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Evolution of serially similar structures has attracted ietest since the infancy of
comparative morphology and embryology. A long-standing asumption is that the serial
patterning re ects ancestral metamerism, which persistsn preconceived character
polarity from a primitive state of polyisomerism (a seriesfdadentical or similar units)
to a derived state of anisomerism (a series of differentiglispecialized parts). We
test this assumption against an alternative character poldy—from anisomeric to
polyisomeric—in the vertebrate pharyngeal apparatus and peed appendages. We
show that, contrary to what is usually assumed, serial singtity represents a derived
state in both pharyngeal apparatus and paired appendages:he distinctly patterned
structures secondarily assimilated each other. Acquis@ns of serial similarity in the
pharyngeal apparatus and paired appendages straddle majogvolutionary events such
as the origin of the jaw and sh-tetrapod transitions. We sugest that: (a) the origin
of the jaw coincided with extension of the serial pharyngeapatterning onto the
mandibular region; and (b) the pectoral and pelvic appendags have independent
origins and their distal portions acquired serial simildies later during the n-limb
transitions.

Keywords: serial homology, segmentation, pharyngeal arch, | aw, ns, limbs, co-option, archetype

INTRODUCTION

Segmentation—repetition of anteroposteriorly polarizedsiaiong the anteroposterior body axis
(Hannibal and Patel, 20)3-has been a frequently featured concept in the narrativeedebrate
development and evolution. Serial or iterative homology nfflabogy of parts within a single
body) was initially conceived to describe segments anddsdh counterparts in a comparative
context Owen, 184R In that scheme, the observed segmented pattern corresplandeegments
in an idealized archetype (“general homology”), whereas eeir of corresponding segments
between di erent taxa was designated as “special homoloQy’ef, 184% The developmental
basis of homology has generated long, convoluted disaussioce Owen's time, and numerous
schemes and de nitions have been proposed (reviewedDbyBeer, 1971; Patterson, 1988;
Wagner, 1989, 2014; Hall, 1994, 2003; Amundson, 2001; &ira2009; Faunes et al., 2015
These include historical and biological criteria of homalagnging from trait-speci c regulatory
networks (“character identity networki¥/agner, 2007, 20)40 the exibly and neutrally de ned

Frontiers in Ecology and Evolution | www.frontiersin.org 1

June 2016 | Volume 4 | Article 71


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://dx.doi.org/10.3389/fevo.2016.00071
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2016.00071&domain=pdf&date_stamp=2016-06-16
http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive
https://creativecommons.org/licenses/by/4.0/
mailto:rui.diogo@howard.edu
http://dx.doi.org/10.3389/fevo.2016.00071
http://journal.frontiersin.org/article/10.3389/fevo.2016.00071/abstract
http://loop.frontiersin.org/people/342912/overview
http://loop.frontiersin.org/people/304723/overview

Miyashita and Diogo Serial Patterning in Vertebrates

“continuity of information” (Van Valen, 1982; Roth, 1994 of originally identical segments (serial similarity due to a
Specically in regards to serial homology, gene expressioancestral state). When an underlying segmented scheme is
patterns that underlie morphologically repeated structules@ extrapolated from observed serial morphological patterng tw
the anteroposterior axis, such as collingddox expressions, possible scenarios exist: (1) segments were di erentially raddi
have attained an iconic status in evolutionary developmlentahrough secondary specialization (ancestrally polyisonstate);
biology (Patel et al., 1989; Krumlauf, 1994; Holland and Garciaer (2) distinctly specialized regions secondarily assitiaach
Fernandez, 1996; Gellon and McGinnis, 1998; Manzanar@ther by acquiring serial patterning (ancestrally anisoimer
et al.,, 2000; Trainor and Krumlauf, 2001; Carroll, 2008statefigure 1B). When contrasting these alternative hypotheses,
Parker et al., 2094 Nevertheless, a problem persists for serialt is critical to not confuse observed or extrapolated serial
homology: body parts generally considered as segments apdtterns across dierent developmental stages. For example,
thus serially homologous do not necessarily share hisibric serial organization of the pharyngeal arches at pharyngalgest
continuity of descent from a common ancestaf/égner, 1989, of vertebrate development should not be confused with serial
1994; Roth, 1994 We will present notable examples wheremusculoskeletal patterning of the arch derivatives at lai@yes
developmental patterns reveal such decouplfigre 1A). This  of development. Both are hypotheses testable on the basis of
terminological paradox has led to two overlapping criteria inphenotypes—such as morphology and gene expression pro les—
parallel with other categories of homology: (a) identied onat that particular stage of development. This is because the
the basis of historical continuity of form (phenotype) betwee mechanisms responsible for serial pattern at an earlier stage
similar parts (“evolutionary” serial homology); and (b) ideed (e.g., hindbrain and pharyngeadox codes that characterize
on the basis of developmental correspondence between padsstinct streams of cranial neural crest cells) can be indepehd
(“developmental” serial homologyi/agner, 1994; Reno et al., from those that pattern di erentiation of the anlagen (e.Blx
2013. code that dorsoventrally pattern the crest cells into element
In this paper, we recognize serial homology on the basief the pharyngeal apparatusiunt et al., 1991a;Hunt et al.,
of historical continuity (“evolutionary” serial homologgensu 1998; Couly et al., 2002; Depew et al., 2002, 2005; Depew and
Wagner, 199} where the use of serial homology is restrictedCompagnucci, 2008; Gillis et al., 2013
to those developmentally corresponding parts with shared
evolutionary history (arising either simultaneously orava

duplication event). Under this view, serial homology regsire THE ORIGIN OF THE JAWS: MANDIBULAR

phenotypic similarity between corresponding parts as alCONFINEMENT
ancestral state because any congruence not due to suchtrahces

state then involves some type of phenotypic homoplasy such &uring the development of vertebrate embryos, the pharyngeal
convergence and parallelisr@¢uld, 2002; Hall, 2007In other  arches (PAs)—anteroposteriorly arranged columnar stmesu
words, historical discontinuity in form between parts would of mesodermal (MMCs) and neural crest cells (NCCs) set
violate the pervasive assumption that the serial units oatgd in ~ apart by endodermal pouches toward bilateral sides of a
a common ancestor simultaneously and inidentical formsjdvla pharynx—contain anlagen of a remarkable variety of complex
components of the vertebrate body such as pharyngeal apparatsguctures Figure 2 Graham et al.,, 2005 The pouches
axial elements, and paired appendages have each served dsgin forming as (a)Tbxl expression in the mesoderm
popular example to illustrate how the hypothetical ancestrabromotes Wntll expression to destabilize the pharyngeal
segmentation underwent di erential specialization of its {sar epithelium; and (b)Fgf8 expression zones in the mesoderm
(Gegenbaur, 1859; Sewertzo, 1899, 1931; Goodrich, 1930; [Qaide the destabilized epithelium into poucheBidtrowski
Beer, 1937; Jarvik, 198Consequently, these repeating patternset al., 2003; Crump et al., 2004; Choe et al., 2013; Choe
in the vertebrate body have often generated an evolutionargnd Crump, 2014; Jandzik et al., 2Dp14rhe MMCs are
scenario from polyisomerism (a series of identical or similasurrounded by NCCs that migrate in position-speci ¢ streams
segments) to anisomerism (a series of di erentially spexsali corresponding to anteroposterior levels of the hindbrain
units). That is, a series of identical units in an archetypicarhombomeres [igure 2, Kimmel et al., 2001; McCauley and
ancestor (polyisomerism) gave rise to serially organizetl buBronner-Fraser, 2003; Cerny et al., 2004b; Noden and Traino
distinctly specialized structuredriure 1B). In this context, 2005; Hall, 2009. This pattern applies to both of the major
the jaw has been long considered as a modi ed branchial bdiving lineages of vertebrates, cyclostomes (hag sh angbtays)
(Sewertzo, 1911, 1913; De Beer, 1937; Jarvik, 1980; Mallaagnd crown gnathostomes (chondrichthyans and osteichthyans
1996, and pectoral and pelvic appendages as serial homologs dseerigure 1Afor phylogenetic scheme).
to a duplication event (reviewed yiogo et al., 20133 Each PA receives a speci ¢ stream of NCCs, and innervations
In this review, we question the assumption that seriaby the cranial nerves (trigeminal, facial, glossopharyngeal,
patterns are normally the default ancestral state. To provideagal) follow this arrangemenEigure 2). Importantly, adjacent
a test, this review explores whether two striking cases daftreams of the migratory NCCs do not mixK¢ntges and
serial similarity in vertebrates—within the pharyngeal agtas Lumsden, 1996 The pharyngeatoxcode re ects this speci city
and between the paired (pectoral and pelvic) appendagesefthe migratory NCCs to the PAs: the NCCs (ectomesenchyme)
were gained through assimilation of dissimilar units (aéri in each of the non-mandibular PAs expresses a specic
similarity as a derived state) or through di erential modition = combination of Hox genes Figure 2 Hunt et al., 1991a,b;
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FIGURE 1 | Summary of vertebrate interrelationships and major ¢ haracter transitions in the pharyngeal apparatus and paire d appendages. (A) A

simpli ed cladogram of major vertebrate lineages and their atgroups, showing the consensus from the current literatwe (e.g., Janvier, 2007). Stem gnathostomes
include jawless and jawed forms. These and acanthodians arextinct lineages. Cephalochordates and urochordates regsent chordate outgroups of vertebrates.
Brown silhouettes indicate living representatives, whees gray silhouettes indicate extinct lineagesB) Two alternative mechanisms giving rise to a serial pattermyith
simpli ed drawings of the vertebrate pharyngeal skeleton. Blyisomeric ancestral state represents a series of identit or similar units and assumes differential
specialization to derive the existing serial pattern. Arosneric ancestral state represents distinctly patterned gions and assumes serial assimilation to derive the
existing serial pattern. The silhouettes ifA) are modi ed from PhyloPic (http://www.phylopic.org) under ether Public Domain Dedication 1.0 or Creative Commons
License 3.0. Original drawings: S. Coombs, P. Janvier, G. Mwer, L.E. Ray, M. Reinbold, J.H. Richard, N. Tamura, S. Trav, and Y. Wong. Vectorization: T. M. Keesey,
and R. D. Sibaja.

