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1. INTRODUCTION

Our knowledge of the earliest vertebrates depends primarily upon indeterminable
bony remnants and more complete remains of relatively advanced jawless vertebrates
(Romer, 1966 ; Moy-Thomas & Miles, 1971; Olson, 1971; Jarvik, 1980). These animals
are not easy to derive from any surviving group of invertebrates; hence, the search for
sister groups and possible ecological aspects of their evolution remains a regularly
debated issue (Jollie, 1971, 19%3; Levtrup, 1977; Jarvik, 1980; Gutmann & Bonik,
1981 ; Mallatt, 1985 ; Jefleries, 1987).

It has recently been pointed out that the vertebrates are characterized uniquely by
two embryonic tissues namely neural crest and neurogenic epidermal placodes, which
give rise to practically all their shared-derived structures (synapomorphies) (Gans,
1985, 1987; Gans & Northcutt, 1983, 1985; Northcutt & Gans, 1983, 1984). The
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suggestion is that these synapomorphies are homologous to the deuterostome epidermal
nerve plexus. Calcification was proposed to have developed late in the evolutionary
transition from prevertebrates to vertebrates and only affected adult (postmetamorphic)
animals, so that the neural crest and placodes were established before the first bony
ostracoderms appear in the fossil record.

If this view is correct, it is unlikely that fossils documenting the transition will ever
come to hand. T'his forces us to utilize scenarios to gain an understanding of the changes
driving the transition. In view of the uncertainty of the procedure, alternatives for each
of the several steps are listed and evaluated. Alternatives permit consideration of
testable corollaries and refined understanding of the transition to vertebrates.

IT. NATURE AND USE OF SCENARIOS

Discussions of the ‘origin’ of structures and other major systems have traditionally
relied on scenarios; these were often so broadly stated that they became vague and
untestable. Recently, reaction has become fashionable, leading to the suggestion that
phylogenetic scenarios are ‘fairy tales’ rather than a scientific endeavour (Eldredge &
Cracraft, 1980; but see Eldredge, 1979; Kemp, 1982; Gans, 1985).

Scenarios are here defined as ‘outline(s) of a hypothesized chain of events’ (Onions,
1955). Phylogenetic scenarios are viewed as representing a second set of evolutionary
hypotheses complementing the primary cladograms, which provide the initial basis for
analysis. Clearly, biology must be more than the testing of hypotheses about
phylogenetic pattern; it must also test hypotheses about the historical process
responsible for the observed phenotypes. Notation that some phenotypic aspect has
been ‘gained’ or ‘lost’ between two phylogenetic stages does not do so. Characterization
of the historical process demands understanding of the way ancient organisms
interacted with the biological, physical and chemical aspects of their environments.

Reconstruction of processes of change during evolutionary time is aided but not
resolved by the fossil record. For instance, cladistics has long struggled with the
methodology of placing fossils within cladograms primarily based upon extant species
(Patterson & Rosen, 1977); in contrast, fossils are the key subjects of phylogenetic
scenarios. Furthermore, even the occurrence of numerous bony fossils does not,
directly or simply, help the palaeontologist reconstruct the life-histories of the
organisms that left these remains. At the very least there remains the problem of
reconstructing the soft tissues.

Several basic rules let one establish scenarios. First, scenarios must derive from a
phylogenetic scheme. Secondly, they should be based upon the best possible
information about the biology of the extant members of the groups being considered.
All scenarios here proposed are based on the acceptance of natural selection and
adaptation as presently characterized and on the uniformitarian assumption that
present mechanisms of ecology, behaviour, physiology and morphology operated
previously; this assumption is set aside only if ohservations cannot be explained by the
mechanisms occurring now. Proposers of phylogenetic scenarios resemble astronomers,
who assume that the physical laws operating in our part of the universe also apply
elsewhere and indeed applied there at the time that the stars generated the light that we
perceive only now,

Any single phenotypic pattern may be derived by more than one adaptive pathway.
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Each hypothesis must then be framed in a way that permits evaluation of its relative
merits. Critics of scenario generation are correct in noting that tests of events must
proceed beyond their possibility to their relative probability. This should not imply
that ‘“‘nature always follows the most probable path’ or that events most probable on
mechanistic grounds are those most likely to have occurred in history. However, from
an operational viewpoint, Occam’s razor (methodological parsimony, cf. Kluge, 1984)
seems an eminently suitable guide to scenario generation. Nevertheless, the intrinsic
uncertainty generated by inadequate evidence inevitably affects the plausibility of
results; both the immediate comparison and corollaries that result from the decision
may require modification whenever new facts are uncovered. Hence, a range of
potential scenarios (of different probabilities), rather than only a single one, may have
to be accepted.

What kinds of tests are possible? As evolutionary events represent stages of history,
they are lost in time and cannot be tested directly. Tests must be restricted to corollaries
of the hypotheses. For any set of hypotheses, the corollaries should be internally
consistent. Tests may result from examination of the structures of Recent animals and
available fossils (and search for others) in order to establish whether their attributes it
the prediction. Even examination of Recent animals can be carried out with relatively
little risk of circularity, as many biological phenomena remain to be examined in most
living species and even in many major groups. For a specific example of this approach
consider the evolutionary transition of the mechanism for ventilating the lung. It was
proposed that pulse pumping changed to aspiration breathing in fishes and that the
change was complete by the time of the earliest tetrapods (Gans, 1970). The alternative
was that ancestral amphibians were pulse-pumpers and that aspiration breathing first
occurred in the earliest reptiles. A corollary of the second hypothesis is that fossil
amphibians should have had reduced ribs and an unarmoured (and vascularized) skin.
Consequently, the occurrence of stout well-articulated ribs and dermal armour in fossil
amphibians (Romer, 1966) falsifies the hypothesis that they were pulse pumpers
(indeed it is concordant with the view that the rhipidistians presumably ancestral to
them were aspiration breathers as well).

The formulation of phylogenetic scenarios forces us to look at organisms in new ways
and to ask questions about systems that would otherwise be ignored. Hence, it
emphasizes situations for which evidence as yet remains inadequate. The discussions
that follow represent the results of a prolonged examination of ‘known’ facts,
generation of possible scenarios, evaluation of their corollaries and search for additional
information permitting re-evaluation of initial assumptions on vertebrate origins.

Developmental information allows another important set of tests. However, the
development of non-vertebrate deuterostomes needs further study with modern
techniques and protochordate ontogenies will probably continue to provide insight into
the origin and evolution of chordates. Hence, developmental as well as functional
corollaries are considered, whenever two or more evolutionary sequences are equally
plausible.

The following discussion begins with a series of hypotheses about the origin of
particular characters and functional processes. Generally, the effects of different
transformations are interconnected. For example, any capacity for directed locomotion
makes it more likely that attempts at predation on particular micro-organisms, rather
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than random suspension-feeding, would incur an advantage. Thus, even slight
modification of one functional system would affect the likelihood that additional
modifications would become advantageous in others. Obviously, some systems are
likely to show strong and others weak interactions. Whereas it is impossible to deal with
all such aspects simultaneously, the possibility of interaction and its differential effect
involves a powerful additional level of hypotheses and tests.

III. THE ORIGIN OF PROTOCHORDATES
(1) Owerall pattern

Any phylogenetic scenario must be based on a particular hypothesis of relationships
of the organisms. An analysis of known deuterostome characters leads to the hypothesis
of phyletic relationships illustrated in Fig. 1.

For this review, ‘vertebrates’ includes all craniates, and leaves aside the question of
whether the agnathans are a truly monophyletic group (cf. Stensid, 1968; Hardisty,
1979; Janvier & Blieck, 1979; Schaeffer & Thomson, 1980; Janvier, 1981 ; Forey, 1984;
Mallatt, 19845, 1985; Yalden, 1985). The term ‘chordates’ includes protochordates
and vertebrates. The term ‘protochordates’ includes the urochordates plus cephalo-
chordates and thus defines a paraphyletic grouping (Fig. 1).

T'he terms ‘prechordates’ and ‘prevertebrates’ will be used here as idealizations in
a non-systematic sense, representing precursors, respectively, of the animals here
defined as the chordates and vertebrates. Thus, statements about anatomical
arrangement in hemichordates, chordates, protochordates and vertebrates refer to
actually observable character states. In contrast, those about prechordates or
prevertebrates represent the best estimates of the anatomy and role in precursor
organisms.

{2) The notochord and relations among hemichordates and protochordates

The cephalochordates are probably a sister group of the vertebrates, because their
adults share the derived characters of a segmented muscular trunk and repetitive
somites, a notochord, a dorsal hollow nerve cord, a post-anal tail, a ventral-to-dorsal
circulation through the pharyngeal bars, and excretory tissue with podocytes (Drach,
1948; Romer, 1962 Barrington, 1965, Carter, 1971; Guthrie, 1975; Welsch, 1975;
Northcutt & Gans, 1983). In contrast, urochordates can only be considered as a sister
group to the cephalochordate—vertebrate assemblage, with which they primitively share
an atrial system and a notochord as larvae, but usually not as adults (Garstang, 1929;
Berrill, 1950); although Godeaux (1974) suggests that the urochordate atrium is not
homologous to the atrium of Branchiostoma. However, analysis of urochordate anatomy
and development remains complicated as several groups are colonial and highly unusual
(cf. Godeaux, 1957).

The hemichordates (enteropneusts and pterobranchs) are viewed as a likely sister
group of the chordates. Their stomochord is not homologous to the notochord ; rather
it is confined to the proboscis, and not associated with the dorsal hollow nerve cord (or
nerve plate of the collar) and the longitudinal muscles of the trunk. Also, at least
Rhabdopleura among pterobranch urochordates lacks pharyngeal slits (Jollie, 1962). If
this were primitive rather than secondary, it would imply a diphyletic origin of
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Fig. 1. Cladogram of the major groups discussed with listing of the possible synapomorphies categorizing
various deuterostomes. (1) Bilateral symmetrical larva with external ciliation. (2) Blastopore becomes
larval anus or anus forms near blastopore. (3) Mouth forms at opposite pole to blastopore. (4) Epidermal
nerve plexus present. (5) Mesoderm of enterocoelous origin. (6) Coelom tripartite. (7) Adults exhibit
pentamerous radial symmetry. (8) Adults possess water—vascular system. (9) Excretory system absent.
(10) Adult exhibit bilateral symmetry. (11) Closed circulatory system. (12) Adult exhibit paired
pharyngeal clefts. (13) Head blood vessels interconnected by aortic arches. (14) Endostylar organ. (13)
Notochord. (16) Dorsal hollow nerve cord. (17) Atrial system. (18) Body wall and post-anal tail passess
segmented muscles. (19) Podocytes. (20) Neural crest. (21) Neurogenic epidermal placodes. (22)
Muscular hypomere. (23) Calcified sclerotome.

pharyngeal slits, with less probability of closeness of the hemichordate~chordate
association.

The ‘notochord’ of the several urochordate (tunicate) groups is generally assumed to
be homologous. However, in two of the three groups of urochordates (ascidians and
thaliaceans) it is restricted to the larval stage and only two of the three groups (ascidians
and larvaceans, but not thaliaceans) use it in locomotion (Brien, 1948; Barnes, 1966;
Braconnot, 1970; Godeaux, 1974). Urochordates also pose other problems. Each
subgroup has a distinct locomotor system, the only common denominator being a
notochord restricted to the posterior portion of the animal at some time during
development (Brien, 1948). The ascidian larvae move by bursts of undulation: at
metamorphosis they become sessile and develop an external tunic. The larvaceans have
ten muscle cells on each side of the notochord. The thaliaceans move by contractions
of their barrel-shaped body effected by the circumferential muscles in a pattern that
does not involve a notochord (Brien, 1948).
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Some obvious questions arise about the homology of the caudal urochordate
notochord, and the claimed homology of the caudal muscles of larval ascidians with the
somites or myotomes of other chordates. The greatest difficulty in using morphological
evidence for decisions about these homologies is the question of size. l.arval ascidians
are less than 2 mm long; their caudal muscles consist of three or four rows of serially
arranged cells and a notochord, filled with large vacuolated cells, in a sheath of
connective tissue fibres; the diameter of the notochord is barely larger than that of a
single cell (Katz, 1983). It would be useful to re-examine the classical data on
urochordate immunological affinities and biochemical pathways (cf. Kerkut, 1960;
Watts, 1975 ; Levtrup, 1977) and to supplement them with more modern approaches.

