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Stomiidae): Evidence for Parallel Evolution of
Long-Wave Bioluminescence
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Seattle, Washington 98195
ABSTRACT Four genera of the teleost family Stomiidae, the loosejaw dragonfishes, possess accessory
cephalic photophores (AOs). Species of three genera,
Aristostomias, Malacosteus, and Pachystomias, are
capable of producing far-red, long-wave emissions
(>650 nm) from their AOs, a character unique among
vertebrates. Aristostomias and Malacosteus posses a
single far-red AO, while Pachystomias possesses anterior
and posterior far-red AOs, each with smaller separate
photophores positioned in their ventral margins. The
purpose of this study was to establish the primary
homology of the loosejaw AOs based on topological similarity of cranial nerve innervation, and subject these
homology conjectures to tests of congruence under a
phylogenetic hypothesis for the loosejaw dragonfishes.
On the basis of whole-mount, triple-stained specimens,
innervation of the loosejaw AOs is described. The AO of
Aristostomias and the anterior AO of Pachystomias are
innervated by the profundal ramus of the trigeminal
(Tpr), while the far-red AO of Malacosteus and a small
ventral AO of Pachystomias are innervated by the maxillary ramus of the trigeminal (Tmx). The largest far-red
AO of Pachystomias, positioned directly below the orbit,
and the short-wave AO of Photostomias are innervated
by a branch of the mandibular ramus of the trigeminal
nerve. Conjectures of primary homology drawn from
these neuroanatomical similarities were subjected to
tests of congruence on a phylogeny of the loosejaws
inferred from a reanalysis of a previously published
morphological dataset. Optimized for accelerated transformation, the AO innervated by the Tpr appears as a
single transformation on the new topology, thereby
establishing secondary homology. The AOs innervated
by the Tmd found in Pachystomias and Photostomias
appear as two transformations in a reconstruction on
the new topology, a result that rejects secondary homology of this structure. The secondary homology of AOs
innervated by the Tmx found in Malacosteus and
Pachystomias is rejected on the same grounds. Two
short-wave cephalic photophores present in all four genera, the suborbital (SO) and the postorbital (PO), positioned in the posteroventral margin of the orbit and
directly posterior to the orbit, respectively, are innervated by separate divisions of the Tmd. The primary
homologies of the loosejaw PO and SO across loosejaw
taxa are proposed on the basis of similar innervation
patterns. Because of dissimilar innervation of the loosejaw SO and SO of basal stomiiforms, primary homology
Ó 2009 WILEY-LISS, INC.

of these photophores cannot be established. Because of
similar function and position, the PO of all other stomiid
taxa is likely homologous with the loosejaw PO. Nonhomology of loosejaw long-wave photophores is corroborated by previously published histological evidence. The
totality of evidence suggests that the only known far-red
bioluminescent system in vertebrates has evolved as
many as three times in a closely related group of
deep-sea fishes. J. Morphol. 271:418–437, 2010. Ó 2009
Wiley-Liss, Inc.
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INTRODUCTION
Fishes of the teleost order Stomiiformes are
characterized by the presence of luciferin-mediated
light organs on the head and body. The Stomiidae,
or dragonfishes, is comprised of over 280 pelagic,
deep-sea species in 27 genera (Fink, 1985; Nelson,
2006). Stomiid morphology is characterized by
spectacular adaptations to life in dark, barren oceanic waters including huge jaws bearing massive
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Fig. 1. Lateral views of heads of the four loosejaw genera. A: Photostomias sp. B: Malacosteus niger. C: Aristostomias grimaldii.
D: Pachystomias microdon. Red arrows indicate positions of accessory orbital photophores; blue arrows indicate positions of postorbital photophores. Arrows are labeled by conventional terms used by most authors and followed in parentheses by terms devised
by Fink (1985). AOP, accessory orbital photophore; PO, postorbital photophore; PRO, pre-orbital photophore; SO, suborbital
photophore.

teeth, enormous gapes, and large photophores
associated with the eye. All stomiid species possess
a small suborbital (SO) photophore positioned
along the ventral margin of the fleshy orbit that is
used to accommodate the eye during luminescent
events. In addition, stomiids possess a relatively
large photophore posterior to the orbit that emits
a short-wave (<500 nm) blue or green light (Nicol,
1960; Herring, 1983; Mensinger and Case, 1988,
1997). In many species, this postorbital photophore
(PO) is sexually dimorphic and most likely used in
sexual communication (Herring, 2000, 2007). The
loosejaw dragonfishes, a monophyletic group of stomiid fishes, is composed of 16 species in four genera: Aristostomias, Malacosteus, Pachystomias,
and Photostomias (Fink, 1985). Loosejaw species
differ from other stomiids in having at least one
accessory orbital (AO) photophore positioned either
ventral or anteroventral to the eye (see Fig. 1).
The AO of Photostomias is exposed in males as a

small, blue-glowing organ and covered by a thin
layer of skin in females (Fig. 1A; Kenaley and
Hartel, 2005; Kenaley, 2009). Species of Aristostomias and Malacosteus and Pachystomias microdon
possess larger, far-red glowing AOs (Fig. 1B–D)
with emission maxima >650 nm (Widder et al.,
1984; Herring and Cope, 2005). Species of Aristostomias and Malacosteus possess a single far-red
photophore, while P. microdon, the only known
species of the genus, possesses two far-red photophores with smaller, separate organs embedded in
the ventral margin of each that glow lower frequencies of red light (Herring and Cope, 2005).
These fishes are unique among vertebrates in their
ability to produce longwave bioluminescence. It is
hypothesized that these photophores cast a short
field of long-wavelength light on their prey
(Denton et al., 1970; O’Day and Fernandez, 1974;
Fernandez, 1979; Somiya, 1982), typically small
mesopelagic fishes and crustaceans (Sutton and
Journal of Morphology
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Hopkins, 1996; Sutton, 2005) that are unable to
perceive long-wave spectra due to their visual
adaptations to the blue photoenvironment of the
deep sea (Warrant and Locket, 2004). With retinal
pigments tuned to their own red luminescence
(O’Day and Fernandez, 1974; Partridge and
Douglas, 1995), species of Aristostomias, Malacosteus, and Pachystomias are afforded a stealthy
‘‘night-vision.’’
Although the spectral properties and biochemical and molecular basis of long-wave perception
have been the subject of many recent studies, the
morphology of loosejaw AOs has received little
scrutiny. Herring and Cope’s (2005) histological
description of the far-red photophores of Aristostomias, Malacosteus, and Pachystomias stands as
the only recent morphological investigation since
the histological descriptions of the orbital photophores of A. xenostoma by von Lendenfeld (1887)
and P. microdon by Brauer (1908). Herring and
Cope (2005) reviewed and reported several histological differences in the red-glowing photophore of
M. niger relative to those of Aristostomias and
P. microdon. The most striking difference is the
presence of a unique superficial filter in M. niger
that alters shorter wave-length emissions from
within the core to produce long-shifted light at the
exterior of the photophore (Denton et al., 1985). In
contrast, Aristostomias and Pachystomias produce
far-red light by direct fluorescence from the core of
the photophore. The basic structure of the far-red
AO of M. niger also differs considerably from those
of Aristostomias and Pachystomias, the former
resembling the structure of plesiomorphic stomiid
photophores, including the blue-emitting PO, and
the latter having a more complicated structure in
which the bulk of glandular tissue lies outside the
reflector of the core, communicating with the cellular material of the core by numerous strands of tissue that run through the reflector wall.
Histological and anatomical evidence suggests
that the far-red photophores of loosejaw genera
may not be homologous. Despite presenting a compelling body of evidence of nonhomology, Herring
and Cope (2005) did not address the terminology
of these organs, maintaining the positional names
‘‘suborbital’’ photophore for the large red AOs of
red-emitting species and ‘‘preorbital’’ photophore
for the smaller anterior far-red photophore of
Pachystomias. The use of these terms in reference
to the loosejaw AOs by Regan and Trewavas
(1930), the earliest in-depth systematic account of
these taxa, likely led to the proliferation in subsequent taxonomic literature (e.g., Morrow, 1964),
and eventually gained wide use in works focusing
on the biochemical and structural aspects or ecological importance of these organs (e.g., O’Day and
Fernandez, 1974; Widder et al., 1984; Campbell
and Herring, 1987; Douglas et al., 1998; Douglas
et al., 2000; Herring, 2000; Sutton, 2005). In his
Journal of Morphology

