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Living gnathostomes (jawed vertebrates) include chondrichth-
yans (sharks, rays and chimaeras) and osteichthyans or bony
fishes. Living osteichthyans are divided into two lineages,
namely actinopterygians (bichirs, sturgeons, gars, bowfins and
teleosts) and sarcopterygians (coelacanths, lungfishes and tetra-
pods). It remains unclear how the two osteichthyan lineages
acquired their respective characters and how their common
osteichthyan ancestor arose from non-osteichthyan gnathostome
groups"’. Here we present the first tentative reconstruction of a
400-million-year-old fossil fish from China (Fig. 1); this fossil fish
combines features of sarcopterygians and actinopterygians and
yet possesses large, paired fin spines previously found only in two
extinct gnathostome groups (placoderms and acanthodians). This
early bony fish provides a morphological link between osteichthyans
and non-osteichthyan groups. It changes the polarity of many
characters used at present in reconstructing osteichthyan inter-
relationships and offers new insights into the origin and evolution
of osteichthyans.

The fossil fish Psarolepis romeri® was described on the basis of
skull and lower jaw materials from the Lower Devonian strata
(about 400 million years (Myr) BP) of Qujing, Yunnan, China.
Materials assignable to the same genus from the Upper Silurian
(about 410 Myr Bp) of China* and Vietnam® made Psarolepis one of
the earliest osteichthyans known so far. The skulls and lower jaws
exhibit the overall morphology of sarcopterygians but also show
characters found in primitive actinopterygians, such as a tooth-
bearing median rostral and a lower jaw with five coronoids (rather
than three as in most sarcopterygians)*®. Psarolepis was first placed
within sarcopterygians, as a basal member of Dipnormorpha’ or
among the basal members of Crossopterygii*. The new features
revealed by the shoulder girdle and cheek materials reported here
(Figs 1d, e, 2, 3) indicate that Psarolepis may occupy a more basal
position in osteichthyan phylogeny.

Most Psarolepis specimens derive from four beds at the same
locality in Qujing, the first bed being in the Yulongsi Formation
(Pridoli), the second and third beds in the Xishancun Formation
(early Lochkovian), and the fourth bed in the Xitun Formation (late
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Lochkovian). The specimens described here are from the second
and third beds. The shoulder girdles and cheek plates from the third
bed are often preserved as internal moulds (Fig. 2a) or as external
moulds showing the internal casts of sensory canals and the pore-
canal system (Figs 2b, ¢, 3a). Like elements previously assigned to
Psarolepis’™, these materials exhibit the unique ornamentation with
large, closely spaced pores on the cosmine surface. This unique
ornamentation forms the basis of their assignment to Psarolepis,
which is also supported by other histological and morphological
features and by their association with elements that are directly
comparable to the type specimen.

The shoulder girdle (Fig. 2) bears a huge pectoral spine that
extends posteriorly from a conspicuous ridge between the ventral
and vertical laminae of the cleithrum, resembling the condition in
some placoderms and acanthodians. In addition, the symmetrical
fin spine* indicates that Psarolepis may possess median spines in
front of the unpaired fins (Fig. 1a, ¢), as in sharks and acanthodians.
The median fin spine exhibits the same ornamentation as the
associated parietal shield and lower jaw’; other taxa from the
same bed (petalichthyids and galeaspids) cannot possess a similar
ornamentation. Such paired and unpaired fin spines are unknown in
early osteichthyans, whether sarcopterygians or actinopterygians'.
The only possible exceptions are two questionable Silurian forms,
Lophosteus, which has indeterminable spine-like fragments’, and
Andreolepis, which has a lateral projection of the cleithrum®’.

A critical issue is whether Psarolepis has the typical sarcopterygian
monobasal articulation of the paired fins. Although the internal
mould of the endoskeletal shoulder girdle (Fig. 2a) does not show