In this analysis, urochordate muscles and notochord are assumed to be homologues
of the equivalently named structures in the cephalochordate-vertebrate assemblage, i.e.
many larval urochordate characters represent the retention of a more primitive state,
rather than reductions from that of cephalochordates. Therefore urochordates are
treated as a sister group of the cephalochordate-vertebrate assemblage. The
hemichordates (at least the enteropneusts) then would be considered a sister group of
the chordates, based upon the presence of a three-part coelom, pharyngeal slits and
perhaps aortic arches (cf. Goodrich 1917; Young, 1981). The contrary view, that the
urochordate notochord is a homoplasious structure, would leave the phylogenetic
relationships of urochordates, hemichordates and chordates unresolved.

There are alternative hypotheses about vertebrate affinities. Historically, several
other taxa have been offered as the sister group of vertebrates. Among these are
pogonophorans (Ivanov, 1963; but see Southward, 1975), nemerteans (Jensen, 1963;
Willmer, 1974, 1973 ; but see Gibson, 1972}, urochordates (Kowalewski, 1866 ; Darwin,
1871 ; Garstang, 1929; Berrill, 1950; Whitear, 1957; Romer, 1962; Jollie, 1971, 1973;
Katz, 1983) and even annelids and arachnids (Gaskell, 1908; Patten, 1912) and
molluses (Levtrup, 1977). However, all these comparisons emphasize what is here
interpreted as shared primitive rather than derived characters. Similar difficulties occur
in derivation from two fossil groups, calcichordates (Jefferies, 1987, and citations
therein; but see Jollie, 1982; Gans, 1¢88) and conodonts (recently assumed to be early
vertebrates Briggs, Clarkson & Aldridge, 1983; Aldridge et al., 1986). Indeed, no
character considered here to be derived uniquely associates any of these groups and
vertebrates.

(3) Vertebrate characters

Whatever the variations of the phylogeny at the protochordate level, the structural
pattern exhibited by cephalochordates (Acraniata) remains impressive. This pattern
provides an ideal precursor for the vertebrate state (Craniata), differing mainly in the
substantial number of vertebrate autapomorphies originating from embryonic neural
crest and neurogenic epidermal placodes, and in the muscularization of the splanchnic
lateral-plate mesoderm (hypomere; Table 1, Fig. 1, items 20-23). This suggests that
cephalochordates and vertebrates are sister groups.

There is an obvious similarity between the muscularized epimeric tissues of
vertebrates and other chordates. In contrast, neural crest and epidermal neurogenic
placodes are unique to vertebrates. Urochordates and cephalochordates lack obvious
homologues for these tissues. However, these groups do retain the deuterostome
epidermal nerve plexus and it has been proposed that the plexus is homologous to such
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Table 1. Shared—derived characters of vertebrates*
Embryonic
origin Function
Nervous system
Sensory nerves with ganglia - cranial NC P — G DI  —
Sensory nerves with ganglia — trunk NC — — — DI —
Peripheral motor ganglia NC —_ G — P
Second- and higher-order motor neurons NC — — G — P
Forebrain NC? — - — DI —
Chromatophores NC — — — DI  —
Paired special sense organs
Nose — P — — DI
Eyes (accessory organs) NC? Py — — DI  —
Ears - P — — DI  —
Lateral-line mechanoreceptors P - — DI -
Lateral-line electroreceptors — P — — DI —
Gustatory organs NC? P — — DI  —
Pharyngeal and alimentary modifications
Cartilaginous bars NC — — G —_ -
Branchiomeric muscle — — ME G DI P
Smooth muscle of gut — — MH — — P
Calcitonin cells NC — — — DI P
Chromaffin cells-Adrenal cortex NC - — G DI P
Circulatory system
Gill capillaries, endothelium — — ME G — —
Major vessels, trunk — — M G - =
Wall of aortic arches NC _ G — —
Muscular heart — —  MH G — -
Skeletal system
Anterior neurocranium and sensory capsules NC — — — DI P
Cephalic armour and derivatives NC — - — DI —
Armour of trunk NC?? — ME? — DI  —
CODES
Embryonic origin NC Neural crest
NC? Mixed outgrowth, intermediate between neurectoderm and neural
crest
NC?? The nature of the various trunk armours remains uncertain
P Placodes
(P) Placodes provide lens and peripheral components, not sensory tissues
M Mesoderm

MH Mesoderm, Hypomere

ME Mesoderm, Epimere

Function G Gas exchange
DI Food, detection and ingestion
P Food, internal processing

* Table modified after Northcutt & Gans (1683).
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synapomorphies of vertebrates as supportive (cartilage, bone, dentine), muscular, and
neural elements (see Northcutt & Gans, 1983, and Le Douarin, 1982, for recent
reviews).

The neural crest and placodal tissues share substantial similarities, although the
analysis suggests that neither is a precursor of the other (Northcutt & Gans, 1983). The
question remains whether (hypothesis 1) the supportive, muscular and neural
derivatives of these tissues represent independent inventions which later became
associated, or (hypothesis 2) the tissues deriving from neural crest and placodes have a
single phylogenetic origin.

The second hypothesis appears more plausible. The skeleton of protochordates lacks
mineralization and is restricted to the notochord, myosepta, tunic and median fin rays
(Brien, 1948; Barrington, 1965); this suggests that neural tissues (see throughout
deuterostomes) are older than mineralized tissues. Previously provided evidence
(Northcutt & Gans, 1983) documents that the epidermal nerve plexus of early
deuterostomes gave rise to most of the shared-derived tissues of vertebrates. If this
reasoning proves valid, it is important to explain how neurogenic tissues became
associated with the muscles, and also with the skeletogenic and supportive tissues
characterizing vertebrates.

(4) The initial environment : the initial chordate animals

Hypotheses about the origin of chordates demand consideration of the life-history of
the ancestral stock in the context of the ancestral environment,

The environment was aqueous and probably marine, because the fossil record neither
shows a terrestrial fauna nor a flora before the Silurian; whercas the first vertebrates
may appear earlier in Cambrian strata (Romer, 1966; Olson, 1971; Taylor, 1981). It is
also unlikely that the initial chordates lived in fresh water, as there is no fossil record
of any freshwater metazoans until the Silurian. Surviving non-vertebrate deuterostomes
are marine (e.g. echinoderms, hemichordates, urochordates and cephalochordates),
making a marine origin overwhelmingly convincing; to argue otherwise forces us to
posit numerous independent re-invasions of a marine environment.

Metamorphasis is defined as a change in life-history, usually associated with a very
drastic mv.rphological shift often paralleled by maturation of the gonads (Just, Kraus-
Just & Check, 1981). It is probable that the earliest deuterostomes and ancestral
chordates had a life-history that included freely moving larval stages that underwent a
single or a double metamorphosis. The primary non-feeding larvae of cephalochordates
have ciliated epithelia (Nielsen, 1987), and their first metamorphosis may be defined by
virtue of the development of a notochord. In this case the doubling of pharyngeal slits
and closure of the atrium of Branchiostoma represents a second metamorphosis leading
to gonadal maturation at the start of the third period (Barrington, 1965).

Discussion of metamorphosis leads to considerations of motility. It is likely that at
least the late larvae and possibly adults of ancestral prechordate organisms were ciliated
internally and externally. This is the case for some larvae of the major groups of Recent
deuterostomes (ascidians being an exception), as well as for those of some vertebrates
(Brien, 1948; Whiting & Bone, 1980; Nielsen, 1987) and also for adult pogonophorans
and hemichordates (Ivanov, 1963; Nielsen, 1987). To assume differently would
demand an independent origin of external ciliation in several lines.
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The widespread occurrence of ciliated epithelial surfaces in Recent deuterostomes is
correlated with feeding and locomotion. Generally there are particle-entrapment
mechanisms involving the cilia-mediated transport of water streams and mucus layers
over the surface of the body. In some forms this leads to the passage of the water past
tentacles or through internal chambers, covered or strung with mucus threads, so that
particle extraction involves filtration, i.e. suspension feeding (Denison, 1961;
Barrington, 1965; Mallatt, 1981; Gilmour, 1982; Strathmann, 1982). )

Cephalochordates and some anamniotes have early ciliated stages with later muscular
propulsion (Whiting & Bone, 1980; Kemp, 1987). The larvae of some urochordates are
initially ciliated (Brien, 1948). Others immediately develop a notochord and muscular
propulsion, swimming by undulation. If late larvae or adults of some ancestral
chordates had a notochord and undulated, the habitus of their adults remains a
question. A first hypothesis suggests that they were sessile (Berrill, 1955; Romer, 1962,
1972); but a second assumes that they were motile, using muscular deformations of a
hydrostatically stiffened trunk (Bone, 19604a; Jollie, 1977; Northcutt & Gans, 1983;
Mallatt, 198456). The three surviving lines of urochordates differ in their structural
patterns and include both sessile and mobile forms. Cephalochordates are mobile
(J. E. Webb, 1973) and vertebrates even more so.

Historically, arguments about motility have been based on the living members of the
obvious outgroup, the echinoderms, rather than on the locomotor pattern within the
hemichordate—chordate group itself (Berrill, 1955; Romer, 1972). The assumption was
that ancestral deuterostomes were probably sessile and this assumption extended to
ancestral chordates as well. The sessile adult stage of these animals was supposedly lost,
and the notochordal skeleton, presumably involved in propulsion, was retained into
the adult stage as a novel adaptation. Hence, the sessile adult ascidians appeared to
display the ancestral condition. However, ascidians are the only urochordates that have
sessile adults, opening the strong possibility that the sessile condition of adult tunicates
is not ancestral but secondary (Bone, 19605). This is supported by the observation that
pterobranchs and ascidian tunicates attack to the substrate with different parts of the
body (Eaton, 1970).

Whatever the phyletic affinities of the calcichordates, all interpretations of their
anatomical organization have been consistent with their presumed motility (Jefleries,
1987). If the ancestral deuterostomes were indeed sessile, transition to adult mobility
must have occurred very early in deuterostome evolution. If they were sessile, mobility
must have evolved independently at least once in echinoderms (Asteroidea, Echinoidea,
Commatulidea), and perhaps as many as three times among chordates and their allies
(hemichordates, urochordates, cephalochordates) (Barnes, 1966). In contrast, the
hypothesis that ancestral adult deuterostomes were mobile only requires the
independent loss of mobility in some echinoderms and in one group each of
hemichordates and urochordates. Hemichordates have a condensed peripheral nerve
plexus and more central neural cords (Knight-Jones, 1952) and many urochordates
show unpaired peripheral sense organs (Berrill, 1950; Brien, 1¢48). Such neural
condensation and elaboration of peripheral sense organs otherwise are seen only in
animals, such as cephalopods, molluscs, jellyfish and arthropods, that move about freely
(Bullock & Horridge, 1965). Thus, it requires the fewest assumptions to consider the
earliest adult chordates to have been mobile.
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This lets one model the condition of these earliest chordates as marine animals with
ciliated suspension-feeding larvae. Primary metamorphosis transformed them into
motile organisms with a notochord, a dorsal hollow nerve cord and muscle-powered
propulsion. A second metamorphosis may have occurred at the time of gonadal
maturation. What was the prechordate habitat and mode of life-history; specifically,
what was the locomotor pattern of the adults ? Critical to any answer is the question of
why a notochord had developed in the first place.

(5) Why the notochord?

The notochord is a turgid tube, solidly filled with vacuolated cells and constrained by
a collagenous covering, that maintains its shape as the internal pressure rises during
bending; it is intrinsically a stiffening device (Clark, 1964; Ax & Ax, 1¢69; Gutmann
& Bonik, 1981) and permits an ovoid animal to remain elongated without the
maintenance of a series of separated coelomic cavities. The notochord also maintains
the shape of animals lacking circumferential muscles. Notochords or hydrostatic
chambers are found in the anterior end of hemichordates, in the ‘tail’ of urochordates,
and extend along the body of cephalochordates and vertebrates.

There are four possible hypotheses about the site at which the notochord originated.
(1) The notochord arose in the anterior region (as in hemichordates and perhaps
nemertines; Willmer, 1974) and from here extended caudally into trunk and tail. (2) It
shifted anteriorly from an origin in the posterior trunk or tail (as in urochordates). (3)
It shifted both rostrally and caudally from an origin in the trunk. (4) It developed
simultaneously along the dorsal surface of trunk and tail (as appears to occur in
cephalochordates and vertebrates).

Development shows only two patterns. In the hemichordates, the notochord
develops as an endodermal evagination of the anterior gut (Barrington, 1965); in
urochordates, cephalochordates and most vertebrates, the notochord utilizes meso-
dermal materials derived from the roof of the archenteron (Brien, 1948 ; Balinsky, 1981;
the report that the axolot! produces an ectodermal notochord confuses this issue, cf.
Brun & Garson, 1984).