phylogenetic analysis of the Stomiidae, Fink
(1985) recognized that the term ‘‘suborbital’’ or
‘‘preorbital’’ in reference to the loosejaw AOs
implied an a priori assumption of homology with
the photophores of basal stomiiform taxa given
similar names (see Weitzman, 1974: Table 1). As
a remedy, Fink (1985) designated the AOs as
‘‘accessory orbital’’ photophores (AOPs), applying
the name ‘‘AOPI’’ to the AOs of Aristostomias,
Malacosteus, and the largest of Pachystomias;
‘‘AOPII’’ and ‘‘AOPIII’’ was applied to the small
anterior AO and organ positioned along the
ventral margin of AOPI in Pachystomias, respectively. The small, circular or oblong blue-emitting
organ anteroventral to the orbit in Photostomias
was given the name ‘‘AOP IV.’’ A variant of terminology used here, AO, has been adopted in recent
morphology-based systematic revisions of loosejaw
genera (Kenaley and Hartel, 2005; Kenaley, 2007,
2009).
Although Fink (1985) recognized spurious
assumptions of homology and proposed a new terminology as a remedy, he coded the far-red AOs of
Aristostomias, Malacosteus, and the largest of
Pachystomias (‘‘AOPI’’) as apomorphic (his character 309). Because characters are conceptualizations
of homologies, Fink’s (1985) coding must be interpreted as a de facto conjecture of homology for the
largest AOs of these taxa. The coding of Photostomias as plesiomorphic for this character was possibly a mistake (W.L. Fink, personal communication,
7 May 2009); however, in a discussion of stomiid
photophores, Fink (1985:117) assigned a unique
name to this structure (‘‘AOP IV’’) and described it
quite differently than the AOs of other taxa as an
unorganized luminescent mass. Thus, it appears
that Fink (1985) viewed the AO of Photostomias as
autapomorphic.
Studies of teleost morphological homology have
focused almost exclusively on osteological and
myological characters. To assess homology of loosejaw accessory photophores, however, some other
line of evidence is required. Due in large part to
methodological difficulties, comparative neuroanatomy remains a relatively untapped source of data
in vertebrate morphology, despite being a phylogenetically informative character complex (Song and
Boord, 1993; Song and Parenti, 1995). Cranial
nerve innervation of cephalic photophores has
been described for the myctophid Stenobrachius
leucopsarus (Ray, 1950) and suggested for the
batrachoidids Porichthys myriaster (Nicol, 1957)
and P. notatus (Strum, 1969). Much less is known
about the innervation of stomiid cephalic photophores. Brauer (1904, 1908) and Nicol (1960)
described a direct innervation of the postorbital
photophores of several stomiid species but could
not identify a particular nerve. Herring and Cope
(2005) alluded to trigeminal innervation of the
postorbital and accessory orbital photophores of
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Malacosteus niger, but they presented no anatomical evidence.
The aim of this study is to assess the homology
of the loosejaw accessory photophores. Homology
assessment is at least a two-part process (Patterson, 1982; de Pinna, 1991; Brower and Schawaroch, 1996), the most important procedures
being conjecture of homology based on similarity
(establishing primary homology) and the test of
that conjecture as congruent with the best phylogenetic hypothesis at hand (establishing secondary
homology). Aside from what may be subjective
decisions by the researcher in the choice of character optimizations when ambiguous character
reconstructions are inferred (see Agnarsson and
Miller, 2008), the establishment of secondary
homology is based on the decisive and objective
criterion of congruence. However, the basis of primary homology, similarity, is often subjectively
evaluated and what is considered similar may
vary by researcher (Rieppel and Kearney, 2002).
To reduce subjectivity in the evaluation of similarity, it is necessary to use intrinsic discrete features
that are part of the structure of the system
(Rieppel and Kearney, 2002). Similarity is assessed
in this study on the basis of two implicit criteria:
(1) topological similarity in the form of shared cranial nerve innervation, and (2) Patterson’s (1982)
conjunction criterion. To establish secondary
homology, primary conjectures of homology are
evaluated through tests of congruence on a phylogenetic topology inferred from a reanalysis of
Fink’s (1985) morphological dataset. Secondary
aims are to establish primary homology of the
loosejaw suborbital and postorbital photophores
and, according to hypothesized homology, address
the terminology of stomiid cephalic photophores.
Terminology that more accurately reflects homology and removes confusion about evolutionary origin may serve as a framework for further studies
of these unique bioluminescent systems.
MATERIALS AND METHODS
Morphological Analysis
Descriptions and illustrations are based on whole specimens
prepared with a modified clearing and triple-staining technique described by Song and Parenti (1995) whereby bone
and cartilage were stained with alizarin red and alcian blue,
respectively (following Dingerkus and Uhler, 1977), and
nerves were stained with Sudan Black B (following Filipski
and Wilson, 1984). The following triple-stained specimens
were examined: Aristostomias xenostoma, MCZ 131897, 34
mm standard length (SL); UW 118768, 90 mm SL; Malacosteus niger, MCZ 131819, 138 mm SL; Pachystomias microdon,
ZMUC P20591, 91 mm SL; ZMUC P208474, 63 mm SL;
ZMUC P208475, 91 mm SL; Photostomias sp., UW 118766, 87
mm SL; Ph. guernei, MCZ 131716, 95 mm SL, MCZ 131477,
97 mm SL; Ph. liemi, UW 118767, 90 mm SL. Innervation of
AO, SO, and PO photophores was confirmed in the following
by gross microscopical dissections: Aristostomias sp., UW
151296, 112 mm SL, A. scintillans, UW 117429, 183 mm SL;
116939, 151 mm SL; M. australis, SIO 69-27, 1:152 mm SL;
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TABLE 1. Abbreviations of components of the trigeminal, facial,
and anterior lateral-line nerves as discussed in the text and
presented in Figures 2–6
AO
Fhd
Fhy
Fmd
Fop
Fpl
ib
ob
ot
so
SO
PO
Tmd
Tmdp
Tmx
Tmxi
Tmxs
Top
Tpr

Accessory orbital photophore
Hyoid ramus of the facial nerve
Hyomandibular trunk of the facial nerve
Mandibular ramus of the facial nerve
Opercular ramus of the facial nerve
Palatine ramus of the facial nerve
Inner buccal ramus of the anterodorsal
lateral-line nerve
Outer buccal ramus of the anterodorsal
lateral-line nerve
Otic lateral-line nerve
Superficial ophthalmic ramus of the anterodorsal
lateral-line nerve
Suborbital photphore
Postorbital photophore
Mandibular ramus of the trigeminal nerve
Photophore branch of the Tmd
Maxillary ramus of the trigeminal nerve
Inferior branch of the Tmx
Superior branch of the Tmx
Opercular ramus of the trigeminal nerve
Profundal ramus of the trigeminal nerve

SIO 61-36-10, 155 mm SL; M. niger, LACM 36046-39, 110
mm SL; LACM 11512-11, 172 mm SL; Pa. microdon, UW
47216, 195 mm SL; UW 116936, 175 mm SL; Photostomias
sp., LACM 36130-8, 111 mm SL; Ph. lucigens, UW 117086, 95
mm SL. Descriptions and drawings were made with a Zeiss
Stemi SV 11 dissecting microscope equipped with a camera
lucida. Terminology follows Fink (1985) for osteology, Winterbottom (1974) for myology, and Northcutt et al. (2000) for
neuroanatomy. Only those cranial nerves involved in photophore innervation or those in close proximity to cephalic
photophores are described. Several lateral-line sensory rami
associated with the peripheral distribution of the facial nerve
are described as components of that nerve. These sensory
rami likely represent anterior extensions of distinct lateralline nerves such as those described by several descriptive and
experimental studies (e.g., Puzdrowski, 1989; Song and Northcutt, 1991; Piotrowski and Northcutt, 1996; Northcutt et al.,
2000); however, descriptions of the central projections of these
sensory nerves were beyond the scope of the study. Although
no attempt was made to experimentally label sensory rami
and confirm their origin, rami innervating only superficial tissues were identified according to nerves with similar peripheral tracks and target tissues described by Northcutt et al.
(2000). Abbreviations used in the text and figure captions are
presented in Table 1. Anterior lateral-line nerves are identified by abbreviations in italics.