median rostral
area for

parasymphysial 4
tooth whorl .
lower

jaw

infradentary T
foramen

cleithrum

pectoral
spine

preopercular
canal
preopercular

Figure 1 Reconstruction of Psarolepis, a 400-million-year-old sarcopterygian-like
fish with an unusual combination of osteichthyan and non-osteichthyan features.
a, Head and anterior part of the fish with tentatively positioned median fin spine.
b, Anterior view of the skull and lower jaws (from ref. 3). Scale bar, 5 mm. ¢, Median
fin spine (from ref. 4). d, Shoulder girdle with pectoral spine, based on specimens
shown in Fig. 2. e, Cheek plate with maxillary and preopercular, based on
specimens shown in Fig. 3. Surface ornamentation of the cheek plate is omitted
to show the pattern of sensory canals. Most Psarolepis specimens derive from
four beds at the same locality in Qujing, Yunnan, China.
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the articulation surface of the fin skeleton clearly, its overall shape is
strikingly different from that of both sarcopterygians and actinop-
terygians. It is a massive, plate-shaped bone pierced internally by
several openings for blood vessels and nerves, in many ways like the
condition in placoderms. The anterior part of the cleithrum has a
denticulate postbranchial lamina (Fig. 2b), as in placoderms and
actinopterygians. In contrast, the dorsal part of the cleithrum is high
and pointed, as in actinopterygians, onychodonts and primitive
coelacanths; it is different from the broad dorsal apex found in
lungfishes, porolepiforms and osteolepiforms.

Figure 2 Shoulder girdles of Psarolepis. a, Specimen VPP V11256.1: internal
mould of a right cleithrum with pectoral spine (ps) and scapulocoracoid (sc). b,
Specimen VPP V11256.3: external mould of a left cliethrum with pectoral spine. ¢,
Specimen VPP V11256.4: external mould of an incomplete left cleithrum with
pectoral spine. All specimens derive from the third bed in the Xishancun
Formation (early Lochkovian) and are associated with undescribed cranial and
lower jaw elements directly comparable to the type specimen. Short, thick arrows
point to the anterior end of the fish. Scale bar, 10 mm. See Fig. 1d for a simplified
reconstruction. Clm, cleithrum; pbl, postbranchial lamina; vic, internal cast of
canal on ventral lamina of cleithrum.
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The external mould of the cheek plate from the third bed (Fig. 3a)
matches the shape of a large, tilted preopercular in the cheek plate
from the second bed (Fig. 3b); this latter cheek plate also shows a
posteriorly expanded maxillary. The preopercular lacks a jugal canal
(present in placoderms, acanthodians and chondrichthyans) but
has a complete preopercular canal running along the dorsal margin
of the bone (as in chondrichthyans, acanthodians and actinopter-
ygians). Near the midpoint of the preopercular canal, a short
vertical canal extends ventrally to the ventral margin of the pre-
opercular. The dorsal portion of the preopercular carries three large
foramina, similar to those found in the dermal cheeks of
Youngolepis'® and Kenichthys'" as well as in the lower jaws of
Psarolepis™, Youngolepis'®, Powichthys' and some porolepiforms".
In addition to actinopterygians, sarcopterygian onychodonts" also
have a posteriorly expanded maxillary in broad contact with the
preopercular. However, the presence of a complete preopercular
canal, the lack of a jugal canal and the absence of a separate
squamosal distinguish Psarolepis from all previously known
sarcopterygians.

To examine the phylogenetic position of Psarolepis and its impact
on osteichthyan relationships, we used the data set in ref. 14 to
construct an expanded matrix with 37 taxa and 149 characters (see
Methods). As the codings for four characters in ref. 14 were
modified by data in ref. 4, we used the phylogenetic package
PAUP" to analyse the expanded matrix twice, first with the
modified codings from ref. 4, then with the original codings from

Figure 3 Cheek bones of Psarolepis. a, Specimen IVPP \/11256.2: external mould
of a left preopercular with the internal cast of sensory canals (pc, vc) and the pore-
canal system, from the third bed in the Xishancun Formation. b, Specimen IVPP
V112565: lateral view of a left preopercular (Pop) and maxillary (Mx), from the
second bed in the Xishancun Formation. Short, thick arrows point to the anterior
end of the fish. Scale bar, 10mm. See Fig. 1e for a simplified reconstruction.
fo-foz, foramina of unknown function; o-La + Ju, area overlapped by lacrimal and
jugal; 0-Mx, area overlapped by maxillary; pc, internal cast of preopercular canal;
ve, internal cast of vertical canal.
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ref. 14. The strict consensus tree based on the modified codings in
ref. 4 places Psarolepis as the sister group of all osteichthyans,
whereas the strict consensus tree based on the original codings in
ref. 14 places Psarolepis as the sister group of all previously known
sarcopterygians (Fig. 4a, b). Figure 4c shows the two possible
positions of Psarolepis and the incongruous distribution of
Psarolepis features among the major gnathostome groups.
Although the clades common to the two competing schemes*'* of
sarcopterygian interrelationships remain well supported, the con-
flicts between the two schemes remain unresolved and the exact
position of Psarolepis remains uncertain. The uncertainty results
partly from a lack of information available for Psarolepis and other