Functionally, the origin of a notochord is associated with stiffening of the trunk,
assisting burrowing or maintenance of pharyngeal patency, or with undulation (J. E.
Webb, 1973). It is unlikely that burrowing was the primary driving force. First,
urochordate (stage 2) larvae already have a notochord but do not burrow; in contrast,
only appendicularians (larvaceans), cephalochordates and some vertebrates retain a
complete notochord in adults. Whereas cephalochordates and some vertebrates burrow,
the chord of the former is uniquely muscularized, supposedly as an independent
burrowing specialization (Guthrie, 1975). The circular and longitudinal muscles of
adult hemichordates differ from the segmented longitudinal muscles of chordates.
Hemichordates lack a true notochord, segmented myotomic muscles, and a neural tube
with segmentally repeating motor neurons. The two adult arrangements involve
distinct burrowing styles and hence are mutually conflicting (Gutmann & Bonik, 1981).
These reasons invalidate the burrowing hypothesis.

Maintenance of pharyngeal patency is important, but the pharynx always occupies
but part of the trunk. In contrast, the notochord always extends along the entire trunk
and tail. Furthermore, the notochord differs from the pharyngeal skeleton in arising
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from mesoderm rather than the neural-crest precursors forming the pharyngeal
skeleton. The absence of close association between pharynx and notochord invalidates
a patency hypothesis.

Undulation requires not only a notochord, plus bilateral sets of longitudinal muscles,
but also motor co-ordination generating synchronized alternating contraction (Gray,
1953); it represents differentiation of a highly complex system. That this system
developed simultaneously along the whole trunk is unlikely, and even less likely that it
arose along the entire body (hypotheses 3 and 4 above). An ‘initial’ notochordal
structure by itself is unlikely to have been able to support undulation.

However, it is plausible that a notochord could have stiffened a caudal appendage (or
the posterior end of the trunk); such an appendage could be displaced by longitudinally
arranged axial muscles connecting it to the trunk (hypothesis z above). Any such set of
muscles could suddenly displace a floating organism —a much simpler task than
sustained locomotion. Sudden deflexion movements, co-ordinated with the approach/
strike of a predator, would generate an unpredictable trajectory and with this reduce
frequency of capture. These events could have occurred at the time of origin of new
predators belonging to other phyla, such as arthropods, molluscs, and perhaps annelids
(McAlester, 1968). Deflexion movements will have selective advantage if they are
sudden and unpredictable; they do not require locomotion in a particular direction.

Any stiffening and increase in mass of the appendage, such as by diverticulating a rod
of turgid cells, would allow exertion of increased force on the surrounding water; it
would increase the potential escape acceleration. An early association of notochord and
longitudinal muscle with escape is also in concordance with Coghill’s (1914) observation
that the initial motor behaviour of Ambystoma embryos facilitates avoidance, rather
than locomotion. Certainly, the escape hypothesis explains the initially puzzling
diversity of caudal and locomotory structures of urochordates; these may now be
considered as remnants of an experimental radiation responding to the advent of large
mobile predators (McAlester, 1968).

The acceptance of a caudal origin of the notochord does not explain the initial origin
of a tail. It leaves open the possibility that a caudal appendage represents a by-product
of ciliated locomotion, perhaps developed as a stabilizer, preventing the bilaterally
symmetrical animal from spinning about its long axis (or directing its spin). It might
have facilitated the development of horizontal movements as a distinct harvesting
strategy, different from that of vertically feeding ciliated predators, such as ctenophores.
(Feeding direction, in this context, is separate from the path of nocturnal migration, for
instance, in larval Branchiostoma, ]J. E. Webb, 1969.) A post-anal tail is a derived state
of chordates, unless the urochordate caudal appendage represents part of the trunk (cf.
Jdgersten, 1972). The escape hypothesis clearly suggests a function-associated stage in
caudal stiffening. If the notochord arose in a tail, extension of the elastic notochord into
the trunk is secondary. Caudal fixation to trunk could have returned the tail to the
midline by elastic recovery (i.e. utilizing the energy expended during its deformation)
rather than by cyclic activity of the muscles of the two sides.

(6) The dorsal location of the propulsive complex

That the nerve cord lies dorsally and is hollow are highly diagnostic synapomorphies
of chordates. In contrast, annelids, arthropods and molluscs have solid internal
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concentrations of neural tissue that lie ventral to the alimentary canal (Bullock &
Horridge, 1965). This has apparently led to a number of hypotheses for the
‘transposition’ of the annelid-arthropod nervous system to the vertebrate state (cf.
Gaskell, 1908); such hypotheses are quite unnecessary if the vertebrate nerve cord
represents an infolding of the concentrated connective aspects of an epidermal nerve
plexus. However, it remains of interest why condensation occurs dorsally rather than
ventrally,

In chordates, the notochord, dorsal hollow nerve cord and myotomes form a
functional complex and their development shows inductive interactions. Presumably
the origin of an initially or secondarily paired muscle mass was associated with and
probably followed that of the notochord; both preceded or occurred simultaneously
with the concentration of nerve tissue. As the notochord induces the other tissues, its
dorsal position rather than that of the muscular and neural systems must be explained.

An appendage used in a wagging movement could have any location. However, a
caudal appendage used in laterally undulant propulsion best lies on the midsagittal
plane, either dorsally or ventrally. It is difficult to posit a functional advantage for a
ventral location, but there are several for the dorsal one. Dorsal placement of an
undulant tail permits a bottom-swimming animal to generate a range of caudal pitching
moments both depressing and lifting the head off the substrate. In a bottom-dwelling
animal, a dorsal location of the appendage would be advantageous for escape
movements, as the tail could swing more widely without impacting on to substrate
irregularities or disturbing silty bottoms. For a free-swimming animal, the dorsal
location would facilitate vertical orientation in the water column if the visceral organs
were maintained denser than the axial system.

The development of a dorsal location for the notochord may have involved
developmental factors rather than strictly functional ones. Whereas an appendage may
be stiffened either by incorporation of a block of new tissue within a pre-existing mass
(with existing functions) or by diverticulation of a fluid-filled space, the latter approach
is more common and presumably easier developmentally. Also it retains the epithelial
organization of the wall of the chamber (basement membrane and its collagen fibers);
this gencrates a tension-resistant tubular hydrostatic skeletal element. Branchiostoma
forms a muscular notochord by a rear-to-front infolding of the dorsal roof of the
archenteron (l.ehman, 1977), whereas vertebrates generally form the chord by
delamination from the dorsal roof. 'I'he chord demonstrates a basically epithelioid
pattern that suggests its origin as a diverticulum with a hollow core (¢f. Damas, 1944;
Brun & Garson, 1984). Furthermore, the cells of the archenteric floor tend to have high
yolk content; hence, it is more likely that a stiffening diverticulum would form on the
archenteric roof than its floor.

The location of the notochord determines site and development of the mesodermal
tissues forming the muscular mass and associated neurectodermal elements. In
cephalochordates the dorsal location of the axial muscles requires a dorsal neural tube.
These animals lack centrifugal branches of the motor neurons and their myoneural
contact 1s effected by muscular processes reaching inward to synapse on the surface of
the spinal cord (Flood, 1966). Apparently, the spinal cord (with its basal (motor)
portion most developed) was initially embedded within the axial muscles.
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(7) The development of undulation

Utilization of a caudal appendage as a deflexion device represents a protoadaptation
for directed muscular propulsion. Powering of the wagging pattern by paired caudal
muscles would represent a first step toward propulsion by lateral undulation; however,
as noted above, the transition involved many ancillary aspects. Two major aspects
require explanation. The first is the change from a temporally and spatially irregular
predator strike deflexion to stereotyped and directed locomotion. The second is the
shift from movements strictly by the tail to those involving the entire trunk beyond the
head. Subsequent shifts led to sustained, and perhaps more rapid, locomotion.

Indeed, such directed and sustained mobility of the adult animal incurs several
advantages. Unlike sessile animals, motile ones need not compete for limited firm
substrates that will not silt over; they may avoid motile predators and predate actively;
they may develop complex mating systems, and migrate to escape undesirable changes
in the local environment. Increased mobility costs energy expenditure and increases
need for food acquisition, in turn increasing exposure to predators. Mate location and
need to synchronize reproductive events involve other costs. Cephalochordates,
combine a capacity for short-term rapid motility with restriction to relatively small
zones of densely occupied suitable biotope.

Change from an occasional wagging to a repeated sculling motion could have
replaced ciliary propulsion. Motor co-ordination for regular oscillations would have
required a pattern-generator. As the stiffened notochordal tissue is flexible and elastic,
rather than rigid, its oscillation could develop continuous thrust, rather than the
pushing phenomenon likely at very low Reynolds numbers. Thus, the energy imparted
to the water is increased (as is the reaction force propelling the animal).

Thrust enhancement by the notochord, in turn, permitted continuing selection for
features that enhanced its role in propulsion. Elongation would facilitate further
curvature, leading to travelling waves that would smooth out thrust, generating an
undulant rather than a drag-based oscillating pattern. Some level of stereotypy was
likely ; thus the undulating patterns of vertebrates generally pass front to rear, with the
exceptions representing derived states. Elongation presumably provided a further
advantage to elastic coupling of trunk and tail. Perhaps the change was initially
ontogenetic (for reasons of size, see below). Any extension of the propulsive complex
further on to the trunk must have involved major changes both in motor organization
and in embryonic development.

Simply undulant and propulsively effective oscillation of a caudal portion by single,
bilaterally arranged muscles, only requires a flexible appendage. However, undulant
deformation of an intrinsically rigid trunk requires a more complex, presumably
segmentally activated, muscular system. The flexibility of the pharyngeal and coelomic
space would need to be increased by modification of the coelomic arrangement. Any
such integration of the notochord and presumably segmented muscles into and around
the suspension-feeding, digestive and reproductive aspects must compensate for the
undulatory swimming movements, which tend to deform the pharynx and temporarily
modify the ciliary feeding currents. Stabilization of the head in sustained swimming
requires body-tail integration (Blight, 1977).

In phylogeny, the extension of the notochord into the trunk most likely proceeded
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along the mid-dorsal line anteriorly from the caudal region. Indeed, the caudal-to-
rostral invagination of anamniote chordamesoderm (not seen in amniotes) may reflect
recapitulation (Balinsky, 1981; Brun & Garson, 1984), as it is concordant with the
phylogenetic involvement of ever-increasing amounts of the trunk in locomotion. In
vertebrate embryos, the progressive anterior displacement may have been facilitated by
the role of chordamesoderm as a ‘primary inducer’ (Spemann, 1936, 1938) for the
nervous system and differentiation of the somites, the sclerotome of which effects axial
segmentation.

Segmentation of the paraxial mesoderm into somites is a process that begins after the
presumptive notochord has completed its anterior progression. Segmentation of the
caudal musculature of the ancestral species probably started at the caudal base. l.ater
in phylogeny, further paired segments were presumably added distally. This pattern is
still seen in the ontogeny of vertebrate tails (Ford, 1949) and indeed of the bodies of all
elongate vertebrates. In phylogeny, the starting point (site of primary inducer) shifted
gradually on to the trunk so that the forward end of the notochord came to lie more
anteriorly ; however, the fundamental ontogenetic process of front-to-rear mesodermal
differentiation remained unchanged.

Muscular segmentation clearly follows segmentation of the embryonic connective
tissues, myocommata in the adult; the myogenic tissues attach to their framework. The
myosepta and their attachment both to the central axis and the integument, position
the notochord within the trunk; they integrate the tensile forces imposed on the
individual contractile elements (Bonik, Grasshoff & Gutman, 1976). The staggering of
the contractile muscle blocks in Branchiostoma mainly represents a variant reflecting the
intrinsic asymmetry of this animal; as noted below, the feature is not yet understood.

The segmentation affects both muscular and nervous tissues. Early deuterostomes
had an epidermal nerve plexus that incorporated widely distributed sensory, integrative
and motor cells in a diffuse array decp to the surfaces that bear the propulsive cilia
(Knight-Jones, 1952). Shift of some propulsive function from distributed cilia to
concentrated dorsal musculature would have required a parallel shift, not only of the
effector portion but of integrative aspects of the plexus. The integrative elements
concentrated along the mid-dorsal zone, remaining connected to the sensory aspects
represented by the rest of the original plexus. Invagination of the neural plate and its
later rolling into a tube may represent the increased need for protecting an increasingly
large, centralized nervous system. The several genera of enteropneust hemichordates
may represent models of evolutionary experimentation in the concentration of nervous
tissues. Such deuterostomes with mid-dorsal concentration and tubular invagination of
nervous tissues retain continuity of the central nervous system with remnants of the
plexus (Knight-Jones, 1952, 1953; Pickens, 1970). Many vertebrate derivatives of the
neural crest and epidermal placodes show equivalent association with the spinal cord;
they may have been homologous to the epidermal nerve plexus (Northcutt & Gans,
1983). The central nerve tube must also have received direct input from anterior
sensory cells that could scan the path of the moving animal.