Criteria for Establishing Primary Homology
Primary conjectures of homology of the loosejaw cephalic photophores are based on two implicit, discrete criteria:
1. Structural sameness: First order observations of the neuroanatomy associated with cephalic photophores are used to establish similarity. It is most parsimonious to assume that
two photophores innervated by the same cranial nerve projections share a common ontogenetic origin.
2. Conjunction: This criterion, as outlined by Patterson (1982),
asserts that two structures occurring simultaneously in an
organism cannot be homologous, a corollary of Riedl’s (1978)
concept of homologs as anatomical singulars.
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Establishing Secondary Homology and
Phylogenetic Analysis
To establish secondary homology, primary homology conjectures were subjected to tests of congruence under a phylogenetic
hypothesis for the loosejaw dragonfishes. To date, no fully
resolved phylogenetic hypothesis for the Stomiidae exists. Fink
(1985) recovered a clade comprised of the loosejaw genera (his
clade ‘‘W’’); but, this clade could not be resolved beyond four
equally parsimonious trees. Fink (1985) analyzed his large dataset, composed of 323 morphological characters of the then known
26 stomiid genera, in the early days of computational phylogenetics, before the development of methodologies to address the
large number of inapplicable characters, polymorphic taxa, and
the high level of homoplasy in his dataset. To reduce character
linkage during phylogenetic analysis, Fink’s (1985) matrix was
recoded from additive binary characters to unordered multistate
characters where possible (Supporting Information Appendix
S1). In Fink’s (1985) analysis, inapplicable and polymorphic characters were both coded as ‘‘?’’. In the present study, two measures
were taken to reduce the artifactual influence of ambiguously
coded character states on tree searching: (1) polymorphic characters were recoded as such (i.e., ‘‘0/1, 0/2, 1/2,’’ etc.); (2) for characters associated with relative development of a structure (e.g., size
or ossification), taxa with characters states coded as missing (‘‘?’’)
in Fink’s (1985) analysis were recoded as absent or lost in a multistate character. All applicable characters of the four loosejaw genera were reevaluated in triple-stained specimens listed above.
The recoded matrix, presented in Supporting Information Appendix S1, excludes the original AO characters (Fink, 1985:93; chars.
309 and 311) and autapomorphic characters. Character descriptions are presented in Supporting Information Appendix S2.
Eupogonesthes Parin and Borodulina (1993), a rare monotypic genus purportedly sister to Astronesthes (Parin and Borodulina,
2004), was described after Fink’s (1985) analysis and was not
included in the present study.
An unweighted parsimony analysis of 26 stomiid genera and
Fink’s (1985) composite basal stomiiform outgroup was performed
with TNT version 1.1 (Goloboff et al., 2008b) using ‘‘implicit enumeration,’’ an exact search strategy. Clade support was evaluated
with a parametric bootstrap (Felsenstein, 1985) and Bremer support values (Bremer, 1994). To evaluate the overall influence of
homoplasy on tree searching, Goloboff’s (1993) implied weighting
method was employed in an additional exact parsimony analysis
(using the default concavity constant, k 5 3). Weighting against
homoplasy has been shown to improve morphology-based phylogenetic analyses (Goloboff et al., 2008a). Bootstrap values were calculated from 500 pseudoreplicates employing a ‘‘new technology
search’’ that included five random addition sequences, followed by
tree bisection and reconnection (TBR), random and exclusive sectorial searches, and 10 cycles of tree-drifting. Bremer support values were calculated from suboptimal trees inferred from six
rounds of tree searching applying TBR from the four trees saved
in the original analysis. During each round of tree searching, up to
10,000 trees were saved with fits of 1, 3, 5, 7, 9, and 11 steps worse
than the optimal trees. To preserve primary homology hypotheses,
ambiguous reconstructions of photophore character states on the
inferred trees were optimized using accelerated transformation
(ACCTRAN) whereby transformations occur as close to the root of
the tree as possible.
The homology statements proposed in this study are not final.
Homology hypotheses may be revised at either the primary or
secondary levels in light of more or better evidence. With additional morphological evidence or a new phylogenetic hypothesis,
homology of the cephalic photophores of the study taxa may be
reinterpreted in the future.

RESULTS
Morphological Analysis
Foraminal projections. In Malacosteus and
Photostomias, four nerve bundles emanate from a
Journal of Morphology

single, large, ventrolateral trigemino-facial foramen in the prootic: (1) the superficial ophthalmic
ramus (so) of the anterodorsal lateral-line nerve;
(2) a mixed bundle of the palatine ramus and hyomandibular trunk of the facial nerve; (3) a mixed
bundle of the maxillary and mandibular rami of
the trigeminal nerve; and (4) the profundal ramus
of the trigeminal nerve (Figs. 2A and 3A). In Aristostomias and Pachystomias, the trigemino-facial
complex originates from three separate foramina:
(1) the trigeminal components and the so arising
from the trigeminal foramen and penetrating a
more anterodorsal position in the prootic; (2) the
hyomandibular trunk of the facial nerve arising
from the facial foramen at a position posteroventral to the trigeminal foramen; and (3) the palatine
ramus of the facial nerve arising from a separate
foramen on the anterior ventrolateral surface of
the prootic (Figs. 4A and 5A).
Facial components. In Malacosteus and Photostomias, at the approximate midpoint between the
trigeminal foramen and anterior margin of the
hyomandibula, the hyomandibular trunk (Fhy)
gives rise to the opercular ramus of the facial
nerve (Fop; Figs. 2A and 3A). In Malacosteus, the
Fop bifurcates immediately to form a more proximal ramulus that projects ventrally to innervate
the adductor arcus palatini, and a more distal
ramulus coursing to the posteromedial face of the
hyomandibula and along the posterior margin of
the hyomandibula to innervate the levator operculi
(Fig. 3A). In Photostomias, the Fop passes along
the dorsomedial surface of the hyomandibula, dorsal to the opercular process, bifurcating at a point
just posterior to the opercular process into dorsal
and ventral branches that innervate the adductor
arcus palatini and levator operculi, respectively. In
Aristostomias and Pachystomias, the pattern is
much the same; however, the Fop arises from the
Fhy at a point much more proximal to the facial
foramen (Figs. 4A and 5A). In addition, the ramuli
of the Fop of Aristostomias are joined in anastomosis; no such anastomosis was observed in any
other loosejaw taxon.
In all taxa examined, the Fhy enters the medial
opening of the hyomandibular foramen and
courses through the thickness of the hyomandibula, bifurcating within the hyomandibula, the
more dorsal branch projecting through the dorsolateral opening of the foramen. This dorsal branch
bifurcates immediately to produce the otic lateralline nerve (ot) and mixed trunk of the inner and
outer buccal rami of the anterodorsal lateral-line
nerve (ib and ob, respectively; Figs. 2A, 3A, 4A,
and 5A). The ot courses dorsally along the lateral
face of the hyomandibula, bifurcating at its dorsal
head, producing a branch anteriorly, ventral to the
sphenotic process of the frontal. In Malacosteus,
Photostomias, and Aristostomias, the anterior
branch of the ot ends in innervation of the anterior
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Fig. 2. Innervation of the cephalic photophores of Photostomias. A: Anterodorsal part of neurocranium and suspensorium showing the peripheral course of the trigeminal (green) and facial/anterior lateral-line (yellow) nerves; bones are stippled, cartilage is
shaded dark gray. B: Triple-stained preparation of P. liemi, UW 118767, 90 mm SL, lateral view of anterodorsal neurocranium and
dorsal suspensorium. C: Innervation of accessory photophore. For abbreviations, see Table 1.
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Fig. 3. Innervation of the cephalic photophores of Malacosteus. A: Anterodorsal part of neurocranium and suspensorium showing the peripheral course of the trigeminal (green) and facial/anterior lateral-line (yellow) nerves; bones are stippled, cartilage is
shaded dark gray. B: Medial view of accessory photophore (AO) and associated cranial nerves. C: Triple-stained preparation of
MCZ 131819, 138 mm SL, medial view of AO. For abbreviations, see Table 1.
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Fig. 4. Innervation of the cephalic photophores of Aristostomias. A: Anterodorsal part of neurocranium and suspensorium showing the peripheral course of the trigeminal (green) and facial/anterior lateral-line (yellow) nerves; bones are stippled, cartilage is
shaded dark gray. B: Medial view of accessory photophore (AO) and associated cranial nerves. C: Triple-stained preparation of
A. xenostoma, MCZ 131897, 34 mm SL, medial view of AO. For abbreviations, see Table 1.

