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Silurolepis platydorsalis, a Silurian jawed vertebrate originally
identified as an antiarch, is here redescribed as a maxillate
placoderm close to Qilinyu and is anteroposteriorly reversed
as opposed to the original description. The cuboid trunk
shield possesses three longitudinal cristae, obstanic grooves
on the trunk shield and three median dorsal plates, all
uniquely shared with Qilinyu. Further preparation reveals
the morphology of the dermal neck joint, with slot-shaped
articular fossae on the trunk shield similar to Qilinyu and
antiarchs. However, new tomographic data reveal that
Qilinyu uniquely bears a dual articulation between the
skull roof and trunk shield, which does not fit into the
traditional ‘ginglymoid’ and ‘reverse ginglymoid’ categories.
An extended comparison in early jawed vertebrates confirms
that a sliding-type dermal neck joint is widely distributed
and other types are elaborated in different lineages by
developing various laminae. Nine new characters related to
the dermal neck joint are proposed for a new phylogenetic
analysis, in which Silurolepis forms a clade with Qilinyu.
The current phylogenetic framework conflicts with the
parsimonious evolution of dermal neck joints in suggesting
that the shared trunk shield characters between antiarchs
and Qilinyu are independently acquired, and the sliding-type
joint in Entelognathus is reversely evolved from the dual
articulation in Qilinyu.
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1. Introduction

Silurian gnathostome fossils used to be scarce and mostly disarticulated [1,2], despite the fact that
morphologically distinctive major groups of Devonian jawed vertebrates suggest a long and
sophisticated history in Silurian [3]. Discovered in the Ludlow Kuanti Formation of Qujing, Yunnan,
China, and first mentioned in 1993 [4], Silurolepis platydorsalis was one of the most complete Silurian
jawed vertebrates. The extensively developed macromeric dermal plates show distinctive patterns
comparable to the Devonian placoderms, suggesting that Silurolepis is also a placoderm. Specifically,
Silurolepis was first identified as an antiarch [5], based on the cuboid trunk shield with the putative
two median dorsal (MD) plates, which were then considered to be exclusive in antiarchs [2].

A series of recent discoveries in the Silurian Xiaoxiang Fauna [6–10] from a neighbouring site of the
Kuanti Formation reveal a completely new group of placoderm-grade jawed vertebrates, collectively
known as maxillate placoderms [8,11], with exquisite preservation of articulated skeletons. The first one,
Entelognathus primordialis, displays an unexpected character combination with skull roof and trunk shield
resembling a typical placoderm, and osteichthyan-like maxillate and premaxillate jaw bones [6]. The
second maxillate placoderm discovered, Qilinyu rostrata, combines the marginal jaw bones with
characters from different placoderm subgroups [8]. Notably, the cuboid trunk shield with multiple MD
plates in Qilinyu resembles the condition in antiarchs. These new discoveries significantly complicated the
long-standing debates over the placoderm systematics, the inter-relationships of placoderm subgroups,
and the earliest evolution of jawed vertebrates.

Placoderms are traditionally classified into well-established subgroups, with arthrodires and antiarchs
being the two most diverse and representative clades [12]. They are consistently regarded as a
representative of the earliest jawed vertebrate morphotype, regardless of their debatable phylogenetic
assignments [13,14]. Seemingly inconsistent with the primitive position, most placoderm subgroups are
known to emerge in the Early Devonian radiation of jawed vertebrates, coeval with bony and
cartilaginous fishes [15,16]. Consequently, there is still controversy regarding the polarities of some, often
key characters of the Devonian placoderms [17–19]. The recently discovered Silurian placoderms,
including Silurolepis, are chronologically closer to the earliest radiation of jawed vertebrates and show
character combinations that are distinctive to the later placoderms. Detailed knowledge of these Silurian
taxa, compared with other traditionally defined placoderms, is expected to yield further data that are key
in assessing primitive gnathostome characters.

Newevidence fromEntelognathusandQilinyu, especially the latterwith cuboid trunkarmourandmultiple
MDplates,whichwere previouslyonly known in antiarchs, also severely undermines the original assignment
of S. platydorsalis as an antiarch. In this paper, we provide a revised description of S. platydorsalis based on
both further preparation of the holotype, and an updated comparison with other placoderms including
the maxillate placoderms. Based on the evidence, we refute the previous identification of S. platydorsalis as
an antiarch and suggest that it is in fact a maxillate placoderm close to Qilinyu.
2. Material and methods
2.1. Materials
The type specimen of Silurolepis (IVPP V11680.1) was further mechanically prepared from the matrix to
reveal the anatomical details. The type specimen of Qilinyu (IVPP V20732) and an additional articulated
specimen of Qilinyu (IVPP V20733.1) were investigated. All specimens are housed in the Institute of
Vertebrate Paleontology and Paleoanthropology (IVPP), Chinese Academyof Sciences (CAS), Beijing, China.
2.2. X-ray tomography
The type specimen of Qilinyu (IVPP V20732) was scanned at IVPP, using 225 kV micro-CT (developed by
the Institute of High Energy Physics, CAS), with a voltage of 150 kV and current of 120 mA, at a
resolution of 41.56 µm per pixel. The scan was conducted using a 720° rotation with a step size of 0.5°
and an unfiltered aluminium reflection target. A total of 720 transmission images were reconstructed
in a 2048 × 2048 matrix of 1536 slices. Three-dimensional segmentation was performed in Mimics 18.0
(https://www.materialise.com/en/medical/software/mimics; Materialize). Surface meshes were then
exported into, dislodged, surface rendered and imaged in Blender 2.79b (http://blender.org; Stitching
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Blender Foundation, Amsterdam, The Netherlands). The images of the reconstructions were finalized in

Adobe Photoshop and Adobe Illustrator.
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2.3. Phylogenetic analysis
To explore the phylogenetic position of Silurolepis and the impact of the new neck joint characters on
gnathostome phylogeny, we conducted a phylogenetic analysis based on the dataset consisting of 379
characters and 105 taxa in total, which was sourced from Zhu et al. [8] by replacing two characters
related to the dermal neck joint with nine new characters. The character data entry and formatting
were performed in Mesquite (v. 2.5). All the characters were unordered.