This hypothesis suggests that the new features of the notochord, segmented muscles
and nerve tube all developed from a mid-dorsal reorganization of embryonic tissues.
Phyletically ‘new’ developmental mechanisms need not have been cffected; rather the
new tissues were modified as the dorsal lip of the blastopore grew inward along the
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dorsal lip of the archenteron and in the process induced a mid-dorsal strip of
‘neurectoderm’ while lateral presumptive mesoderm formed somites. In this
interpretation, the phylogenetic development of chordates retains an addition of
notochord-muscle-nerve to the embryo rather than a reorganization of the pre-existing
features of developmental events (cf. Gerhart et al., 1986).

(8) Demands and advantages due to increased size

The assumed incorporation of the notochord into the trunk probably involved
changes in absolute size. Increased size increases the magnitude of temporary (absolute)
deformation, requiring a mechanism for re-establishing shape. Some animals, such as
coelenterates, can tolerate temporary deformation by conforming. Such animals show
radial, rather than undulant movements. Unless the animal is stiffened, muscular
contraction will deform its shape, rather than inducing directed, orientated and
propulsive movements. Most important in the present context is that increase in linear
dimensions of an aquatic animal increases the chances that it will encounter cross-
currents that will induce unacceptable internal tension, bending and shear. Whereas
shear forces increase with absolute body size, they are unlikely to be substantial for
animals operating at some depth in the open ocean. However, in shallow water and close
to the surface or bottom, animals are exposed to waves and strong tidal currents, the
influences of which in turn are size-dependent; ‘narrow’ and turbulent jets and
currents are most likely to occur as fluids pass solid structures, such as rocks and reefs.
The hydrostatic notochord facilitates deformation resistance.

A second set of size-associated features relates to active locomotion, as size
determines the hydrodynamic regime within which the propulsion proceeds (P. W.
Webb & Weihs, 1986). Directed and sustained movement, rather than maintenance of
position in the water column, establishes an advantage for elongation. The forces of
profile drag, related to three-dimensional shape, are very large whenever the flow
separates to form a wake; those for friction drag are proportional to area. Slenderization
(possibly associated with encephalization, see below) and streamlining reduce the
propulsive force that an animal requires to attain particular velocities in water, It
greatly reduces profile drag, at the cost of a small increase in friction drag; hence the
total drag is reduced (Bainbridge, 1961; Blake, 1983; P. W. Webb, 1975, 1978).

All of these aspects scale with size; profile and friction drag both increase with the
square of linear dimension. The area of ciliary fields also rises as a function of the
surface area; consequently, the absolute velocity of a cilia-driven body should be
independent of size (assuming constant size and other properties of the individual cilia;
the ciliary combs of ctenophores represent an effective modification). In short, the
maximum velocity of ciliated animals of the same shape and ciliary pattern will be
independent of size. In contrast, the mass of muscle, hence the muscular power, could
rise as the volume of the organism (i.e. as the third power of the linear dimension,
although the need for attachment surfaces reduces the actual exponent). Muscular
arrays differ further from ciliary ones in their capacity to exert forces at sites distant
from those of muscle placement, and for combining the effect of multiple units; this
increases the magnitude of the force that may be applied at particular sites. Omitting
differences of body shape, the shift to muscular propulsion will permit the organisms
to enter a different velocity realm (i.e. one in which velocity scales with size and 1 <
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Re < 200; P. W. Webb & Weihs, 1986). Therefore, notochord and muscles have the
advantage that they permit the larvae to become larger, transcending sizes and velocities
for which ciliary transport might be an acceptable mode of propulsion.

Increased velocity allows animals to overcome currents unlikely for ciliated animals.
Muscular locomotion also allows more effective dispersal. It would provide animals
with the facility of leaving and returning to sheltered spots with less risk of being swept
away by currents. It generates the potential for a greater decision-distance within which
animals may escape the water current toward propitious resting or feeding sites; it also
increases the decision-distance for sexually mature animals during mating. A more
effective locomotor system would also have an obvious role in predator escape and
predation.

Feeding may be no problem to a drifting animal, as the collision rate will remain
constant as long as the suspension-feeding ‘predator’ and ‘prey’ drift randomly; the
demands on a successful suspension-feeder gradually become more involved if the
predators have to detect patches of food particles or as soon as the prey develop evasive
responses. Active muscular locomotion would deal with these problems. Even the
slightly increased velocity induced by sculling rather than cilia-driven movements
facilitated an advantageous cscape-response. lLater, it provided a protoadaptation that
permitted the prevertebrates to develop selective predation.

IV. THE ORIGIN OF VERTEBRATES
(1) Protochordates

It is now possible to review the adaptive patterns displayed by the protochordate
radiation. Protochordates retain the conservative aspects or symplesiomorphies of larval
suspension-feeding by means of mucus-entrapment. The group experimented, shifting
the feeding mechanism inward, perhaps starting from arrangements equivalent to those
in pogonophorans (Ivanov, 1963) and hemichordates to one equivalent to that in
urochordates and cephalochordates (Barrington, 1965; Gilmour, 1979, 1982; Strath-
mann, 1982). At the time of the first metamorphosis, they developed an undulation-
generating complex of notochord, paired muscles, and nerve cord that superseded cilia-
driven propulsion. Further experimentation occurs in adult locomotor modes; thus
adult animals may burrow, be sessile, drift pelagically or swim freely.

The adaptive significance of some characters of the protochordates remains
enigmatic. Two that pose difficulty are asymmetric larval development in cephalo-
chordates and the original role of the protochordate atrium. Cephalochordate larvae
exhibit pronounced lateral asymmetry during their development (Willey, 1894 ; Bone,
1958 @). The mouth forms on the left lateral surface; however, a row of pharyngeal slits
first forms on the left surface of the body and then migrates to the right side, after which
the definitive left slits form and the axial musculature becomes staggered. Asymmetry
has been associated with burrowing (but this begins about 70 days later) or more likely
with feeding (Garstang, 1929; Barrington, 1963). Jefferies (1987) argues that asymmetry
retains a calcichordate condition. The atrial chamber surrounds the pharyngeal
apparatus, collecting the water from the pharyngeal slits to pass out via a single
atriopore. An atrium is characteristic of many adult urochordates and cephalochordates,
but its homology is uncertain (Godeaux, 1974; Young, 1981). In cephalochordates it 1s
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1 Chordates )

swim {fin steering) & bite

armor in defense
detect, attack and engulf
pump water for gas exchange

swim with tail
wag tail

Fig. 2. Cladogram of the major groups discussed showing the fundamental changes in role.

formed at metamorphosis by outgrowth and fusion of ectodermal folds (so that it is
lined by ectoderm provided with an epidermal nerve plexus) and is believed to protect
the pharynx during burrowing (Stark, 1978); however, no urochordate burrows.
Perhaps an atrium permits a cilia-powered animal to generate a coordinated and
relatively rapid excurrent stream of filtered water away from the mouth; or it may be
associated with reverse flushing (coughing, cleaning) mechanisms or other roles less
directly associated with feeding.

Vertebrates differ from protochordates in having many morphological characters,
related primarily to respiration, feeding and neural complexity, that develop or are
induced by the neural crest and epidermal neurogenic placodes (Herstadius, 1950;
Gans & Northcutt, 1983; Northcutt & Gans, 1983 ; Table 1). The relative importance
and sequence of origin of these characters represent basic problems in the understanding
of the process of vertebrate evolution. Their resolution requires consideration of several
sets of environmental demands, and of the ecological conditions and intermediate steps
that presumably engendered the protochordate-vertebrate transition.

(2) Size, metabolism and the ‘active’ life

Adult cephalochordates utilize undulant muscular propulsion (that acts on the
notochordal skeleton), as do most larval and some adult urochordates. For instance, the
rapid undulant muscular propulsion in Branchiostoma permits them to move within
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sand beds or even to move among them (J. E. Webb & Hill, 1¢58; J. E. Webb, 196g,
1973, 1975). This makes it likely that muscular (rather than ciliary) propulsion
occurred in adult prevertebrates.

Muscular propulsion allowing occasional undulant locomotion and burrowing
increases the range and velocity of travel (in a directed rather than current-determined
fashion), but locomotion remains size-limited (see above). Limitations of size are
related to questions of gas exchange and distribution forced by the changing
surface-volume relations of the organism (Schmidt-Nielsen, 1984); increased size
presupposes solution of these problems by change of shape and mechanism.

Larger tissue volumes require the acquisition of more nutrients and gases; with
increased size, diffusion becomes less adequate for internal distribution. Suspension
feeding and gas exchange are surface-dependent and scale as the square of the linear
dimension, whereas the metabolic rate of an organism is reflected in its tissue volume
and might scale as a fraction of the cube of length (the reduction apparently reflecting
the limitation imposed by numerous membrane-linked processes within the organism).
Indeed, surface drag increases as the square of the velocity and relatively more
propulsive energy is required for faster {muscle-powered) animals than for slower ones.
Furthermore, the mass of tissue involved and hence its structural and maintenance
requirements rise as some function near the third power. An animal may circumvent
the problem imposed by the surface—volume relation upon its gas and nutrient
requirements by changing the operant exchange principles, or may ameliorate it, either
by changing the shape of the exchanger or modifying the exchange demand. (Species
that operate at higher temperatures encounter such limitation at a smaller absolute
size.)

The size-associated demand is more critical for gas exchange than food acquisition,
as storage of gases is more limited; also protochordates lack the vertebrate mechanisms
for temporary shifts to anaerobically supported burst activity (Ruben & Bennett, 1980).
Consequently, increased body volume requires exponential increase of gas exchange
effectiveness or of its area. Further increase is demanded but increases metabolic scope,
which permits additional muscular activity.

The low metabolic rate of Branchiostoma suggests that presumably more active
prevertebrates had a higher one than the earlier chordates. Increased metabolic rate
would have influenced other systems affected by surface relationships, such as food
processing, internal distribution of gases and nutrients, and waste disposal. For
instance, protochordate digestion is intracellular and digestive capacity should correlate
with area occupied by gut cells. In contrast, vertebrate digestion is extracellular so that
it can increase with the third, rather than the second power of length. (Absorption
remains surface-dependent; note the complex foldings, digitization and sculpturing of
the vertebrate gut.) Also, protochordates have a relatively smaller visceral mass than do
vertebrates. Size differences become more obvious in considering the differences in the
relative volumes of pharynx and coelom in protochordates and vertebrates. The
excretory system reflects similar volumetric differences.

(3) Problems in gas exchange

The problems of gas exchange led to the first set of limiting conditions for an increase
in adult size and swimming velocity. The pharyngeal apparatus of protochordates
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differs functionally and structurally from that of vertebrates. It serves only for feeding,
whereas that of most anamniotic vertebrates has the major role in gas exchange
(Northcutt & Gans, 1983). The perforated pharynx of all protochordates is supported
by a skeleton of coated collagen (Lavtrup, 1977); that of vertebrates is supplemented
by compression-resistant cartilage (Rihr, 1981). In adult protochordates, the cilia-
powered pump imposes a limit to the size of the pharyngeal slits, which are therefore
narrower and more numerous than they are in vertebrates; the ranges of slit numbers
do not overlap. The cartilaginous pharyngeal bars of vertebrates are much thicker and
support transverse septa with projecting primary and secondary lamellae (or ‘filaments’
and ‘lamellae’ respectively; Hughes, 1963; Mallatt, 1984 a). Protochordates transport
water by ciliary beat, whereas vertebrates do so by contraction of the striated
branchiomeric musculature. In cephalochordates, blood mainly flows through spaces
within the tensile skeleton of the pharyngeal bars (Rihr, 1981); in vertebrates the
branchial vessels are divided into capillaries that lie below a thinned and convoluted
epithelium. The pharyngeal vessels of protochordates lack an endothelium (Welsch,
1975); the aortic arches of vertebrates are endothelium-lined (derived from the
mesoderm of other regions; Noden, 1987, 19¢88) and enveloped by an extensive layer of
smooth muscle (derived from neural crest; Le Douarin, 1982).

Five potential options for increasing gas exchange appear at the protochordate—
vertebrate transition. These are (1) shift of the site of gas exchange among the surfaces
of the body, (2) increase of the area of the exchange surface, (3) reduction of its
resistance to diffusion, (4) modification of the gradient by internal or external pumps,
and (5) modification of the O, or CO, gradient by developing gas-transport molecules
and buffering systems (Hughes, 1963 ; Gans, 1970; [.iem, 1985).