Trainor and Krumlauf, 2001; Takio et al., 2007; Minoux andiRijl 1992; Shone et al., 20fér a review of reduction in the PA-
2010. Within respective PAs, NCCs interact with the ectodermalderived structures or the PA themselves in various lineaijes
placodes, endodermal epithelium, and the MMCs to form thevertebrates).

entire pharyngeal apparatu®iptrowski and Nusslein-Volhard, By this stage, two critical properties of the PA development
2000; Couly et al.,, 2002; Noden and Trainor, 2005; Nodeare: (a) the initial spatial con nement (compartmentalizat)
and Francis-West, 2006; Minoux and Rijli, 2010; Frisdal an@f the NCCs and MMCs to the PAs and (b) the subsequent
Trainor, 2014. The di erentiated PA structures in a generalized serial patterning of di erentiating tissues (among all thesPiy
crown gnathostome include the jaw skeleton and branchiatrown gnathostomes, and among all the PAs except for the PA |
bars, jaw and branchiomeric muscles, trunks of cranial esyv in cyclostomes). The NCCs and MMCs in the PAs are spatially
sensory structures like paratympanic organ, pseudobranch ardklimited in many ways. They are set apart by the pharyngeal
respiratory gills, a erentand e erentvessels, associatedlimof  pouches Crump et al., 200 The NCCs are attracted, repulsed,
the cranial nerves, and othersr(sdal and Trainor, 2004 With ~ or maintained competent by various signaling molecules from
the exceptions of the paratympanic organ and pseudobranclepithelial structures (such as BMP4, FGF8, and SHH) including
these structures are generally repeated from one PA to anoththe pouches and placodeSt{igetani et al., 2000; Haworth et al.,
as a plesiomorphic condition (se€oodrich, 1930; Hyman, 2004, 2007; Eberhart et al., 2D0bhe NCCs regulate the MMC
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FIGURE 2 | A current scheme of gnathostome head development in Squalus acanthias (dog sh) as an example (modi ed from Northcutt, 2008;

Kuratani, 2012 ; simpli ed and corrected [position of V. 5] from Miyashita, 2015 ). Color codes: green, NCCs (neural crest cells) of premandilar domain; red,
NCCs of PA | (mandibular arch); greenish blue, NCCs of PA Il ¢igt arch); light cyan, PA Il (branchial arch innervated by tlggossopharyngeal nerve); purple, PA IV-VI
[all non-glossopharyngeal branchial arches (innervatedylthe vagus nerve)]; orange, mesoderm; yellow, placodes (kral line placodes are omitted). Abbreviations: Ill,
oculomotor nerve; IV, trochlear nerve; V, trigeminal nerv®; , ophthalmic branch of trigeminal nerve; ¥, maxillary branch of trigeminal nerve; ¥, mandibular branch of
trigeminal nerve; VI, abducens nerve; VII, facial nerve; VIII, tibslocochlear nerve; IX, glossopharyngeal nerve; X, vagugerve; hmp, hyomandibular pouch; lep, lens
placode; olp, olfactory placode; otp, otic placode; prm, pemandibular region; r, rhombomeres; rap, Rathke's pouch.

di erentiation within the same PA into musculature and other changes required for specialization of the PA | derivatives
connective tissuesR(non et al., 2007; Grenier et al., 2009;into a jaw (orey, 1995; Janvier, 1996; Cerny et al., 2010;
Heude et al., 20)0As a result, it is possible to identify original Medeiros and Crump, 20)20ne hypothesis—the Heterotopy
PA identities of pharyngeal structures even well after #ssuHypothesis—is free from this assumptiorKiufatani et al.,
di erentiation. 2001, 2013; Shigetani et al., 2002; Kuratani, R0di2t this is
discussed in the context of test of the most recently proposed
hypothesis. Despite the fact that none of them provides a
SERIAL ASSIMILATION OF THE comprehensive account of all character transitions from the
MANDIBULAR ARCH jawless to the jawed vertebrates, it is di cult to reconcileya
pair of these hypotheses with each other under the assumption
On the basis of the development and anatomy, the vertebratgat the vertebrate pharyngeal apparatus has always beeltyseria
pharyngeal structures have long been interpreted in a seriglatterned. Not only is the assumption non-parsimonious on
pattern between the PAsR@thke, 1827; Gegenbaur, 1859a phylogenetic tree (i.e., taking more character changes than
Goodrich, 1930; Sewertzo , 1931; De Beer, )98V particular, ~minimally required), it appears to burden each hypothesis with
the jaw has generated more than a century of investigatiom in character changes that are either implausible or clearly deedu
its evolutionary origin because its morphology and functionfrom the origin of the jaw (reviewed byiyashita, 201p
clearly depart from those of other PA-derivatives that atredly ~ Whether they are based on anatomical or gene expression
supported gills. patterns, the previous hypotheses capture conditions negessar
A prevailing idea has been that the jaw evolved as for a jaw to develop in a crown gnathostome, but the proposed
specialization within the mandibular arch (PA I). Previoasyi  phenotypic changes alone are clearly not su cient for a jaw to
origin hypotheses explicitly or implicitly assume such di etiah  evolve.
specializations. Some postulate the jaw as a modi ed brahchia This incompatibility questions that the patterning of PA |
bar (Gegenbaur, 1859; Sewertzo, 1911, 1913; Goodrich, 193hares its evolutionary history with that of other PAs priorthe
De Beer, 1937; Mallatt, 1996, 2)08ome premise on correlated origin of the jaw. The question is two-fold. Were the NCCs and
shift of character in all of the PA(mmel et al., 2001; Cohn, MMCs spatially con ned (compartmentalized) in all of the PAs
2002; Cerny et al., 200f@and others focus on phenotypic in the last common ancestor of all living vertebrates? Wékee t
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FIGURE 3 | Cyclostome head development in comparison to that of ¢ rown gnathostomes (Figure 2). (A) a parasagittal section ofPetromyzon marinusat
Tahara's stage 26.5, stained with hematoxylin and eosin. Tétrigeminal NCCs (ectomesenchyme) and mandibular mesoder is extending into the premandibular
region and into the mid-pharyngeal oor, and the hyomandibudr pouch is closing to give rise to a velum. These distributits pre gure differentiated structures in

B. Ectomesenchyme is shaded in color within each PAs. Colorades: red, PA | and premandibular domain; greenish blue, PA light cyan, PA IlI; purple, PA IV. Color
bars represent gene expression domainsDIx expression patterns are based onCerny et al. (2010) and Hox on Medeiros and Crump (2012)and Takio et al. (2007)
(B) A parasagittal section (slightly oblique toward midline deriorly) ofP. marinusat Tahara's stage 30, stained with hematoxylin and eosin. Téstructures that
correspond in position to the PA | derivatives of crown gnatbstomes extend into the premandibular region (upper lip)nio the pharynx by contacting the PA Il-derived
skeleton (velum), and into the mid-pharyngeal oor (linguapparatus).

PA derivatives (di erentiation of the NCCs and MMCs) serially of a metameric unit. Many lines of evidence corroborate the
patterned across the pharynx in that ancestoli9ashita (2015) scenario of mandibular con nement. This review focuses on
explored these questions through a review of gene expressitiose particularly relevant to the developmental aspect of the
patterns, functional analyses, fate-mapping experiments, ardandibular Con nement Hypothesis.
adult and embryonic morphology in living jawless and jawed
vertebrates (cyclostomes and crown gnathostomes) andigiro
a review of adult morphology in extinct jawless vertebrate©ISTINCT FEATURES OF THE
(stem gnathostomesfFigure 1A for phylogenetic scheme). In MANDIBULAR ARCH (PA |)
brief, the NCCs and MMCs were likely not spatially con ned
or delimited in PA | before the jaw evolved. Neither were theA striking insight from the Mandibular Con nement
PA | derivatives patterned in series with the derivativestaf t Hypothesis is that both the jawless cyclostomes and the
other PAs in that part of the phylogenetic tree. However, botljawed gnathostomes—two major lineages of living vertelsrat
spatial con nement and serial patterning appear to govern theetain distinct features of PA | patterning from the rest ofeth
non-mandibular PAs across all known vertebrates. On théstifs  PAs, which cannot be easily attributed to secondary modiaa
cyclostome developmenfigures 3 4) and morphology of stem Serial patterns between the PA | derivatives and the devieati
gnathostomes, only at the origin of the jaw did the PA | likelyof other PAs only occur in jawed gnathostomes, whereas
acquire both spatial con nement of the NCCs and MMCs andcyclostomes show no such patterns. This contrast is apparent in
serial patterning of the derivatives. The Mandibular Conment  the morphology of the chondrocranium and pharyngeal muscles
Hypothesis was generated to explain these predicted charac{eeviewed byMiyashita, 2015also summarized ifable 1), but
transitions. It proposes: (a) the NCCs and MMCs of the PA lis also manifest in embryos.
are delineated along interfaces with those of the premarndipu The two conserved gene expression patterns—the pharyngeal
hyoid/hyomandibular (pharyngeal pouch 1), and hypobranchialHox and DIx codes—serve as an illustrating examplable 1,
domains in jawed vertebrates; and (b) con nement along éhesFigures 2 3). Both in cyclostomes and gnathostomes, the non-
interfaces were acquired in steps as the jaw evolfglie 4  mandibular PAs collinearly express a speci ¢ combinatiorlok
Miyashita, 201p genes, but the PA | stands out in lackiiktpx expression in its

If such scenario is correct, then the jaw evolved througiNCCs Figure 2 Hunt et al., 1991a,b; Takio et al., 200Within
assimilation of an otherwise distinctly patterned regiothithe  crown gnathostomes, the absenceHufx expression in the PA
rest of the pharyngeal series, and not through specializatiohectomesenchyme is required for proper patterning of a jaw
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FIGURE 4 | Mandibular Con nement Hypothesis predicts spatia | con nement of the PA I-derived structures prior to the origi n of the jaw and
subsequent serial assimilation to give rise to a jaw. (A) Simple schematics for an evolutionary scenario predictedythe Mandibular Con nement Hypothesis.(B)
The head anatomy of hag sh Eptatretus stouti) in left lateral view, where the PA I-derived structures aréhaded in red and pink (modi ed fromMiyashita, 2015). Color
codes follow those of Figures 2, 3. The lingual apparatus?) is compared with theEdnRAknockout phenotype in H, 1.(C) Part of the chondrocranium ofE. stoutiiin
dorsal view (modi ed from Miyashita, 2012, showing the palatal commissure*). This midline fusion of the bilateral cartilages that agsrom the trigeminal NCCs is
compared with the shh mutant phenotype in E.(D) A chondrocranium of wildtype zebra sh in dorsal view (froniEberhart et al., 2006. (E) A chondrocranium ofshh
mutant zebra sh in dorsal view. In the absence of SHH signalinffom Rathke's pouch (adenohypophyseal placode), the premadibular skeletal elements (e.g.,
trabecula cranii and ethmoidal plate) do not develop propdy, and the PA I-derived cartilages (palatoquadrate) fuse #te midline in a phenotype reminiscent of the
cyclostome chondrocranium (palatal commissureC). Thisshh phenotype exemplarily shows that the signaling from the adehypophyseal placode maintains the
boundary—and satis es differential requirements for sketegenic differentiation—between the premandibular (preand post-optic) and mandibular subpopulations of
the trigeminal NCCs in crown gnathostomes(F) Ednra = mouse embryo (E18.5) in right lateral view, showing normabaditions with respect to H (fromRuest and
Clouthier, 2009). (G) A sagittal section ofEdnra = mouse (E18.5) stained with hematoxylin and eosin, showinganmal skeletal phenotype with tongue (t) in
mid-ventral position (fromRuest and Clouthier, 2009. (H) Ednra = mouse (E18.5) in lateral view, showing defective phenotyigen the mandible.(l) A sagittal section
of Ednra = mouse (E18.5) stained with hematoxylin and eosin. The tonguis reduced and the PA I-derived ectopic element forms in the id-ventral position. This
phenotype is reminiscent of the cyclostome condition in with the PA I-derived structures extend into the mid-ventral paryngeal space (as shown irB).
Abbreviations: EP, ethmoidal plate; i, incisor; md, mandie; mi, upper incisor; mx, ectopic maxilla; N, notochord; OC, otic capsule; PC, polacartilage; pPQ,
palatoquadrate; PTP, pterygoid process; t, tongue; TR, traecula cranii.

