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Synopsis In most versions of theories of the segmentation of the vertebrate head, a premandibular segment is present

rostral to the jaw-forming mandibular segment. These theories posit that in ancient fishes this segment included a gill and

a gill-supporting skeleton, which then was modified to support the anterior brain. However, we find no recent evidence

for existence of such a premandibular segment. Rather, new findings from studies of fate mapping and gene expression

show that the ‘‘premandibular’’ territory is in fact the maxillary region of the mandibular arch. A signaling cascade,

beginning with dorsal midline mesoderm in the gastrula and relayed through neural ectoderm and then oral ectoderm,

greatly expands the skeletal derivatives of maxillary neural crest in a manner fully consistent with the Gans–Northcutt

theory of the vertebrate new head.

Introduction

An idea stemming from the 19th Century is that the

fundamental organization of the vertebrate head is

segmental—vertebrates are segmented ‘‘from the tip of

the head to the hindmost parts’’ (Jacobson 1993, 71).

The quotation refers to mesodermal head somito-

meres, proposed by Jacobson and his colleagues to

be continuous with somites in the trunk and tail.

Whereas head somitomeres may not exist at all

(Kimmel et al. 2001; Olsson et al. 2005; Kuratani and

Ota 2007;), certainly the head of a vertebrate includes

segmentally organized sets of structures–notably the

rhombomeres of the hindbrain and the ‘‘arches’’ of

the pharyngeal walls. In fishes, a segmental set of

pharyngeal arches form the gills and their supports. In

gnathostomes, a prominent anterior pharyngeal arch,

generally known as the mandibular arch, or phar-

yngeal arch 1, forms the upper and lower elements of

the jaw. In this essay, we focus on the pharyngeal

arches, examining and rejecting the hypothesis that

one or more arches (pharyngeal segments) exist ahead

of the segment that makes jaws – ahead of arch 1.

We refer to this hypothesis as the ‘‘arch-0’’ problem

and suggest that the problem has several causes.

As we shall argue, causes of the arch-0 problem

include untoward idealism about the morphology of

our ancient vertebrate and chordate ancestors, and

related to this, a very old misunderstanding about

the evolutionarily early nature of segmentally orga-

nized series of structures, namely that segments were

‘‘initially uniform’’. An unfortunate feature of the

arch-0 problem is that it has created confusion and

misunderstanding in the literature about the geo-

graphical boundaries of the first pharyngeal arch.

We will show that understanding the geography

correctly is of central importance in solving the

arch-0 problem, hence we examine this issue in some

detail, including fate mapping of the derivatives of

the first arch and its delineation by gene expression.

Finally, we propose that the principal reason for

postulating existence of an arch 0 is that the early

workers, while aware of inductive interactions in

neurocranial development (de Beer 1937), had not—

could not have—appreciated the full consequences of

cell-to-cell signaling that occurs in the embryo. The

interactions of interest here begin during gastrulation

between the dorsal midline mesoderm and the neural

ectoderm, and are eventually relayed through the

oral ectoderm to the skeletogenic neural crest. A

consequence of this cascade, as foreseen in the ‘‘new

head’’ theory of Gans and Northcutt (1983), is to

greatly expand skeletal development in the anterior

part of the head.

To be clear at the outset, we equate a pharyngeal

arch with a pharyngeal segment or metamere, and we

use this language in a restricted sense to mean that

foremost in our understanding of segmentation is

iteration of structure (Bateson 1894). To be segmen-

tally organized, a series of structures must be pres-

ent in repeated copies along an axis, generally the

anterior-to-posterior axis. The repetitious elements,

the serial or segmental homologs, do not need be

perfect copies of one another for the definition to

apply, and Bateson coined the terms homeosis and
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heterosis to describe conditions in which the homo-

logs are substantially similar or different from one

another in structure and function. We note that even

though Bateson’s definition is restricted to morphol-

ogy, we do not think it useful to include this parti-

cular restriction in our understanding of segmental

patterning; to do so would be retrogressive. Impor-

tantly, early patterns of gene expression often show

clearly iterated segmental patterning in instances

where later morphological change obscures the

patterning.

Arch 0: An hypothesis stemming from
an unrealized, idealized view of our
gill-bearing ancestors

‘‘If then the trabeculae represent visceral arch

cartilages, they must be the skeletal supports of a

whilom [ancient] premandibular arch, separating

the originally anterior mouth from a pair of mandib-

ular visceral clefts.’’ (de Beer 1937, 376)

The trabeculae cranii (‘‘little rods of the cranium’’)

are transient cartilaginous elements present in the

mesenchymal tissue in the roof of the embryonic oral

cavity, in close association with the rudiments of

ventral midbrain and forebrain that lie just above.

de Beer, perhaps the most influential student of skull

development and evolution in the 20th century,

thought the trabeculae were derived evolutionarily

from ancient gill supports. The hypothesis, meaning

to explain the existence of trabeculae and other

skeletal elements in the anterior part of the head, was

not original, but came from one of the most

influential students of skull development and evolu-

tion in the 19th century, TH Huxley (reviewed by de

Beer 1937) and was championed by other important

authors as well. The theory had strong support.