supraorbital lateral-line canal (Figs. 2A, 3A, and
4A). In Pachystomias, after supplying innervation
to the posterior portion supraorbital lateral-line

canal, the ot bifurcates, coursing within superficial
tissue along the lateral edge of the frontal before
ending in innervation of the anterior portion of the
Journal of Morphology
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Fig. 5. Innervation of the cephalic photophores of Pachystomias. A: Anterodorsal part of neurocranium and suspensorium showing the peripheral course of the trigeminal (green) and facial/anterior lateral-line (yellow) nerves; bones are stippled, cartilage is
shaded dark gray. B: Triple-stained preparation of ZMUC P20591, 91 mm SL, lateral view of accessory photophore, ventral anterodorsal neurocranium, and dorsal suspensorium ventral to orbit. For abbreviations, see Table 1.

supraorbital lateral-line canal (Fig. 5A). In Pachystomias, the ot also produces a ventral branch just
beyond the anterior margin of the fleshy orbit that
innervates superficial tissue surrounding the
Journal of Morphology

anterior fleshy orbit (Fig. 5A). These anteroventral
projections of the ot may indeed exist in other
loosejaws, however, they were not observed in the
specimens examined. In all taxa examined, the
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posterior branch of the ot extends posterodorsally
ending in innervation of the otic canal at a point
midway between the margin of the elements of the
posterior neurocranium and the first ossified vertebra (Figs. 2A, 3A, 4A, and 5A).
At its origin from the dorsolateral hyomandibular foramen, a mixed bundle consisting of the ib
and ob courses ventrally and slightly anteriorly
across the lateral face of the hyomandibula and
lateral to the posteroventrally directed branches of
the mandibular ramus of the trigeminal nerve
(Tmd). At a point anterior to the midpoint of the
anterior margin of the hyomandibula, the mixed
ib-ob bundle bifurcates into its constituent rami.
In Malacosteus, Aristostomias, and Photostomias
the ib follows an arching course from its divergence with the ob, projecting anteroventrally and,
eventually anterodorsally into the snout (Figs. 2A,
3A, and 4A). In Malacosteus, the ib arches sharply
over the posterolateral face of the AO (Fig. 3A). At
the peak of the arch, fibers of the ib anastomose
with and bisect anterodorsal projections of the
Tmd fibers that innervate the SO. Distal to this
anastomosis, the ib arches ventroposteriorly, then
dorsoanteriorly, following the ventrolateral margin
of the AO, sending several branches towards the
maxilla and premaxilla, eventually ending in
innervation of superficial tissue anterior to the
AO. A similar configuration of the proximal section
of the ib and anterior projections of the Tmd is
seen in Photostomias (Fig. 2A). Although Aristostomias and Pachystomias lack a bisection of the ib
by branches of the Tmd, the ib and Tmd are in
close association and no doubt exchange fibers.
Aside from this contrast, the ib maintains much
the same course in all taxa examined as the most
lateral ramus in the cheek, bifurcating several
times on its anterodorsal path to the snout (Figs.
2A,B, 4A, and 5A). Several ventral projections of
the ib supply superficial innervation of the bones
of the upper jaw, snout, and cheek. The first, most
proximal ventral projection is a thin, ventroposteriorly directed nerve, innervating the skin between
the PO and maxilla in Aristostomias, Pachystomias, and Malacosteus (Figs. 3A, 4A, and 5A), and
the skin posterodorsal to the PO in Photostomias
(Fig. 1A). More distally, the ib of all taxa examined
produces a nerve that bifurcates over the anterodorsal margin of the maxilla to form anterodorsally and posteroventrally directed branches. More
distally, proximal to a series of complex bifurcations in the snout, the ib produces a small nerve
that first projects anteroventrally and then arches
abruptly to course posteroventrally dorsal to the
posterodorsal margin of the premaxilla (Figs. 2A,
3A, 4A, and 5A). In Aristostomias, Pachystomias,
and Photostomias, the termination of the ib is
more complex than in Malacosteus, bifurcating
several times on its course to superficial innervation of tissues of the snout anterior to the AO

427

(Figs. 2A,B, 3A, and 4A). These projections course
medial to the AO in Photostomias (see Fig. 2) and
lateral to the AO in Malacosteus, Aristostomias,
and Pachystomias (Figs. 3A–C, 4A–C, and 5). In
Malacosteus, the superficial tissues of the compact
space between the anterior margin of the fleshy
orbit and premaxilla is innervated by much less
dendritic terminations of the ib relative to the
other taxa examined.
From its bifurcation with the ib, the ob courses
ventroposteriorly, over the metapterygoid and
quadrate, lateral to posteroventrally directed
branches of the Tmd, to the articulation of posterior margin of the anguloarticular, medial to the
ventral expansion of the supramaxilla (Figs. 2A,B,
3A, 4A, and 5). From here, the ob bends sharply
anterodorsally to innervate lateral superficial tissues of the lower jaw (not shown). The ob gives off
a set of very thin posterolaterally directed nerves
that terminate in innervation of superficial tissues
of the cheek over the hyomandibula and metapterygoid.
After giving rise to the ot and the mixed ib-ob
bundle, the hyomandibular trunk continues within
the hyomandibula as a mixed Fhd-Fmd bundle
that emerges through the ventrolateral opening of
the hyomandibular foramen. In Aristostomias,
Pachystomias, and Photostomias, this foramen is
positioned in the notch created by the opercular
process of the hyomandibula (Figs. 2A,B, 3A, and
4A), offset slightly to a more ventrolateral
position relative to the dorsolateral opening. In
Malacosteus, the hyomandibula does not produce
an elongate opercular process; thus, the notch is
absent and the ventrolateral opening of the hyomandibular foramen is exposed along the face of
the hyomandibula, nearly directly ventral to the
dorsolateral opening (Fig. 3A). At its emergence
from the ventrolateral foramen, the Fhd-Fmd bundle projects posteroventrally, reaching the posterior margin of the hyomandibula, continuing ventrolateral to the cartilage of the opercular process
in Malacosteus (Fig. 3A) and ventral to the process
in Photostomias (Fig. 2A). Emerging ventroposterior to the cartilage of the opercular process of the
hyomandibula, above the head of the preopercle,
the Fhd-Fmd bundle bifurcates to form its constituent rami, the hyoid (Fhd) and mandibular (Fmd)
rami of the facial nerve. The Fmd continues ventroposteriorly between the posterior margins of the
hyomandibula and sympletic and the anterior margin of the preopercle. The Fmd bifurcates at various positions among loosejaw taxa: over the ventral third of the hyomandibula, adjacent to the
approximate midpoint of the posterior margin of
the metapterygoid in Malacosteus and Photostomias; over the dorsal third of the symplectic in
Aristostomias, and over the ventral margin of
the hyomandibula in Pachystomias (not shown).
The posterior branch, no doubt containing fibers of
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the deep subdivision of the anteroventral lateralline nerve, follows a ventroposterior course, passing between the medial face of the preopercle and
lateral face of the symplectic, continuing along the
posteromedial margin of the preopercle, across the
medial face of the quadrate, into the anguloarticular. The anterior branch, no doubt containing
fibers of the shallow subdivision of the anteroventral lateral-line nerve, courses ventroposteriorly
along the lateral face of the preopercle to the
ventromedial margin of the supramaxilla and
medial to the quadrate. Over the posterior notch of
the anguloarticular, the anterior branch of the
Fmd joins the ob in anastomosis. The adjoined
Fmd-ob bundle courses anteroventrally over the
lateral face of the quadrate and passes into the
dentary at the articulation of these two bones.
From its bifurcation with the Fmd, the Fhd continues posteroventrally along the posterior margin
of the preopercle and anterior margin of the
opercle (Figs. 2A, 3A, 4A, and 5A). At a position
ventral to the dorsal head of the preopercle, the
Fhd produces a sensory nerve that innervates the
skin of the cheek over the preopercle and opercle.
From here, the Fhd continues on its path along
the posterior margin of the preopercle, breaking
from this course to pass within the skin between
the medial face of the metapterygoid and the first
branchial arch. The Fhd then wraps around the
lateral margin of the junction of the interhyal and
posterior ceratohyal, over the medial side of the
two (in Malacosteus) or three (in Aristostomias,
Pachystomias, Photostomias) posteriormost branchiostegal rays, between the second and third or
third and fourth posteriormost rays, innervating
the first branchiostegal photophore, then along the
lateral side of the rays, following the ventral margin of the anterior ceratohyal to innervate the protractor hyoideus (not shown). In Aristostomias,
Pachystomias, and Photostomias (taxa with welldeveloped branchiostegal photophores), the Fhd
supplies innervation to the branchiostegal photophores. No such innervation of the vestigial branchiostegal photophores was observed in Malacosteus. In Aristostomias and Pachystomias, the Fhd
also supplies innervation to the hyoid barbel.
In Aristostomias and Pachystomias, the palatine
ramus of the facial nerve (Fpl) arises from a dedicated foramen, ventral to the facial foramen (Figs.
4A and 5A). In Malacosteus and Photostomias, the
Fpl is produced outside the neurocranium from the
hyomandibular trunk of the facial nerve (Figs. 2A
and 3A). In all taxa examined, the Fpl first courses
anteroventrally and arches anteriorly, lateral to
the parasphenoid. Over the parasphenoid, the Fpl
bifurcates to form dorsal and ventral branches.
The dorsal branch of the Fpl courses into the
snout, innervating unidentified tissues ventral to
the anterior base of the parasphenoid, and ending
in close association with projections of the ib. The
Journal of Morphology