Thedatasetwas subjected tomaximum-parsimonyanalysis in the TNTsoftwarepackage.Galeaspidwas
set to be the outgroup. The analysis was conducted using a new technology search strategy, with 100 000
maximum trees in memory and 1000 random additional sequences. Bremer support values were
generated in TNT using the script ‘aquickie.run’. The analysis produced 22 most parsimonious trees of
1061 steps each. Consistency index (CI) = 0.379; retention index = 0.808.
open
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3. Results
3.1. Systematic palaeontology
Gnathostomata Gegenbaur, 1874 [20]

nomen nudem 1993 Silurolepis platydorsalis—Wang, 1993 [4]
nomen nudem 2000 Silurolepis platydorsalis—Zhu & Wang, 2000 [21]
Silurolepis platydorsalis—Zhang et al., 2010 [5]
Revised diagnosis: A moderately large maxillate placoderm with cuboid trunk shield. Key characters

include the anterior margin of the trunk shield wider than the posterior; three longitudinal cristae
along the median and lateral edges of the cuboid trunk shield; main lateral line immediately ventral
to the lateral cristae; a small first, a large second and a possible third MD plate; anterior dorsolateral
(ADL) plate significantly shorter than the posterior dorsolateral plate; dermal neck joint similar to
Qilinyu and antiarchs, with a slot-shaped articular fossa along the anterodorsal margin of the trunk
shield, presumably for the insertion of the posterior margin of the skull roof; and an obstanic groove
along the anterolateral margin of the trunk shield putatively receiving the posterolateral margin of the
skull roof.

Horizon and locality: The holotype (IVPP V11680.1) and the referred specimen (IVPP V11680.2) of S.
platydorsalis were collected by Shi-tao Wang and Nian-zhong Wang in 1970s and 1980s, respectively.
The specimens were from a Silurian site near the dam of the Xiaoxiang Reservoir, in the suburb of
Qujing City, Yunnan Province, China [5]. The site, although close by, is different to the one that yields
Guiyu, Entelognathus and Qilinyu, and the two may belong to different horizons of the Kuanti
Formation. The exact sequence correlation between these two sites needs further investigation.
3.2. Description
At the timewhen Silurolepiswas first described, theAntiarchawas the only placodermgroup that possessed
a cuboid trunk shield incorporatingmultipleMDplates, and distinctive paired dorsolateral ridges. As such,
Siluriolepiswasdescribedwith a reference to a generalized antiarch pattern [5]. Shared characters include the
anterior MD plate larger than the posterior one, and anteriorly tapered trunk shield. Several unusual
conditions, including the anterior MD plate overlapping the posterior one, and a broad anterior margin
of the anterior MD plate, were interpreted as derived within antiarchs. Recent discovery of a new Silurian
placoderm Qilinyu in an adjacent locality, with complete exoskeleton preservation, provides convincing
evidence for a new interpretation of the shield orientation in Silurolepis. Qilinyu possesses three MD
plates, with the anterior two plates matching the two MD plates of Silurolepis in proportion, outline and
overlapping relationship. The large ADL plate and elongated cuboid trunk shield also coincide with the
condition in Silurolepis. The third MD plate in Silurolepis is possibly missing due to the incomplete
preservation. Notably, in Qilinyu, the third MD is easily detached from the rest of the trunk armour, and a
number of specimens are preserved without the third MD plate. Based on this new insight, we conclude
that the shield orientation in the original description of Siluriolepis should be reversed and the holotype
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Figure 1. Silurolepis platydorsalis (holotype, IVPP V11680.1). (a) In dorsal view. (b) Reconstruction of the trunk shield in dorsal view.
(c) In lateral view. (d ) Reconstruction of the trunk shied in lateral view. Scale bar = 1 cm. Abbreviations: ADL, anterior dorsolateral
plate; AL.oa, overlap area for the anterolateral plate; atdp, anterior transverse depression; dlr, dorsolateral ridge of the trunk shield;
dl.art, dorsal lamina of the articular fossa on the trunk shield; dmr, dorsomedian ridge of the trunk shield; lc, main lateral line canal;
MD1, first median dorsal plate; MD2, second median dorsal plate; PDL, posterior dorsolateral plate; PL.oa, overlap area for the
posterolateral plate; pl.obg, posterior lamina of the obstanic groove; vl.art, ventral lamina of the articular fossa on the trunk shield.
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represents amaxillate placodermclose toQilinyu.The reorientation is confirmed by thediscoveryof the neck
joint structures in the holotype after the further preparation. An updated description is provided below.

The trunk shield of Silurolepis is preserved only with its dorsal and lateral aspects. The preserved parts
suggest roughly a cuboid shape. The dorsalwall is almost flatwith only slight arching along themedian line,
unlike the strongly arched trunk shield in Qilinyu. The dorsal wall meets the lateral wall in an angle of
approximately 130° at the anterior margin and the near-right angle at the posterior preserved margin
(figures 1 and 2). This new reconstruction renders the whole trunk shield proportionately wider and
shorter than the previous reconstruction [5]. Three longitudinal cristae or ridges run through the dorsal
surface of the trunk shield: the median ridge (dmr, figures 1 and 2) and the paired dorsolateral ridges
(dlr, figures 1 and 2). The dermal tubercular ornament is dense along these cristae and is densest around
the anterior part of the median ridge. Similar pronounced longitudinal ridges are also present in most
antiarchs [22–24], but the homology of the ridges is unclear under the current phylogenetic framework.
All these ridges in Silurolepis are water-drop-shaped, broadening anteriorly and tapering posteriorly. The
main lateral line canal (lc, figure 1c,d) runs along and immediately ventral to the dorsolateral ridge.
Dorsally, a shallow groove traverses the most anterodorsal margin of the trunk shield (atdp, figure 1a,b);
on the visceral surface, a corresponding transverse thickening is present (th.tr, figure 2b). Additionally, a
stripe of visceral thickening is present along the dorsolateral edge of the posterior dorsolateral plate
(PDL) and significantly widened at the posterior end (th.pl, figure 2b). The transverse groove and visceral
thickenings are not present in Qilinyu.