(Pasqualetti et al., 2000; Couly et al., 2002; Creuzet &082; et al., 2002, 2005; Medeiros and Crump, 2012; Gillis et al3)201
Kitazawa et al., 20)5In reverseHoxade cient gnathostome Slight di erences emerge in the ventral-mddand2 expression
embryos develop ectopic jaw-like cartilages in posterior(PA§  zone both among taxa and between the PA | and other PAs.
et al., 1993; Baltzinger et al., 2005; Minoux et al., R0DBese In zebra sh, dix1 and dIx2 are expressed in this zone in all
results suggest that expression of tHex code likely governs of the PAs, butdIx5 expression is also detected for the PA |
serial pattern of the branchial skeleton (PA Il and more paster (Akimenko et al., 1994; Ellies et al., 1997; Kimmel et al.3200
arches). Because the PA |-derived skeleton requires trenabs Talbot et al., 201)) In mice, noDIx expression is apparent in
of the Hox expression, some other mechanism should explaithe equivalent ventral-most zone in all of the PA%xpew et al.,
the serial pattern observed between the jaw and the branchiaD02; Ozeki et al., 20pDespite these minor di erences, tx
skeleton in gnathostomes. code is an evolutionarily conserved serial patterning meigman

Consistent with this, the pharyngealx code—dorsoventrally in the pharynx among crown gnathostome&dmpagnucci
nested expressions of tHelx family genes—spans across theet al., 2013; Gillis et al., 2013The pharyngeaDIx pathway
PAs in crown gnathostomes. In that clade, the NCCs of alhas upstream regulatory components such as the endothelin
of the PAs (including the PA ) expredBIx1 and DIx2 at all ~ signaling (upreguratindIx) and Hand2 (downregulatingDIx)
dorsoventral leveld)Ix5 and DIx6 from intermediate to ventral that are expressed ventrally (reviewedbyguthier and Schilling,
levels, andDIx3 and DIx4 at ventral levelsKigure 2 Depew 2004; Medeiros and Crump, 2012
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TABLE 1 | Summary of major arguments in the Mandibular Con nement H

ypothesis ( Miyashita, 2015 ).

Cyclostomes

Jawless stem gnathostomes

Jawed gnathostomes

(A) SUPPORT FOR ANCESTRAL DISTINCTION OF PA | DERIVATIVES FROM DERIVATIVES OF OTHER PAs

Colinear expression ofHox genes
Placodes for trigeminal ganglia

Present except for PA |
Aggregates

N/A
N/A

Present except for PA |
Aggregates

(B) SUPPORT FOR SERIAL ASSIMILATION OF INITIALLY DISTINCT P A | DERIVATIVES WITH DERIVATIVES OF OTHER PAs

Dorsoventrally nested expression of
DIx genes

Pharyngeal skeletons

PA I-derived skeletal elements

Branchial skeletons

(C) SUPPORT FOR PREMANDIBULAR-PA | BOUNDARY ESTABLISHED AT

DIx expression in “premandibular”
NCCs

Oropharyngeal MMCs

Post-optic stream of trigeminal NCCs

Disruption to premandibular-PA |
boundary (e.g., inhibition ofShh
expression from hypophyseal pit)

DIx expression pro les not
nested and different between PA
| and other PAs; orthology
unclear

PA I-derived skeleton not serial
with skeletons derived from other
PAs

Generally lateral with respieto
PA I-derived muscles

Lateral with respect to
PA-derived muscles

Present

Integrated into an upper lip with
post-optic (“premandibular”)
stream of trigeminal NCCs

Forming an upper lip ahg with
oropharyngeal muscle
progenitors

N/A

N/A

Cyclostome-like inEuphaneropsand in
osteostracans?

N/A

N/A

THE ORIGIN OF THE JAW
N/A

N/A

Likely forming an upper lip in osteostracans;
trabecula cranii likely present (ethmoidal
process) in galeaspids

N/A

(D) SUPPORT FOR PA |-PA Il BOUNDARY ESTABLISHED AT THE ORIGIN OF THE JAW

Structures in hyomandibular position

Hyomandibular pouch

Disruption of PA I-PA Il boundary
(e.g., induced reduction of pouch in
fgf8 mutant)

(E) SUPPORT FOR PA I-HYPOBRANCHIAL BOUNDARY ESTABLISHED AT

Structure in midventral position
posterior to PA | and along
pharyngeal oor

Hypobranchial musculature

Disruption to PA I-hypobranchial
boundary (e.g., reduced
hypobranchials inEdnRAmutant)

Velum (PA I|-derived)resent as
evaginating into anterior wall of
hyomandibular pouch;
contacting PA Il-derived skeleton

No external opening; does not
persist ontogenetically

N/A

Lingual apparatus (PA I-derived)

Super cial muscle layer on
ventral side of branchial region;
anteroposteriorly broad somitic
origins
N/A

PA I-derived skeleton contacting hyoid
skeleton in osteostracans

Absence of skeletal correlates of the pouch
or external opening in osteostracans and
galeaspids; other pouches present as
branchial cavities

N/A

THE ORIGIN OF THE JAW
Midventral cartilages Euphanerops

N/A

N/A

DIx expression pro les nested
dorsoventrally and similar between PA
I and other PAs

PA I-derived skeleton serial with
skeletons derived from other PAs

Generally lateral with respect to PA-I
derived muscles in placoderms but
medial in all crown gnathostomes

Medial with respect to PA-derived
muscles

Absent

Restricted to PA | derivatives
(mandibular stream of trigeminal
NCCs)

Forming trabecula cranii and
separating PA I|-derived elements
from nasal and hypophyseal region

Defects in jaw morphology with
cyclostome-like phenotype

Spiracle; paratympanic organ;
pseudobranch (all within
hyomandibular pouch and innervated
and irrigated by the PA ll-speci ¢
facial nerve and hyoid arteries)
External opening (spiracle);
paratympanic organ; pseudobranch

Defects in jaw morphology

Hypobranchial musculature (trunk
derived)

Deep midventral muscles along
pharyngeal oor; anteriorly restricted
somitic origins

Defects in jaw morphology with
cyclostome-like phenotype

These examples support that (A) PA | had a distinct developmental pattern iertebrates ancestrally; (B) PA I-derived structures became seriathssimilated with structures derived from
other PAs only at the origin of the jaw; and (C-E) this serial assiatibn followed spatial con nement of PA I-derived structures. Evidence faspatial con nement of PA | derivatives is
restricted to jawed gnathostomes. See the main text for explanations ahthe original paper for further examples and analysis. N/A indicates tHack of information.
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In cyclostomes, however, tiEx expressions in the NCCs are elusive archetypical ancestor with identical skeletons lin a
neither exactly serial across nor restricted to the PAs.allyt  the PAs.
the expression patterns dier between the PA | and others.
In the sea lampreyetromyzon marinysDIXA has dorsal and
ventral expression domains in the PA | (without expression inNTERFACE WITH THE PREMANDIBULAR
the intermediate region), whereas its expression in othes PAREGION
is restricted to the ventral domainF{gure 3A; Cerny et al.,
2010. DIxC and DIxD are expressed throughout in the PA |, Accepting that elements of the PA | did not ancestrally share
but its expression domain in other PAs does not extend to theerial patterning program that operated in other PAs, what
ventral region Cerny et al., 2010 Although, initially reported distinct features did the ancestral PA | exhibit? The living
as uniform patternsi{lyojin et al., 2001; Shigetani et al., 2)02 cyclostomes provide insights into this question. In cyclosts,
the Japanese lamprégthenteron camtschaticuappears to have the NCCs and MMCs of the PA | are not spatially con ned
di erential expressions oDIx cognates as well. Assuming thatas in those of other PAs in the same animals or those of the
the published gures Kuraku et al., 2010show representative PA | in crown gnathostomes. The boundaries observable in
phenotypes (and assessing them with respect to the descriptianown gnathostomes between the NCC and MMC populations
from Cerny et al., 2000 LjDIXA is expressed throughout in of the PA | is shifted in position or has di erent attributes in
the PA | and in the intermediate domain in other PASDIXB  cyclostomesNliyashita, 201p These features are linked to the
has a weak dorsal expression domain in the PA | but has cleadult morphology.
dorsal expression in other PASDIXC andLjDIxD are expressed The anterior interface for the PA | in crown gnathostomes
throughout in the PA | but clear expression does not extend teits between the premandibular region and the PATalfle 1,
dorsal domain in other PA4;jDIXE has strong expression domain Figures 2 5). There is no pharyngeal pouch that separates these
from dorsal to ventral regions of the PA |, but is not expressed two domains as between PAs. Instead, the skeleton around the
strongly ventrally in other PA4;jDIXF lacks its dorsal expression hypophyseal pit mark this boundaryK(ratani et al., 2004,
domain in the PA | Kuraku et al., 201) Whether theDIx  20193. Earlier during development, the trigeminal NCCs migrate
expression patterns ih.. camtschaticurmare truly nested or in three distinct subpopulations: pre-optic, post-optic, and
uniform, however, interspecic variations iDIx expression mandibular (Kuratani, 201). The pre-optic and post-optic NCCs
patterns exist among cyclostomes. The analysis of the pafternsll in the premandibular region and proliferate around the
further complicated by unclear orthology Bix cognates among tripartite olfactory and adenohypophyseal placodes to form the
cyclostomes and with respect to crown gnathostddbe family  trabecula cranii, interorbital septum, and nasal capsulesreds
(Kuraku et al., 2010; Fujimoto et al., 2013; Takechi et al320 the mandibular NCCs migrate to the PA | and interact with
In addition to this variation, the cyclostomBIx cognates are the mandibular MMCs to form a jaw apparatugifratani et al.,
expressed in the NCCs of the premandibular region outside th2001; Eberhart et al., 2006; Szabo-Rogers et al., 2009; Wada
PAs in both hag sh and lampreys$/yojin et al., 2001; Shigetani et al., 201). In some crown gnathostomes such as axolotls,
et al., 2002; Kuraku et al., 2010; Fujimoto et al., 20This  the subpopulations initially occupy slightly di erent positions,
premandibular expression does not exist in crown gnathosgamebut the fates are still distinct from one anothetdrny et al.,
Therefore, DIx cognates in cyclostomes have dorsoventrall20049. The trigeminal NCCs of the mandibular subpopulation
patterned expressions like crown gnathostome€sr(iy et al., areDIx-positive, whereas those of the pre-optic and post-optic
2010; Medeiros and Crump, 20 but their expression patterns are DIx-negative Depew et al., 2002; Shigetani et al., 208d
di er (a) from crown gnathostomes, (b) between the PA | and thein crown gnathostomes, the premandibular-PA | boundary can
rest of the pharyngeal series, and (c) from species to species. be recognized bIx expression, and the trigeminal NCCs of the
These observations are consistent with the scenario a@handibular subpopulation give rise to the skeletal derivatofes
assimilation predicted by the Mandibular Con nement the PAI.
Hypothesis {liyashita, 201x That is, the distinct evolutionary In cyclostomes, however, the premandibular-PA | boundary
history of the PA | is consistent with the exclusion of thecannot be clearly delineatedgble 1, Figures 3 5). Not only is
PA | from the Hox code in both jawless cyclostomes andit challenging to delineate three separate subpopulations from
jawed gnathostomes. Similarly, tHelx expressions and the each other in histological observations, it is dicult to ma
musculoskeletal morphology ancestrally diered betweendentities and fates of the trigeminal NCCs with precisionisTh
the PA | and the rest of the pharyngeal series, as seen is (a) because all three subpopulations of the trigeminal NCCs
cyclostomes. Only at the origin of the jaw, the PA | derivasiv expres®Ix cognates in both lampreys and hag skiyojin et al.,
(jaw) assimilated the pattern of the branchial skeleton friiva  2001; Neidert et al., 2001; Cerny et al., 2010; Kuraku eiGil(
rest of the pharyngeal series. This event can be interpreted aad (b) because the trigeminal NCCs of the post-optic position
assimilation of theDIx expression patterns between the PA | andmigrate to what corresponds to the “premandibular” region in
other PAs—in line with the pan-pharyngeal expression ofiifie  crown gnathostomes, and integrate with the MMCs to form a
code across crown gnathostomes (reviewed/lbyashita, 201r  muscular upper lip origome et al., 1999; Kuratani et al., 1999,
This scenario of assimilation better explains the serialguatof ~ 2004; McCauley and Bronner-Fraser, 2003; Kuratani, 201s2; O
the jaw, hyoid, and branchial skeletons in crown gnathostem et al., 2013)o Medial to this region, the cyclostome counterpart
than the scenario of dierential specialization from theto the olfactory and adenohypophyseal placodes of crown
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gnathostomes is a single nasohypophyseal placke/er, 1996;
Oisi et al., 2013p Therefore, the skeletogenic proliferation of
the pre-optic and post-optic trigeminal NCCs does not occur
between the tripartite placodes as in crown gnathostomes, b
only surrounds the single placode in cyclostonieigigre 5).