ventral branch courses ventrally to innervate the
superficial tissues of the dorsal buccal cavity, eventually ending in innervation of tissues of the snout
anterodorsal to the head of the premaxilla.
In Malacosteus and Photostomias, the so arises
from the trigemino-facial foramen of the prootic,
dorsal to the profundal ramus of the trigeminal
nerve (Figs. 2A and 3A). In Aristostomias and
Pachystomias, the so originates from the trigeminal foramen in the same close association with the
Tpr (Figs. 4A and 5A). From its origin, the so runs
anteriorly along the ventrolateral surfaces of the
prootic and pterosphenoid, parallel and dorsal to
the Tpr. The so bifurcates over the pterosphenoid
in Malacosteus and Pachystomias (Figs. 3A and
5A), the supraethmoid in Photostomias (Fig. 2A,B),
and the prootic in Aristostomias (Fig. 4A), sending
a dorsally directed branch that enters the ventral
surface of the frontal bone to innervate the supraorbital sensory canal.
Trigeminal components. In Aristostomias and
Pachystomias, the trigeminal components emanate
from the trigeminal foramen as a single trunk consisting of the Tmx, Tmd, and Tpr (Figs. 4A and
5A). In Malacosteus and Photostomias, the Tpr
and the remainder of the trigeminal trunk emanate from the trigeminal foramen as separate components (Figs. 2A and 3A). In Aristostomias and
Pachystomias, the Tpr projects anteriorly from the
trigeminal trunk as it exits the trigeminal foramen. The opercular ramus (Top) of the trigeminal
trunk is produced lateral or just ventral to the
posteroventral elements of the neurocranium
(Figs. 4A and 5A). In Malacosteus and Photostomias, the Top emanates at a point lateral to the
suture of the prootic and parasphenoid (Figs. 2A
and 3A). In Aristostomias, the Top is produced immediately dorsal to the bifurcation of the trigeminal trunk, between the anteroventral margin of
the prootic and dorsal margin of the parasphenoid
(Fig. 4A). In Pachystomias, the Top is produced at
a point midway between the trigeminal foramen
and the posteroventral margin of the prootic
(Fig. 5A). In all taxa examined, the Top bifurcates
to form inferior and superior branches. The superior branch bifurcates before its projection around
the dorsolateral opening of the dorsal hyomandibular foramen, medial to rami of the hyomandibular
trunk of the facial nerve, terminating posterior to
the hyomandibula in innervation of the dilator
operculi. The inferior branch of the Top courses
ventrally along the anterolateral margin of the
hyomandibula ending in innervation of the levator
arcus palatini. In Aristostomias, just anterior to
the anterior margin of the hyomandibula, the
superior branch produces a ventrally projecting
nerve that anostomoses with posterior projections
of the inferior branch of the Top (Fig. 4A). No such
anastomosis was observed in any of the other taxa
examined.
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After producing the Top, the trigeminal trunk
bifurcates to form the Tmx and Tmd. In Malacosteus and Photostomias, the Tmx-Tmd bifurcation
occurs considerably ventral to the parasphenoid
(Figs. 2A,B and 3A). In Aristostomias and Pachystomias, the trigeminal trunk bifurcates dorsal to
the parasphenoid, over the ventrolateral surface of
the prootic (Figs. 4A and 5A). In Photostomias and
Malacosteus, the Tmd passes medial to the ib at a
right angle, arching posteroventrally to course
anteromedially and nearly parallel to the ob
(Figs. 2A and 3A).
In all taxa examined, the first major projection
of the Tmd distal to its bifurcation with Tmx is the
photophore branch of Tmd (Tmdp), a ramulus that
ends in dendritic innervation of the postorbital
photophore, supplying the encapsulating reflective
tissue and the inner core. In Photostomias, Tmdp
projects posterioventrally from the Tmd, bifurcating immediately to form posterior and anterior
branches (Fig. 2A). The anterior branch passes
over the lateral surface of the ib, anterior to the
posterior branch that passes medial to the ib distal
to its split from the ob. Before passing lateral to
the ib, the anterior branch produces a fine nerve
that bifurcates immediately, the more dorsal projection arching anteriorly, lateral to the Tmxs, to
innervate the SO. The ventral projection follows a
course along the ib into the snout, breaking from
the main trunk of the ib as the ib multifurcates
ventral to the SO, arching dorsoanteriorly, lateral
to fine divisions of the ib, eventually ending in
innervation of the small AO (Fig. 2C). The posterior branch of the Tmdp, bifurcates into a small
nerve that courses posteroventrally and a nerve
that courses anteroventrally to rejoin the anterior
branch of the Tmdp. The resulting nerve enters
the dorsal margin of the PO, coursing through the
long axis of the photophore and providing innervation.
The Tmdp of Malacosteus projects from the Tmd
just dorsal to the ib, bifurcating a short distance
from its origin to form a ventrally directed ramulus that innervates the PO and an anterodorsally
directed ramulus that is immediately bisected by
the ib (Fig. 3A). The bisected fibers of this ramulus, no doubt now containing fibers from the ib,
rejoin to course anterodorsally over the posterolateral margin of the core of the AO, bifurcating at
several points to innervate unidentified tissues
medial and lateral to the AO, eventually ending in
innervation of the SO.
The Tmdp of Aristostomias is shortest relative
to those of other loosejaw taxa. After originating
from the Tmd, the Tmdp sends two successive
ramuli anterodorsally, the first ending in anastomosis with the ib, the second coursing passing
lateral to the ib (Fig. 4A). The latter ramulus
bifurcates just dorsal to the ib to form a short
anteroventrally directed fiber that ends in