The mouth, a passage for inward flow of water for

feeding and respiration, was, for arch 0 advocates,

‘‘originally anterior’’ (Fig. 1, before). Outward flow

in the pharynx is through gill slits, segmentally

arranged, and formed where pharyngeal pouches, the

out pockets of the endodermal pharyngeal lining,

meet pharyngeal clefts, the in pockets of overlying

ectoderm. Then the mouth relocates to a new

posterior-ventral position, and an ingenious part of

the theory is that in its new location the mouth takes

over a bilateral pair of clefts (Fig. 1, after). These clefts

separate the premandibular arch, or arch 0, located

immediately anterior to the newly positioned mouth

and the mandibular arch, or arch 1, located immedi-

ately posterior to the mouth. The arch-0 skeletal

element loses its gill bearing function, and is ‘‘pressed

into the service of the brain-case’’ (de Beer 1937, 375).

We note here, and will take up more fully later in

this article, that in today’s literature the same preoral

region posited in this case as the premandibular

arch, arch 0, is more generally taken to be a sub-

region of arch 1, termed maxillary arch 1. The region

posterior to the mouth that de Beer calls the mandib-

ular arch, is more generally the mandibular portion

of arch 1, maxillary and mandibular processes

together making up the whole of the mandibular

arch, arch 1. Understanding arch-1 geography cor-

rectly, for which new studies of gene expression are

critical, is helpful for solving the arch-0 problem.

However, just where in the head of recent vertebrates

different proponents of arch-0 theory assume that

arch 0 is located is not uniform. For example,

Kuratani and his associates have provided the most

recent argument in the literature for arch 0 (Kuratani

et al. 1997) and, a few years later, describe a pre-

mandibular ‘‘region’’ in the chick embryo as being

not the same as maxillary arch 1, but located just

rostral to maxillary arch 1 (Shigetani et al. 2000). We

note that in the latter paper Shigetani et al (2000),

make no reference to a premandibular ‘‘arch’’ or

‘‘segment,’’ but simply to a premandibular region,

and in later reviews Kuratani et al. (2001, 2004) are

explicit that this ‘‘region’’ is not to be equated with

‘‘arch.’’ It could well be that the earlier enthusiasm

for arch 0 (Kuratani et al. 1997) cooled down a few

years later. The identity of this premandibular region

Fig. 1 The arch 0-hypothesis. A caricature of a segmented

worm-like ancestor, as described by de Beer (1937).

c, cartilaginous gill support; Evo, evolution; m, mouth; s, gill slit;

T, trabecula, supporting the brain and evolving from the arch-0

cartilage. More anatomically detailed drawings of the hypothetical

ancestor also are available from other sources, notably Bjerring

1977; Jollie 1984; Kuratani et al. 1997. These drawings differ

substantially from one another.
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is not completely clear. Lee et al. (2004), who carried

out detailed fate mapping of the region in question

interpret the evidence differently than do Shigetani

et al., stating that it contributes to the maxillary

prominence, which by our interpretation would be

part of arch 1.

A current problem with arch-0 theory, as viewed

retrospectively well over a century after initial for-

mulation of the theory, is the lack of any evidence

supporting the proposed ancestral state. A century,

especially considering the remarkable recent progress

in evolutionary developmental biology, provides a

lot of time to have obtained supportive evidence for

the theory by identifying an ancient creature, a puta-

tive ancestor, with the characteristics posited by the

theory. New fossils, e.g., soft-bodied ancient verte-

brates, myllokunmingiids, recently uncovered in

China (Shu et al. 2003a, 2003b; reviewed in Janvier

2007) show segmented pharyngeal walls located

rather well behind a region with no signs of overt

segmentation, suggesting that if an ancestral creature

ever existed that possessed pharyngeal gill-bearing

segments in the anterior-most region of the head, it

must have existed before vertebrates evolved, not

after. As was well known to the early proponents of

arch 0, the cephalochordate amphioxus, even though

showing somite-derived metamerism of the body

wall right up to the anterior tip of the body axis, has

a well delimited pharyngeal region beginning only

rather posteriorly, behind the oral region, which

itself is well back from the anterior end of the head.

Hence, amphioxus could not have reflected the

primitive condition imagined by the proponents

of arch 0. Enteropneusts, hemichordates showing

pharyngeal segmentation, including cartilaginous

supports of the gills, also have their segmented pha-

ryngeal region well behind other structures, including

the prominent proboscis. In particular, the gill slits

of enteropneusts line up with anterior-posterior

neural markers just as they do in vertebrates

(Gerhart et al. 2005). New studies suggest that

enteropneusts, among all recent invertebrates, might

most closely resemble the chordate ancestor (Gerhart

et al. 2005; Rychel and Swalla 2007; Swalla 2007).

The morphologies we see are not those that an early

advocate of arch-0 theory might have predicted.

Carving out segments: Paleontology
provides no evidence for arch 0

A prominent group of paleontologists, working in

Stockholm during the major part of the 20th cen-

tury, argued that comparative anatomy and paleon-

tology of vertebrate material supported the case

for arch 0. However, the views of this school were

treated with increasing disbelief as the studies

progressed. The work began with Stensio in the

early part of the 20th century, was then taken up by

others including his very well-known and influential

student Jarvik (1954, 1980), and then by Jarvik’s

students, notably Bjerring (1977). The ideas about

head segmentation and their history are nicely

reviewed by Janvier in his important ‘‘Early

Vertebrates’’ (1996). Janvier was trained in the

Stockholm environment, and in his book he treats

the arch-0 problem with gentle skepticism. More

recently, Olsson and his colleagues have examined

this body of work as well, focusing on the philosophy

of thought lying behind it (Olsson 2005; Olsson

et al. 2005).

