing vertebrates.
A taxon that includes all vertebrates pos-
sessing digits is therefore needed, thus
the old taxon name Stegocephali was
given a phylogenetic definition to fill this
taxonomic gap (Boxes 1 and 2; Fig. 1).
Here, we use the phylogenetic definitions
of the relevant taxon names, as defined
by Laurin or Gauthier and colleagues
(Box 1; Figs 1 and 2).

Paleontological data on the origin
of digits

Paleontological data do not solve the
problem of homology (or lack thereof)
between the radials of early sarcoptery-
gian fins and the digits of the autopod.
Until recently, the fins most readily com-
pared with a tetrapod limb were those of
FEusthenopteron, which consist of a hu-
merus (we discuss only the pectoral limb,
but a similar argument could be made for
the hind limb), radius, ulna, ulnare, inter-
medium (the homology of the last two
elements is not well established) and a
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Box 1. Phylogenetic
definitions

In all cases, the first published definition for
each taxon name is used. This is not re-
quired by the zoological code of nomencla-
ture, but we feel that it is advisable be-
cause one of the main goals of the principle
of phylogenetic definitions is to provide
a criterion of synonymy and priority that
is more compatible with evolution than
the type-based criterion used in linnean
systematics®4.

Amniota: the last common ancestor of mam-
mals and reptiles, and all its descendants?”.
Amphibia: extant lissamphibians and all ex-
tinct tetrapods that are more closely re-
lated to them than they are to amniotes®.
Anthracosauria: amniotes and all other
extinct tetrapods that are more closely
related to amniotes than to amphibians?’.
Lissamphibia: the last common ancestor
of Gymnophiones, Caudata, and Anura,
and all its descendants?.

Stegocephali: all choanates that are more
closely related to Temnospondyli than to
Panderichthys?s.

Tetrapoda: the last common ancestor of
amniotes and lissamphibians, and all its
descendants®.

Box 2. Glossary

Amniotes: a clade that includes mammals and reptiles (birds are reptiles in modern classifications,
thus they are amniotes), and their extinct relatives; all amniotes produce an egg that possesses
new extra-embryonic membranes, one of which forms the amnios, a pouch in which the embryo
develops.

Autopod: the third segment of the paired limb (in the proximo-distal direction), which includes
the hands and feet, from the wrist or ankle to the tip of the fingers or toes.

Carpus: the part of the autopod that corresponds to the wrist.

Ceratobranchial: a bony or cartilaginous element of the branchial skeleton; in primitively aquatic
vertebrates it supports the gills.

Digit: a structure composed of a series of aligned phalanges and associated tissues; when each
digit can move independently of the others, it is also called a finger or a toe, but digits might be
incorporated into a paddle in aquatic tetrapods (in marine turtles, whales and ichthyosaurs, etc.).
Exaptation: characteristic of a taxon that is advantageous and functional in its present environ-
ment, but that initially performed a different function, often in another environment.
Lepidotrichia: dermal fin rays consist of modified scales; they stiffen the fins of most
actinopterygians and many primitively aquatic sarcopterygians.

Lissamphibians: a clade that includes all extant amphibians (frogs, toads, salamanders, newts
and apodans), but none of the currently known Paleozoic amphibians.

Metacarpal: a bony element of the hand located between the carpus (wrist) and the phalanges
(digits).

Osteolepiforms: a paraphyletic group of aquatic animals (all of which have paired fins) that
includes more or less distant extinct relatives of tetrapods.

Radial: the endoskeletal element (bony or cartilaginous) supporting a fin.

Stegocephalians: a clade that includes all vertebrates that possess digits, and a few extinct,
closely related forms that might retain paired fins; they are represented by tetrapods in the extant
fauna, but they also include several other extinct groups.