429

anastomosis of with the ib and an anterodorsally
directed fiber that ends in innervation of the SO.
In Pachystomias, the Tmdp is produced ventrally
and then arches anteroventrally, producing several fine, laterally coursing fibers that innervate
superficial tissues posterior to the AO (Fig. 5).
Distal to these fibers, the Tmdp produces a large
nerve that arches anteroventrally, then posteroventrally through the cheek to innervate the postorbital photophore. The main trunk of the Tmdp
continues anteroventrally, emitting several ventrolaterally directed fibers that enter the AO,
penetrating a reflective layer before innervating
the core. Proximal to entering the core of the AO,
Tmdp produces an anteriorly directed branch that
anastomoses with a branch of the Tmx that
innervates the glandular mass surrounding the
core of the AO photophore. A fine ramulus originates between the bifurcation of the Tmdp from
the trunk of the Tmd and the origin of the nerve
innervating the PO. This ramulus courses anteroventrally in close association with the ib, innervating unidentified soft tissue before innervating
the SO photophore at the bundle’s most distal
point.
In all taxa examined, the Tmd maintains a posteroventral course distal to the origin of the Tmdp,
producing several posteriorly directed branches
that end in innervation of the adductor mandibulae. The Tmd continues to the articulation of the
lower jaw, arching anterodorsally, medial to the
ventral expansion of the supramaxilla and posterodorsal expansion of the anguloarticular (not
shown). From here, the Tmd passes along the
medial margin of the dentary, and, before passing
medial to the anguloarticular, produces a ramulus
that innervates the intermandibularis section of
the adductor mandibulae.
After breaking from the trigeminal trunk,
Tmx arches anteroventrally, bifurcating to form
superior and inferior branches (the Tmxs and
Tmxi, respectively). In all taxa examined, the
Tmxi takes an anteroventral course, bifurcating
over the maxilla to form anterodorsal and ventroposterior nerves that innervate the teeth and
superficial tissue surrounding the maxilla. The
Tmxs arches anterodorsally from its bifurcation
with the Tmxi, coursing medial to the core of
the AO and lateral to the parasphenoid where
it produces a dorsally directed ramulus that
ends in bifurcation and innervation of tissue
anterior to the lateral ethmoid. The main trunk
of the Tmxs continues anterodorsally within the
snout, lateral to the supraethmoid, and bifurcates several times before ending in innervation
of tissue anterior to the supraethmoid and
lateral and anterior to the dorsal process of the
premaxilla.
Distal to its bifurcation with the Tmxi, the
Tmxs of Malacosteus courses along the dorsal
Journal of Morphology
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margin of the AO (Fig. 3A,B). Along its track
over the dorsal margin of the AO, the Tmxs bears
a series of nerves that innervate the core and
outer reflective surface. The main trunk of the
Tmxs continues along the anterodorsal margin of
the AO, past the pointed anterior tip of the AO,
terminating in innervation of tissue anterior and
medial to the anterodorsal head of the premaxilla.
With the exception of lacking innervation to a
large accessory photophore, the Tmx of Photostomias takes much the same course as that
observed in Malacosteus; however, the Tmxi
maintains a course more proximal to the Tmxs
than in other loosejaw taxa. The Tmxs of Photostomias passes along the anteroventral margin of
the orbit, over the parasphenoid, bifurcating immediately posterior to the small accessory photophore (Fig. 2A). Medial to the AO, fibers of the
Tmxs pass over the lateral margin of the supraethmoid, medial to fine fibers of the ib, ending in
innervation of general tissues of the snout. At its
bifurcation posterior to the accessory photophore,
the Tmxs produces a series of small nerves that
projects laterally and then dorsally. One of these
small nerves, passing posterior to the posterior
margin of the AO, supplies a small fiber that
innervates the luminescent tissues of the organ
(Fig. 2A).
In Pachystomias, the Tmx bifurcates over the
dorsoposterior margin of the large accessory photophore ventral to the orbit (Fig. 5). The resulting
ventral projections immediately penetrate the photophore, sending projections posteriorly and anteriorly into the glandular mass surrounding the core
and reflective layer. Dorsal to the core, more proximal sections of these nerves anastomose with anterior fibers of the Tmdp. The most ventral fibers of
the Tmx supply innervation to glandular tissue of
the small photophore embedded in the ventrolateral margin or the larger, more dorsal photophore
(Fig. 5A). Innervation of a core of this small photophore was not observed but rather only innervation of outer tissues.
The profundal ramus of the trigeminal nerve
(Tpr) emanates from the trigeminal foramen anterior to the trigeminal trunk in Malacosteus
and Photostomias (Figs. 2A and 3A) or directly
from the trigeminal trunk in Aristostomias and
Pachystomias (Figs. 4A and 5A), ventral to and
in contact with the so. In Malacosteus, the Tpr
courses anterodorsally, parallel to the so, along
the ventrolateral face of the pterosphenoid, arching anteroventrally over the frontal and supraethmoid, and eventually arching posteroventrally
over the ventral supraethmoid (Fig. 3A). The Tpr
continues on a posteroventral path medial to the
posterior margin of the premaxilla, eventually
terminating in innervation of tissues anterior to
the reflective material of the accessory photophore. The Tpr of Photostomias takes a more
Journal of Morphology

direct, linear route over the prootic and supraethmoid, bifurcating over the supraethmoid and
terminating in innervation of tissues of the
snout anterior to the supraethmoid and frontal
(Fig. 2A).
The Tpr of Aristostomias and Pachystomias
takes a radically different course after departing
from the so. In Aristostomias, the Tpr courses
anteriorly along the ventrolateral face of the pterosphenoid to pass medial to the posterior process
of the lateral ethmoid, making a sharp turn ventrally, lateral to the medial base and anterior process of the lateral ethmoid (Fig. 4A). After passing
medial to the dorsal margin of the AO, the Tpr
produces a small branch anteriorly that innervates
tissues lateral to the anterior margin of supraethomoid. The main trunk continues into the glandular
mass of the AO, innervating the organ in a fernlike pattern that extends posteroventrally along
the anterodorsal-posteroventral axis of the AO (see
Fig. 4).
The Tpr of Pachystomias follows much the same
course as that observed in Aristostomias, following
the ventrolateral face of the pterosphenoid, ventrolateral to the ventrolateral margin of the frontal
(Fig. 5A). Immediately dorsal to the lateral ethmoid, the Tpr bifurcates, producing an anteriorly
directed branch that innervates tissues ventral to
the lateral ethmoid and dorsal to the parasphenoid. The more posterior branch courses ventroposteriorly, along the anteroventral margin of the
orbit, to innervate the round accessory photophore
directly anterior to the larger accessory photophore positioned ventral to the orbit. Fibers of the
Tpr innervate both the core of the AO and the surrounding minute glandular mass. No innervation
separate from this was observed for the minute
organ embedded in the ventrolateral margin of the
photophore.
Phylogenetic Analysis
An unweighted exact parsimony analysis of 202
parsimony informative characters in TNT resulted
in four most parsimonious trees (length 5 503,
CI 5 0.48, RI 5 0.76). Under implied weights, a
single tree of the same unweighted length was
recovered (score 5 51.7). A strict consensus of the
four unweighted trees is presented and contrasted
with the weighted tree in Fig. 6. The unweighted
analysis recovered 19 of the 22 stomiid clades
recovered by Fink (1985), including a loosejaw
clade. Under implied weighting, the loosejaw clade
is identically resolved. The most striking outcome
of these reanalyses is the resolution of the relationships within the loosejaw clade. All analyses
recovered Pachystomias 1 (Aristostomias 1 (Malacosteus 1 Photostomias)) albeit with low clade
support and conflicting character evidence for the
internal nodes.
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innervated by a branch of the Tmd (Figs. 2 and 5).
The far-red AO of Malacosteus (Fig. 1B; ‘‘AOP I’’ of
Fink, 1985; ‘‘suborbital’’ of other authors) and
luminescent mass ventral to the posterior far-red
photophore in Pachystomias (Fig. 1D; ‘‘AOP II’’ of
Fink, 1985) are innervated by branches of the Tmx
(Figs. 3 and 5). A summary of loosejaw AO innervation patterns is presented in Figure 7.
Homology of Cephalic Photophores
On the basis of cranial nerve innervation uncovered in this study, the AOs of the stomiidae are
not homologous. In particular, the far-red AO of
Malacosteus is not homologous with that of
Aristostomias nor to any of Pachystomias. The farred AO of Malacosteus is innervated by the Tmx;
however, the large single AO of Aristostomias and
the circular AO anteroventral to the orbit in
Pachystomias are innervated by the Tpr. The core
of the large sausage-shaped AO of Pachystomias,
directly ventral to the orbit, (‘‘AOP I’’ of Fink,
1985), is the only far-red AO innervated by the
Tmd. These dissimilar innervation patterns do not

Fig. 6. Strict consensus of four most parsimonious trees
from an analysis of 202 unweighted morphological characters
taken from Fink’s (1985) analysis of 26 stomiid genera. Bremer
support values and parametric bootstrap values are indicated
above and below branches, respectively. Bootstrap values below
50 are omitted. Nodes labeled with a closed circle indicate
clades recovered by Fink (1985). Gray, dashed branches represent resolved clades recovered from an additional analysis
under implied weighting of the same dataset. The loosejaw
clade is indicated by red branches.