The sutures between individual plates are vaguely traceable on the external surface and highly sinuous
(figure 1). The sutures also can be recognized on the internal surface and on the mould (figure 2a). The
internal sutures do not display the sinuous pattern as in the external ones. In the original description,
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Figure 2. Trunk shields of Silurolepis platydorsalis and Qilinyu rostrate. (a) Internal mould of the trunk shield of Silurolepis
platydorsalis (holotype, IVPP V11680.1), in dorsal view. (b) Trunk shield of Silurolepis platydorsalis in ventral view, showing the
visceral morphology. (c) Trunk shield of Silurolepis platydorsalis in anterior view. (d ) Interpretative drawing of the trunk shield
of Silurolepis platydorsalis in anterior view. (e) Digital reconstruction and ( f ) interpretive drawing of the trunk shield of the
Qilinyu rostrate holotype (IVPP V20732) in anterior view. Scale bar = 1 cm. Abbreviations: ADL, anterior dorsolateral plate;
al.obg, anterior lamina of the obstanic groove; cf. MD3, contact face for the third median dorsal plate; dl.art, dorsal lamina of
the articular fossa on the trunk shield; dlr, dorsolateral ridge of the trunk shield; dmr, dorsomedian ridge of the trunk shield;
fo.art, articular fossa on the trunk shield; MD1, first median dorsal plate; MD2, second median dorsal plate; obg, obstanic
groove receiving the posterolateral margin of the skull roof; pbl, posterior branchial lamina; PDL, posterior dorsolateral plate;
pl.obg, posterior lamina of the obstanic groove; th.tr, anterior transverse thickening; th.pl, posterolateral thickening; vl.art,
ventral lamina of the articular fossa on the trunk shield.
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Silurolepis was interpreted as having large anterior and small posterior MD plates [5]. Under our new
interpretation, the previous posterior MD plate is the first MD plate (MD1, figures 1 and 2), which is
triangular, and the previous anterior MD plate is in fact the second MD plate (MD2, figures 1 and 2). The
contour and proportion of both these two MD plates resemble that in Qilinyu. Both the two MD plates do
not bear the visceral keel. Judging from the extension and contact face (cf.MD3, figure 2b) on the posterior
edge of the second MD plate, there is a third MD plate as in Qilinyu.
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Two pairs of large plates, namely the ADL and the PDL plates, flank the MD plates and bear the paired

dorsolateral ridges and the main lateral lines (figures 1 and 2). A similar pattern is again present inQilinyu.
In both taxa, the ADL plate is roughly semicircular, and the PDL is a slender trapezoid plate. However, in
Qilinyu, the ADL is significantly larger and longer than the PDL. By contrast, the ADL in Silurolepis is
significantly shorter in longitudinal length than the PDL, although the dorsal lamina of the former is still
larger than that of the latter. The anteroventral corner of the ADL plate bears an overlap area (AL.oa,
figure 1), evidently for the unpreserved anterior lateral (AL) plate. Notably, the short edge for the overlap
area denotes a small-sized AL plate, in comparison with the much larger ADL plate. The ADL larger
than the AL is also present in Qilinyu. By contrast, in most other placoderms including Entelognathus,
acanthothoracids, ptyctodonts, petalichthyids and basal arthrodires such as Sigaspis [25], the ADL is
much reduced and nearly always significantly smaller than the AL. It is worth noting that in primitive
osteichthyans, such as Guiyu and Psarolepis, the dorsal segment of the shoulder girdle, presumably
equivalent to the ADL plate in placoderms, is underdeveloped, while the lateral lamina of the cleithrum,
presumably homologous to the AL plate, is proportionately comparable to the equivalent plate in most
placoderms but not in Silurolepis, Qilinyu and antiarchs [7,26].

Two significant structures related to the head–trunk interface are present on the trunk shield of
Silurolepis. Both structures are also shared in Qilinyu. Firstly, a lamina is present along the right
anterolateral margin of the trunk shield (pl.obg, figures 1 and 2a–d). The dorsal part of the same
lamina is also present on the left side. In the trunk shield of Qilinyu, which is completely preserved, a
similar lamina (pl.obg, figures 2e,f and 3a,b,d ), is also present, with a prominent extension curled
laterally to develop an anterior lamina (al.obg, figures 2e,f and 3a,b,d ). The two laminae together form
a U-shaped groove opened laterally (obg, figures 2e,f and 3a,b,d). The articulated skeletons in multiple
specimens of Qilinyu allow a confident reconstruction of the contact relationship between the skull
roof and trunk shield (figure 3). In Qilinyu, this groove is evidently an obstanic structure that receives
the posterolateral margins of the skull roof (obt.sr, figure 3a,c), when the head shield is depressed
around the neck joint. The posterolateral margin of the head shield is curled inward to be fitted into
the laterally opened groove. The posterior lamina of the groove, not the anterior lamina, is continuous
to the ventrally positioned postbranchial lamina (pbl, figures 2e,f and 3a,c). The anterior lamina is not
preserved in Silurolepis. However, the broken mesial edge of the posterior lamina just starting to curl
and the dorsal position of this lamina on the ADL, which is not seen in other placoderms, imply a
similar groove and pattern of contact between the dermal head and trunk skeleton to Qilinyu.

Secondly, a ventral lamina under the anterodorsal margin of the trunk shield, which was newly
revealed by further preparation, is recognized as the ventral lamina for the neck joint (vl.art, figures 1
and 2a–d). Correspondingly, the flange dorsal to this lamina continuous with the rest of the
anterodorsal margin of the trunk shield, is the dorsal lamina of the neck joint (dl.art, figures 1 and 2a,
c,d ), and the slot-like concavity between these two laminae is the articular fossa (fo.art, figure 2c,d ).
The ventral lamina is transversely elongated, and is quite thin, in contrast to the thickened articular
lamina or condyles in some other placoderms such as brachythoracid arthrodires and ptyctodonts
[27–29]. Detailed comparison of different types of the dermal neck joint in placoderms and their
implication are provided below.
4. Discussion
4.1. Evolution of dermal neck joint in jawed vertebrates
The head–trunk boundary, on which a neck is defined and formed, is considered as one of the fundamental
interfaces in the evolution and development of the vertebrate body [30–34]. Despite the well-defined
differentiation of the endoskeleton between head and trunk in all craniates, this boundary is primitively
not presented in the dermal skeleton in the total-group gnathostomes. In most ostracoderms or jawless
stem gnathostomes, including galeaspids and osteostracans which are closely related to jawed
vertebrates, the dermal skeleton that covers the anterior half of the body is one integrated box of armour
(figure 4). A dermal head–trunk boundary only appeared after the jawless–jawed transition and is to date
still one synapomorphy exclusively shared in jawed vertebrates. Notably, the contact between dermal
head and trunk shield forms a distinct articulation in nearly all placoderm-grade jawed vertebrates. In
early bony fishes, although the dermatocranium and dermal shoulder girdle are still closely associated,
the articulation becomes an indistinct overlap and movement is restricted. Further, the shoulder girdle is
completely separated from the cranium, independently in some coelacanths [35] and in two
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tetrapodomorph lineages [36,37], preventing the formation of any form of dermal neck joint. In the latter
group, this separation paves the way for a highly kinetic neck adapting to the terrestrial lifestyle.