The disciples of this school saw arches, actually

two of them—a terminal arch and a premandibular

arch (arch ‘‘minus-1’’ and arch 0, if you like) ahead

of the first arch. To ‘‘see’’ these arches in their

subject matter, fossil fishes, and recent fishes with

primitive skull characteristics, took some invention,

understandably necessary if evolution has obliterated

a supposed very clear segmental pattern that charac-

terized an early ancestor. The best and most

thoroughly documented example of such invention

is Jarvik’s 1954 study of the fossil fish Eusthenop-

teron, a very well known sarcopterygian and close

relative of the early tetrapods (Fig. 2). Janvier, in his

review (1996, 255), stated that this particular fossil

provides ‘‘the best palaeontological support for

full segmentalist theories, in particular those for

the premandibular arches.’’ Jarvik’s reconstruction

(Fig. 2B) shows the principal skeletal element of

arch 0 as a prominent strut similar in form to the

arch-1 bone and to the serial set continuing poster-

iorly. The pattern clearly looks segmental.

The invention, in this case, was to carve two bones

from a single bone, the palatoquadrate, the upper

jaw bone shown in Fig. 2A and C. The palatoqua-

drate is no doubt a single chondral bony plate in

the beautifully preserved fossil. The bone has two

regions, an anterior region we term (following de

Beer) the pterygoid process, and a posterior

‘‘quadrate’’ region. Whereas de Beer supposed the

trabecula to be the cartilaginous gill support of arch

0, Jarvik saw the pterygoid process of the palatoqua-

drate as being the supportive element of the same

arch. The posterior quadrate region of the palato-

quadrate becomes the supportive element of arch 1.

For the reconstruction in Fig. 2B, Jarvik throws away

the middle region.

Jarvik thought it completely justifiable to effect

this surgery. There is no attempt at cover-up;
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rather the whole intellectual deconstruction of the

fossil is explained in great detail in his original

publication (1954). He saw the middle region of the

palatoquadrate as a set of gill rays from arch 0 that

were fused together. Gill rays can be tossed out of

the reconstruction because including them in the

drawing only tends to obscure the basic segmental

pattern.

Looking at this argument more than 50 years later,

we can be more than a little incredulous. Still, we

think it useful to have reviewed this story because

it points up key problems in scientific inquiry: First,

we expect to see arch 0 because of the paradigm in

which we make our inquiry, a strictly segmentalist

school in this case. In defending head-segmentation

theory, Jollie argued (1984, p 326): ‘‘The assumption

of a segmented head, an assumption that has

not been falsified, is and has been a part of the

thinking . . . for over one hundred years . . . . What

does strengthen it is its anatomical (and develop-

mental) explanatory value . . .. Further, there is, in

my opinion, no good alternative hypothesis.’’ In fact,

as we discuss below, the new-head theory of

Gans and Northcutt, published a year earlier (1983)

provides an excellent alternative hypothesis.

Second, and more importantly, even if a premandib-

ular segment were present in a Eusthenopteron

ancestor there is no compelling reason to suspect it

was a gill-bearing pharyngeal arch. An error in logic

here comes from an old misconception about the

nature of segmental series and their origins. Namely,

as it was thought, when a series of segments evolves,

its components must be ‘‘originally uniform’’ (the

quotation is from Goodrich 1930, 217; but essen-

tially all other segmentalists shared this viewpoint).

Homogeneity among segments (homeosis, using

Bateson’s term) would precede any segmental

diversification (heterosis) within the series. As we

have argued elsewhere (Kimmel et al. 2001), current

evidence suggests this proposition cannot be an

axiomatic truth. Hox patterning along the anterior-

posterior axis precedes, phylogenetically, acquisition

of body segmental patterning in invertebrates. This

interpretation is independent of how many times

segmentation has evolved in parallel (see De Robertis

2008, for a new review of this subject). In other

words, during evolution, segmentation is imposed

upon a body plan that is already diversified along the

primary body axis, the AP axis. The new under-

standing conforms to the lack of any direct evidence

from fossils or comparative anatomy that gill-bearing

arches ever existed ahead of arch 2 (reviewed by

Janvier 1996, 2007). Arch 0, if it ever existed, must

never have been a gill-bearing arch. Jarvik’s rationale

Fig. 2 Carving out segments in the Devonian sarcopterygian Eusthenopteron, after Jarvik (1954; see also Jarvik 1980 and review

by Janvier 1996). (A) Palatal reconstruction (a view of the mouth roof). (B) Jarvik’s imaginative reconstruction, shown in

side view with premandibular (a0), mandibular (a1), and hyoid (a2) segments indicated. (C) Reconstruction of the palatoquadrate

(PQ, medial aspect). The shaded areas were taken to be derived from gill supports in a0 and a1, as shown in (B) [ptp, pterygoid

process (also known as the palatine process); pPQ, the posterior region of the palatoquadate (part of which gives rise to the

quadrate bone of the jaw articulation)].
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for carving up the palatoquadrate as he did, is

spurious.

Fate-map locations of the first-arch
cartilages derived from the neural crest
are conserved across gnathostomes

The discussion above shows that two skeletal ele-

ments, the pterygoid process of the palatoquadrate

(Jarvik 1954) and the trabecula (de Beer

1937), figure prominently in the arch-0 problem,

our analysis of which now turns to developmental

biology. The trabecula is one of the first cartilages to

form in the embryo, and newer work fully supports

that this cartilage develops from the neural crest, as

de Beer and several other early investigators believed.