DISCUSSION
Photophore Innervation
Innervation of the loosejaw cephalic photophores
has been uncovered. The stomiid AO, PO, and SO
are innervated solely by rami of the trigeminal
nerve. The SO and PO of all taxa examined are
innervated by branches of the Tmd. The large
anterior far-red photophore of Pachystomias
(Fig. 1D; ‘‘AOP III’’ of Fink, 1985; ‘‘preorbital’’ of
other authors) and adjacent minute photophore
are innervated by the Tpr (Figs. 4 and 5) and are
hereafter treated as a single photophore. The farred AO of Aristostomias (Fig. 1C; ‘‘AOP I’’ of Fink,
1985; ‘‘suborbital’’ of most other authors) is also
innervated by the Tpr. The shortwave AO of
Photostomias (Fig. 1A; ‘‘AOP IV’’ of Fink, 1985;
‘‘preorbital’’ of other authors) and large posterior
far-red AO of Pachystomias (Fig. 1D; ‘‘AOP I’’ of
Fink, 1985; ‘‘suborbital’’ of most other authors) are

Fig. 7. Schematic drawing of position and innervation of
accessory orbital photophores (AOs) of the loosejaw dragonfishes. Far-red AOs are shown in red, short-wave AOs by purple. The shortwave postorbital photophores, innervated by a
branch of the mandibular ramus of the trigeminal nerve, are
shown in blue.
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permit conjecture of primary homology based on
topological similarity. In addition, Patterson’s
(1982) conjunction criterion is invoked here as a
tool to detect non-homology. The occurrence of a
an AO innervated by the profundal ramus and
another innervated by the mandibular ramus in
Pachystomias, photophores also present in Aristostomias and Photostomias, respectively, indicates
non-homology of these structures.
An assessment of topological similarity and conjunction renders the loosejaw AO divisible into
three characters subject to further scrutiny, hereafter referred to as the maxillary, profundal, and
mandibular AOs (Table 2). Reconstructions of the
mandibular and profundal AOs on the topology
recovered through phylogenetic analysis (see Fig. 6)
reveals a single evolutionary origins or the profundal AOs under ACCTRAN optimization (Fig. 8A). A
profundal AO is apomorphic for the loosejaw clade
and distally lost in a clade of Photostomias 1 Malacosteus. The primary homology of the profundal AO
of Pachystomias and Aristostomias survives the
congruence test, and thus, the homology of this photophore cannot be rejected. Most parsimonious
reconstructions of mandibular and maxillary AOs
do not confirm homology at the secondary level. The
mandibular AO of Pachystomias and Photostomias
and the maxillary AO of Pachystomias and Malacosteus each appear as parallel transformations in
reconstructions on a phylogeny of the loosejaws
(Fig. 8B,C). Under the phylogenetic hypothesis proposed in this study, alternative reconstructions of
the mandibular and maxillary AOs as apomorphic
for the loosejaw clade requires three transformations, rather than two: a gain and two losses in
Aristostomias and Malacosteus for the mandibular
AO and a gain and two losses in Aristostomias and
Photostomias for the maxillary AO.
Primary homology based on innervation patterns
and subsequent tests of secondary homology
reduce the stomiid far-red AOs to three unique
structures: (1) the profundal AO of Pachystomias
and Aristostomias; (2) maxillary AO of Malacosteus, and (3) mandibular AO of Pachystomias.
Based on this, it is hypothesized that photophores
capable of producing far-red, longwave light
evolved independently three times in the
Stomiidae.
The homology of the profundal AO hypothesized
here would not be so under a different optimization criterion (i.e., delayed transformation or
DELTRAN) for character reconstruction. In the
reconstruction of the profundal AO, the application
of ACCTRAN maintains the primary homology
hypothesis by accounting for homoplasy as a loss.
Under DELTRAN, the reconstruction of these
characters accounts for homoplasy as parallelism,
thereby introducing an ad hoc hypothesis of independent gains despite the contrary evidence of
shared innervation. On these grounds, ACCTRAN
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is the preferable optimization and the homology
of the profundal AO the more conservative
hypotheses.
Primary homology of the loosejaw SO is
hypothesized on basis of shared innervation by the
mandibular ramus of the trigeminal nerve. Fink
(1985) proposed that the SO was likely homologous
in all stomiiform taxa, but the results of this study
do not fully corroborate this hypothesis. Handrick
(1901) reported that the preorbital photophore
in Argyropelecus hemigymnus (the purported
homolog of the SO in all other stomiiform genera;
Weitzman, 1974), is innervated by a projection of
the Tmx. Gierse (1904) reported an identical
innervation pattern for the SO of Cyclothone
acclinidens. Thus, based on these basal stomiiform
taxa, innervation of the SO by the maxillary
ramus would appear to be the pleisiomorphic condition of stomiiforms. Innervation of the loosejaw
SO by the mandibular ramus of the trigeminal
would suggest that either (1) trigeminal neurons
of once maxillary peripheral distribution are present in the mandibular ramus of loosejaw species,
rendering the stomiiform SO homologous, but
innervated by neurons of different peripheral positions; or (2) that the SO of the loosejaws is not
homologous with the SO of basal stomiiforms, the
former being innervated by neurons of different
central origins. Without experimental labeling of
the neurons in question, hypotheses of homology of
the loosejaw SO with the SO of basal stomiiforms
cannot be completely rejected. Nevertheless, if
comparative neuroanatomy is to be interpreted as
prima fascia evidence of primary homology (as it
has in other phylogenetic studies, e.g., Thewissen
and Babcock, 1991; Song and Boord, 1993; Song
and Parenti, 1996; Nakae and Sasaki, 2004;
Anderson, 2008), innervation of the SO of all loosejaws by fibers of the Tmd implies nonhomology of
the SO of basal stomiiform taxa.
The primary homology of the loosejaw PO is
hypothesized on the basis of shared innervation by
the Tmdp. All stomiid taxa possess an organ of
similar position and bioluminescent capability
(Fink, 1985; Herring, 2007). Indeed, the presence
of a postorbital photophore was described by
Harold and Weitzman (1996) and Harold (1998) as
a synapomorphy of the Photichthya (‘‘Phosichtyidae’’ 1 Stomiidae) sensu Weitzman (1974).
Because these authors reported no intrinsic evidence, such as innervation or histology, that established the primary homology of the photichthyan
PO and the current study focused on only four stomiid genera, the homology of this organ across
photichthyan taxa cannot be confirmed. However,
as far as species of the Stomiidae are concerned,
given innervation patterns uncovered in this study,
and its similar size, position, and function, the
hypothesis that the stomiid PO is a homologous
organ cannot be rejected.