Zeugopod: the second segment of the paired limb (in the proximo-distal direction), which in-
cludes the radius and the ulna in the forelimb, the tibia and fibula in the hindlimb, and the associated
structures composed of soft tissues (muscles, nerves and blood vessels, etc.).

few other (generally four) smaller radial
elements (Fig. 3a). The radius, ulnare and
intermedium, along with the smaller el-
ements, form a series of approximately
seven rays. However, only four rays articu-
late proximally with an element that
could be homologous with a carpal (the
ulnare or elements distal to it). The fact
that digits articulate on the carpus sug-
gests that only these four radials (Fig. 3a)
could be homologous with parts of digits
(two are in the position of metacarpals,
and two others could correspond to
proximal phalanges or the precursors of
all phalanges). If the homology of the el-
ements, identified as the ulnare and the
intermedium in Eusthenopteron, is cor-
rect, only the four elements distal to them
could be homologous to metacarpals
or to phalanges. Alternatively, the shape
and the relationships of the seven most
distal elements suggest a general hom-
ology to the whole autopodium (that is,
including basi-, meta- and acropodials),
before the autopod skeleton became
individualized as discrete bones!. Other
possibilities are that the four distal el-
ements are homologous with distal car-
pals or that they have no homologues in
the autopod. If either of these hypoth-
eses is correct, there is no homologue of
digits in Eusthenopteron. However, the
distal portion of a recently found rhizo-
dontid fin bears two more similarities
with an autopod? (Fig. 3b): the rays are
segmented, similar to the metacarpals
and phalanges of digits, and most of them
(six out of eight) articulate proximally
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Equivocal, polydactyl or pentadactyl chiridium

Fig. 1. Phylogeny of Devonian and Lower Carboniferous stegocephalians. The type of limb present
in many poorly known Devonian stegocephalians is uncertain, as shown by the ambiguous
optimization of the character ‘type of limb’ (the absence of data for a given taxon is indicated
by the absence of a square data box below its name). Phylogeny is mostly based on the work by
Ahlberg?, but the position of Tulerpeton, and uncertainties about the position of /chthyostega and
Acanthostega reflect findings by Laurin'.
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Fig. 2. Phylogenies of stegocephalians. (a) The traditional phylogeny26-28; and (b) the recent
alternative based on the first computer-assisted phylogenetic analyses that included all the rel-
evant taxa. The problematic taxa Eucritta and Whatcheeria, which had not been included in
the original analyses on which the trees are based'825, have been added where they might fit,
but their placement is admittedly tentative. Two possible positions of Eucritta (E7 and E£2) are indi-
cated in (a), but only one is shown in (b) (where the name of this genus is not abbreviated). In both
phylogenies, phylogenetic definitions of taxon names are used, and the appearance of digits is a
synapomorphy of all included taxa except Panderichthyidae. The (1) and (2) indicate the earliest and
latest possible appearances of pentadactyly on both phylogenies.
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with a carpal (the ulnare and the inter-
medium). It is tempting to see these eight
rays as homologous with the digits (Fig.
3c¢) of early stegocephalians (eight is also
the maximum number of digits found in
stegocephalians). Unfortunately, several
sarcopterygians whose paired fins bear
unsegmented rays, such as Osteolepis
and Eusthenopteron, are thought to be
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more closely related to stegocephalians
than to rhizodontids2. Therefore, the
most parsimonious explanation is that
these similarities are convergent. Unfor-
tunately, the data currently available do
not enable us to draw firm conclusions
about the homology of the distal
endoskeletal elements of the fins of early
sarcopterygians.

Molecular data on the origin of
digits

Molecular developmental biology can
provide valuable data about the evolu-
tionary history of the endoskeletal serial
elements of limbs. The differentiation of
the segments is determined by a com-
bination of the expressions of several
Hox genes that are also involved in the
identity of the posterior segments of the
body. Only genes located at the 5" end
of the four tetrapod clusters (HoxA to
HoxD, gene numbers 9 to 13) are ex-
pressed during limb developments. By
contrast to tetrapods, the zebrafish
(Danio rerio), a teleost, possesses seven
clusters, with HoxA to HoxC clusters
being duplicated compared with the
mouse (Mus musculus), but HoxD is not
duplicated®. HoxD11-13 genes are ex-
pressed in a biphasic sequence in amni-
otes: the first expression is restricted
posteriorly, whereas the second ex-
pression forms an arch on the full width
of the distal mesenchyme!? (Fig. 4a). This
second expression phase corresponds
closely to the bent pattern of prechon-
drogenic condensations of the digital
arch (Figs 5d and e)!1. This bend of HoxD
expression is absent in zebrafish fin bud
development!? (Fig. 4b). This pattern sug-
gests that the extremity of the autopod
(the digits) is located at the postero-
distal extremity of the limb. However, the
HoxA-11 gene does not show this bend: it
is expressed in a distal position in the
zebrafish (Fig. 4d), whereas it is expressed
in a band at the transition between the
zeugopod and the autopod in the mouse!?
(Fig. 4c). This second pattern suggests
that the autopod is at the distal extremity
of the limb.