The trabecula, by its relatively constant position and

morphology, as well as by its very early development,

has been homologized among gnathostomes as

diverse as shark, zebrafish, and mouse in a relatively

straightforward way. On the other hand, a prominent

part of the argument de Beer (1937) lays out for

the existence of arch 0 involves the trabecula of

the lamprey, an agnathan, and Kuratani et al. (1997,

2001, 2004) have much more recently provided

argument that the lamprey trabecula may not be

homologous to that of gnathostomes. Whereas

Huxley, Allis, de Beer, and Kuratani et al., among

other authors, postulated that the gnathostome

trabecula represents a skeletal element of arch 0,

this view was not universal among proponents of

arch-0 theory. There was sometimes substantial

disagreement as to the assignment of particular

skeletal elements to particular head segments (Allis

1923, 1938; de Beer 1931, 1937). Jarvik, for example,

placed the trabecula in arch 1, and, as we have seen,

considered the pterygoid process of the palatoqua-

drate to be a key element of arch 0. Jarvik’s student

Bertmar (1959), who accomplished what is perhaps

the best descriptive study of head skeletal develop-

ment in a bony fish, followed Jarvik’s view exactly.

The postulates that either the trabecula or the

pterygoid process, or both, derive from arch 0 might

be tested directly by fate mapping. Accurate fate

maps were not available for any species at the times

arch-0 proposals were made, but they are now, and

the results are quite striking. Recently, fate mapping,

achieved by vitally marking postmigratory neural-

crest cells within the pharyngeal arches and examin-

ing the resulting labeling in cartilages, show that the

trabeculae derive from cells within maxillary arch 1,

i.e., just that region proposed as the premandi-

bular arch by Allis and de Beer. Other skeletal

fates deriving from this domain include the maxillary

bone in at least chickens (Lee et al. 2004) and

zebrafish (Eberhart et al. 2006), and, notably in

zebrafish, the pterygoid process of the palatoquadrate.

In the studies in our laboratory, the labeling was

done by marking single cells in transgenic embryos.

The transgene, fli1: EGFP, reports the location of the

neural crest at the time of the labeling, and then

remains expressed after the cartilages develop, hence

providing for increased accuracy of the mapping

(Supplementary Fig. 1). The resulting fate maps for

the first and second arches (Fig. 3) show a general

correspondence to one another, supporting segmen-

tal homology. Further, there is a topographic conser-

vation between fate-map positions in either arch to

the positions of the resulting cartilages later. For

example, the ventral cartilages usually taken to be

segmental homologs, Meckel’s cartilage in arch 1 and

the ceratohyal cartilage in arch 2, both map ventrally

in their respective segments. The dorsal hyosymplec-

tic cartilage in arch 2 comes from a dorsal position

in arch 2. The fate-map domains in arch 1 appear

more extensively overlapped than in arch 2. The

maps of the pterygoid process and trabecula/ethmoid

plate of the anterior neurocranium show essentially

complete overlap in an anterior region of arch 1

(supporting statistics in Supplementary Fig. 2). This

anterior region, located just above the invaginated

oral ectoderm of the stomodeum, is the zebrafish’s

maxillary arch 1, as supported by gene-expression

studies described below. Importantly, the mapping of

the maxillary derivatives—the anterior neurocranial

elements and the pterygoid process—and the map-

ping of the more posterior region of the palato-

quadrate are statistically separable; the maxillary

derivatives are significantly more anterior.

Data reported by Cerny et al. (2004) for axolotls

and chickens agree remarkably well with these find-

ings for zebrafish, with the notable exception that in

tetrapods the pterygoid process of the palatoquadrate

has been lost or greatly reduced. We note also that

for reasons of their own choosing, Cerny et al. term

maxillary arch 1 the ‘‘trabecular condensation,’’ a

naming quite likely to lead to misunderstanding,

and that we consider unjustified (see comments

by Janvier 2007). Nevertheless, Cerny et al. found

that the trabecula derives from cells located within

maxillary arch 1, and the palatoquadrate in these

animals (corresponding to the zebrafish posterior

palatoquadrate) maps largely within mandibular arch

1. Supportive data were also reported by Lee et al.

(2004), although their study did not examine label-

ing of specific cartilages. To the point of the arch-0

problem, Lee et al. interpret their findings rather

differently than we or Cerny et al. do, concluding
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(223) that their ‘‘data support the concept that the

maxillary prominence is not a derivative of the first

pharyngeal arch.’’ This conclusion and related argu-

ments made by Lee et al. have already been reviewed,

and were criticized extensively elsewhere (Depew and

Simpson 2006) and we will not dwell further on the

study by Lee et al. here. However, we note that in

making their conclusion Lee et al. do not seem to be

directly addressing arch-0 theory. What they are

meaning is perhaps better understood by replacing

the last word ‘‘arch’’ in their sentence with ‘‘con-

densation.’’ The point is that their data show that

cells eventually giving rise to the maxillary skeletal

elements are not arriving in the maxillary region by a

migration from the mandibular region of arch 1.