These features blur a premandibular-PA | boundary in
cyclostomes. What would otherwise characterize a PA | in
crown gnathostome—th®Ix-positive NCCs and the MMCs—
have di erent distributions in the cyclostome head. In crown
gnathostomes, the PA | derivatives secondarily extendrimkg
later in development, but at the stage of the NCC migration
positions of the NCCs are delimited from each other and tightl
linked to distinct skeletal fatesCerny et al.,, 2004a; Wada
et al., 2011; Kuratani et al., 2013The maintenance of this
boundary is critical in crown gnathostomes. When manipudati
disrupts molecular signals expressed in structures that tsit
the boundary and thereby delimit the PA | elements in thesg
taxa (e.g., hypophyseal pit), the resulting phenotypes ofte
include jaw defects and even cyclostome-like distributimn
the di erentiating PA | structures. Theshh andnoc mutant
zebra sh show severe reduction of chondrogenic prolifenatio
of the pre-optic and post-optic NCCS\Nguhauss et al., 1996;
Eberhart et al., 2006 They also exhibit conditions that parallel
cyclostome pattern: fusion of left and right palatoquadrate
anterior to the notochord ¢hh ) and lower labial cartilage
upturned to overlap the premandibular region from lateralesid
(noc ) (Figure 4E reviewed byliyashita, 201h

INTERFACE WITH THE PA
[I/THYOMANDIBULAR POUCH

The PA | is delimited posteriorly from the PA Il by the
hyomandibular pouch (hmp inFigure 2. The pouch sits
between the PAs | and Il and below the geniculate ganglio
of the facial nerve (a branchiomeric nerve for the PA IlI). The
pouch epithelium plays a critical role in patterning théox-
negative trigeminal NCCs of the PA Cpuly et al., 2002and
often persists into adulthood in crown gnathostomes as th
spiracle or paratympanic cavity. A variety of sensory struesur
develop in the hyomandibular pouch of crown gnathostomes
including the pseudobranch (folded epithelial structure hwit
sensory/thermoregulatory functions) and the spiraculagaor
(paratympanic organ)@'Neill et al., 201p. These structures are
associated with the PA II. They are innervated by the facala
and/or irrigated by the hyoidean arteries (reviewed\byashita,
2015.

ut

>

FIGURE 5 | Reinterpretation of the Heterotopy Hypothesis ( Kuratani,
2012; Kuratani et al., 2001, 2013; Shigetani et al., 2002 ) suggests that
the premandibular-PA | boundary is not clearly de ned in cycl ostomes
as in crown gnathostomes (modi ed from Kuratani, 2012 ; color
schemes simpli ed from review by Miyashita, 2015 ). In crown
gnathostomes, the mandibular trigenminal NCCs can be cledy distinguished
from the premandibular (pre- and post-optic) subpopulatias of the trigeminal
NCCs by the presence ofDIx expressions. This distinction is not clear in
cyclostomes, where DIx expressions broadly mark all the trigeminal
ectomesenchyme. In crown gnathostomes, the mandibular ectmesenchyme
secondarily extends anteriorly to form a maxillary proces$owever, the

A trigeminal ectomesenchyme forms a posthypophyseal proceswith

" contribution from the mandibular mesoderm in this positionn cyclostomes.
Therefore, the structures that broadly correspond to the PA derivatives of

» crown gnathostomes have primary anterior extension into # premandibular
region in cyclostomes, and the premandibular-PA | distin@n is not exactly
clear in that latter lineage.

=)

As such, the hyomandibular pouch persists as a barrier for the
NCCs and MMCs of the PA | only among vertebrates with jaws,

Cyclostome development shows no evidence for thesgrobably as a functional requirement for the PA Il structutkat

hyomandibular structuresHigure 3). The hyomandibular pouch the pouch hosts. Despite considerable spatial overlap betleen t
never opens externally as in crown gnathostomes. Inste&d, t#PA |- and PA Il-derived muscles later in ontogeny, the anlagen
trigeminal NCCs and mandibular MMCs of the PA | occupy spatially con ned in crown gnathostomes. The NCCs and MMCs
this position to form an outpocket into the pharynx, which later of the PA | do not observe such clear boundary in cyclostomes.
becomes a ventilation structure called velum (reviewedyy  To illustrate the importance of the spatial con nement at
et al.,, 2013b; Miyashita, 201%Although, di erentiated from the hyomandibular pouch in crown gnathostomes, induced
elements of the PA |, and although innervated by the trigeshin reduction of the pouch (e.gfigf8 andfrasl mutant zebra sh)
nerve, the velar skeleton abuts against the skeleton ofAHEIiR  is linked to severe defective phenotypes in the jaw skeleton
both hag sh and lampreysHigure 3B, Janvier, 1996 (Figure 6B Crump et al., 2004; Talbot et al., 201€onversely,
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the pectoral girdle and the jaw. Several phenotypes with
hypobranchial defects demonstrate con nement of the NCCs
and MMCs of the PA | by the hypobranchial muscle precursors.
These phenotypes can be induced in knockout/knockdown of
the ventrally expressed elements of the endothelin &ix
pathways (e.ggdnRA. As the hypobranchial muscle precursors
are reduced, the PA I-derived ectopic tissues extend midratiy

and develop in the space that would otherwise be occupied by the
hypobranchial structures/{gures 4H,I; Abe et al., 2007; Ruest
and Clouthier, 2009; Heude et al., 2010; Barron et al., R0tk
hypobranchial defects are linked with jaw defectsetnland
myoD phenotypes of zebra shi(iller et al., 2000; Hinits et al.,
201).

On the other hand, cyclostomes appear to have no such
boundary between the PA | and the hypobranchial musculature
(Figures 3 4B). In both hag sh and lampreys, the NCCs and
MMCs of the PA | extend posteriorly and mid-ventrally to
the pharyngeal oor to form a lingual apparatusi¢imgren,
1946; Johnels, 1948; Oisi et al., 2013a0ontribution to the
lingual apparatus from other PAs in cyclostomes would reject
the prediction that the PA I-derived structure in midventral
pharyngeal position only became spatially con ned at the origin
of the jaw. However, no such evidence exists. This cyclostome
condition is strikingly similar to theEdnRAmutant phenotype
of mice in which the ectopic PA | structures occupy the mid-
ventral position Figures 4H,|; reviewed byMiyashita, 201n
Furthermore, the cyclostome muscles that correspond to the
crown gnathostome hypobranchial musculature form the most
super cial muscle layer in the ventral region of the pharynx,

FIGURE 6 | Test of predictions arising from the Mandibular

Con nement Hypothesis. (A)  Metaspriggina walcottihas dorsoventrally
bipartite pharyngeal skeleton (modi ed fromConway Morris and Caron, 2019.
The Mandibular Con nement Hypothesis can be rejected if complling
evidence shows:(A) the most anterior pair is derived of the PA I; an@B) such

polyisomeric state is shared across stem gnathostomes up tahe origin of the
jaw. (B) fras1 mutant zebra sh indicate the role of the pharyngeal epithalim
(and signaling from it) as a boundary between distinct skelegenic NCC
condensations (modi ed from Talbot et al., 2012). The hyomandibular pouch

instead of becoming a deep mid-ventral musdieigakabe and
Kuratani, 2005, 2007 These muscles draw their precursors
broadly from somites, not just restricted to occipital somissn

crown gnathostomes, and continue to extend anteriorly itite
head well after the NCCs occupied the PAsi§akabe et al., 2011;
Oisi et al., 201p Therefore, the PA I-hypobranchial interface as
observed in crown gnathostomes does not exist in cyclostomes.