Comparison of both expression pat-
terns suggests that the digits are at the
posterior extremity of the limb (Fig. 5e),
but the hypothesis that digits are at the
distal extremity (Fig. 5f) cannot be ruled
out definitively. A limb with both pha-
langes and lepidotrichia would enable
us to choose between these two hy-
potheses. If the proximo-distal axis of
the limb is straight (Fig. 5f), the lepi-
dotrichia should be distal to the pha-
langes; whereas if the limb is bent, lepi-
dotrichia should be mostly anterior to
the phalanges (Fig. 5e). The sarcopteri-
gyan Sauripterus has putative phalanges
and lepidotrichia that are continuous with
each other (Fig. 3b)7, suggesting that the
proximo-distal axis is not bent. However,
the homology of the distal endoskeletal
elements of Sauripterus to phalanges is
uncertain.

Several other observations complicate
interpretations of the zebrafish devel-
opmental data. The fugu (Fugu rubripes),
another teleost, does not possess a HoxD
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[J Phalanges [ Carpus

[ Metacarpus E Zeugopod
H Stylopod

and 35.

Fig. 3. Sarcopterygian limbs: (a) the forelimb of Eusthenopteron; (b) the forelimb of a recently
discovered rhizodontid, probably showing convergent similarities with the tetrapod limb; and (c)
the forelimb of Acanthostega. In all three limbs, the shading indicates the maximal potentially
homologous regions using only the topological argument; the elements identified as homolo-
gous to metacarpals and phalanges in (a) and (b) might be homologous with distal carpals
or have no homologues in stegocephalians. Anterior is to the left. Abbreviations: h, humerus;
in, intermedium; r, radius; u, ulna; un, ulnare. Reproduced, with permission, from Refs 7, 16
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cluster, whereas it does possess rather
normal fins?; this proves that the HoxD
expression can be completely lost even if
fins are present, and that other genes
(not yet studied) could compensate for
this. This raises the possibility that the
lack of secondary bent expression of
HoxD11-13 in the zebrafish is simply an
autapomorphic regression. If so, it can-
not be used to recognize the region of the
tetrapod limb that corresponds to the
distal end of the zebrafish fin. Moreover,
even the position and orientation of the
proximo-distal axis of the fin in zebrafish
is uncertain. The major appendicular
axis of the actinopterigyan fin is thought
to correspond to the metapterygial axis
of the tribasal fin!13 (Fig. 5c). Yet, ac-
cording to the developmental data, this
axis is closely parallel to the proximal
radials (Figs 5a and b). Unfortunately, the
absence of a metapterigyium in the zebra-
fish hampers direct comparisons with
other vertebrates. Recent developmental
studies also raise doubts about the hom-
ology between the elements and the main
axis of the zebrafish fin and of the tetra-
pod limb!4, Resolution of many of these
problems must await data on gene ex-
pression in actinopterigyans with a meta-
pterigyium or, better still, in chondrich-
tyans and lungfishes.
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The first autopod: how many digits?
Recent paleontological discoveries have
shown that contrary to long-held views,
the first autopod was not pentadactyl (i.e.
it did not have five digits) but polydactyl
(i.e. it had more than five digits). Three
nearly complete autopods are known from
the Devonian (the hand in Acanthostega
and Tulerpeton, and the foot in Ichthyo-
stega); they have eight (Acanthostega),
seven (Ichthyostega) and six (Tulerpeton)
digits!516, The fact that these three oldest
known autopods are polydactyl (and the
fact that they belong to the three most ba-
sal taxa bearing digits) indicates that poly-
dactyly is the primitive condition for the
autopod (Fig. 1). Previous interpretations
of the polydactylous Tulerpeton as an an-
thracosaur (arelative of amniotes) implied
that pentadactyly appeared twice (Fig. 2a)
from a polydactyl condition (once in am-
phibians and once in anthracosaurs!?).
The initial placement of Tulerpeton
among anthracosaurs was presumably
based partly on similarities between attrib-
uted cranial remains and the much better
known skull of embolomeres. However,
only a part of these cranial remains were
found in the same block as the holotype -
the others are from the same locality, but
can be attributed to Tulerpeton only by
assuming that there is a single stego-