The different types of dermal neck joint in primitive jawed vertebrates have been discussed by various
authors [27,38–42]. It was generally accepted that a sliding joint is primitive in placoderms and the
structurally specialized joints, including ginglymoid and reverse ginglymoid, are independently evolved in
different lineages. However, it was not specified how the complicated articulations and accessory para-
articular structures arose from the primitive sliding-type joint. Accordingly, in recent phylogenetic analyses
of early gnathostomes, only generalized characters such as presence or absence of dermal neck joint, and
joint types being ‘sliding’, ‘ginglymoid’, ‘reverse ginglymoid’ and ‘spoon-like’ are defined. Under the
generalized classification, the possible transitions and intermediates between primitive sliding joint and
different types of complicated joint are not illustrated, and their phylogenetic implication is not fully assessed.

The discoveries of the Silurian placoderms Qilinyu and Silurolepis further complicate the traditional
categories of dermal neck joint in placoderms. Although the neck joint of Qilinyu was not discussed in
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the original description [8], additional specimens and new tomographic data now allow a detailed
investigation. Evidently, the articular structures on the trunk shield are very close to that of Silurolepis,
showing a pair of long, slot-like articular fossae (fo.art, figure 3a,c) almost meeting at the midline. The
skull roof further reveals a new type of articulation unknown in any other placoderms. The posterior
margin of the skull roof is interposed into the slot-shaped articular fossa on the trunk shield resembling
that in antiarchs. However, the protruding ventral lamina on the trunk shield in turn inserts under a
second, shallow and ventrally open fossa (fo.sr, figure 3a,c) on the posterior paranuchal plate of the skull
roof, anteriorly confined by a ridge-like lamina (vl.sr, figure 3b–d). The movement of this dual articulation
must be fairly limited, as the posterior end of the skull roof, when interposed into the articular fossa, is
overlapped and constricted by the first MDl plate and the dorsal lamina of the articulation on the ADL
plate (figure 3b,d ). However, because the articulation is very close to the midline, effectively making a
very short side of a lever, the whole head is still allowed to make considerable pitch movement, acting as
the long side of the lever. When the head is depressed, the inwardly curled posterolateral margin of the
skull roof (obt.sr, figure 3a,c) is apparently accommodated by the laterally opened groove on the ADL and
AL plates (obg, figure 3a,b,d) between the anterior and the posterior laminae of the groove.

The dual articulation in Qilinyu and possibly in Silurolepis cannot be accommodated by any of the
traditional categories of neck joint types. As such, here we focus on tracking the distribution and
evolution of component structures forming the dermal skeleton contact between head and trunk, in
various early gnathostome groups. Also, we make a clear distinction between the direct articulating
region of the joint, from various para-articular structures which were often included to define a
collective type of joint, but are easily demonstrated to be independent characters.

As noted by previous studies, the sliding type of joint, consisting of a trunk element (ADL plate)
overlapped by the skull roof element (paranuchal) and allowing movement to a certain extent, is
primitively present across a wide range of placoderm subgroups, including acanthothoracid such as
Romundina [43], basal arthrodires such as Kujdanowiaspis [44], and the recently discovered maxillate
placoderm Entelognathus [6]. Brindabellaspis is unique in having the cranial articulation for the ‘dermal’
neck joint carried by the endoskeletal braincase, rather than the dermal skull roof [45]. The
overlapped area on the trunk shield can be developed into differentially shaped flanges or laminae in
various placoderm groups. The thickened and narrow flanges are sometimes termed ‘condyle’ and
often bear rotatory contacting surfaces as part of the definition of ginglymoid articulations, such as
those in brachythoracid arthrodires. We tentatively termed this flange the articular lamina. Evidently,
the articular lamina, or the homologous structure known as flange or condyle, is present in virtually
all types of the neck joints and forms the basic component of the dermal neck joint in placoderms.
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The neck joint in antiarchs is traditionally considered unique in placoderms and is dubbed ‘reverse

ginglymoid’, in which the posterior margin of the skull roof is extended as an articulating flange into a
horizontal fossa on the anterodorsal part of trunk shield. Essentially, nearly identical conditions occur in
Qilinyu and Silurolepis, in which the posterior flange of the skull roof inserts into the slot-shaped articular
fossa on the trunk shield. The paired ventral articular lamina in antiarchs, named ‘subarticular ridge’ [46],
forms the ventral aspect of the slot-shaped fossa and should be homologous to the articular lamina in
Qilinyu, Silurolepis and most other placoderms. Although in antiarchs the ventral surface of the skull roof
does not bear a fossa as in the dual articulation of Qilinyu, the articular fossa on the trunk shield, a
continuous flange on the posterior margin of the skull roof acting like articulation lamina and the cuboid
trunk shield incorporating multiple MD plates, are still only shared in antiarchs, Qilinyu and Silurolepis.
The deep obstanic groove along the anterolateral margin of the trunk shield seems to be exclusively
shared by Qilinyu and Silurolepis. An obstanic lamina is present on the trunk shield of some arthrodires
such as Dicksonosteus [47], but in those cases, the obstanic lamina is flat and does not develop into a
prominent groove with a curled anterior lamina, as in Qilinyu and Silurolepis. Note that the posterior wall
or lamina, not the anterior lamina of the obstanic groove, is continuous with the postbranchial lamina
carried mainly by the AL plate (pbl, figures 2e,f and 3a).