(hmp) does not expand laterally ifiras1 mutants. The otherwise separate
symplectic cartilage (sy) fuses with the ceratohyal (ch)lthough the PA
I-derived palatoquadrate (pq) is still spatially set apantdm the PA II-derived
cartilages by the reduced pouch, but the PA | cartilages shovdefects.

paxl = medaka sh retain the hyomandibular pouch but fail E\VVALUATION OF NEW

to form segmented pouches for the rest of the pharytx{da (COUNTER-)EVIDENCE FOR MANDIBULAR
et al., 2015 Although thesgax1mutants develop jaws without
FONFINEMENT

pronounced phenotypic e ect, the branchial skeleton is reduce
to a severe defective phenotype, and the hyoid elements beco

e . : : . .
fused to each otheiqkada et al., 2036 @oupled with fossil and anatomical evidence (reviewed by

Miyashita, 201} the establishment of these interfaces of the
PA | appears to have coincided with the origin of the jaw,
because only jawed vertebrates exhibit full attributegpatially
conned NCCs and MMCs of the PA | Rigure 1A). The
spatial con nement would have allowed the NCCs and MMCs
In crown gnathostomes, the NCCs and MMCs of the PA | areof the PA |—which would otherwise have di erentiated into
delimited along a mid-ventral boundary with the hypobranghi peripheral structures as seen in cyclostomes—to acquire new
musculature, which functions as jaw depressors and/or aueng developmental fates={gure 4A). A likely scenario is that they
(Figures 2 4G, Sambasivan et al., 2011The hypobranchial co-opted patterning programs that operate in more posterior
muscle precursors originate in the trunk (they are not partPAs, such as the pharyngealx code. Then serial similarities
of the head branchiomeric musculature), migrate along among the PA-derived structures—absent in cyclostomes but
circumpharyngeal path, and extend anteriorly beneath theresentin crown gnathostomes (e.g., jaws and branchia)bars
pharyngeal oor (ours-Calet et al., 20)4The dierentiated should re ectincorporation of the PA | into the serial patténg
muscles become a deep mid-ventral muscle mainly connectingf the PA derivatives at the origin of the jaw. A full scope of

INTERFACE WITH THE HYPOBRANCHIAL
MUSCULATURE
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this Mandibular Con nement Hypothesis and an evaluation of |l derivatives in super cial resemblance to the traditionyall
evidence and counterevidence are provided in the original papeostulated jawless ancestor with a pan-pharyngeal serial pattern
(Miyashita, 201} The present review looks to new evidence andFigure 6A; Sewertzo, 1931; Jarvik, 1980; Mallatt, 1996;
future directions that were not considered in lengthhtiyashita ~ Conway Morris and Caron, 20)4Metasprigginacould reject
(2015) the Mandibular Con nement Hypothesis if: (a) compelling

Spatial con nement is a dicult concept to test, as it morphological evidence indicates that the most anterioo$éte
ultimately requires precise fate mapping and speci ¢ functionabipartite pharyngeal bars was derived from the PA I; and (b) the
analysis. Crucially, the spatial con nement proposed at thre¢h pan-pharyngeal serial pattern should be a shared primitive trai
interfaces concerns the undi erentiated NCCs and MMCs ofalong the stem of gnathostomes.
the PA | (Miyashita, 201} It does not necessarily mean that As for the PA | identity, Metasprigginahas no indication
di erentiated structures continue to occupy the same posision of the trigeminal innervation in the region of the most
as in the embryonic PA |, or that the area occupied by the NCCanterior pharyngeal bars, and the ganglia do not appear to be
and MMCs of the PA | quantitatively decreased in proportion topreserved Conway Morris and Caron, 20)4Where alternative
schematic diagrams. Instead, the con nementimplies that®A interpretations (e.g., cephalochordate-like pattern) canhe
| interfaces clearly observed in crown gnathostomes likelgg  ruled out, neither is it certain that each set of the pharyrigea
di erent attributes in jawless ancestors. The NCCs and MMCskeletal bars iMetasprigginavere derived from homologs of the
“con ned” to the PA | as in other PAs—and the resulting selial vertebrate PAs. The most anterior pharyngeal bars lack tiahc
similar patterns across the pharynx—are a feature specic tdaments and are thicker than the other pair€¢nway Morris
vertebrates with jaws. Fate mapping experiments in zebra stgnd Caron, 201 On one hand, the morphology does not t
chick, andXenopugand other amphibian models) corroborate to the traditional hypothetical ancestor with gills in evepA.
delimitation of the NCCs and MMCs of the PA | from three On the other, the bipartite organization implies serial patieg
proposed interfaces (trabecula cranii, hyomandibular poadid, that operated in all sets of the pharyngeal bars. Additional
hypobranchial muscles; e.gouly et al., 1993; Richman and Lee,materials are essential for further comparison, as the specic
2003; Eberhart et al., 2006; Benouaiche et al., 2008; Gndss anorphology of the most anterior pair is only preserved in a séngl
Hanken, 2008; Szabo-Rogers et al., 2009; Wada et al., 20it; Taspecimen (ROM 62933). As for the symplesiomorphic state, the
et al., 2012; Lours-Calet et al., 2D18uch high-resolution fate current phylogeny suggests thgetasprigginas nested outside
mapping remains as a challenge for cyclostomes. of crown vertebrates (cyclostom€sgnathostomes)Rigure 1A;

In zebra sh, for example, the premigratory trigeminal NCCs Conway Morris and Caron, 20)4BetweenMetasprigginaand
that would contribute to the trabecula cranii and other ¢kagges jawed vertebrates lie cyclostomes and several lineagaewlesp
of the premandibular region originate more anteriorly than stem gnathostomes, many of which support that the distinctly
those that would contribute to the jaw cartilages of the PA Ipatterned PA | derivatives represent a shared primitive tréibw
(Eberhartetal., 2006Spatial segregation of the skeletogenic fatesespect to the origin of the jawMiyashita, 201 Regardless
among the trigeminal NCCs is maintained through migration, of whetherMetasprigginghas an ancestral state or a uniquely
and the “premandibular” trigeminal NCCs require the hedggho specialized condition, evidence is lacking in lineages clase
signaling from the hypophyseal pit to chondrifizljerhart et al., crown gnathostomes that the serially patterned PA | deriestiv
2009. These observations document the predicted delimitatiorwas a shared primitive trait leading to the origin of the jaw.
of the PA I-derived mesenchymal tissues from the premandibul ~ Recently, Tullimonstrum—an enigmatic fossil bilaterian
region in crown gnathostomes, even though the elements thdtom the Late Carboniferous Mazon Creek biota—has been
occupy this region in cyclostomes are derived from the pasitio reconstructed as a vertebrate or even as a stem lam@ieygents
of the PA | (reviewed byMiyashita, 201p Interestingly, the etal., 2016; McCoy et al., 2Q1®ullimonstrumhas a prominent
hedgehog-impairedhh mutant zebra sh have median fusion proboscis with a hinged feeding apparatus at the anterior end.
of the PA I-derived cartilagesperhart et al., 20Q6-a condition ~ The support for cyclostome a nity ofTullimonstrum (McCoy

reminiscent of cyclostomes§igure 4B. et al., 201pincludes the presence of skeletal elements compared
o ) to the tectal cartilages and lingual apparatus in lampreys. If
Metaspriggina and Tullimonstrum these identi cations are correcfTullimonstrum departs from

Serial similarities between the PA derivatives are a ka&lbti all other vertebrates in the uniquely broad distribution and
tractable concept to test because morphological similaritieunusual morphology of the PA | derivatives (e.g., the proposed
between the PA derivatives likely re ect serial patterniaglier lingual apparatus). One possible interpretation is that these
in development. Here, fossil evidence is relevant. A syighesexceptional features re ect the lack of serial patterning fue t

of fossil inferences suggests that acquisition of morpHoldg PA | derivatives in early branches of vertebrates. However,
similarities between the PA I-derived and other PA-derivedTullimonstrumas a stem lampreyMcCoy et al., 201)6informs
structures coincided with the origin of the jawi(yashita, 201y little about conditions along the gnathostome stem because
Metaspriggina—a putative stem vertebrate from the Cambrianits unusual morphology would represent a derived state. The
Period—displays a mix of features that both contradict andilternative phylogenetic positions as a stem vertebrate, stem
support this scenario of serial assimilatiodetasprigginéhas cyclostome, or stem gnathostomg&lé¢ments et al., 20)&vould
seven bilateral pairs of dorsoventrally bipartite bars in theguestion the skeletal traits identi ed on the basis of a lagypr
pharynx, and the most anterior pair may represent the PAmodel. At any rate, it requires further analysis to constrain
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the anatomy and phylogenetic position ®illimonstrum The  “Premandibular” Component of the Upper

hinged apparatus at the anterior end of the proboscis havggyw

curious super cial resemblance to a jaw, and the branchigl the presentation of the Mandibular Con nement Hypothesis
openings remain to be observed. The current information\jiyashita, 201} the maxillary process referred to the PA-
available onTullimonstrum neither supports nor rejects the | gerived DIx-positive ectomesenchyme that forms the anlage

Mandibular Con nement Hypothesis. of the palatoquadrate. The jaw considered in that review
. . consists of the palatoquadrate and the Meckel's cartilagegalon
Transition of the Jaw Cartilages with associated dermal elements where applicable. On the

Kimmel et al. (2001proposed a solution to the conundrum in other hand, the maxillary prominence in tetrapod craniofcia
vertebrate comparative anatomy: the pharyngeal skeletandor geyelopment refers to the domain occupied by the post-optic
on the lateral side of the PAs in jawless vertebrates and en thstream of trigeminal NCCs in the literaturer{chman et al.,
medial side in jawed vertebrates. They postulated that the NCG 997: Richman and Lee, 2003; Cerny et al., 2004 maxillary
migrate to di erent sides of the PAs. A revised version of thisprominence gives rise to the functional components of the
hypothesis posits that skeletal induction site in the miguate ypper jaw, which intramembranously ossify as dermal elements
NCCs—but not the m|grat|(_Jn of the NCCs—determine the S|de(|_ee et al., 2001, 20P4The functional jaw apparatus thus
of the pharyngeal skeleton in each groupe(ny et al., 2009bA  contains the “premandibular’ elements, and such conditien i
simultaneous transition of all the PA-derived skeletormirthe  3ready present in placoderm&Ku et al., 2018 The maxillary
lateral to medial side would be consistent with the seriglre prominence-derived components of the upper jaw do not violate
of the PA-derived skeletons at that part of the phylogenetie.tre spatial con nement of PA I-specic NCCs and MMCs. The
However, no such evidence has emerged. In the most primitivgyremandibular” upper jaw elements could be easily integrated
jawed vertebrates (placoderms), the branchial skeletosis@of  jnto the functional module of the palatoquadrate once having
relatively small individual skeletal bars that do not catuge an  the PA |-derived hinged jaw skeleton. “Con nement’ does not

the branchial cavitiestensig 1963 1969 Denison, 1978; Forey developmental stages.