Protochordates exchange gases over their entire body surface and pharyngeal
structures are used primarily in suspension-feeding. Indeed, the metabolic demand of
the ciliated surfaces of the protochordate pharynx could well generate an oxygen deficit
in the blood of the dorsal aorta (see Barrington, 1965; Carter, 1971). These
arrangements apply in all the deuterostome outgroups, making it likely that the
protochordate arrangement was ancestral. Consequently, option 1 involves con-
centration of gas exchange into the pharynx, i.e. formation of gills is a derived condition
characterizing vertebrates and representing the addition of a new respiratory site.

The pharyngeal region of all fishes has expanded complexly to an area orders of
magnitude greater than that of the integument; this utilizes option 2 (Hughes, 1984;
Laurent, 1984). Subdivision of blood streams into capillaries immediately below the
thinned pharyngeal epithelium and endothelium utilizes option 3. The structure and
arrangement of the pharyngeal vessels of protochordates and the branchial aortae of
vertebrates (see above) utilize option 4. Both cephalochordates and fishes show a
directed internal circulation that traverses the bars in a ventro-dorsal direction, and is
powered by ventral contractile elements (those of cephalochordates and hagfish
represent contractile bulbs; urochordates and other vertebrates show a single heart).
However, vertebrates, with the exception of hagfishes, innervate their cardiac pumps
with neural-crest-derived cells. Also, vertebrates have added elastic-energy storage
systems both internally (elastic conus for blood) and externally (elastic pharynx for
water), thus utilizing option 4. Vertebrates have also increased the internal gas-carrying
capacity by development of cell-associated haemoglobin and buffering mechanisms,
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thus utilizing option 5. The utilization of all potentially possible mechanisms leading
to an optimization of gas exchange reflects the potential importance of the system.

(4) The development of gills

The many aspects of the gas-exchange system are unlikely to have arisen
simultaneously. Understanding of the phylogenetic origin and development of gills
requires consideration of the flow dynamics of the two pharyngeal patterns, and the
nature of the pharyngeal skeleton in prevertebrates. The pharynx of adult proto-
chordates may be conceived as a perforated basket maintained patent by linear
collagenous rods each covered by a stiffening, PAS-positive coating. The rods are
inclined versus the long axis of the animal and would seem to incur minimal
deformation; indeed, change in their angle would affect the width of pharyngeal slits.
The number and length, but not the slit width, of the cilia-lined apertures increase as
the animal grows. The beat of their lining cilia drives water from the pharynx. The
effective number (and aggregate length) of slits doubles at metamorphosis; thereafter,
it increases as the length of the animal increases, suggesting that it relates (inversely) to
the maximum allowable width of slits and (directly) to body mass (Barrington, 1965).

In Branchiostoma, water flows from pharynx to atrium to outside. Hence, the
pharyngeal pressure is above that of the atrium, and it in turn above external pressure.
The exit diameter of the atriopore is controllable by a ring of muscle; this diameter,
combined with the beat pattern of the wheel organ and pharyngeal cilia, must regulate
the flow of water., The width of the slits (but not their height) is maintained by
connecting cells and is probably limited by the ciliary length, as eflective particle
separation requires maintenance of a minimum velocity.

In contrast, the pharynx of lampreys and sharks consists of a small number of elastic
cartilaginous bars and an array of branchiomeric muscles, the action of which can
reduce the pharyngeal volume. Bulk flow rate and water velocity may be adjusted by
matching pumping rate to slit diameter. Pharyngeal re-expansion is due either to the
energy stored in pharyngeal deformation or (phylogenetically later) by muscular action
(cf. Mallatt, 1981, for a review). In ammocoetes, the gill skeleton is unjointed rather
than formed of articulated links, and the muscular pump and its central motor control
is single-cycle (Rovainen & Schiever, 1975; Russell, 19834, b). Flaps of tissue form
check valves so that water flows unidirectionally into the mouth and out of the gill slits
(Mallatt, 1981). Water flows counter-current over the primary and secondary lamellae
of the gills and leaves the pharynx directly to the outside; there is no atrium. (The gross
architecture of the Pacific hagfish Eptatretus differs as the gills lie in pouches; however,
on the fine structural level the cells resemble those of lampreys, elasmobranchs and
teleosts, Mallatt and Paulsen, 1986.)

Whereas the pharynx of adult protochordates differs profoundly from that of
anamniotic vertebrates, the pharyngeal organization of larval cephalochordates is
slightly more fishlike. l.arval cephalochordates lack an atrium and their pharyngeal
pouches open to the exterior via the ectoderm (Willey, 1891; van Wijhe, 1914; Olsson,
1983). Although adult cephalochordates have many more branchial slits (pouches), the
number of slits (8—10) in larval cephalochordates is only slightly greater than that of
Recent vertebrates. The mouth being lateral, rather than anterior, movement of such
an animal should generate velocity pressure, increasing the amount of water flowing
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through the pharyngeal region (a simple variant of ram ventilation). This occurs even
in passive feeding during vertical drift, but would be enhanced during muscular
propulsion. Any increase in the water flow should enhance filtration of food and
probably pharyngeal gas exchange.

Any hypothesis about the transition to true gills must, then, account for at least six
morphological phenomena. These are (1) the absence of an adult atrium, (2) the change
in the skeletal material composing the bars, (3) the reduction and/or modification of
pharyngeal arch number and architecture, (4) the formation of muscularized aortic
arches and associated branchial vessels, (5) the change from ciliated to muscular
pumping of water and (6) the development of a single muscular heart. Whereas there
are no fossil data relevant to these phenomena, developmental and functional analyses
permit tentative hypotheses, based in part on clues furnished by structural features of
the larval Amphioxides, as well as by observations on the pharyngeal coughing (reverse
water-flow) of Branchiostoma.

Amphioxides are interpreted as relatively large (7-14 mm; Franz, 1927), free-
swimming (possibly neotenous) pelagic larvae that have prolonged their premeta-
morphic stages until they are at least three times normal length, and their gonads may
mature prior to atrial closure (Bigelow & Shroeder, 1948; Bone, 1960b; Barrington,
1965). These relatively large, muscle-propelled animals occur in the open oceans,
indeed down to 2c00 m (cf. Beebe, 1934 ; Bigelow & Schroeder, 1948). No atrium (or
restricting atriopore) has formed and the number of pharyngeal slits is proportional to
size. Although their mouth is asymmetrical, it extends around the anterior end.

If prevertebrates had a large, active larval form similar to Amphioxides, increased
respiratory exchange might have been adaptive for them. Swimming enhances the
absolute amount of gas exchanged in the pharynx. However, activity also increases
metabolic rate and hence the need for gas exchange, reducing any net benefit.
Intermittent muscular compression of the prevertebrate pharynx might have uncoupled
these effects. This would make capillarization of the branchial circulation and thinning
of the overlying epithelium advantageous. Filtration (and gas exchange) might be
disturbed by pressure changes in the pharyngeal basket effected by muscular
undulations of the trunk. However, restriction to the postpharyngeal region and
alternation of propulsive and compressive movements might reduce the effect so that
ram ventilation could increase the exchange. If an atrium occurred in ancestral chordate
species, it would have closed at a larger size; indeed no atrium need form.

How could such a transition from suspension-feeding to gas exchange have occurred ?
In amphioxus, the cilia of the pharyngeal bars apparently power much of the flow of
water through the linearly arranged pharyngeal basket (Barrington, 1965). Their action
would be enhanced (but not substituted for) by ram ventilation. Intermittent muscular
contractions of the pharynx could further increase movement of water, but
unidirectional flow would require a check valve system. Intermittent increase of water
flow would increase the pharyngeal gas-exchange relative to the external integument,
but also the demand of pharyngeal muscles.

Compression of the atrium by adult cephalochordates produces backflow of water,
flushing the pharynx in response to any stimulus {Parker, 1908). However, compression
only occurs after atrial closure at metamorphosis. Direct deformation of the stiffened
pharynx would narrow the pharyngeal slits. Muscular action requires a modification
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that would allow the pharyngeal frame to deform and return to its previous shape (and
volume). In ammocoetes, this effect is attained by cartilaginous reinforcement of the
collagenous pharyngeal bars (Roberts, 1950).

The proposed deformability of the pharynx leaves open the question of what powered
the deformation. T'wo motor patterns are possible. The first is that the premetamorphic
pharynx was irregularly acted on by synchronous, rather than staggered, contraction of
the axial muscles, which in larval Branchiostoma invest the dorsal half of the pharynx.
A model for a different pump is provided by the transverse and striated subpterygial
muscles of adult Branchiostoma (Gans & Northcutt, 1985). Their ‘coughing’ action
apparently allows flow-reversal and pharyngeal-flushing out of the ‘mouth’ (Bone,
1961). The subpterygial muscles are innervated by motor neurons that leave the cord
dorsally and follow the muscle into the atrial folds as these close at metamorphosis
(Bone, 1960a). Paedomorphic arrest of atrial formation could have led to migration into
the primary pharyngeal bars; this would suggest homology with the present
branchiomeric muscles. Muscular contraction, coincident with velar closure, would
force the water through the pharyngeal slits, whereas velar opening would allow
refilling of the pharynx.

The origin of the elastic component is suggested by the chemical similarity of the
PAS-positive proteoglycans (chondromucoids) of vertebrate cartilages to the similar
ones forming the cupulae of neuromasts, such as occur in lateral line organs (Iwai,
1967); this indicates a possible homology of the cells initially secreting them (Northcutt
& Gans, 1983). Both vertebrate cell-types generate extracellular matrix, respectively in
neural crest (branchial cartilages) and neurogenic epidermal placodes (neuromasts).
Mechanoreceptive neuromasts are ubiquitous in the acousticolateralis systems of
anamniotic vertebrates in which the cupulary proteoglycans serve as sensitivity
(transduction) enhancers, Protochordates show extensive pharyngeal and atrial nervous
systems, but generally lack cupular structures in their external mechanoreceptors
(Schulte & Riehl, 1977; Bone & Best, 1978; Baatrup, 1981); exceptions occur
unilaterally in some adult tunicates (Bone & Ryan, 1978). Although the branchial bars
of cephalochordates appear to lack cupulary structures, sensory cells lie immediately
adjacent to them; these are presumably associated with the epidermal nerve plexus
(Holmes, 1953; Bone, 19585). Possibly such prevertebrate cells initially monitored
mechanical deformation of the pharynx. Secretion of elastically compliant proteo-
glycans would have protoadapted them for aiding elastic recoil. Development of the
elastically compliant material may have been accelerated near metamorphosis. As the
elastically compliant cartilages could be sculptured, projecting primary and secondary
lamellae could support the amplified gill surfaces of the relatively large, sexually mature
animals.

Larger respiratory surfaces, capable of increasing the absolute amount of gas
absorbed, established an advantage for further change to directed and powered internal
perfusion with blood. Distributed contractile bulbs become modified into a central
heart at the base of the single ventral aorta, as an advantageous corollary to active
locomotion and increased size. Every higher invertebrate longer than a centimetre shows
directed circulation of fluids containing gases and nutrients. The protovertebrate
centralization of the cardiac system probably developed in parallel with origin of the
neural crest; vertebrate contractile bulbs are innervated by crest-derived cells, and the
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heart of petromyzontids and gnathostomes (but not myxinoids) is supplied by crest-
derived second-order motor cells of the autonomic system (Starck, 1978). The
processes of pumping of blood and capillarization would be mutually reinforcing, with
capillarization and distribution of endothelium being epigenetic.

These processes lead to lamellar structures on the gills and later to the counter-
current gas exchangers ubiquitious in gilled vertebrates. Specialized exchangers
remove the respiratory limitation to locomotion.

It seems useful here to mention arguments suggesting that gills have arisen twice (see
Jarvik, 1980, for literature). First, the embryonic origin of the epithelium covering the
gills is claimed to be ectodermal in agnathans and endodermal in gnathostomes (Jarvik,
1980). However, Mallatt (19845) indicates that the embryological evidence is
incomplete; also vascularized surfaces are clearly subject to epigenetic influences.
Secondly, the skeletal elements supporting the branchial bars of agnathans lie external
to the exchange surface, whereas those of gnathostomes lie internal to it. However,
Mallatt (1984 b) noted that Recent agnathans and gnathostomes both have external and
internal skeletal elements. In agnathans, the gills are moved mainly by the external
element of the skeletal supports; in contrast, in gnathostomes the internal element
moves the gill.

This architectural difference appears to reflect a functional characteristic. In
agnathans the muscles act directly on the outside of the skeleton, and the system
recovers by elastic recoil (Rovainen & Schieber, 1975; Russell, 19834, b); an internal
skeleton would be less likely to unfold the gills. (The risk that the internally placed gills
would be damaged during the ingestion of prey seems to be unimportant for the feeding
pattern of Recent species.) However, the gnathostome arch skeleton is composed of
articulated links; no elastic recoil is involved, rather the pump is driven by two sets of
muscles, the power stroke being coincident with the expansion phase (Lauder, 1983,
1985). This evolutionary change permits the development of an internal skeleton with
special protective devices, such as gill rakers.