The dermal neck joint in the petalichthyid Eurycaraspis displays a condition closer to an elaborated
sliding-type joint. The trunk shield of Eurycaraspis bears a simple, moderately thickened articular
lamina inserted under the skull roof, like that in a typical sliding-type joint. The contact face on the
skull roof for the articular lamina, however, is restricted mesially by the paired lateral process [48], in
addition to a median posterior descending lamina overlapped by the extrascapular plate. The same
lateral process is also present in the putatively basal petalichthyid Diandongpetalichthys [49], which
lacks a posterior descending lamina. The ptyctodont Rhamphodopsis possesses similar lateral process
[39] mesial to the articulation fossa, and an articular lamina on the ADL plate. However, other
ptyctodonts lack the lateral process and develop a very robust articular condyle, which differs from
the condition in brachythoracid arthrodires in having concave or ‘spoon-like’, rather than convex and
rotatory, facets [27,50–52]. Stensiö interpreted that, in the ptyctodontid Chelyophorus, the condyle on
the ADL plate actually develops a fossa-like facet for a ‘double joint’ [53]. In some brachythoracid
arthrodires such as the enigmatic heterosteids with highly kinetic neck joints, the lateral corner of the
paranuchal contacts a long and shallow concavity on the ADL plate dorsal to the articular condyle,
presumably to support and stabilize the joint [54]. In both cases, they are distinct from the dual
articulation in Qilinyu.

4.2. Proposed characters related to the dermal neck joint for future phylogenetic analyses
The traditionally defined categories of neck joint types in placoderms obviously represent a composite of
characters, and the transitions between these types can be achieved by the stepwise development or
reduction of independent structures. For example, the ‘ginglymoid joint’ can be formed from the ‘sliding
joint’ by the development of a ventral lamina on the skull roof to form a fossa and a distinctively shaped
articular lamina on the trunk shield. Similarly, the ‘reverse ginglymoid’ presumably can be evolved from
the sliding joint by the development of the dorsal articular lamina on the trunk shield. To better illustrate
the transitions between various types of neck joint, we here propose the following characters relating to
dermal neck joint for subsequent phylogenetic analyses.

(1) Presence or absence of a dermal head–trunk boundary. The dermal head–trunk boundary is absent
in jawless stem gnathostomes and present in all jawed vertebrates with exceptions such as the
arthrodire Synauchenia [55].

(2) Presence or absence of a dermal neck joint. The dermal neck joint is present in most placoderm
subgroups except in rhenanids, and in many lower osteichthyans. It is absent in acanthodians and
some nested osteichthyan groups such as tetrapods; non-applicable in conventionally defined
chondrichthyans which completely lack a macromeric dermal skeleton.

(3) Presence or absence of a dorsal lamina along the anterodorsal margin of trunk shield. The dorsal
lamina is present in antiarchs, Qilinyu and Silurolepis; absent in all other taxa. Together with the
ventral lamina shared in most other placoderms, it defines the slot-shaped articular fossa for the
‘reverse ginglymoid’ on the trunk shield.

(4) Presence or absence of a distinct process/lamina to form a cranial fossa receiving the articular lamina. It
is present in the Qilinyu with the dual articulation, and those placoderms in which the neck joints are
categorized as ‘ginglymoid’ type; absent in antiarchs and those taxa with sliding neck joints.
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(5) Ventral articular lamina on the trunk shield develops into flange or condyle distinct from the rest of the

anterior margin of ADL. The well-defined flange or condyle is present in Qilinyu, Eurycaraspis,
ptyctodonts and many arthrodires and absent in Entelognathus and basal arthrodire Bryantolepis.

(6) Presence or absence of a rotatory contact between articular lamina or condyle and the articular fossa.
It is only present in arthrodires above phlyctaenids (including brachythoracids).

(7) The posterior margin of the skull roof significantly overlapped by the anterior-most median plate of
the trunk shield or not. The first median plate in the trunk shield was variously named the
extrascapular, the posteronuchal and the first MD plate in different placoderm groups. The exact
homology between these bones is not well established. However, it is possible to distinguish two
types of median contact relationship between the skull roof and trunk shield: (i) no significant
overlap, such as nested brachythoracid arthrodires with large nuchal gap; (ii) skull roof strongly
overlapped by the trunk shield, normally with a posteriorly convex nuchal plate but not
necessarily so, as in antiarchs, Qilinyu, Silurolepis and some petalichthyids and ptyctodonts. In
petalichthyids such as Eurycaraspis, the overlapped area is well defined laterally from the rest of
the skull roof and is named the posterior descending lamina.

(8) Presence or absence of a lateral ridge or process (mesial articular process in [48]) defines the mesial
boundary of the visceral contact face for the articular lamina on the paranuchal plate. The lateral
ridge is present in petalichthyids and some ptyctodontids and absent in other placoderms.

(9) Presence or absence of an obstanic groove on the anterolateral margin of the trunk shield, formed by
an extended anterior lamina curling laterally. It is present only in Qilinyu and Silurolepis.

4.3. Phylogenetic implications
Added into the data matrix from Zhu et al. [8] (electronic supplementary material, Silurolepis+matrix+
final.nex), the above nine characters have the impact of uniting ptyctodontids and arthrodires together.
Otherwise, the general topology of early gnathostomes remains stable (figure 5). Silurolepis is resolved to
be the sister group of Qilinyu and the two form a clade immediately below Entelognathus. Notably, the
distribution of dermal neck joint characters adds multiple evolutionary steps under the current
phylogenetic framework, in which antiarchs are placed at the very basal section of jawed vertebrates, and
Qilinyu plus Silurolepis are placed much more crownward, separated by a long array of paraphyletic
placoderm subgroups (figure 4). This scenario implies that the ‘reverse ginglymoid’, or the presence of a
dorsal lamina along the anterodorsal margin of trunk shield to form a slot-shaped articular fossa, evolved
twice in antiarchs and maxillate placoderms, respectively. Also, the simple sliding type of neck joint in
Entelognathus is suggested to be a reversal from the complicated dual articulation in Qilinyu and
Silurolepis. Future synthesis on the character evolution in early jawed vertebrates is expected to shed
further light on this conflicting evidence. One of the key tests is whether, in future analyses, the shared
characters between Entelognathus, Qilinyu and crown-group gnathostomes are resolved as primitive or
derived in jawed vertebrates. In the former case, these characters are expected to be also shared in some
other placoderm subgroups, and the great disparity between the trunk shield morphology of Qilinyu and
Entelognathus might in fact imply their distant systematic positions, distributed separately in the lineages
from the initial radiation of jawed vertebrates.