and Gardiner, 1986 On the other hand, the jaw cartilages still

lie on the lateral side of the major adductor in most placodsym Evolutionary Origin of Extraocular Muscles

and the Silurian placoderrintelognathusiocuments a gradual The Mandibular Con nement Hypothesis only considers the
transition of the jaw cartilages to the medial side of thew@xtdr  premandibular region in its oropharyngeal domain that borsler
(Zhu et al., 2013reviewed byMiyashita, 201} This observation the mouth and the foregut and was classically viewed as
provides morphological evidence of the independent patterningvisceral” or “splanchnic” Goodrich, 1930; De Beer, 1937;
of the PA | derivatives from the rest of the pharyngeal apparatugarvik, 198)) For this reason, the premandibular domain of the

in the earliest jawed gnathostomes. oropharyngeal region was interpreted as devoid of mesoderm,
. . . and the prechordal mesoderm that gives rise to the extraocula
Quality of Fossil Evidence muscles were excluded from the context of the Hypothesis

Related toMetasprigginafossil evidence remains incomplete (Miyashita, 2015 A clonal analysis has recently shown that
and di cult to interpret. Although, Miyashita (2015yeviewed the PA | muscles and the extraocular muscles share a common
available inferences in favor of the cyclostome-like pattey  progenitor lineage in micelscroart et al., 20).0lt remains to
among jawless stem gnathostomes such as osteostrac@astested whether this condition in mice represents a broadly
(Figure 1A for phylogenetic placement), these reconstructiongonserved pattern among vertebrates as suggested by dlassica
are hypotheses on their own. The fossil evidence is consisteshservationsEdgeworth, 19351f so, the PA | mesoderm would
with the PA | derivatives positioned in the premandibular, have been already specialized di erently from the mesoderm of
hyomandibular, and hypobranchial spaces in these fossil taxsther PAs well before the origin of the jaw.

as in cyclostomes, and an alternative, crown gnathostome-

like pattern is incompatible. Beyond that overall pattern,Difference from the Heterotopy Hypothesis
however, the exact morphology of these structures have y&he Mandibular Con nement Hypothesis was designed to
to be resolved. To complicate the matter further, relativeexpand on the scope of the Heterotopy Hypothesis. The
positions of sensory capsules (nasohypophyseal, optic, atatter hypothesis postulates that a tripartite split of the
otic structures) and oropharyngeal structures (mouth, lipsnasohypophyseal placodes into the paired olfactory placodes and
and prebranchial/branchial cavities) vary considerablyoagy orally opened adenohypophyseal placode resulted in diplorhiny
jawless stem gnathostomési(ivier, 1996, 200 7The Mandibular  (paired nostrils) and heterotopic expression BIx genes into
Con nement Hypothesis does not account for extremely arderi the PA | DIx-negative post-optic stream of trigeminal NCCs;
position of the eyes among heterostracomorphs, an exceedingigure 5 Kuratani et al., 2001, 2013; Shigetani et al., 2002,
large number % 45) of branchial cavities in galeaspids, or2005; Kuratani, 20)2 The Heterotopy Hypothesis associates
an anterior shift of orobranchial chambers in osteostracanan important phenotypic di erence between cyclostomes and
(Figure 1A for phylogenetic position). It remains unclear how crown gnathostomes with the origin of the jaw, but does not
these variations relate to morphological changes toward thprovide any mechanistic scenario to explain how suzhk
origin of the jaw. heterotopy led to a jaw. As reviewed biiyashita (2015)the
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presence of the ethmoidal process in the galea§bidyuhas domain (which is often compared to the cardiopharyngeal ragio
been used as a support for this hypothesiai( et al., 201)1  of vertebratesHirano and Nishida, 1997; Stol et al., 20010
However, the jawless stem gnathostome—which does not ev&urrently, it is no less parsimonious to postulate an indeperden
represent the most immediate outgroup of jawed vertebratesvolutionary origin of the oral siphon muscles in tunicates (a
(Figure h)—foreshadowing the crown gnathostome conditionalternative view irDiogo et al., 2016

implies that the jaw did not evolve simultaneously with the

acquisition of the heterotopy. Therefore, tidx heterotopy is CONCLUDING REMARKS: JAW ORIGINS

a necessary but not su cient condition for a jaw to evolve.€Th

Mandibular Con nement Hypothesis interprets the Heterotopy gyerall, it waits for future tests to determine how robust
Hypothesis as describing how a di use interface between thBredictions arising from the Mandibular Con nement
“premandibular” and PA | derivatives became clearly delingateyothesis are, but its implications are promising. Cumuletiv
as in crown gnathostomes, and views it as one of the key steg§idence suggests ancestral anisomerism in the gnathostome
in .the con nement of PA | derivatives before serial assitida pharynx: the PA | derivatives were patterned di erently from
(Figure 4). those of other PAs (with cyclostomes representing some examples
0 . of this), and the serially patterned state of the PA derivegtias
_Verlap of Structures Derived from observed in crown gnathostomes likely emerged with the origi
Different PAs of the jaw. Otherwise the PA I-speci ¢ features in cyclostomes
In all three interfaces proposed for the PA I, overlap ofand crown gnathostomes must have evolved independently
elements from dierent domains occurs later in ontogeny.within the respective lineages, and the cyclostome- or crown
These secondarily extended PA | derivatives in crowmynathostome-like traits identi ed in stem gnathostomesids
gnathostomes include the maxillary process (extending tmo  as galeaspids, osteostracans, and placoddfigsre 1A) must
premandibular region) and the intermandibularis (overlappinghave been misguided. There is no question that cyclostomes
the hypobranchial musclesgfuratani, 2004, 2012; Diogo and and crown gnathostomes have each undergone their own
Abdala, 201)) Nevertheless, the PA identities of the overlappingspecializations, or that inferences for fossil phenotypesaiem
structures are clearly distinguished on the basis of dgwveémtal  challenging. However, alternatives would be best o ered tigto
and morphological correlates such as nerve innervation paste test of predictions arising from the Hypothesis. Currently, it
In teleosts, an anlage of the symplectic cartilage developgquires far fewer character changes to postulate an anisomer
from the dorsal part of the PA Il and Secondarily extends tOpharyngea| apparatus in the last common ancestor between
the anterior side of the hyomandibular pouch to parallel theCydostomeS and crown gnathostomes than to assume a
upper jaw (palatoquadrate), set apart from the rest of the PA Iholyisomeric pharyngeal apparatus.
skeleton by the pouch epitheliunfrigure 6B). When the pouch
epithelium fails to expand laterally ifrasl mutant zebra sh,
the symplectic cartilage fuses to the ceratohyal (a PA liveer THE ORIGIN OF THE PAIRED
cartilage;Figure 6B Talbot et al., 2012 Thisfrasl phenotype APPENDAGES: SERIAL PARALLELISM
indicates: (a) the pouch epithelium is crucial to maintain AND BOTTLENECKS
integrity of the NCC-derived structures it sets apart; anjittie
di erentiated chondrocytes maintain the PA identities basa The idea that the structures of the forelimb (FL) and hindtim
the PA I-derived anlage of the palatoquadrate still does nsef (HL) are “serial homologues” was rst proposed bicg-d'Azyr

with the PA Il-derived anlage of the symplectic cartilage. (1774) Oken (1843)andOwen(1849 p. 184). Oken and Owen's
) ] ) ideas were profoundly in uenced by Johann Wolfgang Goethe,
Oral Siphon Muscles in Tunicates and so was their notion of polyisomeric archetypes. Interegyin

Among tunicates—a sister group of vertebrates—ascidians their FL and HL comparisons—which were almost exclusively
develop an oral siphon following larval settlement andbased on skeletal traits—the use of the term “serial homology”
metamorphosis. The muscle precursors for the oral siphomeferred to what is currently viewed as parallelism (i.e Llasst
originate in the trunk lateral cells, whereas the musclethef of homoplasy) and not to true homology. Examples of striking
atrial siphon, heart, and body wall are derived from the trunksimilarity between the FL and HL i@wen (1849mainly come
ventral cells ilirano and Nishida, 1997; Tokuoka et al., 2005;from tetrapods with highly derived limbs (e.g., bats, horses]
Stol et al., 2010, 20D41If the oral siphon muscles were treated plesiosaurs). Owen used the term parallelism more often than
as a homolog of the PA I-derived muscles of vertebrafiesqo  “serial homology” to describe the FL-HL similarity. When he
et al.,, 201} it would imply independence of the PA | from discussed outgroup lineages to tetrapods (e.g., chondhyeinis),
the rest of the pharyngeal series in ancestors of vertebratee considered that those taxa “confuse” the notion of “atghe’

as predicted by the Mandibular Con nement Hypothesis.and “serial homology.” Thus, Owen intended homoplasy rather
However, it is dicult to compare the ascidian oral siphon than the concept of serial homology as we understand it today
and the vertebrate PA | except in their super cial topological(Diogo et al., 201)3

relationships with the mouth. None of the di erentiated latva  There is a conceptual dierence between developmental
structures contribute to the oral siphon muscles in adulig] the  biologists and evolutionary biologists over the perceptioreoits
trunk lateral domain is spatially set apart from the trunk veait homology, including segmentation. The former tend to foous
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the use of similar developmental mechanisms (“development@ERIAL HOMOLOGY OF THE PAIRED

serial homology'sensuwagner, 199} whereas the latter tend APPENDAGES: PREDICTIONS

to consider both developmental similarity and evolutionary

continuity (“historical serial homologysensu(\Wagner, 1994; Ifthe paired appendages represent evolutionary (historiceaBlse

Brigandt, 2008 Reno et al. (2013)recently proposed a homology, four testable predictions must be met:

broadly applicable criterion to identify evolutionary/histcal

serial homology: “con rmation of itsevolutionary continuity L
duplication event.

throughout a lineage, such that the structure can be sho . .
to have ashared ancestrwith segmental duplicates withinvz,E5 Sfe::;gp%%r;e?;;ndLnl?msé:ﬂgt%rsesfg:th‘:egp ;Z?juitjra;cjliglg

the same body (paralogues, usually named serial-homologs) dductor hallucis) h ; ts i basal
or similar structures in other lineages (orthologues, ulyua vs. adductor ha .UCIS) ave counterparts in more basa
named homologs)” (p. 217). By contrast, Goethe's romangeid gnat_hostorn_es,_wmch can be rooted to the supposed pectoral-
of a polyisomeric archetype did not refer to a true ancestral pelvic ?u dplt'ﬁa:'oz ekv eﬂt' F(;]r ex?mpleq]lgumphrly (187? th
serial pattern, but instead to a theoretical, ideal seriatguat suggested that sharks have nomologs of muscies such as the
latissimus dorsi and pectoralis of tetrapods, as well as serial

that could be ful lled through vitalist forces within the Iy h | fth les in their pelvi d
(Richards, 2004 This idea of the vertebrate body compose 0mologs ol these MUSCIES In INEIr pelvic appendages.
The pectoral and pelvic appendages are more similar to each

of segments implies that the pelvic appendage is nothi ; ) X . ;
9 P P bp g other in adults of earlier/more plesiomorphic taxa than in

more than a second pectoral appendage, which was in turn )
P bp 9 adults of later/more derived taxa\(lder, 187).