(5) The cell lines of the neural crest

The development of cartilage is a good example of a problem that will appear
repeatedly, namely the origin and subsequent phylogeny of the diverse neural,
muscular, secretory and supportive cell types developing from neural crest and
ectodermal neurogenic placodes. The homology of the epidermal nerve plexus of non-
chordate deuterostomes and the derivatives of the neural crest and placodes (Northcutt
& Gans, 1983) reflects both the structural (and functional) similarity of the plexus to
these derivatives and the absence of most vertebrate types of supportive tissues in other
deuterostomes. ‘

An epidermal nerve plexus includes sensory, integrative and effector cells. The
presumably homologous neural and muscular tissues share the cellular properties of
sensitivity and contractility, whereas the supportive derivatives lack these properties
but may secrete proteoglycans and perhaps hydroxyapatite. As the uniquely vertebrate
supportive tissues, such as the cartilage of the branchial system, form ontogenetically
from the neural crest, they are homologous to the epidermal nerve plexus (Northcutt
& Gans, 1983). Neural-crest tissue of the preotic region of vertebrates produces all
types of the connective tissues which are produced more posteriorly by mesoderm. This
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suggests that these diverse cell types either derive from a single cell line that once
produced only nervous components or that the epidermal nerve plexus of the ancestral
animals also contained supportive elements, such as glial and sustentacular cells
(Baatrup, 1981), that later in phylogeny generated the supportive tissues of the head?
Unfortunately, this conflict cannot now be resolved.

The argument that the chondrocytes that form the pharyngeal bars of vertebrates are
phylogenetic derivatives of mechanoreceptors or of their supportive cells arises from
consideration of the neural crest origin of these chondrocytes, Other hypotheses are
possible, but each would involve arguments based upon other cell lineages of the neural
crest. Similar problems are encountered in considering the origin of the smooth muscle
sheathing the aortic arches, of dentine and of dermal bone.

T'he smooth muscle sheathing the aortic arches also derives from neural crest
(Newth, 1956; Le Lievre & L.e Douarin, 1975). At least two hypotheses may explain its
origin. Both sensory and motor neurons {(indeed most cells) contain sizeable amounts of
actin and myosin, thus smooth-muscle cells could well originate from either type of
neuron. The free surfaces of sensory mechanoreceptors such as neuromasts are
characterized by stereocilia packed with actin. These sensory cells also receive efferents,
the cell bodies of which lie within the brain stem. If smooth-muscle cells originated
from sensory neurons, these must have lost their sensory function and central
connexion (e.g. afferent innervation). In contrast, smooth muscles may have arisen by
transformation of peripheral motor neurons initially supplying the endothelium or
some portion of the contractile bulbs. Similar hypotheses may account for the
phylogenetic origin of aortic body receptors and chromafhn tissues.

There are some obvious corollaries. The first is that the sensory and effector neurons
would be ciliated (Baatrup, 1981) and the cells of descendant lines might be ciliated as
well. T'his explains why the several kinds of special sensory neurons are ciliated; this
is not surprising as these tissues are generally accepted to be ectodermal in origin.
Furthermore, cilia appear in such ‘mesodermal’ tissues as cartilage (Goel, 1979);
whereas this unusual occurrence may reflect centriolar malformation, it is congruent
with the origin of cartilage from epidermal cells of the nerve plexus.

(6) The origin of branchiomeric muscle

Traditionally the branchiomeric muscle that surrounds and deforms the pharynx of
vertebrates is assumed to derive from the hypomere (lateral plate mesoderm). However,
Noden (1984, 1987) notes that this view is supported by little descriptive and no
experimental evidence. The primary support comes from the innervation of
branchiomeric muscles by nerves that leave the brain stem dorsally in a manner
comparable to that of the dorsal spinal nerves of lampreys that innervate the smooth
muscle of the gut (Herrick, 1899).

This similarity has been emphasized even though branchiomeric muscles are striated
and directly innervated by first-order motor neurons located within the brain stem. In
contrast, visceral muscles are innervated by second-order motor neurons of the
peripheral autonomic nervous system. The differences, if mentioned, have usually been
dismissed on the spuricus functional grounds that the striation of fibres reflected
voluntary activation.

The conflict has recently been resolved experimentally. The branchiomeric muscles
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of vertebrates originate by ventral extension from anterior paraxial mesoderm (Noden,
1982, 1983 a, b, 1987) located anterior to the zone that forms the somites proper; thus
the preotic somitomeres do not form somites (Meier, 1979, 1981; Meter & Packard,
1984 ; Jacobson & Meier, 1984). Hence, the branchial muscles are akin to axial skeletal
muscle explaining why they are striated and directly innervated by first-order motor
neurons within the brain stem. However, the embryological data do not account for
innervation by cranial nerves that leave the brain stem by a dorsal rather than a ventral
route,

Whereas chordates are generally assumed to exhibit only a single pattern of
myotomal innervation, there are actually two. That most obvious in the trunk of both
Branchiostoma and vertebrates involves somatic motor neurons located within the basal
plate of the spinal cord. Those of vertebrates exit ventrally to innervate the striated
muscles originating from myotomes. Those of cephalochordates end on the surface of
the spinal cord; there they synapse with centrally directed non-contractile processes of
the muscle cells (Flood, 1966, 1968). A second pattern is seen in the anterior end of
amphioxus. Somatic motor axons leave the neural tube via a dorsal cranial root that
then proceeds ventrally to innervate the striated subpterygial muscle of the atrial floor
(Bone, 1g6o0a). Late-developing subpterygial muscle arises at the time of meta-
morphosis from a ventral portion of the anterior ‘head’ myotomes (Bone, 1961).
Inhibition or delay of atrial development leaves the primordium of the pterygial portion
of the myotome close to the dorsal aspect of the pharyngeal slits. Downgrowth into the
branchial arches, rather than the metapleural folds, would provide the substrate for
vertebrate branchiomeric muscles. Hence, the subpterygial musculature of amphioxus
appears homologous to the branchiomeric muscles of vertebrates and explains the
curious (dorsal nerve) innervation of the latter. Smooth-muscle fibres, associated with
the pharyngeal slits of larval Branchiostoma, disappear at the time the atrium closes (cf.
Bone, 19596; J. E. Webb, 1969). Their ultrastructural study seems desirable.

This hypothesis does not appear to account for the origin of separate dorsal and
ventral cranial nerve innervation for two distinct series of striated muscles within the
head. One hypothesis would consider all striated muscles part of an originally single
series and another to have them derived separately. If the structural arrangements in
cephalochordates and vertebrates are considered homologous, it is likely that the
branchiomeric series (dorsally innervated muscles) and extrinsic eye-muscle series
(ventrally innervated muscles) arose phylogenetically from different portions of head
mesoderm. This hypothesis is supported by a recent claim that avian extrinsic eye
muscles arise embryonically from prechordal rather than from the more posterior
paraxial mesoderm which gives rise to the branchiomeric muscles (Wachtler et al.,
1984).

Alternatively, both vertebrate muscle series arose from paraxial mesoderm innervated
solely by a series of ventral nerves as in the case of the myotomal derivatives in the
trunk. Such a hypothesis would require the redirection of axons of the neurons
innervating the branchiomeric muscles from ventral into dorsal cranial nerves, Similar
rerouting of visceral motor axons is believed to have occurred in the trunk of all
gnathostomes (a shift of visceral motor axons from dorsal to ventral spinal roots; Ariéns
Kappers, Huber & Crosby, 1936). Assumption of a single origin for branchiomeric and
extrinsic eye muscles requires additional phylogenetic steps of unknown significance.
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Perhaps the most important information conveyed by the new data on the embryology
of branchiomeric muscles is that they did not arise in situ by muscularization of
hypomeric tissues, but involve invasion of paraxial mesoderm to surround the pharynx
laterally and ventrally.

The anterior portion of the vertebrate branchiomeric mass is formed in a zone
anterior to the tip of the notochord. In Branchiostoma the notochord extends beyond
the pharynx, whereas in vertebrates the muscle mass extends anterior to the otic zone
to the optic region. The muscularization affects what has been termed a ‘new head’
(Gans & Northcutt, 1983), a zone of outgrowth containing the anterior sensory capsules
and the new anterior portion of the brain, including an expansion of the alar, but not
the basal portion of the brain stem. Embryonically, some of these muscles form anterior
to the influence of the notochordal tip (primary organizer) and are innervated by
neurons that course anteriorly to reach them.

(7) The shifts in the feeding pattern

The earliest vertebrates are modelled as predators (Gans & Northcutt, 1983;
Northcutt & Gans, 1983) and this will be elaborated further in this section. The Middle
to Late Cambrian period of probable vertebrate origin saw the advent of new predators
in other phyla. A variety of arthropods, molluscs, and perhaps annelids, departed from
suspension feeding and selectively attacked particulate food items. The appearance of
formidable predators, among other factors, apparently led to the evolution of thickened
exoskeletons and integumentary armour by many kinds of multicellular organisms
(McAlester, 1¢g68). In short, the advent of predators appears to have changed the nature
of their prey.

Utilization of particulate and larger prey is of substantial benefit to a predator.
Increasing the size-range of ingestible prey objects widens the niche of predators, either
for brief intervals or extended periods. Other factors being constant, doubling of the
linear size of ingestible particles potentially yields an eightfold increase of nutrient
quantity (per particle) or an eightfold reduction in search time. This may lead to
specialization on larger food or intermittent increase in the range of those ingested.

Presumably, the advent of successful radiations of freely floating suspension feeders
(which perhaps were in turn harvested initially by relatively few kinds of freely floating,
pelagic predators) must have had a substantial influence on the density and community
structure of their prey. The biomass available for a randomly harvesting suspension-
feeding predator must have been reduced further with the development by the
zooplanktonic prey of evasive responses such as those above noted in association with
the origin of a notochord. Hence, the shift to selective particulate feeding in
prevertebrates may be seen as responding to the scarcity of easily attained prey.
Specialization must have shifted predators away from suspension feeding, utilizing
particles of larger size, and hence greater energy content. However, each modification
from random to directed predation must have affected and been reflected in the
resource base.

Members of all groups of possible prevertebrates use cilia-transported mucous bands
for feeding. However, these animals differ in the exact site at which the capture or
filtration of suspended particles takes place. The zone in which the mucus is secreted
and the structures involved in transporting it also differ. This variation suggests that
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suspension-feeding, in different groups of hemichordates and protochordates, is a
function of convergent and non-homologous structures.

It has been suggested (Jollie, 1982) that the earliest chordates were free-living
predators. This is unlikely, for no known hemichordates or protochordates has paired
(external) distance receptors (Bone, 19594, 1960¢). Also pre-metamorphic larvae of
non-vertebrate deuterostomes feed by means of internal or external ciliated mucous
strips. After metamorphosis, the feeding surface may be located externally on tentacles
or spread across the integumentary surface, as in hemichordates and pogonophorans;
in contrast, urochordates, cephalochordates and suspension-feeding vertebrates trap
particles in the pharyngeal region. A few vertebrate embryos retain traces of an early
ciliated stage (e.g. amphibian and lungfish embryos; Whiting & Bone, 1980), but this
is unlikely to provide evidence for the condition in the earliest vertebrates.

Most suspension-feeders are non-selective in uptake of food. All particles of a
particular size-range are acquired (Mallatt, 1985), although ‘noxious’ ones may be
selectively rejected, presumably after being determined by tactile or chemical senses
(Parker, 1908). Suspension-feeders may shift from zones of low to high particle density
(J. E. Webb, 1975); although protochordates do avoid noxious particles there is no
evidence that suspension-feeding protochordates pursue individual ones. Cephalo-
chordate larvae apparently drift downward and feed on objects then encountered (J. E.
Webb, 1969). Occasional ingestion of single particles appears random, rather than
involving active approach of particular ones. In order to acquire specific food objects
an animal with muscularized propulsive system must develop orientation. It would be
of interest to know whether the larger Amphioxides remain indiscriminate suspension-
feeders, are able to select particular particles or to identify and harvest patchy prey
(phytoplankton blooms).

Fossil ostracoderms appear to have lacked structures indicating suspension feeding
(Northcutt & Gans, 1983). Indeed, many adults were flattened and some had a ventrally
situated, recessed and posteriorly displaced buccal aperture. These attributes militate
against suspension feeding and led to the hypothesis that ostracoderms fed on detritus.
The suspension-feeding view can be rejected even more firmly in the light of the
overwhelming evidence of their sensory systems.