Data accessibility. The CT data that support the findings of this study, as well as the three-dimensional surface files of IVPP
V20732, are available in the IVPP Digital data repository ADMorph (Archives of Digital Morphology, http://dx.doi.
org/10.12112/F.14).
Authors’ contributions. M.Z. initiated the study, Y-a.Z. and M.Z. carried out phylogenetic analyses, Y-a.Z. and J.L.
contributed new micro-CT data, segmentation and renderings, all authors contributed to writing the paper.
Competing interests. The authors declare there are no competing interests.
Funding. This study was supported by Strategic Priority Research Program of the Chinese Academy of Sciences (grant
nos. XDA19050102, XDB26000000); National Natural Science Foundation of China (grant no. 41530102); Key Research
Program of Frontier Sciences, CAS (grant no. QYZDJ-SSW-DQC002); National Natural Science Foundation of China
(41872023) to J.L.; Swedish Research Council (grant no. 2014-4102) and a Wallenberg Scholarship from the Knut
and Alice Wallenberg Foundation to Y-a.Z.
Acknowledgements. We thank Cui-hua Xiong for specimen preparation, Ye-Mao Hou for CT scanning, Lian-tao Jia for
photography.

http://dx.doi.org/10.12112/F.14
http://dx.doi.org/10.12112/F.14
http://dx.doi.org/10.12112/F.14


12
References

royalsocietypublishing.org/journal/rsos

R.Soc.open
sci.6:191181
1. Burrow CJ, Sues H-D. 2011 A partial articulated
acanthodian from the Silurian of New
Brunswick, Canada. Can. J. Earth Sci. 48,
1329–1341. (doi:10.1139/e11-023)

2. Janvier P. 1996 Early vertebrates, p. 393. Oxford,
UK: Clarendon Press.

3. Brazeau MD, Friedman M. 2015 The origin and
early phylogenetic history of jawed vertebrates.
Nature 520, 490–497. (doi:10.1038/
nature14438)

4. Wang S-T. 1993 Vertebrate biostratigraphy of
the Middle Palaeozoic of China. In Palaeozoic
vertebrate biostratigraphy and biogeography (ed.
JA Long), pp. 252–276. London, UK: Belhaven
Press.

5. Zhang G-R, Wang S-T, Wang J-Q, Wang N-Z,
Zhu M. 2010 A basal antiarch ( placoderm fish)
from the Silurian of Qujing, Yunnan, China.
Palaeoworld 19, 129–135. (doi:10.1016/j.
palwor.2009.11.006)

6. Zhu M et al. 2013 A Silurian placoderm
with osteichthyan-like marginal jaw bones.
Nature 502, 188–193. (doi:10.1038/
nature12617)

7. Zhu M, Zhao W-J, Jia L-T, Lu J, Qiao T, Qu Q.-M.
2009 The oldest articulated osteichthyan reveals
mosaic gnathostome characters. Nature 458,
469–474. (doi:10.1038/nature07855)

8. Zhu M, Ahlberg PE, Pan Z-H, Zhu Y-A, Qiao T,
Zhao W-J, Jia L-T, Lu J. 2016 A Silurian
maxillate placoderm illuminates jaw evolution.
Science 354, 334–336. (doi:10.1126/science.
aah3764)

9. Zhao W-J, Zhu M. 2015 A review of Silurian
fishes from Yunnan, China and related
biostratigraphy. Palaeoworld 24, 243–250.
(doi:10.1016/j.palwor.2015.02.004)

10. Zhao W-J, Zhu M. 2014 A review of the Silurian
fishes from China, with comments on the
correlation of fish-bearing strata. Earth Sci.
Front. 21, 185–202.

11. Zhu Y-A, Ahlberg P, Zhu M. 2019 The evolution
of vertebrate dermal jaw bones in the light of
maxillate placoderms. In Evolution and
development of fishes (eds Z Johanson, C
Underwood, M Richter), pp. 71–86. London,
UK: Cambridge University Press.

12. Young GC. 2010 Placoderms (armored fish):
dominant vertebrates of the Devonian period.
Annu. Rev. Earth Planet. Sci. 38, 523–550.
(doi:10.1146/annurev-earth-040809-152507)

13. Brazeau MD, Friedman M, Jerve A, Atwood RC.
2017 A three-dimensional placoderm (stem-
group gnathostome) pharyngeal skeleton and
its implications for primitive gnathostome
pharyngeal architecture. J. Morphol. 278,
1220–1228. (doi:10.1002/jmor.20706)

14. Goujet DF. 2001 Placoderms and basal
gnathostome apomorphies. In Major events in
early vertebrate evolution: palaeontology,
phylogeny, genetics and development (ed. PE
Ahlberg), pp. 209–222. London, UK: Taylor &
Francis.

15. Anderson PSL, Friedman M, Brazeau MD,
Rayfield EJ. 2011 Initial radiation of jaws
demonstrated stability despite faunal and
environmental change. Nature 476, 206–209.
(doi:10.1038/nature10207)

16. Carr RK. 1995 Placoderm diversity and evolution.
Bull. Mus. Natl Hist. Nat. C 17, 85–125.

17. Rücklin M, Donoghue PC.J., Johanson Z,
Trinajstic K, Marone F, Stampanoni M. 2012
Development of teeth and jaws in the earliest
jawed vertebrates. Nature 491, 748–751.
(doi:10.1038/nature11555)

18. Brazeau MD, Friedman M. 2014 The characters
of Palaeozoic jawed vertebrates. Zool. J. Linn.
Soc. 170, 779–821. (doi:10.1111/zoj.12111)

19. Smith MM, Johanson Z. 2015 Origin of the
vertebrate dentition: teeth transform jaws into a
biting force. In Great transformations in
vertebrate evolution (eds KP Dial, NH Shubin,
EL Brainerd), pp. 1–29. Chicago, IL: University
of Chicago Press.