viewed as a derivative of a posterior branchial af€ledenbaur, . . .
1859 (4) Symplesiomorphic structures of the pelvic and pectoral

appendages are more similar to each other than are new
structures acquired during independent evolutionary higto

of each appendageWyman, 186). Examples of such
innovations are the tetrapod zeugopodia (arm/leg) and
autopodia (hand/foot). Even if tetrapod digits are considered
to be derived from sh distal radialsJphanson et al., 207

at least some tetrapod wrist/ankle bones are neomorphic
structures Pon et al., 201B

(1) The pectoral and pelvic appendages resulted from a

Despite the decline of romantic and vitalistic ideas, aushor
continued to view the structures of the pectoral and pelvic
appendages as serial homolodsiogo et al., 2013 E orts
to work out the origins of the paired appendages have not
explicitly questioned the serial homology until recently.e3uch
example is a hypothesis that ns evolved from continuous s&ipe
of competency for appendage formation located ventrally and
laterally along the embryonic ankhubinetal., 1997; Donetal.,
2013. An extension of this hypothesis proposes that the paired
appendages evolved with a shift in the zone of competency BNATOMY AND DEVELOPMENT OF THE
the lateral plate mesoderm in conjunction with the estabtisgmt PAIRED APPENDAGES
of the lateral somitic frontier, thus allowing formation offie
limb/ n buds with endoskeletonson et al., 2018 The ideathat Recent anatomical, developmental, and functional studiesera
paired appendages are serial homologs assumes that: (a) thegeguing questions about the serial homology concept. Amon
appendages were originally similar to each other; and (b)eherthem are marked dierences in the development of muscles
was a subsequent functional/anatomical divergence betwedetween the pectoral and pelvic appendage in both tetrapods and
them (Figure 7). In line with these assumptiond)on et al. non-tetrapod gnathostome<ple et al., 2011; Don et al., 2013
(2013)proposed: (a) the ancestrabx4/5cluster of vertebrates These di erences are clearly more marked in phylogenetically
underwent a duplication event; (A)bx4is related to the HL and older structures (e.g., girdles and pectoral-arm and pelvic-
Thx5with the FL; and (c) pectoral ns evolved rstand then were thigh muscles attached to them) than in structures that are
duplicated to form pelvic ns. derived. The hypothetical pectoral-pelvic duplication event in

This supposed polyisomeric to anisomeric polarity links twoearly gnathostomes cannot explain this pattern. In no known
distinct hypothetical phenomena: (a) duplication of tliex4/5 extant tetrapod does topological correspondence exist between
cluster and subsequent co-option associated with the omypge the muscles attached to the pectoral girdle (i.e., pectordl an
of the dierent paired appendages; and (b) morphologicalarm muscles) and those attached to the pelvis (i.e., gluteal
duplication of the appendages at the levels of individuaind thigh muscles) in con gurations in adults or through
musculoskeletal elements. As we will argue below, (a) is truontogeny Figure 8 Diogo and Tanaka, 2014; Diogo and
but (b) is not. Gene expressions may facilitate an outgrowtiZiermann, 2014; Diogo et al., 2014p,In the zeugopodial and
that gives rise to di erent limbs. However, these limbs do notautopodial muscles, however, there are numerous topological
necessarily represent serial homologs. An alternative paptan ~ correspondences (e.g., 19 in most salamanders) betweeméLs a
is that some genes and regulatory cascades/networks hadés in embryonic development of many tetrapods. Some are lost
been recruited due to homoplasy between FLs and HLs tlater in development, whereas others persist in aditgyre 8
coordinate limb development\(illmer, 2003. At least some see numbers ifrigure 10.
of these genes/networks have also been recruited to caatelin @ The FLs and HLs of humans and other tetrapods reveal
the development of other appendages that are clearly not seritairther heterogeneity from early development to the adudtgst
homologs with pectoral or pelvic appendages (sexual organs adardeen, 1906; Lewis, 1910ihak, 197). There are marked
head barbelsirchambeault et al., 20)4 di erences between the con guration of the arteries of the
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similar to each other. Namely, the networks regulating aliti
speci cation and outgrowth of the FL and HL share about half or
slightly more than half of their genes (3 out of 5 for the FL &hd
out of 6 for the HL), whereas the networks regulating lategsts

of FL and HL outgrowth and patterning share almost all of their
genes (27 out of 28 for the FL and 27 out of 29 for the HL). Sear
et al. thus concluded that patterning of the regions of the Rl a
HL that represent major tetrapod innovations (i.e., the zeugo
and autopodia) occurred through the sequential (homoplastic
deployment of a similar developmental program.

Other authors have also previously proposed that similar
genes were co-opted (“gene piracy”) during the transitiomfro
sh to tetrapods (e.g.,Tbx4 and Thx5 for the development
of the HL and FL, respectively), rather than being ancestrall
presentin earlier vertebrates with pectoral and pelvic apperslage
(Roth, 1994; Wilimer, 2003; Diogo et al., 2D1Speci cally,Roth
(1988 1999 proposed that because of this “gene piracy,” the
hindlimb and forelimb became anatomically more similar tekea

FIGURE 7 | Simpli ed diagram illustrating the “serial homolog 'y other than were the pectoral and pelvic appendages of non-
followed by functional/anatomical divergence” hypothesis oft en tetrapod gnathostomes. This idea is defended[lhqgo et al.
shown in textbooks and followed in more technical papers, part icularly s P

within the elds of developmental biology and evo-devo. Modi ed from (2013) the S'[I'Iklng S,Im”amy bet\_Neen the forear.m/hand and
Diogo and Molnar (2014) leg/foot of tetrapods is due to derived (homoplastic) evehts t

occurred during the n-limb transitions, and not to ancestra
serial similarity between the pectoral and pelvic appendages. A
human FL and HL in the stylopodial (arm vs. tight) and girdle such, prediction 4 is contradicted.

(pectoral vs. pelvic) regions, not only in adults but also inyea To test prediction 3Diogo and Ziermann (2015¢ompared
development Figure 9). By contrast, remarkable similarities the musculoskeletal structures of the paired appendages of
exist between the hands and feet in humans and some othectinopterygians and chondrichthyans. They suggest thatyma
tetrapods (e.g., salamanders) in the patterns of bones, esjsclof the strikingly similar FL-HL muscles of extant tetrapods
nerves, and blood vesselBi¢go et al., 2013 An analysis of evolved independently in each appendage because the ancestors
development regulation of the pectoral and pelvic appendages crown gnathostomes are predicted to have possessed only an
in tetrapods and some sh helps explain these morphologicahdductor and an abductor in each n. This is inconsistent with
patterns Gears et al., 20).55ears et al. provided the rst detailed the idea that at least some muscles present in the tetrapod FLs an
review of the developmental programs and gene networks dfLs were already presentinthe rstvertebrates with pectaral

the pectoral and pelvic girdles and of the HL and FL ofpelvic appendages. They propose that the origin of the pectoral
tetrapods. This analysis revealed that embryological msigre girdle was instead likely related to head evolution, asithted
more similar between the zeugo- and autopodia of the FLby the cucullaris of gnathostomes such as chondrichthyans
and HLs than between the pectoral and pelvic girdles. Knowimserting onto both the branchial arches and pectoral girdle
genes and regulatory gene interactions di er greatly betwite  Only later in evolution the cucullaris became di erentiatedo
pectoral and pelvic girdles, with few genes regulating paittgrn the levatores arcuum branchialium and protractor pectoralis,
of both girdles, whereas there are many similar genes imdolv which gave rise to the amniote neck muscles trapezius and
in patterning the FL and HL zeugo- and autopodia. Importantly,sternocleidomastoideus.

only some of the genes with known roles in pectoral girdle There are numerous evolutionary and functional reasons
development have roles in development of the pelvic girdle, anfbr the deep spatial relation between the skull and pectoral
vice versa. In these few mutually expressed genes, thetidneg  girdle in early gnathostomes: the girdle forms the rear wall
interacting partners, and tissue domains of expression may k& the internal branchial chamber—a shield for the pericatdi

di erentin each of the girdles. Overall, the networks thagudate  cavity and a secure insertion for the pectoral nSdates and
patterning of the pectoral and pelvic girdles dier to a largeCohn, 1998; Matsuoka et al., 200The pectoral appendage
degree, when the number of genes that are present in botls deeply associated to the head developmentally through the
networks is used as the metric. Speci cally, they identi é@l 1 use of strikingly similar developmental mechanisms, which
genes with a role in pectoral girdle development that could bénclude a Shhdependence in both this appendage and the
placed in the network, and 10 genes for the pelvic girdle; fewd?PAs in chondrichthyans, a commonality also seen in the
than half (4 of 10) of the 10 genes in the pectoral girdle nekwor pelvic appendagellis et al., 2009; Gillis and Hall, 20)L6
are also presentin the pelvic girdle network. In contrastJetfie It is interesting that these observations are consistent with
gene network regulating initial speci cation and outgrowdfthe  Gegenbaur's (185%9ld—and now often discredited—idea that
FL and HL elds di er in many respects, the networks regulatingthe pectoral appendage may be a derivative of the posterior PA
later stages of FL and HL outgrowth and patterning are morgegion (see below).
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FIGURE 8 | Super cial musculature of the forelimb (on the left) an d the hindlimb (on the right) of the salamander  Taricha torosa , seen in dorsal view.
Striking similarities between forearm-hand muscles and ¢efoot muscles (shown by using similar colors), as well as sking differences between the pectoral-arm
muscles and the pelvic-thigh muscles, are evident in salanmalers (modi ed from Diogo et al., 2013 N.B.).