The earliest vertebrate fossils had olfactory, optic, and acousticolateralis systems; in
short, the major paired external sense organs, associated in Recent vertebrates with
distance- and direction-reception, were already present. The cavities for these sense
organs are large and complex; they housed multicellular structures, incorporating
several classes of receptors and accessory components. Only predators show the origin
of complex distance-receptors, making it likely that their appearance signals a shift to
predation in adult vertebrates. Mallatt’s hypothesis (1984 a) that distance-receptors
could have allowed suspension-feeding vertebrates to detect patches of suspended food
lacks corollaries in suspension-feeding lineages of other metazoans. Neither amphioxus
nor larval lampreys have distance receptors; lampreys only develop pattern vision at
metamorphosis (Rubinson ef al., 1977; Kennedy & Rubinson, 1984).

What were the steps leading from suspension feeding to active predation? Initially,
minor shifts in the animal’s floating position could direct the mouth toward prey
particles contacted by accident. Once prey touches the mucous strip, ingestion follows.
For example, downward-drifting Branchiostoma larvae ingest prey as wide as the
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diameter of their laterally displaced mouth (J. E. Webb, 1969). Once near-field effects
(Bone & Marshall, 1982) allowed detection, for instance, of ciliated invertebrate larvae,
they could easily be approached because of the differential velocities between ciliary and
muscular propulsion. Integumentary mechanoreceptors or chemoreceptors could steer
repositioning of the bueccal cavity vis-a-vis contacted prey objects. This phase would
involve enhancement of distance-receptors, as increased detection-distance is highly
advantageous whatever the categories of food. The ability to move selectively into
blooms of particles in coastal regions and perhaps estuaries may have followed.

T'wo reasons suggest the unlikelihood that most of the transition from passive to
active predation occurred in the free-swimming mode. First, capture of prey swimming
actively in three-dimensional space requires complex orientation; such prey differs
from drifting objects. Secondarily, the mucous entrapment system might encounter
ingestion problems for active prey. Both of these problems could be overcome by
benthic animals feeding on semi-sessile soft-bodied invertebrate prey.

Branchiomeric muscles generate the potential for local constriction of the pharynx
and the development of an oral engulfing mechanism. Propulsion by the segmented
myomeric muscles could force the buccal aperture into contact and push it over the
prey. Once the particle had partially entered, contraction of the anterior portion of the
branchiomeric musculature (developed for ventilation) would drive the prey into the
alimentary canal. Ingestion could have specialized further with modification allowing
selective distension and contraction of the buccal aperture and the application of dermal
elements to the prey. The structures of the mouth of myxinoids (Dawson, 1963) model
ways that prey may be ingested and cut in the absence of articulated jaws. It is also
tempting to refer to deep-sea ascidians, some of which are supposed to predate on
nematodes and small crustaceans; however, their feeding behaviour has not been
observed (Alexander, 1975).

Hence, the shift to feeding on larger particles is unlikely to have taken place far from
the bottom. Swimming close to the bottom, post-metamorphic prevertebrates could
have located semi-sessile food objects and pushed them against the substrate, thus
forcing them into the buccal aperture. The earliest heterostracans (and many later
ostracoderms) were heavy and often of flattened cross-section (Moy-Thomas & Miles,
1971), a shape probably associated with intermittent bottom-moving rather than with
regular free-swimming (i.e. they were benthic rather than pelagic; cf. Arnold & Weihs,
1978). The later fusiform ostracoderms probably represented a later stage, perhaps with
more rapid response times, improved sensory and motor co-ordination, and structural
modifications, allowing free predation (rather than accidental contact-capture) in the
water column,

Particulate feeding involved shifts in the proportions of the pharyngeal components
and the need for protection of the gills. Again, larger food particles require a stomach
or other enlargement of the alimentary canal. Rapid passage of the food makes for poor
assimilation efficiency; with delay, digestion and absorption may advance further
before defecation. Ciliary transport obviously is ineffective for the digestion and
breakdown of larger particles. The development of a muscular (hypomeric) wall to the
gut, and the change from intracellular to extracellular digestion, are significant
advances. Muscularization of the intestinal wall also restricts movements of ingested
prey and consequent damage to the gut. In vertebrates, the system is controlled by
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derivatives of the neural crest, which furnish many secretory cells, and the entire
enteric nerve plexus (Gershon, 1987).

(8) The development of sense organs

Protochordates and vertebrates differ more profoundly in their sensory organs than
in other systems. Cephalochordates possess chemoreceptors, mechanoreceptors and
photoreceptors, the two former generally associated with the epidermis, the latter
laying within the nerve tube (Baatrup, 1983; Bone & Best, 1978). However, with rare
exception, all are unicellular sense organs. In contrast, the major sensory systems of
vertebrates are multicellular and also include electroreceptors as a new type. All
compound vertebrate sense organs appear to develop in association with placodal
tissues. All include substantial and complex sustentacular elements that produce
various extracellular encapsulating tissues enhancing transduction (see above).

In both cephalochordates and vertebrates, all the special sensory receptors are
intrinsically epithelial; apical microvilli (stereocilia) frequently surround a central
cilium (kinocilium). The simplest hypothesis on the phylogeny of the earliest chordate
chemoreceptors is that they were similar to those on the rostrum and surrounding the
mouth of Branchiostoma, which apparently lack chemoreceptors within the pharynx
(Baskin & Detmers, 1976), although they have receptors similar to the taste-buds of
vertebrates on their oral cirri (Schulte & Riehl, 1977; Bone & Best, 1978). Localization
and thus increase in density of the rostral detectors presumably resulted in the olfactory
organs of vertebrates. Their chemoreceptors are generally of three types. The ‘common
chemical sense’ does not involve a specialized receptor but is mediated via unmyelinated
nerve terminals in the integument (Finger, 1983). Olfactory and gustatory reception is
characterized respectively by two types of epithelial organs, and taste-buds by olfactory
receptors, distinguished by their location, innervation and central projection.
Vertebrate taste-buds develop from the pharyngeal region. Although some fishes show
taste-buds on the surface of the skin, these form secondarily. Vertebrates react to the
taste of food within the pharynx; they commonly reject prey after it has been partially
or completely ingested (Atema, 1971).

The photoreceptors of cephalochordates are restricted to simple cellular elements
distributed along the neural tube (Eakin & Westfall, 1962), whereas those of vertebrates
are complex, median and lateral. Vertebrate photoreceptors develop by evagination of
the neural tube and clearly derive from ciliated cells. Even if accessory organs such as
cornea, lens and iris are excluded, photoreceptors of protochordates and vertebrates
appear very dissimilar.

The photoreceptors of prevertebrates are likely to have been involved in the
entrainment of diurnal and circannual information and provided minimal means of
orientation in the environment. Once the animals recognized sudden changes of the
light-intensity they might detect the approach of predators, as do other living
deuterostomes (Parker, 1go8). With increase in body size, increase in the area of the
CNS devoted to such tasks presumably led to evaginations from the new anterior
portion of the nerve-tube (which also brought the senses closer to the surface of the
larger animals). The process is modelled by early stages of vertebrate eye formation.

It is possible but unlikely that pattern-vision initially allowed the location of denser
regions of suspended particles; most retinal ganglion classes of anamniotic vertebrates
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code for novelty and movement rather than for complex environmental features (Ewert,
1980). Hence, pattern-vision was probably initially associated with predation on
moving objects. The initial involvement of sustentacular cells is unclear. Conceivably,
the ectodermal accessory components of the eye originated separately from the sensory
cells. They may have served non-visual functions and only secondarily become
associated with the developing retina. Alternatively, placodal development might have
been induced by the shift of sensory cells to the surface; evolution of cornea and lens
thus may reflect the path of refinement of pattern vision. However, such a combination
of sensory and non-sensory structures has no parallel in any other sensory system of
deuterostomes.

Vertebrates possess a range of complex mechanoreceptors, including receptors of the
inner ear (otic organ), neuromasts of the lateral-line system, and electroreceptors
(ampullary organs). The common functional unit is a ciliated epithelial cell (hair cell)
similar to the simple, ciliated mechanoreceptors of amphioxus. This leads to the
postulate that the skin of the earliest chordates contained a ciliated epidermis used for
propulsion, as well as scattered, mechanoreceptive ciliated cells (associated with the
epidermal nerve plexus), as in living cephalochordates (Bone & Best, 1978; however,
these have a reduced epidermal nerve plexus).

With the phylogenetic origin of an adult with muscular propulsion, the initial ciliated
epidermis lost its local effectors (i.e. cilia). Hence, the unity of the epidermal nerve
plexus suffered a functional displacement of its propulsive and scnsory components.
Processes of the striated muscle fibres formed direct motor synapses on to the basal
portion of the nerve-tube, so that the interneurons were concentrated in the spinal cord.
Directional locomotion carried with it advantages for shift of the sensory cells to an
anteriorly facing position and their input to the anterior end of the nerve-tube.

These sensory cells of the anterior body region increased in importance and
aggregated into compound mechanoreceptive organs, as generally occurs in areas of
significant information input (cf. Schulte & Riehl, 1977; Vinninkov, 1982). Their
multicellularity may be modelled on the neuromast organs of most anamniotes and
some tunicates; these contain both sensory and supportive cells, the latter almost
certainly secreting the proteoglycan coating (cupula) for the sensitive hair cells (Bone
& Ryan, 1978). Also, the anterior concentration of sensory cells led to specialization;
subgroups of mechanosensory cells became more sensitive to the detection of light,
pressure and other stimuli. The major sensory change for distance reception required
both an increase in detector sensitivity and in positional information.

There might well have been selective pressure for arranging some of these organs into
lines or patches, similar to the arrangements of the lateral line system. The detailed
reasons why the lateral lines are arranged in so many different ways may remain
unclear; however, bilaterally symmetrical animals concentrate mechanoreceptors in
anterior bilateral arrays about the vivinity of the mouth. Still, it is impossible to reject
the idea that the detailed patterns lack a current role, with multiple potential patterns
sufficient for scanning the anterior environment.

One interpretation of the phylogenetic derivation of the inner ear is that it represents
an infolding of a portion of the neuromast system. However, the difference in central
connexions of the inner car and lateral line in Recent anamniotes, provides no reason for
one preceding the other. Nevertheless, similarities in the systems support the hypothesis
that both evolved from mechanoreceptive organs.
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Chemoreception and mechanoreception may have monitored close distances, letting
the animals decide whether to ingest accidentally contacted prey. However, neither
these nor vision were likely to have been the initial senses to provide accurate
information on distant objects. The development of visual pattern detection must have
required many evolutionary steps; it was long before images were sufhiciently detailed
to permit discrimination at a distance. Interpretation and differentiation of distant
signals would have been equivalently difficult for neuromast mechanoreceptors,
particularly so in small animals in which the distance between the lateral sites was short.
Olfaction (unless mediated by currents or winds) is notoriously non-directional, more
likely leading to general arousal.

Consequently it is predicated that electroreception was the first distance sense.
Unlike light, pressure and chemical signals, directional electrical cues represent unique
signals that are almost always generated by living organisms. Hence, even a very simple
pair of anterior electroreceptors would signal presence and direction of potential prey.
L.ocomotion in the indicated direction should bring the predator into a range in which
other sensors may facilitate further decisions about potential prey.

Presumably, one subpopulation of integumentary mechanoreceptors differentiated
into electroreceptors. Mechanoreceptors of the ordinary lateral line are sensitive to
strong d.c. fields (Bodznick & Northcutt, 1980). The sensitivity of these mechano-
receptors could be increased by lowering the cell-membrane resistance or by increasing
the resistance of the surrounding region. In either case, they become capable of
detecting the electrical fields generated by other biological organisms. Further
discussion of mechanoreceptors and electroreceptors in vertebrates involves con-
sideration of the dermal armour, for there is ample evidence that these systems are
interrelated (Orvig, 1972; Schaeffer, 1977; Northcutt & Gans, 1983).

(9) Early stages of mineralization

The earliest integumentary mineralization of (fossil) vertebrates apparently consisted
of small units termed odontoids (odontodes) comprising superficial and deep
components (Orvig, 1977; Reif, 1982). The superficial component comprised an outer
enameloid and an inner dentine layer that penetrated through the epidermis; the deep
component consisted of a subdentinal spongy and a deeper laminar or acellular bony
layer. Study of fossil armour suggests that its superficial layers formed earlier
embryologically than did the deep (Denison, 1967, 1973).

In fossils, the superficial component appears to have contained several classes of
invaginations. Some of these, lined with superficial enameloid, had overall dimensions
matching those of the electroreceptive ampullary organs of Recent fishes (T"hompson,
1977). However, a recent study in Neoceratodus suggests that some of these passages
were vascular (Northcutt & Bemis, 1987). Other grooves and canals penetrate both the
enameloid and the dentinous layers of the fossils; in location, pattern and dimensions
these remind of those of the lateral-line system of living anamniotes; they have been
interpreted as lateral-line vestiges (Stensi6, 1927; Denison, 1947).