Hence, we have broad concordance across diverse

gnathostomes concerning the skeletal fate map of

arch 1. The data showing that the trabecula and,

in zebrafish also the pterygoid process, derive from

a preoral domain largely ahead of the posterior

palatoquadrate, have direct bearing on the arch-0

problem. Mapping of the trabecula is just where de

Beer would have predicted for a cartilage derived

from arch 0. Nevertheless, we argue that maxillary

arch 1 is not arch 0. That the location of the

precursors of the trabecula and pterygoid process

map within maxillary arch 1, rather than rostral to it,

is evidence against any particular version of arch-0

theory that places a gnathostome ‘‘premandibular

arch’’ ahead of maxillary arch 1, e.g., within an

anterior region well-known in amniotes as the front-

onasal prominence. Hence, frontonasal postmigra-

tory crest and the resulting frontonasal prominence

cannot, by fate mapping, be arch 0, if arch 0 is to

give rise to the trabecula and pterygoid process. That

the trabecula and pterygoid process stem from the

same domain in zebrafish would seem to eliminate

the version of the arch-0 hypothesis advanced by

the Swedish school, namely the hypothesis that the

pterygoid process comes from arch 0, and the

trabecula comes from arch 1.

Domains of expression of Dlx homeobox
genes serve to pattern the pharyngeal
arches and define their extents

Whereas some proponents of arch-0 theory might

argue that maxillary arch 1 is in fact arch 0, gene-

expression studies strongly suggest the opposite.

Positionally restricted expression domains of devel-

opmental regulatory genes control the patterning of

the locations and the fates of elements deriving from

the pharyngeal arches, as in other embryonic tissues.

A large amount of RNA in-situ data for several

vertebrate embryos, as well as functional studies

in some cases, has accumulated during the past 15

years. Accordingly, our understanding of the pattern-

ing of arches is becoming quite refined. For the

problem we address here, we can use gene-expression

domains to delimit the extents of individual phary-

ngeal arches, in particular arch 1, with some

Fig. 3 Fate map analysis of early larval zebrafish cartilages

derived from the first and second pharyngeal arches.

(A) Cartilages of the anterior neurocranium. Dissected

preparation at 6 days postfertilization, in dorsal view. The boxed

inset shows the position of the anterior neurocranium and

pharyngeal cartilages in a left side view of the head. (B) Jaw

(arch 1) and jaw supporting (arch 2) pharyngeal arch cartilages.

(C) Fate map locations of the elements in the pharyngeal arches

in the embryo at one day postfertilzation. The boxed inset shows

the location of the arches in head, ventral, and posterior to

the eye. The symbols in (C) represent individual cells,

occasionally small groups of cells marked with a vital dye by

electroporation and resulting in labeling of the cartilage elements

as indicated in the key. a1, a2, arch 1 and 2; aNC, anterior

neurocranium; CH, ceratohyal cartilage; E, ethmoid plate; HS,

hyosymplectic cartilage; MC, Meckel’s cartilage; mx, condensed

crest of the maxillary region of a1; oe, oral ectodermal

invagination (stomodeum); p, endodermal pharyngeal pouch 1

(hyomandibular pouch); pPQ, posterior region of the

palatoquadrate; ptp, pterygoid process of the palatoquadrate;

T, trabecula. Experiments by Mary Swartz, from Crump et al.

(2004b, 2006) and Eberhart et al. (2006).
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confidence, as well as to identify subregions within

these arches.

Among the very many genes that have been shown

to be expressed in the pharyngeal arches, the Dlx

homeobox genes are special, as we know from func-

tional analyses, particularly from studies on targeted

loss of function in the mouse, recently reviewed quite

extensively by Depew and Simpson (2006). The Dlx

genes combinatorially control patterning along what

primitively is the dorsal-ventral axis of each arch,

the axis that in arch 1 separates the maxillary from

the mandibular. Here, we restrict our analysis to

expression of these genes, first described in the

mouse and now extended to other gnathostomes, as

we illustrate for the mouse (Qiu et al. 1997; Depew

et al. 2002) and zebrafish (Walker et al. 2006; Miller

et al. 2007) (Fig. 4). Expression of a linked pair of

Dlx homeobox genes, Dlx1 and Dlx2, fill out each of

the arches at early developmental times, and expres-

sion persists as the maxillary and mandibular pro-

minences develop in arch 1 (Fig. 4A and B). The

arches also express two other linked Dlx pairs, Dlx5

and 6, and Dlx3 and 4. For these pairs, expression

does not entirely fill the arches as for the Dlx1, 2 pair

but expression is nested within the Dlx1, 2 expression

domain—confined to inferior territories of the arches

in the mouse and zebrafish alike (Fig. 4C and D).

Dlx3 expression in arch 1 is within the mandibular

region, and not within maxillary arch 1.

The similarities among the arches, particularly

between arches 1 and 2, in the nesting of Dlx gene

expression reveal segmental homologies and hence

give strong support to the inference that the mandi-

bular process is a domain within arch 1 and does not

comprise the entire extent of arch 1, as incorrectly

supposed by de Beer (1937) and more recently by

Lee et al. (2004). Maxillary arch 1 is situated above

the oral ectoderm in territory expressing Dlx2 but

not Dlx3.

Hence, the expression patterns of specific Dlx

genes can be used to critically define the extent of

each arch, to confirm that the identities of maxillary

versus mandibular regions in the first arch corre-

spond across species and to see that these domains

have iterated segmentally equivalent regions in arch 2

and the more posterior arches. Arch 0, as occupying

the location that de Beer supposed it did, is unsup-

ported. Superimposing results from fate maps onto

maps of gene expression shows clearly that the

cartilages supposed to have come from arch 0,

instead arise from maxillary arch 1.

What about the crest-derived mesenchyme that is

located anterior to maxillary arch 1? Gene expression

in the frontonasal domain supports a hypothesis that

even though we know that frontonasal mesenchyme

is crest-derived (Wada et al. 2005; Eberhart et al.