20. Gegenbaur C. 1874 Grundriss der vergleichenden
Anatomie, p. 660. Leipzig, Germany: Verlag von
Wilhelm Engelmann.

21. Zhu M, Wang J-Q. 2000 Silurian vertebrate
assemblages of China. Cour. Forsch.-Inst.
Senckenberg 223, 161–168.

22. Zhang G-R, Young GC. 1992 A new antiarch
( placoderm fish) from the Early Devonian of
South China. Alcheringa 16, 219–240. (doi:10.
1080/03115519208619120)

23. Zhu M. 1996 The phylogeny of the Antiarcha
(Placodermi, Pisces), with the description of
Early Devonian antiarchs from Qujing, Yunnan,
China. Bull. Mus. Natl Hist. Nat. C 18, 233–347.

24. Young GC. 1990 New antiarchs (Devonian
placoderm fishes) from Queensland, with
comments on placoderm phylogeny and
biogeography. Mem. Queensl. Mus. 28, 35–50.

25. Goujet DF. 1973 Sigaspis, un nouvel arthrodire
du Dévonien inférieur du Spitsberg.
Palaeontogr. Abt. A 143, 73–88.

26. Zhu M, Schultze H-P. 2001 Interrelationships of
basal osteichthyans. In Major events in early
vertebrate evolution: palaeontology, phylogeny,
genetics and development (ed. P Ahlberg),
pp. 289–314. London, UK: Taylor & Francis.

27. Miles RS, Young GC. 1977 Placoderm
interrelationships reconsidered in the light of
new ptyctodontids from Gogo, Western
Australia. In Problems in vertebrate evolution
(eds SM Andrews, RS Miles, AD Walker),
pp. 123–198. London, UK: Academic Press.

28. Miles RS, Westoll TS. 1968 The placoderm fish
Coccosteus cuspidatus Miller ex Agassiz from the
Middle Old Red Sandstone of Scotland. Part
I. Descriptive morphology. Trans. R. Soc. Edinb.
(Earth Sci.) 67, 373–476. (doi:10.1017/
S0080456800024078)

29. Young GC. 2009 New arthrodires (Family
Williamsaspididae) from Wee Jasper, New South
Wales (Early Devonian), with comments on
placoderm morphology and palaeoecology. Acta
Zool. 90, 69–82. (doi:10.1111/j.1463-6395.
2008.00366.x)

30. Lours-Calet C et al. 2014 Evolutionarily
conserved morphogenetic movements at the
vertebrate head-trunk interface coordinate the
transport and assembly of hypopharyngeal
structures. Dev. Biol. 390, 231–246. (doi:10.
1016/j.ydbio.2014.03.003)

31. Sefton EM, Bhullar BA, Mohaddes Z, Hanken J.
2016 Evolution of the head-trunk interface in
tetrapod vertebrates. Elife 5, e09972. (doi:10.
7554/eLife.09972)

32. Ericsson R, Knight R, Johanson Z. 2013 Evolution
and development of the vertebrate neck.
J. Anat. 222, 67–78. (doi:10.1111/j.1469-7580.
2012.01530.x)

33. Matsuoka T, Ahlberg PE, Kessaris N, Iannarelli P,
Dennehy U, Richardson WD, McMahon AP,
Koentges G. 2005 Neural crest origins of the
neck and shoulder. Nature 436, 347–355.
(doi:10.1038/nature03837)

34. Johanson Z. 2003 Placoderm branchial and
hypobranchial muscles and origins in jawed
vertebrates. J. Vert. Paleont. 23, 735–749.
(doi:10.1671/2)

35. Forey PL. 1998 History of the coelacanth fishes.
London, UK: Chapman & Hall.

36. Daeschler EB, Shubin NH, Jenkins FA. 2006
A Devonian tetrapod-like fish and the evolution
of the tetrapod body plan. Nature 440,
757–763. (doi:10.1038/nature04639)

37. Zhu M, Ahlberg PE, Zhao W-J, Jia L-T. 2017 A
Devonian tetrapod-like fish reveals substantial
parallelism in stem tetrapod evolution. Nat.
Ecol. Evol. 1, 1470–1476. (doi:10.1038/s41559-
017-0293-5)

38. Stensiö EA. 1945 On the heads of certain
arthrodires. 2. On the cranium and cervical joint
of the Dolichothoraci. Kungl. Svenska. Vetenskap.
Hand. 22, 1–70.

39. Miles RS. 1967 Observations on the ptyctodont
fish, Rhamphodopsis Watson. Zool. J. Linn. Soc.
47, 99–120. (doi:10.1111/j.1096-3642.1967.
tb01398.x)

40. Miles RS. 1969 Features of placoderm
diversification and the evolution of the
arthrodire feeding mechanism. Trans. R. Soc.
Edinb. (Earth Sci.) 68, 123–170. (doi:10.1017/
s0080456800014629)

41. Denison RH. 1984 Further consideration of the
phylogeny and classification of the Order Arthrodira
(Pisces: Placodermi). J. Vert. Paleont. 4, 396–412.
(doi:10.1080/02724634.1984.10012018)

42. Goujet DF. 1984 Placoderm interrelationships: a
new interpretation, with a short review of
placoderm classifications. Proc. Linn. Soc. N. S.
W. 107, 211–243.

43. Goujet DF, Young GC. 2004 Placoderm anatomy
and phylogeny: new insights. In Recent
advances in the origin and early radiation of
vertebrates (eds G Arratia, MVH Wilson, R
Cloutier), pp. 109–126. München, Germany:
Verlag Dr. Friedrich Pfeil.