letters to nature

important stem taxa in the data set, and partly from the difficulty of
selecting and polarizing characters when both osteichthyan and
non-osteichthyan groups are used in the same analysis. However,
whether Psarolepis turns out to be a stem-group osteichthyan or a
stem-group sarcopterygian, its unique character combination will
have a marked impact on present studies of osteichthyan evolution.
For instance, porolepiform-like features found in Psarolepis (a lower
jaw with three infradentary foramina, well developed internasal
cavities and parasymphysial areas carrying tooth whorls’) can no
longer be used to define porolepiforms'® and/or dipnomorphs'
(porolepiforms and lungfishes). The polyplocodont folded teeth
and the quadrostian skull roof pattern of osteolepiforms>"” should
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Dicksonosteus b Dicksonosteus
Acanthodes ]OUTGROUP Acanthodes OUTGROUP
Ctenacanthus 10— Ctenacanthus
Psarolepis < | Howqualepis
Howgqualepis Moythomasia | .
Moythomasia Mimia 'ACTINOPTERYGII
Mimia ACTINOPTERYGH 2 Cheirolepis
Cheirolepis Polypterus
Polypterus Psarolepis < I
DIPNOI 3 ACTINISTIA 3
Youngolepis ONYCHODONTIDA
Powichthys POROLEPIFORMES
POROLEPIFORMES Powichthys
ACTINISTIA Youngolepis
ONYCHODONTIDA | SARCOPTERYGH DIPNOI SARCOPTERYGH
RHIZODONTIDA RHIZODONTIDA
OSTEOLEPIDAE OSTEOLEPIDAE
Eusthenopteron Eusthenopteron
ELPISTOSTEGALIA ELPISTOSTEGALIA
TETRAPODA TETRAPODA J

c Gnathostomes

Osteichthyans

Actinopterygians Sarcopterygians

Non-osteichthyan features (N1-N3) A Actinopterygian features (A1-A6) €Z2>  Sarcopterygian features (S1-S7) @

Figure 4 Phylogenetic analysis and the incongruous distribution of Psarolepis
characters. a, Strict consensus tree from the expanded character matrix based
on data from ref. 4 (54 most parsimonious trees at 311 steps, consistency index =
0.543, retention index = 0.804). Psarolepis forms the sister group of all osteichth-
yans. b, Strict consensus tree from the expanded character matrix based on data
from ref. 14 (54 most parsimonious trees at 314 steps, consistency index = 0.538,
retention index = 0.798). Psarolepis forms the sister group of all previously
known sarcopterygians. The internal topologies of Sarcopterygii in a, b match
the respective topologies in refs 4, 14 (see Methods for details). The trees are
simplified by omitting lower-level nodes within the higher terminal taxa shown in
uppercase letters. ¢, Interpreted inter-relationships of major gnathostome groups
showing the incongruous distribution of Psarolepis characters. Our analysis uses
limited non-osteichthyan characters to study the position of Psarolepis rather
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than the inter-relationships of non-osteichthyan gnathostomes. The sister-group
relationship between Acanthodes and Ctenacanthus in a, b is converted to a
trichotomy between chondrichthyans, acanthodians and osteichthyans to reflect
our interpretation. Features: N1, bony pectoral spines; N2, median fin spine; N3,
endoskeletal shoulder girdle as massive plate pierced by openings for blood
vessels and nerves; A1, toothed median rostral; A2, five coronoids in lower jaw;
A3, absence of squamosal bone; A4, posteriorly expanded maxillary; A5, tilted
preopercular with complete preopercular canal; A8, cleithrum with pointed
vertical lamina; S1, lower jaw with three infradentary foramina; S2, well-developed
internasal cavities; S3, parasymphysial area carrying tooth whorls; S4, poly-
plocodont teeth; S5, quadrostian skull roof pattern, S6, intracranial joint; S7,
cosmine. See text for details.
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also be regarded as primitive because of their presence in Psarolepis.
If Psarolepis turns out to be a basal osteichthyan, the presence of an
intracranial joint and cosmine can no longer serve as defining
characters (synapomorphs) for sarcopterygians'®™'%. O
Methods