2006, 2008), this region simply is not a part of the

segmentally organized pharyngeal arches. In zebra-

fish, cells from this frontonasal location contribute

to the medial ethmoid plate, a position in the

cartilaginous anterior neurocranium distinct from

the trabecula, but anterior neurocranial skeleton

nevertheless (Wada et al. 2005; Eberhart et al.

2006). The zebrafish frontonasal mesenchyme does

not express Dlx genes, but as in amniotes, zebrafish

frontonasal mesenchyme does express genes shared

with all or most other cranial neural crest cells, such

as Sox9 and Pdgfra (Wright et al. 1995; Soriano 1997,

Tallquist and Soriano 2003; Eberhart et al. 2006,

2008). The clear implication is that Dlx gene

expression, a signature of the crest in the segmented

pharyngeal walls, is completely nonessential for crest-

derived mesenchyme in the more anterior head

to form cartilage. Matching the results from fate

mapping described above, that showed that the

frontonasal crest does not contribute to the cartilages

that de Beer, Jarvik, and others argued came from

arch 0, there have been no gene-expression patterns

reported that suggest that the frontonasal cells are

Fig. 4 Expression of Dlx homeobox genes show features of the

geography of the neural-crest-derived territories of the

embryonic pharyngeal arches in diverse gnathostomes. (A and C)

Zebrafish, with dorsal to the top, anterior to the left. (B and D)

Mouse, with anterior to the top and dorsal to the right; with

these orientations the positions of maxillary (mx) and mandibular

(md) regions of arch 1 correspond between the two species.

Dlx2/dlx2a expression in (A) and (B) shows the full extent of the

first two arches. Dlx3/dlx3b expression in (C) and (D) is limited

within the lower part of each arch (i.e., within mandibular a1 and

ventral a2). Arrowhead, position of invaginated oral ectoderm,

separating mx and md a1; arrow, position of the bottom of the

hyomandibular pouch, separating dorsal and ventral a2. From

Miller et al. (2007; zebrafish), and Qiu et al. (1997; mouse).
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relict survivors of arch 0. Whether crest cells will

contribute to the maxillary or the frontonasal popu-

lations appears to depend on the signaling environ-

ments the cells encounter as their migrations from

the dorsal neural tube come to an end. Whereas

important patterning influences on the facial skeleton

derived from the neural crest are well known to

come from pharyngeal endoderm (Couly et al. 2002;

Crump et al. 2004a, 2004b; see also Haworth et al.

2007), the signals in question appear to emanate from

different sources of facial ectoderm (Shigetani et al.

2000; Lee et al. 2001; Hu et al. 2003), as we describe

next, with particular focus on the oral ectoderm.

A signaling cascade, originating in
midline mesoderm and including oral
ectoderm, plays a critical role in
specifying the fates of the neural crest
of maxillary arch 1

Recently, and primarily through mutational analyses

in zebrafish, we have come to realize that the patter-

ning of maxillary arch 1, together with that of the

frontonasal crest, is special, and as such might have

fooled investigators of the stature of Huxley, de Beer,

and Jarvik, along with others, into believing in the

existence of one or more premandibular segments.

A very pronounced craniofacial skeletal phenotype

results from loss of function of either the Nodal-

related gene ndr2 (the gene was originally called

‘‘cyclops,’’ CT Miller, unpublished data), or genes in

the sonic hedgehog (Shh) signaling pathway (Brand

et al. 1996; Wada et al. 2005; Eberhart et al. 2006),

e.g., the shha gene (Fig. 5). ndr2 functions upstream

to shha, hence, it is likely that loss of either function

is effecting skeletal development at the same point.

As is well known, Nodal signaling is critical for

dorsal mesodermal functioning at the midline of the

embryo at gastrula stages (Dougan et al. 2003). In

response to Nodal signaling, the midline cells of the

neural plate, which will form the floor of the brain

after neurulation, turn on a relaying signal, Shh.

These events happen long before the neural crest

migrates or any skeleton is made.

In ndr2 and shha mutants, Meckel’s cartilages are

variably shortened and may be fused together at the

midline where a joint is normally made between

the bilateral pair. The posterior regions of the palato-

quadrates are usually reduced and fused together at

the midline (Fig. 5). Strikingly, the anterior exten-

sions of the palatoquadrate, their pterygoid pro-

cesses, are missing altogether. The pair of trabeculae,

and the ethmoid plate which together form the

anterior neurocranial skeleton of the larva are

missing altogether as well. These entirely missing

elements, as we have detailed above, are those that

normally derive from the neural crest of the front-

onasal process and maxillary arch 1.

Fate-mapping studies showed that the missing

elements normally come from neural crest that specifi-

cally condenses onto the ectodermal epithelium of

the oral roof. Time-lapse analyzes of embryos mutant

for smoothened (smo), a gene encoding a membrane

receptor required in the target cell for Shh signal to

function (Eberhart et al. 2006). In smo mutants, the

oral ectoderm invaginates as usual, and the neural

crest migrates into the maxillary first arch as usual.

However, within that arch the normally observed

condensation fails; rather, in smo mutants the cells

disperse and maxillary arch 1 is lost. The loss of

maxillary arch 1 could be effectively phenocopied by

treatment of embryos with cyclopamine, a drug that

blocks Hh signaling. As shown in Fig. 6, essentially

no neural crest cells condense on the roof of the

Fig. 5 The cartilages deriving from maxillary arch 1 in zebrafish

are critically dependent on Shh signaling. Flat mounts of

Alcian-blue-stained neural cranial cartilages with bilateral

palatoquadrates attached. (A) Wild-type embryo. (B) shha

homozygous mutant. The anterior neural cranial cartilages and

the pterygoid process of the palatoquadrates are deleted and the

posterior regions of the palatoquadrates are fused at the midline.