44. Dupret V. 2010 Revision of the genus
Kujdanowiaspis Stensiö, 1942 (Placodermi,
Arthrodira, ‘Actinolepida’) from the Lower
Devonian of Podolia (Ukraine). Geodiversitas 32,
5–63. (doi:10.5252/g2010n1a1)

45. Young GC. 1980 A new Early Devonian
placoderm from New South Wales, Australia,
with a discussion of placoderm phylogeny.
Palaeontogr. Abt. A 167, 10–76.

http://dx.doi.org/10.1139/e11-023
http://dx.doi.org/10.1038/nature14438
http://dx.doi.org/10.1038/nature14438
http://dx.doi.org/10.1016/j.palwor.2009.11.006
http://dx.doi.org/10.1016/j.palwor.2009.11.006
http://dx.doi.org/10.1038/nature12617
http://dx.doi.org/10.1038/nature12617
http://dx.doi.org/10.1038/nature07855
http://dx.doi.org/10.1126/science.aah3764
http://dx.doi.org/10.1126/science.aah3764
http://dx.doi.org/10.1016/j.palwor.2015.02.004
http://dx.doi.org/10.1146/annurev-earth-040809-152507
http://dx.doi.org/10.1002/jmor.20706
http://dx.doi.org/10.1038/nature10207
http://dx.doi.org/10.1038/nature11555
http://dx.doi.org/10.1111/zoj.12111
http://dx.doi.org/10.1080/03115519208619120
http://dx.doi.org/10.1080/03115519208619120
http://dx.doi.org/10.1017/S0080456800024078
http://dx.doi.org/10.1017/S0080456800024078
http://dx.doi.org/10.1111/j.1463-6395.2008.00366.x
http://dx.doi.org/10.1111/j.1463-6395.2008.00366.x
http://dx.doi.org/10.1016/j.ydbio.2014.03.003
http://dx.doi.org/10.1016/j.ydbio.2014.03.003
http://dx.doi.org/10.7554/eLife.09972
http://dx.doi.org/10.7554/eLife.09972
http://dx.doi.org/10.1111/j.1469-7580.2012.01530.x
http://dx.doi.org/10.1111/j.1469-7580.2012.01530.x
http://dx.doi.org/10.1038/nature03837
http://dx.doi.org/10.1671/2
http://dx.doi.org/10.1038/nature04639
http://dx.doi.org/10.1038/s41559-017-0293-5
http://dx.doi.org/10.1038/s41559-017-0293-5
http://dx.doi.org/10.1111/j.1096-3642.1967.tb01398.x
http://dx.doi.org/10.1111/j.1096-3642.1967.tb01398.x
http://dx.doi.org/10.1017/s0080456800014629
http://dx.doi.org/10.1017/s0080456800014629
http://dx.doi.org/10.1080/02724634.1984.10012018
http://dx.doi.org/10.5252/g2010n1a1


royalsocietypublishing.org/journal/rsos
R.Soc.o

13
46. Wang Y, Zhu M. 2018 Redescription of Phymolepis
cuifengshanensis (Antiarcha: Yunnanolepididae)
using high-resolution computed tomography and
new insights into anatomical details of the
endocranium in antiarchs. PeerJ 6, e4808. (doi:10.
7717/peerj.4808)

47. Goujet DF. 1984 Les poissons placodermes du
Spitsberg. Arthrodires dolichothoraci de la
formation de Wood Bay (Dévonien inférieur),
p. 284. Paris, France: Editions Centre National
Recherche Scientifique, Cahiers de Paléontologie.

48. Liu Y-H. 1991 On a new petalichthyid,
Eurycaraspis incilis gen. et sp. nov., from the
Middle Devonian of Zhanyi, Yunnan. In Early
vertebrates and related problems of evolutionary
biology (eds M-M Chang, Y-H Liu, G-R Zhang),
pp. 139–177. Beijing, China: Science Press.

49. Zhu M. 1991 New information on
Diandongpetalichthys (Placodermi:
Petalichthyida). In Early vertebrates and related
problems of evolutionary biology (eds M-M
Chang, Y-H Liu, G-R Zhang), pp. 179–194.
Beijing, China: Science Press.

50. Trinajstic K, Long JA, Johanson Z, Young G,
Senden T. 2012 New morphological information
on the ptyctodontid fishes (Placodermi,
Ptyctodontida) from Western Australia. J. Vert.
Paleont. 32, 757–780. (doi:10.1080/02724634.
2012.661379)

51. Trinajstic K, Long JA. 2009 A new genus and
species of Ptyctodont (Placodermi) from the
Late Devonian Gneudna Formation, Western
Australia, and an analysis of Ptyctodont
phylogeny. Geol. Mag. 146, 743–760. (doi:10.
1017/s001675680900644x)

52. Long JA. 1997 Ptyctodontid fishes (Vertebrata,
Placodermi) from the Late Devonian
Gogo Formation, Western Australia,
with a revision of the European genus
Ctenurella Ørvig, 1960. Geodiversitas 19,
515–555.

53. Stensiö EA. 1959 On the pectoral fin and
shoulder girdle of the arthrodires. Kungl.
Svenska. Vetenskap. Hand. 8, 1–229.

54. Zhu Y-A, Zhu M, Wang J-Q. 2016 Redescription
of Yinostius major (Arthrodira: Heterostiidae)
from the Lower Devonian of China, and
the interrelationships of Brachythoraci.
Zool. J. Linn. Soc. 176, 806–834. (doi:10.1111/
zoj.12356)

55. Stensiö EA. 1963 Anatomical studies on
the arthrodiran head. Part 1. Preface, geological
and geographical distribution, the organization
of the head in the Dolichothoraci,
Coccosteomorphi and Pachyosteomorphi.
Taxonomic appendix. Kungl. Svenska. Vetenskap.
Hand. 9, 1–419.
pen

sci.6:191181

http://dx.doi.org/10.7717/peerj.4808
http://dx.doi.org/10.7717/peerj.4808
http://dx.doi.org/10.1080/02724634.2012.661379
http://dx.doi.org/10.1080/02724634.2012.661379
http://dx.doi.org/10.1017/s001675680900644x
http://dx.doi.org/10.1017/s001675680900644x
http://dx.doi.org/10.1111/zoj.12356
http://dx.doi.org/10.1111/zoj.12356

	Reappraisal of the Silurian placoderm Silurolepis and insights into the dermal neck joint evolution
	Introduction
	Material and methods
	Materials
	X-ray tomography
	Phylogenetic analysis

	Results
	Systematic palaeontology
	Description

	Discussion
	Evolution of dermal neck joint in jawed vertebrates
	Proposed characters related to the dermal neck joint for future phylogenetic analyses
	Phylogenetic implications
	Data accessibility
	Authors' contributions
	Competing interests
	Funding

	Acknowledgements
	References