cephalian in that locality. Furthermore,
some of the cranial similarities between
these remains and embolomeres are also
found in Crassigyrinus; thus, they might be
primitive. A recent phylogenetic analysis
suggests that Tulerpeton is a stem-tetrapod
and that it is excluded from the smallest
clade that includes all pentadactyl taxals.
Therefore, pentadactyly probably ap-
peared only once (Fig. 2b). Unfortunately,
we cannot specify exactly where in the
evolutionary tree pentadactyly appeared,
because the postcranial anatomy of the
most basal and earliest post-Devonian
stegocephalians (Crassigyrinus, Whatch-
eeria and baphetids) is poorly known.
Our knowledge of the anatomy of these
taxa has recently progressed signifi-
cantly, including a description of the first
undoubted postcranial remains of ba-
phetids!?20, We know that these taxa had
digits, but we do not know how many.
Parsimony suggests that they had at least
five digits in the hands and feet.

Gills and the initial function of digits
Digits have usually been interpreted as
an adaptation to the terrestrial environ-
ment?!. However, the recent discovery of
grooved ceratobranchials, which might
have supported afferent branchial arter-
ies?2, and of a post-branchial lamina on
the cleithrum of the Devonian stegocepha-
lian Acanthostega, raises the possibility
that this taxon retained internal gills and
was primitively aquatic. This suggests that
digits appeared in an aquatic environment,
in which case they would only be an ex-
aptation to the terrestrial environment.

@ (b)
HoxD-11
1
(c) (d)
HoxA-11
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Fig. 4. Schematic comparison of HoxD-11
(a, b) and HoxA-11 (c, d) expression be-
tween a mouse forelimb bud (12.5 days) (a,
c) and a zebrafish pectoral fin bud (60
hours) (b, d). 1: zone of primary expression;
2, zone of secondary expression. The
anterior edge of the buds is on the left.
Modified, with permission, from Ref. 12.
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(b)

(©)

Fig. 5. Osteichthyan limbs. Bold lines show the major appendicular axis in an adult zebrafish pec-
toral fin [(a)-(c)] based on molecular data [(a) and (b) modified, with permission, from Ref. 12], or
on an inference from the putative position of the metapterygium (c) (Ref. 13). The position of the
putative primitive metapterygium (absent in the zebrafish) and the orientation of the corresponding
axis are represented by dashed lines based on the discussion in Coates'3. The major appendicular
axis of the adult mouse forelimb [(d)—(f)] is based on the timing of the appearance of the prechon-
drogenic arch and HoxD-11 expression (d) (Ref. 11). The putative position of lepidotrichia (present
in the distant ancestors of tetrapods) at the distal part of the limb are shown according to a bent
(e) or linear (f) proximo-distal axis hypothesis. Abbreviations: dr, distal radials; le, lepidotrichia; m,
metapterygium; pr, proximal radials. The anterior edge of limbs or fins is to the left.
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Marine amphibians?

Until recently, it was assumed that nearly
all early amphibians and other stego-
cephalians lived only in freshwater bod-
ies and on dry land (in a similar manner
to extant amphibians23, which generally
cannot tolerate the marine environment).
This assumption was supported partly
by the freshwater paleoenvironmental
interpretation of many localities in which
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early amphibians, other stegocephalians
and their sarcopterygian relatives were
found. However, many of these localities
have recently been re-interpreted as es-
tuarine, deltaic or even as coastal marine
environments?!. These recent interpre-
tations raise the possibility that the intol-
erance of lissamphibians to the marine
environment is a relatively recent spe-
cialization of this clade.