E, ethmoid plate; ptp, pterygoid process; pPQ, posterior

palatoquadrate; T, trabecula. From Eberhart et al. (2006).
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invaginated oral ectoderm, whereas the other post-

migratory crest in arch 1 looks normal. For example,

the condensation surrounding the oral ectoderm

ventrally in the region of mandibular arch 1 is pres-

ent, as in untreated embryos. Varying the duration of

exposure to the drug revealed that the critical period

for Hh signaling occurs many hours before the

neural crest migrates into the pharyngeal arches

(Eberhart et al. 2006). This result suggested that the

skeletogenic neural crest itself, remote at the time of

signaling, was not the direct target of the signal.

Mosaic analyses confirmed that the effective

source of Shh signaling was the rudiment of the

ventral brain, also a source of Shh signaling in

chickens (Marcucio et al. 2005), and showed that the

target of the signal was the oral ectoderm upon

which the neural crest normally condenses in

maxillary arch 1. To learn the source, we trans-

planted embryonic tissues from wild-type donors

into host embryos that had been injected with

morpholinos to the shha and shhb genes, lowering

the functions of both genes together. In the absence

of any transplant, the morpholino treatment phe-

nocopied the skeletal and condensation defects

shown in Figs 5B and 6B. On the other hand,

nearly complete rescue resulted if untreated ventral

brain was transplanted into such embryos, but not if

prechordal plate were transplanted, another potential

source of Shh. We used a similar transplantation

strategy to learn the target of Shh signaling, in this

case with smo mutants to identify in which tissue the

receptor for the Shh signal was required. In these

experiments, we learned that the smo genotype of the

neural-crest cells that form maxillary arch 1 was

irrelevant: smoþ neural crest transplanted into smo�

embryos formed no condensation and smo� crest

transplanted into smoþ hosts condensed on the oral

ectoderm. These results pointed to the oral ectoderm

as being the target of the Shh signal and this

interpretation was fully supported by transplanting

smoþ oral ectoderm into smo� hosts. In this case, the

crest’s maxillary condensation was rescued.

The data strongly suggest that for neural crest

to condense in maxillary arch 1, and then go on to

form skeletal derivatives, an early signal must

pass from the ventral brain to the oral ectoderm.

We can view the Shh signaling as a ‘‘priming’’ of the

ectoderm for some later interaction with the

migrating crest. Time-lapse studies suggest, further,

that this later interaction can happen only when the

crest reaches the immediate vicinity of the ecto-

derm—perhaps direct contact is required.

Further support for this model comes from study

of zebrafish embryos in which an altogether different

signaling pathway is reduced, the platelet-derived

growth-factor (Pdgf) signaling pathway. In embryos

bearing a loss-of-function mutation in the gene

pdgfra, encoding Pdgf-receptor-�, crest cells can

migrate but a portion of the anterior cranial neural

crest cells disperse and migrate abnormally. As

revealed by time-lapse analyses, these cells normally

migrate over the eye rudiment that out pockets from

the wall of the diencephalon and then continue

around the anterior part of the primordium of the

eye to reach the optic stalk, before then going on to

settle on the anterior-most oral ectoderm. In pdgfra

mutants, the cells stall in the region of the optic

stalk, most of them never reaching the oral ectoderm

where they would normally condense. Even though

the crest cells are just a few cell diameters away from

the oral ectoderm, they do not develop a condensa-

tion. This observation reinforces the proposal made

above that the crest cells require a location in the

immediate neighborhood of oral ectoderm in order

to condense. Later, there is a striking midline

Fig. 6 The maxillary (mx) portion of the neural-crest-derived

mesenchyme, normally condensed on the invaginated oral

ectodermal (oe) roof in (A), is critically dependent upon

Hedgehog signaling, as revealed by the absence of mx in

(B) after exposure of the early embryo to cyclopamine. The

other arch 1 (a1) crest-derived mesenchyme is relatively normal

in appearance. p, hyomandibular pouch. From Eberhart et al.

(2006).
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deficiency of the cartilage of the anterior neurocra-

nium, and in the more severe cases the ethmoid plate

fails to develop and the trabeculae are extremely

shortened. Loss of the condensation leads secondarily

to loss of the cartilages derived from the

condensation.

This signaling cascade, originating with Nodal and

relayed via Shh to the oral ectoderm, then impinges

back upon the neural crest. Ectodermal signals cause

both the condensation of the crest on the oral

ectoderm and the outgrowth of skeletal elements

derived from the crest of the first arch. The molec-

ular nature of the cues regulating condensation

of the crest is unknown, but insight has been made

into understanding the outgrowth of the first arch.

Exquisite experiments utilizing tissue transplantation,

performed by Hu et al. (2003), demonstrated that

the boundary of the oral and adjacent facial ecto-

derm within the frontonasal process and molecularly

defined by a boundary of Shh and Fgf8 expression,

directs the outgrowth of skeletal elements of the first

arch. Two significant findings for our discussion of

arch 0 come from these analyses. First, mandibular

and maxillary parts of arch 1 and the frontonasal

crest were equally responsive to ectodermal signals,

but the crest of arch 2 was immune to these signals.