Maxillary ramus of
trigeminal

Mandibular ramus
of trigeminal

Maxillary Accessory
Orbital Photophore II
(AOmx II)

Mandibular Accessory
Orbital Photophore I
(AOmd I)

Data from Herring and Cope (2005).

a

Mandibular ramus
of trigeminal

Maxillary ramus of
trigeminal

Maxillary Accessory
Orbital Photophore I
(AOmx I)

Mandibular Accessory
Orbital Photophore II
(AOmd II)

Profundal ramus of
trigeminal

Innervation

Profundal Accessory
Orbital Photophore
(AOpr)

Proposed term

Photostomias

Pachystomias

Pachystomias

Oblong or circular,
anteroventral to orbit
(Figs. 1A, 2, 8B)

Oblong, sausage-shaped,
directly ventral to orbit
(Figs. 1D, 5, 8B)

Oblong, directly ventral
to AOmd (Fig. 1D, 5,
8C)

Tear-drop, anteroventral
margin of orbit
(Figs. 1B, 3, 8C)

Circular, anteroventral to
orbit (Figs. 1D, 5, 8A)

Pachystomias

Malacosteus

Tear-drop, anteroventral
margin of orbit
(Figs. 1C, 4, 8A)

Shape and Position

Aristostomias

Taxon

Violet
–
No data

Red
–
590, 650 nm

Red
–
607, 663 nm

Red
–
710 nm

Red
–
615, 640,
680 nm

Red
–
500, 585, 605,
640–650 nm

Color/kmax of
flourescencea
Synonym

‘‘Preorbital photophore’’
‘‘Accessory Orbital
Photophore IV’’
(AOP IV)
‘‘Accessory Orbital
Photophore’’ (AO)

‘‘Accessory Orbital
Photophore I’’
(AOP I)

‘‘Suborbital’’ (SO)

‘‘Accessory Orbital
Photophore II’’
(AOP II)

‘‘Accessory Orbital
Photophore I’’
(AOP I)
‘‘Accessory Orbital
Photophore’’ (AO)

‘‘Suborbital Organ’’
(SO)

‘‘Accessory Orbital
Photophore I’’
(AOP I)
‘‘Preorbital organ’’
‘‘Accessory Orbital
Photophore III’’
(AOP III)

‘‘Suborbital Organ’’
(SO)

TABLE 2. Proposed terms and synonymy of loosejaw accessory photophores

Kenaley, 2009; Kenaley
and Hartel, 2005

Herring, 2007
Fink, 1985

Herring, 2007; Herring
and Cope, 2005;
Morrow, 1964; Widder
et al., 1984
Fink, 1985

Fink, 1985

Kenaley, 2007

Herring. 2007; Herring
and Cope, 2005;
Denton et al., 1985;
Douglas et al., 1998,
2000; Morrow, 1964;
Sutton, 2005; Widder
et al., 1984
Fink, 1985

Herring, 2007; Herring
and Cope, 2005
Fink, 1985

Herring, 2007; Herring
and Cope, 2005;
Mensinger and Case,
1997; Morrow, 1964;
O’Day and Fernandez,
1974; Widder et al.,
1984
Fink, 1985

Authors
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Fig. 8. Reconstructions of accessory orbital (AO)
characters on the strict consensus tree from Fig. 6. A:
Profundal AO under accelerated transformation. B:
Mandibular AO. C: Maxillary AO. Mapped AOs of the
loosejaw taxa are indicated by color above the tree:
red in Aristostomias, Malacosteus, Pachystomias, violet in Photostomias.

The homology statements proposed in this study
are not final. As hypotheses of homology, these
statements may be falsified by new datasets. For
example, several neuroanatomical characters
described in this study may, with outgroup comparison, be useful in generating additional phylogenetic hypotheses for the loosejaw genera.
Journal of Morphology

Although fully resolved by a reanalysis of Fink’s
(1985) dataset, the relationships of among loosejaw
genera are weakly supported (see Fig. 6). A phylogenetic analysis of these neuroanatomical characters, or some other new dataset (e.g., molecular
sequence data), may result in a different phylogenetic hypotheses, and thus permit a reinterpreta-
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tion of secondary homology of the loosejaw AOs.
Because the primary homology of the loosejaw AO
has been rejected, a topology different than that
presented here will have no bearing on the hypothesis of parallel evolution of far-red bioluminescence
in the group.
Additional Evidence for Parallel Evolution
of Far-Red Bioluminescence
The patterns of innervation described and phylogenetic relationships inferred in this study suggest
multiple evolutionary origins of long-wave bioluminescence in the Stomiidae, specifically that the
AOs of Aristostomias and Pachystomias are not homologous with the AO of Malacosteus. The neuroanatomical evidence for multiple origins of longwave bioluminescence in the group is corroborated
by Herring and Cope’s (2005) histological data.
The AOs of Aristostomias and Pachystomias are
considerably different in their structure than the
AO of Malacosteus. The former are composed of a
translucent aperture that leads internally to a core
surrounded by a crystalline reflective layer that is,
in turn, surrounded by a large glandular mass
that dominates the volume of the photophore;
strands of the gland perforate the reflective layer,
communicating with the core (Herring and Cope,
2005). The maxillary AO of Malacosteus, however,
is much simpler and more similar to the PO in
that it is comprised of a glandular core surrounded
by a pigmented sack that is in turn lined by a
reflective layer. In addition, unlike the AOs of
Pachystomias and Aristostomias, cells of the aperture of the maxillary AO of Malacosteus are heavily pigmented (Herring and Cope, 2005). Fluorescent emissions of the exposed inner core of the AO
of Malacosteus have a much shorter maximum
(approximately 650 nm) than the surface of an
intact photophore (approximately 710 nm; Herring
and Cope, 2005). Thus, as proposed by Denton
et al. (1970, 1985), it appears that these heavily
pigmented cells in the aperture act as a filter that
converts shorter-wave emissions from the core to
long-wave emissions. In contrast, the cores of the
AOs of Pachystomias and single AO of Aristostomias have fluorescence emission maxima that
differ little from the emission maxima at their surface. These histological, structural, and biochemical properties shared by the photophores of Aristostomias and Pachystomias and those unique to
the far-red photophore of Malacosteus can be seen
as special qualities (sensu Remane, 1952; Rieppel
and Kearney, 2002) that distinguish far-red photophores further and corroborate the rejection of primary homology based on innervation patterns.
Herring and Cope (2005) reported that both the
AOs and POs of Malacosteus, Aristostomias, and
Pachystomias were innervated by branches of the
trigeminal nerve; however, no histological evidence
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was provided or sources cited. Apart from this
statement, innervation of the stomiid PO or AO
has not been described in the literature. Despite
the unclear provenance of their statement, the
results of this study, specifically that all cephalic
photophores are innervated by rami of the trigeminal, do not conflict with the innervation described
by Herring and Cope (2005).
Although the focus of their work was not to
assess the homology of the loosejaw AOs, Herring
and Cope (2005) concluded that a common origin
of far-red AOs in Aristostomias and Pachystomias
is almost certain. The evidence presented here
both corroborates and conflicts with their statement. Aristostomias and Pachystomias share a homologous profundal AO, organs of similar positions
but dissimilar shape and size (Fig. 1C,D; Table 2).
However, the mandibular AO of Pachystomias, an
organ with a shape similar to that of the profundal
AO in Aristostomias, has no counterpart in Aristostomias, nor in any other stomiid taxon. In summary, the AOs of similar size, but of dissimilar
position (homologous organs according to Herring
and Cope, 2005), are nonhomologous; however, the
organs of similar position but of dissimilar size are
likely homologous (Fig. 8A).
Implications for Terminology
Fink’s (1985) photophore terminology has, in
large part, gone unadopted. Although most
systematists avoid the terms, ‘‘suborbital’’ and
‘‘preorbital’’ are used universally by authors investigating the optical, biochemical, and structural
properties of these organs. Although the use of
these terms has remained largely consistent, their
use is apt to cause confusion in the best case and
imply homology with dissimilar structures in the
worst. For instance, if a reader encounters the
term ‘‘suborbital’’ in reference to the far-red AO of
Aristostomias, and later, in the same or some other
work, encounters the term in reference to the
small short-wave organ present along the ventral
margin of the orbit in a more primitive stomiiform
species, the reader may logically assume these
organs share structural and functional similarity,
as well as phylogenetic history. Thus, if anatomical
terminologies exist to facilitate unambiguous communication about similar structures, the use of
‘‘suborbital’’ in reference to any stomiid AO is
inappropriate. Fink’s (1985) terminology should be
applied to the stomiid AOs with slight modifications based on the results of this study. Reflecting
their shared innervation and test of congruence
under the phylogenetic hypothesis proposed in this
study, the following terms are proposed (Table 2):
The AO of Aristostomias and the anterior AO of
Pachystomias should be referred to as the profundal AO (AOpr); the AO of Photostomias as mandibular AO I (AOmd I); the largest AO of PachystoJournal of Morphology
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mias as mandibular AO II (AOmd II); the AO of
Malacosteus as maxillary AO I (AOmx I); and the
AO positioned directly under mandibular AO II of
Pachystomias as maxillary AO II (AOmx II).
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