Phylogenetic analysis. We added Psarolepis and three non-osteichthyan
taxa (Acanthodes, an acanthodian, Ctenacanthus, a chondrichthyan, and
Dicksonosteus, a placoderm) to the 33 taxa in ref. 14. We also added 9 characters
to the 140 characters in ref. 14 to reflect the variations found in Psarolepis and
the three non-osteichthyan outgroups (character 141, large dermal plates; 142,
paired pectoral spines; 143, median fin spines; 144, denticulate postbranchial
lamina of the cleithrum; 145, wide suborbital ledge; 146, eye stalk or unfinished
area for similar structure; 147, ventral and otico-occipital fissures; 148,
basipterygoid articulation; 149, endochondral bone; 0 absent; 1 present). We
adopted the same algorithm options as those used in refs 4, 14 (all characters
unordered and unweighted) and used the three non-osteichthyan outgroups to
root the trees. See Supplementary Information for the expanded matrix and for
characters supporting major nodes in Fig. 4a, b. See ref. 14 for the original 140
characters and character states; see ref. 4 for the changed codings for characters
10, 17, 78 and 108.

Sarcopterygii, Dipnoi, Porolepiformes, Actinistia, Onychodontida and
Tetropodomorpha (including Rhizondontida, ‘Osteolepiformes’, Elpistostega-
lia and Tetrapoda) remain well supported in both trees. However, Psarolepis has
changed the distribution and significance of many characters used previously to
define osteichthyan groups (see Supplementary Information). In Fig. 4a,
Sarcopterygii is defined by ten synapomorphies instead of fourteen as in ref. 14.
Osteichthyes has no synapomorphy and is supported only by homoplasies.
Actinopterygii is defined by one synapomorphy (character 6) and
three reversals (characters 52, 93 and 110). In Fig. 4b, Sarcopterygii is defined
by four synapomorphies, and ‘Actinopterygii’ appears as a paraphyletic
group. One synapomorphy (character 7) defines the clade Minimia+
(Howqualepis + Moythomasia) and five synapomorphies (characters 46, 63,
69, 98 and 134) define the clade Polypterus + (Psarolepis + Sarcopterygii). The
position of Polypterus calls for further study, and the impact of data sampling
and character coding on osteichthyan phylogeny deserves more attention.
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After adaptation of the visual system to motion of a pattern in a
particular direction, a static pattern appears to move in the
opposite direction—the motion aftereffect (MAE)"2. It is thought
that the MAE is not accompanied by a shift in perceived spatial
position of the pattern being viewed™*, providing psychophysical
evidence for a dissociation of the neural processing of motion and
position that complements anatomical and physiological evidence
of functional specialization in primate and human visual
cortex’”’. However, here we measure the perceived orientation
of a static windmill pattern after adaptation to rotary motion and
find a gradual shift in orientation in the direction of the illusory
rotation, though at a rate much lower than the apparent rotation
speed. The orientation shift, which started to decline within a few
seconds, could persist longer than the MAE, and disappeared
when the MAE was nulled by physical motion of the windmill
pattern. Our results indicate that the representation of the posi-
tion of spatial pattern is dynamically updated by neurons involved
in the analysis of motion.

In the first experiment (see Methods), we investigated whether
the MAE is accompanied by corresponding changes in apparent
spatial position, and, if so, in what way the position shift changes
over time. The results (Fig. 1) showed that after adaptation to a
rotating windmill, a test windmill appeared to have rotated in the
direction of the MAE. Using vernier tasks, T. Takeuchi (personal
communication) and Snowden® have found shifts in position after
motion adaptation. However, we also found that the shift in
perceived orientation, which presumably resulted from local
changes in apparent position, gradually increased over the first
few seconds. An incremental change began at the test onset rather
than at the adaptation offset, a finding reminiscent of the storage
effect of the MAE’. Over the first two seconds, the orientation shift
increased almost linearly; thus, for this interval, we can directly
compare the rate of orientation change with the MAE speed. The
gain, that is, the slope of the functions in Fig. 1 (0.40 and 0.65
degrees s~ for subjects SN and AJ, respectively) divided by the MAE
speed measured separately (5.05 and 8.00 degreess ™, respectively),
was ~8%. These results show that the shift in orientation is not
simply an alternative measure of the MAE and are consistent with
the classical view that the perception of motion and that of position
change are dissociated’. We rejected the idea that the magnitude of
the orientation shift might be proportional to MAE strength,
because we found that MAE speed did not increase as a function
of time over the same interval (data not shown).

The shift in orientation started to decline a few seconds after the
test onset. We measured the shift for a stationary test at repeated
intervals for up to 2 min, and compared the decay function with that
of the MAE (Fig. 2a) (experiment 2; see Methods). For two subjects
the orientation shift decayed more slowly and persisted for longer
than the MAE. Significant amounts of orientation shift remained
even after the MAE finished. However, for another naive subject, the
decay functions of the orientation shift and the MAE were quite
similar.
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