Second, the facial ectoderm maintained expression of

Shh and Fgf8 when transplanted into ectopic regions

of arch 1, but not into the region of arch 2. Whereas

Hu et al. found that beads soaked with Shh and Fgf

could not recapitulate the effects of their ectoderm

transplants, other studies by Abzhanov and Tabin

(2004) found that retrovirus-mediated ectopic expres-

sion of Shh and Fgf8 in the ectoderm was sufficient

to cause outgrowth of cartilage. Collectively, these

results suggest that specific interactions between the

crest of arch 1 and the adjacent ectoderm direct

skeletal outgrowth.

Conclusion: ‘‘arch 0’’ results from the
oral-ectoderm-dependent development
of maxillary arch 1

We have seen that the old evidence supporting the

existence of premandibular arches is flawed, coming

from authors that took undue liberties in interpret-

ing the morphological data at hand. The workers

justified their data manipulation, first, through extre-

mely idealistic views about the nature of the early

ancestor, segmented all along the body axis, with

pharyngeal segments extending to the anterior tip of

the animal, where the mouth was present. We mean

to find no fault with the individual authors of the

studies we have described, who were giants in their

field, but the work comes from a different age, with

different standards, and a different paradigm of under-

standing. Currently we have a much fuller under-

standing of the nature of the early ancestors of

chordates, vertebrates, and gnathostomes, through

phylogenetic analyses aided by molecular data, and

better understanding of the morphological pattern-

ing, coming from studies of gene expression. We see

no evidence for the proposed idealistic ancestor

predicted by the proponents of arch 0.

In the most widely held view of arch 0, the tissue

thought to comprise arch 0, is instead a preoral

subdivision of arch 1—the region termed maxillary

arch 1. This understanding that the maxillary region

is a part of arch 1 is fully supported by new studies.

Expression analyses, supported by functional analyses

in the mouse and zebrafish not reviewed here show

that Dlx-dependent patterning within arch 1 (inclu-

sive of the maxillary region) in many respects

resembles (and as we argue, is serially homologous

with) patterning of arch 2. Arch 1, arch 2, and the

more posterior arches share nested expression of Dlx

genes, and the full extent of each arch is delineated

by expression of the Dlx1-Dlx2 pair of genes. This

expression in arch 1, critically, includes the maxillary

region.

Explaining the ‘‘why’’ and ‘‘wherefore’’ of the

trabecula cranii was, for several influential authors

including, particularly, de Beer (1937), the key in the

argument for arch 0. A principal mischief, the incor-

rect logic, was the equating of ‘‘visceral skeleton’’

with skeleton derived from the neural crest.

Certainly, the neural crest forms the segmentally

arranged, mostly gill-bearing cartilages along the

pharyngeal wall (Schilling and Kimmel 1994).

However, does forming gill supports in one region

(arches 3–6 in zebrafish) preclude it from forming

jaws (arch 1), opercular supports (arch 2), tooth

supports (arch 7), and brain supports (maxillary

arch 1) elsewhere in the series? Not at all. The

old assumption for an ‘‘originally uniform series’’,

i.e., for homogeneity among the segments of an

ancient ancestor, is unjustified, based on incorrect

understanding rather than upon any direct evidence.

Furthermore, the argument for the trabecula as an

arch-0 gill support is not substantiated, and in fact is

argued against by our new data on the patterning of

the maxillary domain in arch 1. If the trabecula had

been a gill support, then, like the extant arches that

do bear gills, one might expect that the epithelium

chiefly responsible for patterning would be the

pharyngeal endoderm. That is, there is no reason

to expect that the skeletal element of arch 0 should

be dependent upon oral ectoderm—and further back
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along the signaling cascade upon neural ectoderm

and the prechordal plate—for its formation. Yet,

along with another principal anterior neurocranial

element, the ethmoid plate, and the element that

connects this region of the brain case to the upper

jaw, the pterygoid process of the palatoquadrate,

we see, unique among the derivatives of the pharyn-

geal arches, hierarchical dependence on a midline-

dependent signaling cascade.

The arguments for arch 0 (along with other fea-

tures of head-segmentation theory not considered

here) were justified in part for ‘‘explanatory value’’

anatomically and developmentally and because, at

least in the view of Jollie (1984), there existed no

good alternative hypothesis. Yet, the theory of the

vertebrate ‘‘new head’’ proposed by Gans and

Northcutt (1983; see Northcutt 2008) is entirely

consistent with our newer understanding. The

vertebrate’s new head, by this theory, is a head

elaborated over that present in any invertebrate

ancestor, through novelties arising particularly in

ectoderm. Hatta et al. (1994) suggested that an

expanded role of midline signaling, that we now

understand as Nodal-dependent, could also have

figured prominently in the new head, anterior neural

inductions being responsible in part for the expan-

sion of the anterior brain. Among the ectodermal

novelties, the neural crest was principal (Gans and

Northcutt 1983) and we easily extend the theory to

include new ectodermal signaling functions, depen-

dent ultimately on the Nodal-midline and acting

on the anterior neural crest. A result of the oral-

epithelial/neural-crest signaling interaction was, as we

have seen, the formation of skeletal supports for the

brain and sense organs, in particular the forebrain,

eyes, and nasal organs. Expansion of an anterior

crest-derived skeleton would then be included among

changes in the new head. By this interpretation, the

enigmatic trabeculae are not remnant gill supports;

rather they would be novelties, structures sui generis

(Goodrich 1930, 239) developing by invention in

Paleozoic vertebrates, possibly gnathostomes.

Supplementary data

Supplementary data are available at ICB online.
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