FOSSILS AND THE EVOLUTION OF THE 2012 Figure 10. Therefore, it is not unreasonable to predict co-
PAIRED APPENDAGES occurrence of pelvic and pectoral appendages in the deeper stem
of gnathostomes. However, any proposition for simultaneous
The existing data about the evolution of both fossil and ekta appearance of both appendages would require multiple events
gnathostomes contradict prediction 4. The pectoral appendaged secondary losses in the lineages without pelvic appendages
appeared earlier than the pelvic appendages: the former is presédiitilson et al., 200)/
in jawless stem gnathostomeg(vier et al., 2004; Janvier, 2007; Instead of secondary loss, the tendency appears to be
Wilson et al., 200)] whereas the latter appears to be restrictedndependent acquisition of dierent types of appendages in
to jawed gnathostome& fiu et al., 2012; Brazeau and Friedman several early vertebrate clades. This is borne out by complex
2019. One could argue that the absence of evidence is ndaxonomic distribution of not only the pectoral and pelvic
evidence of absence. For a long time it was thought that enfitia appendages, but also of paired reproductive organs and “anal”
placoderms lack pelvic appendages, but a dermal pelvic girdles in the stem of gnathostomesS@nsom et al., 2013; Brazeau
was reported recently in the antiardParayunnanolepjswvhich — and Friedman, 2014; Trinajstic et al., 2014; Long et al.5201
has also a mainly dermal pectoral girdle that consists partlfo-options of gene expression may explain the homoplastic
of perichondral elements (e.g., a scapulocoracdid; et al., acquisitions of these appendages. PatternsHok and Shh
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FIGURE 9 | Development of the arteries of human FL and HL.  Modi ed from Hinchliffe and Johnson(1980; for more details see that book and references therein),
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FIGURE 10 | Simpli ed diagram of the evolutionary transition s in muscle anatomy leading to modern humans. The evolutionary history of the pelvic and
pectoral appendages is much more complex than the “serial hmology followed by functional/anatomical divergence” hypthesis suggests. Complex interplay
between ontogenetic, functional, topological and phylogaetic constraints leads to cases of anatomical divergenceoflowed by convergence (“similarity bottlenecks”).
Modi ed from Diogo and Molnar (2014) PEL, PEC: pelvic and pectoral appendages.

expression are similar in body appendages as diverse as tie formation of these arche&(llis et al., 2009; Gillis and Hall,
head barbels of paddle shes and the sexual claspers of sha319.

(Archambeault et al., 20)4TheseHox patterns are probably part All these structures provide an illustrative example of deep
of an ancient module that provided a shared genetic prograrhomology Ghubin et al., 2009 which overlaps with the
that was co-opted in the independent (homoplastic) formationdevelopmental criterion of serial homologysensu\Wagner,

of appendages such as genitalia, barbels, and the vent of sofif®49 and assumes at least some degree of parallelism
shes (a medial structure that is analogous to a urethraniir ~ (homoplasy) under the evolutionary criterion of serial homgyo
Hox patterns also govern the development of the pelvic andgShubin et al., 1997; Hall, 2003; Wake et al., 20These
pectoral, as well as the medial, ns of sharksgitas et al., iterative correspondences are broken by historical (evahairy)
2009. Even in lampreys, the formation of medial ns involves discontinuity of phenotype. That is, there might be contiryit
Hox genes, suggesting that paired appendages originated whehsome genes/developmental mechanisms that account for the
gene expression patterns for the median n were redeployed isimilarity between the pectoral and pelvic appendages. However
lateral plate mesodermi(eitas et al., 2006As such, similar there is no historical continuity in phenotype in the sense that
developmental mechanisms are at play to form appendages ascestrally these appendages were not similar to each other.
diverse as sexual organs, vents, barbels, and median, glectofhere likely was no true morphological duplication of the whole
and pelvic appendages. Accordingly, it is interesting thatbbotappendagesiogo et al., 2013 Within the context of the

the intromittent organs and paired appendages of placodermislea propagated by Gillis and colleagues, the evolutionaiér |
consist of dermal and perichondral components (elginajstic  acquisition of the pelvic appendage could mainly be seen in
etal., 2014; Long et al., 2Q1%his is also the case for the pectoraltwo di erent ways. Firstly, it could be related to a co-option of
appendage in osteostracansifvier et al., 2004Furthermore, some of the mechanisms shared by both the pectoral appendage
similar mechanisms are also used in the formation of the Rfss a and the PAs. In this regard, it is interesting that the pelvit

both the pectoral and pelvic appendages, and this similarity hasonverts into a large gill-like organ during breeding season

led Gillis and colleagues to resuscitate Gegenbaur's fagdlte  males of the lung shLepidosiren paradoxé-oxon, 193R A
pectoral appendage might be derived from the PAs, or at leasion-mutually exclusive alternative is a co-option of somehaf

be associated to a co-option of some of the mechanisms usednmechanisms shared by other appendages, such as the medial
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(unpaired) appendages. In this sense, it is worthy to note thaappeared earlier than the pelvic ones, and were anatomically
various authors have pointed out that both the embryologicand functionally part of a cohesive structural unit that meagvk
development and adult con guration of the pelvic appendage irincluded the head. This link was likely developmental as well,
various shes (e.gAcipenserPolyodoh are much more similar as indicated by th&&hhdependenceGillis et al., 200pand by
to those seen in the dorsal and anal ns than in the pectorathe cucullaris—a muscle connecting the head and pectordliegir
appendagesOanforth, 1913; Mabee and Noordsy, 2D0A in placoderms and chondrichthyansi(najstic et al., 2013—
di erent, third hypothesis was proposed biabin and Laufer as part of the cardiopharyngeal eld{ogo et al., 2016 The
(1993) but this hypothesis does not match the temporal sequengeectoral and pelvic girdles and the muscles attached to them
according to the fossil record available so far. Namelyeraft remained markedly di erent across gnathostomes. In allaptd
recognizing that the similarity between the structurestwf fore-  clades listed irFigure 10 no pelvic-thigh muscle corresponds
and hindlimbs of tetrapods is very likely the result of paralle topologically to a pectoral-arm muscle.
(homoplasic) evolution, they suggested thHaix genes were The FL-HL similarities in zeugopodial and autopodial bones
originally expressed only in the pelvic appendage. Then, later iand muscles were therefore acquired secondarily acrosstihe
the evolutionary history of gnathostomes, the subsequetojc  tetrapod transitions Figure 10. The zeugopodia and autopodia
activation ofHox genes in the developing pectoral appendagef tetrapods have ossied skeletons, and the developmental
resulted in a homeotic transformation, imposing the patteffn o patterns are in general quite dierent from those in distal
the pelvic appendage on the pectoral appendage by initiatinglements of the pectoral and pelvic ns in she®dn et al,,
signaling centers originally speci c to the hindlimb, suchthe  2013. The zeugopodia- and autopodia-speci c patterns include
zone of polarizing activity. cooption of paralogues (e.gTbx4 and Thx5 as a result
Aside from this latter idea, fossil evidence also rejectsf “gene piracy” Roth, 199) and these cooptions explain
prediction 3. In the antiarchParayunnanolepisthe earliest similarity between the distal regions of these limbs inaptids
and plesiomorphic stem gnathostome with both pectoral anda “similarity bottleneck”: Figure 10. In salamanders such
pelvic appendages—these appendages are di erent anatomically axolotls, 19 muscles/muscle groups of the leg-foot clearly
(Figure 10 Zhu et al., 201p This goes in line with a detailed, seem to “correspond” topologically to forearm-hand struesir
long-term work on the paired appendages of early vertebrates ar{ffigure 4).
their evolution in gnathostomes, which show that the pectora However, gene piracy alone is not sucient to explain
and pelvic appendages are primitively distinct from each othethe striking similarity between the leg-foot and forearrartd
in the stem of gnathostomes and only became more similar,latemuscles of some derived tetrapods such as horses or humans
in osteichthyans and particularly in tetrapodsdates and Cohn, (Figure 10. In humans, 19 muscles/muscle groups of the leg-
1998, 199p Speci cally,Coates and Cohi(1999 p. 678) stated foot have clear counterparts in the forearm-hand structures
that “pelvic ns therefore neither originate as simple copiesHowever, the number is only 16 in quadrupedal mammals (e.qg.,
nor as identical serial homologs of the pectorals [...] RPatie rats) and 14 in reptiles (e.g., lizards), respectivéligyre 10.
of primitive n phylogeny therefore provide little evidence of Importantly, many of the human FL muscles/muscle groups
parallel (or concerted) evolution between pectoral and pelviwith clear counterparts in the HL were acquired independently
appendages [...] close similarity between pectoral and pehgc within primates Qiogo et al., 201)3 For example, the adductor
is therefore a specialized feature which is developed mastgle hallucis and adductor pollicis are similar because they have
within sarcopterygian (lobe- nned) osteichthyans; but evie  well-di erentiated transverse and oblique heads. HoweVee, t
this taxon, which includes tetrapods and their closest &l heads of the adductor pollicis only became well-di erentiated
relatives, pectoral and pelvic ns primitively di erJanvier etal. in the node leading to catarrhines (Old World monke¢
(2004)also pointed out that while the pectoral appendages ofiominoids), whereas those of the adductor hallucis areadlye
osteostracans are likely homologous with those of gnatimes,  well-di erentiated in primitive primates such as lemurs.
the pelvic ns of the gnathostomes likely had a “rather dieten ~ The 'similarity bottlenecks' leading to derived taxa such a
history”; in the gnathostome stem, the pelvic endoskeletoasdo humans are also in uenced by topological and functional éast
not show the same process of radial formation that the pectordfor example, the only way to have a functional abductor haluc

appendages daénvier et al., 2004 or pollicis brevis (both muscles were acquired as homoplasies
during tetrapod evolution) is to have a muscle lying on the ehdi
or tibial side and then having it insert onto the radial origbside
SERIAL PARALLELISM AND of the rst digit of the hand or foot. Another crucial point igiiat
BOTTLENECKS IN THE various leg-foot muscles that are strikingly similar topgitally
MACROEVOLUTION OF THE PAIRED to forearm-hand muscles in derived taxa do not develop from
APPENDAGES similar anlagen. For example, the FL muscle extensor pollicis

longus and the HL extensor hallucis longus of humans are
In summary, the four predictions of the serial homology modelremarkably similar topologically, but the former derivesrfr
(1-4) are rejected on the basis of developmental, comparativine anlage of the short extensors of the hand, whereas ttes lat
and fossil evidence. We support the “serial parallelism anderives from the anlage of the long extensors of the [2gdo
bottleneck” model as an alternativ&igure 10 Diogo et al., et al.,, 2013; Diogo and Wood, 201%n summary, during the
2013; Diogo and Molnar, 20)4 The pectoral appendages evolutionary history of the tetrapod FLs and HLs, there are
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cases of evolutionary divergence leading to di erencesyedse assuming a polyisomeric ancestral phenotygepriori. First,
substantial evolutionary parallelism occurred in subsefiue anisomeric patterns should be tested as an alternative hgsath
“similarity bottlenecks.” The strikingly similar FL and HL Second, similarity can only be assessed in particular cgntex
muscles are therefore the result of a complex interplay betweesuch as at speci ¢ developmental stages or within certain slade
ontogenetic, topological, functional factors, and not dosérial It remains to be explored whether or not serial assimilation
homology between the appendages in non-tetrapod ancestors. helps account for the evolution of other serial structurestsu

as vertebrae, but polyisomeric archetypes needs not serve as a

CONCLUDING REMARKS default ancestral state.
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