New phylogenies
The most widely accepted phylogeny was
proposed (in a simple form) by Cope in
the 1880s (Ref. 25) and, therefore, has a
long history. According to this phylogeny
(Fig. 2a), all known post-Devonian, and
even some Devonian, stegocephalians
were either related to lissamphibians or
to amniotes. Strangely, most computer-
assisted phylogenetic analyses of early
stegocephalians were not designed to
test the validity of this phylogeny. Some
included only lissamphibians and their
extinct presumed relatives?6, whereas
others considered only amniotes and their
extinct presumed relatives?’. Finally,
some analyses sampled only Devonian and
Early Carboniferous taxa, whose affini-
ties with extant tetrapods (lissamphibians
and amniotes) are currently controver-
sial’®, Of course, many of the published
phylogenies included all the relevant
groups, but these were based on manual
phylogenetic analyses, which are now
known to give poor results (in many such
cases the published tree is not the short-
est one), and data matrices were usually
not given?, Therefore, the first rigorous
tests of the traditional phylogeny were
performed only a few years ago!8:25.29.30,
These recent studies are based on
computer-assisted phylogenetic analyses
of data matrices that included between
18 and 44 taxa, and between 50 and 184
characters. Although there are slight
differences between the proposed phy-
logenies, in general, they resemble each
other. However, these studies differ so
much from previous hypotheses that the
scientific community will need a few more
years to test them further and accept or
reject them. The new phylogenies sug-
gest that many Carboniferous taxa, and
all known Devonian stegocephalians, are
excluded from the Tetrapoda (Fig. 2b).
Indeed, many taxa previously believed to
be related to lissamphibians (such as
temnospondyls) or to amniotes (such as
seymouriamorphs and embolomeres)
seem to be stem-tetrapods.

Enigmatic new fossils

A few years ago, an enigmatic fossil, now
known as Westlothiana, was described as
the oldest known ‘reptile’3! (= amniote).
This discovery was thought to extend the
fossil record of amniotes from the mid-
Upper Carboniferous (Westphalian) to
the mid-Early Carboniferous (Viséan).
Subsequent studies demonstrated that
Westlothiana was not an amniote, but sug-
gested that it was probably one of the old-
est known anthracosaurs? (Box 1). How-
ever, the affinities of this taxon are still
debated and a recent study has even sug-
gested that it might be a stem-tetrapod?>
(Fig. 2b).
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Another enigmatic Lower Carbonifer-
ous taxon (Eucrifta) exhibits a mixture of
derived states shared with baphetids and
a clade composed of embolomeres and
related taxa®. It was placed in Bapheti-
dae, even though this is only one of two
equally parsimonious solutions (the two
solutions are compatible with the pos-
itions marked by E7 and E2 in Fig. 2a). The
relationships between baphetids, temno-
spondyls and other stegocephalians are
unresolved in a strict consensus of the
two most parsimonious trees, and this
might result from the strange mix of char-
acter states found in Eucritta.

Another recent discovery is an early
Carboniferous stegocephalian (Casineria)
with the oldest known pentadactyl hand33.
The strong ossification of the skeleton, and
the right angle between the proximal and
distal humeral heads suggest a relatively
terrestrial lifestyle. A phylogenetic analy-
sis suggests that this animal is an anthra-
cosaur; however, the claim that this analy-
sis shows Casineria to be an amniote3 is
debatable, because it is not supported by
a strict consensus of the shortest trees.
The low resolution of the phylogeny, as
well as the high number of trees requir-
ing a single extra step (over 100), raises
doubts about these interpretations.

Prospects

More detailed anatomical studies and
more phylogenetic analyses will be re-
quired to evaluate the evolutionary signifi-
cance of all the newly discovered Upper
Devonian and Lower Carboniferous stego-
cephalians. The inclusion of lissamphib-
ians in more phylogenetic analyses will
be especially important.

Many paleontologists marvel at the
discovery of new, early potential relatives
of amniotes3!33, but the fact that many
recent phylogenetic analyses!825.29.30,33
have indicated that lepospondyls and
temnospondyls (two groups previously
thought to be related to lissamphibians)
do not form a clade (unless amniotes are
also included) has not generated enough
interest. This is one of the most surpris-
ing new discoveries, and finding which
of these two groups (lepospondyls or
temnospondyls) is actually related to
lissamphibians will be necessary to im-
prove our understanding of early tetra-
pod phylogeny.

The timing of the conquest of land by
vertebrates is also worth investigating.
We still ignore whether several Devonian
and Carboniferous taxa were primitively
or secondarily aquatic, and, in many cases,
we do not even know how terrestrial or
aquatic these taxa were. Future investi-
gations using new types of data (isotopic,
paleohistological, etc.) are needed to
clarify these issues.
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