The dentinal component contains a series of radiating vertical channels similar to the
tubules of modern dentine. It is assumed that the basement surface of the latter was
covered by the cell bodies of odontoblasts, the apical processes of which filled these
canals but did not reach the free surface. The dentine of modern teeth is highly
sensitive, but it is not clear whether the odontoblasts themselves are sensory (or are
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innervated directly), or whether the high sensitivity of the tissue is due to the extensive
ramification of free nerve endings within the deeper pulp cavity. We lack information
on the embryology of the earliest armour. However, embryology of dental structures in
living vertebrates reveals that dentine derives from neural crest (Hall, 1983; Lumsden,
1988), whereas the ordinary lateral-line system and the electroreceptors derive from
placodal tissues (Northcutt, 1986).

The fossil record shows various early states that might support the suggestion that
all layers of the odontodes arose simultaneously (Halstead, 1987). Whereas, cephalo-
chordates possess integumentary ciliated sensory elements, but lack supportive tissues,
suggesting that evolution of sensory elements may have preceded evolution of dermal
supportive tissues, the development of odontoids allows two hypotheses. The first is
that sustentacular regions calcified simultaneously with, but independently of, the
vertebrate mechanoreceptive and electroreceptive sense organs, perhaps in response to
an independent demand for calcium storage and increased armouring (Romer, 1933).
However, this provides no explanation of why dentine derives from neural crest.
Alternatively, sensory organs developed prior to the evolution of dentine and enameloid.
According to this interpretation, the latter tissues evolved from supportive cells in
functional association with the sensory elements and initially served as transduction
enhancers for sensory stimuli (Northcutt & Gans, 1983; Gans & Northcutt, 1983).

It is theorized that the transduction-enhancing odontoblasts of phylogenetically
early dentine cither derived from neural elements or from supportive cells associated
with primitive clectroreceptors. The capacity of odontoblasts to deposit extracellular
hydroxyapatite around the receptor cells affected the dielectric properties of their
surroundings and thereby enhanced sensory capacity. Decision on whether the
odontoblasts stemmed from supportive cells of neural crest origin or from unicellular
electrosensory units remains uncertain and would be aided by re-examination of the
pattern seen in the integument of more Recent and fossil fishes. Both hypotheses accord
with known evidence, but involve postulates differing in number and kind. Dentine
may have been the earliest calcified tissue, the enameloid layer arising almost
simultaneously, being either modified dentine or resulting from epithelial ameloblasts
(Kemp, 1984; Halstead, 1987). So-called ‘true’ enamel, capping scales and teeth of
amphibians, reptiles and mammals, is a product of epidermally derived ameloblasts
induced by the underlying neural-crest tissue (Meinke & Thomson, 1983; also Prostak
& Skobe, 1986).

Why did such integumentary organs arise in the first place? The hypothesis is that
electroreception could detect chemoelectric gradients associated with dense pockets of
small organic particles (Kalmijn, 1974); the second hypothesis is that electroreception
could detect larger individual prey animals. Although the first hypothesis is possible,
there is no evidence that any living vertebrate is sensitive to such fields; also, dense
pockets of organic material would be more likely to occur in relatively stagnant ponds
rather than in potentially turbulent shallow marine environments. In contrast, heart
action, gill perfusion and other muscular activity of invertebrates establish charac-
teristically cyclic field effects of varying strength (which are greater if the action occurs
in brackish rather than in fresh waters).

Even weakly developed electroreception is better than visual detection of organisms
in silty waters or nocturnally. However, the initial utilization of electroreception
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remains an important consideration. In modern vertebrates, electroreception works in
association with a number of behaviours, such as prey and predator detection, social
communication, orientation to the environment and possibly navigation. Of that list,
prey detection represents the most ubiquitous role and that in which a minor detecting
capacity would immediately incur selective advantage. Hence, electroreception
represents an obvious primary candidate for the first sensory stage of vertebrate
predators.

A fact not immediately supportive of this hypothesis is the absence of electroreception
in hagfish, although it is present in lampreys (Bodznick & Northcutt, 1981; Bullock et
al., 1982, 1983; Fernholm, 1985). T'wo hypotheses may account for this observation in
the present context. First of all, it is possible that electroreception arose after the origin
of hagfish; as these animals lack calcified tissues, one might posit that electroreception
arose after their separation from the craniate line. More likely, the seemingly derived
hagfish lost electric organs as well as dermal bone; certainly, electric organs have been
lost several times in the lineages of fishes. This hypothesis may be supported by the
recent report that the enamel proteins of higher vertebrates are immunologically similar
to the proteins of the intercellular material in the ‘teeth’ of hagfish (Slavkin ef al., 1983).

(10) The origin of bone

This leads to a discussion on the origin of true bone, first seen in the fossil record as
the dense, deepest (as well as the spongy intermediate) layer of the scales. Classical
hypotheses for bone formation assume that evolutionarily bone is the primary calcified
tissue. The literature suggests that bone is used (a) as an osmotic barrier, (b) for the
storage of calcium salts, (¢) to generate negative buoyancy, and (d) as a defensive
armour (Romer, 1933). The first view is unlikely as fishes leave the much larger gill
surface unprotected. Salts could be stored anywhere; the calcium-storage hypothesis
does not explain the complex scale architecture. Negative buoyancy similarly does not
require a complex architectural design. Scalation would have to achieve substantial
thickness before having a significant role as armour; its inertia then incurs a substantial
cost in hampering evasive movements. Evidence from the fossil record suggests that the
odontode pattern derived earlier in ontogeny than the deeper endoskeleton (Moy-
Thomas & Miles, 1971). This suggests that this sequence may represent a phylogenetic
recapitulation and boosts the concept that the earliest bone was integumental and
associated with electroreception.

The anterior concentration of the sensors of bilateral animals provides them with
directional information (including the position of predators and perhaps conspecifics).
It also facilitates receipt and co-ordination of information about the position of prey
relative to the mouth. Bilateral placement of anterior sensors permits triangulation, and
dorsal-ventral placement permits positioning the target in three-dimensional space.
Symmetrical placement of sensory cells allows modification of the integrating system
and projections of their inputs along a cortical surface facilitates comparisons; it
permits common mode rejection of signals that reflect far-distant events and
enhancement of signals from sources closer to the organism.

Association of the initially forming dentine with an electroceptive sense suggests that
the bone of the primitive integumentary denticles originated as a stabilizing tissue. The
phylogenetically secondary deposition of hydroxyapatite crystals as bone in the dermis
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allowed maintenance of the position of the sensory elements {Northcutt & Gans, 1983).
T'his scenario may account for the well-defined patterns of pits and lateral-line canals in
many fishes, the architecture of which was probably established by the sense organs
harboured by the bones. It is likely too that the outward shift of the paired sensory
organs, detecting light, pressure and chemical cues, reflects increased size; also,
calcification led to a denser integument including hydroxyapatite, forcing external-
ization of the sense organs. In parallel, predation clearly established the adaptive value
of recording the direction of the incident sensory information, as well as of its
magnitude.

Increased size also required a true dermis, and the fascial network of angled collagen
fibres lying deep to the dermis and stiffening the trunk, transmitting the action of some
muscular components and yet permitting bending (Gutmann & Bonik, 1981;
Wainwright, 1983). Ossification of the integument proceeded by the deposition of
crystalline hydroxyapatite along pre-existing collagenous matrices and apparently
involved simultaneous calcification of the internal framework of head and (later) trunk.
Witness the calcified head cartilage in the earliest-known (Ordovician) heterostracan
fishes (Denison, 1967%), Perichondral bone in the ostracoderm head (Moy-Thomas &
Miles, 1971) and even traces of calcification in some lamprey head cartilages (Bardack
& Zangerl, 1972). In the much later gnathostomes, this initial calcification apparently
extended interiorly, leading to the development of vertebrae and of the truly segmented
posterior portion of the braincase. With calcification of a significant portion of the
integument, the armour developed obvious defensive potential. Also, it provided
calcium and phosphorus storage, which may have facilitated invasion of environments
such as intermittently brackish waters, in which Ca?* varies unpredictably, and
ultimately of fresh water and land.

The exact sequence of integumentary and endoskeletal ossification remains unclear.
Similar problems beset the relative times of origin of cartilage and bone. Cartilage in
the pharyngeal region essentially is an energy-storing (and supportive) component of a
gill system vital for ventilatory inspiration. Until the advent of cartilage, animals relied
on integumentary gas exchange which could have been limited by any ossification of the
skin, This makes it plausible that the cartilage of the gill apparatus probably preceded
dermal bone in phylogeny. Calcification of cartilage and endoskeletal bone arose later
(Kemp & Westrin, 1979; Kemp, 1984).

(11) Excretion and reproductive strategies

The evolution from a protochordate to a vertebrate level must have involved at least
one other major transition. In protochordates, and perhaps in prevertebrates, the
excretory and gonadal system was associated with pharyngeal blood vessels and
branches of the coelom; the efluent discharged directly into the pharyngeal lumen, a
region regularly perfused with water. Flagellated tubules connected the coelomic to the
pharyngeal space. With the loss of the initial association of the excretory system with
the pharyngeal slits, there appears retention and possible enhancement of its association
with the posterior coelom (l.eake, 1975). In parallel, one sees complex modifications
shortening the vertebrate pharynx and elongation of the posterior visceral cavity by
development of folded gill surfaces and the pharyngeal modification for predation
(Hickman & Trump, 1969).
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The excretory organs of Branchiostoma consist of sets of cyrtopodocytes rather than
solenocytes as once claimed (Welsch, 1¢75). There is also the organ of Hatschek, lying
to the left of the rostral portion of the notochord (Welsch, 1975). The cyrtopodocytes
lie lateral to the top of the secondary branchial bars, which form only at metamorphosis.
(Only the primary branchial bars are assumed to be homologous between cephalo-
chordates and vertebrates.) Perhaps the transition to vertebrates involves restructuring
of the excretory system and its shift to an equivalent but more posterior position, along
the roof of the coelomic cavity. Paired longitudinal excretory ducts are a vertebrate
characteristic. The intimate association of the genito-excretory system with the
coelomic cavity (seen in Recent agnathans and larval and embryonic amphibians)
suggests that vertebrate kidneys (and gonads) once were in continuity with the coelom
and coelomic pore (Starck, 1978).

The vertebrate kidney as such is analogous rather than homologous to the excretory
organs of cephalochordates (Starck, 1978). However, the structure of cyrtopodocytes of
cephalochordates is similar to the podocytes of vertebrates. Hence, one may posit
homology on the cellular rather than the organ level, equivalent to the shift of
chromaffin tissue to the adrenal medulla. Perhaps the capacity to form podocytes was
a potential of the entire dorsal portion of the non-segmented mesoderm, or developed
in the pharynx and later shifted into the coelom, as the pharynx shrank and the coelom
increased in size.

Excretory tissue antedates vertebrate origins. Its shift from pharyngeal to visceral
region involved both developmental and functional factors. Developmentally, the shift
may have been relatively minor as the zone incorporating the excretory tissue derives
from the floor of the coelomic mesothelium in amphioxus and the subsomitic mesomere
in vertebrates. Also, the posterior portion of the pharynx is close to the pronephric
region, which in ammocoetes retains both glomerular tufts and ciliated connexions to
the coelom.

The posterior shift of excretory tissue probably led to the formation of collecting
ducts to the exterior (and later allowing discharge of the sperm and ova via the cloaca
rather than genital pores; Starck, 1978; Janvier, 1981). This positional shift of
excretory tissue presumably paralleled the restructuring of the pharynx. Formation of
a true gill system coincided with the loss (or non-formation) of secondary branchial bars
next to which the cyrtopodocytes lie. Indeed, neural crest, which has a developmental
role in restructuring all other shared-derived aspects of the vertebrate pharynx, may
also participate in kidney formation. Transplanted head neural crest inhibits the
formation of trunk kidney tissue, with which it is ordinarily not involved (Jacobson,
1987). Perhaps this is a retention of the capacity of the neural crest to reorganize the
pharynx.

The shift of excretory tissue may also reflect the role shift of the circulation. The
vascular spaces of Branchiostoma lack endothelial lining and the excretory cells are
concentrated in the pharynx, one of the few places regularly passed by most of the blood.
With the volumetric shift of pharyngeal and coelomic spaces reflecting the advent of
predation, an increase in the number of podocytes accompanied their shift to the zone
dorsal to the coelom; however, this shift probably followed the formation of a closed
(endothelium lined) circulation. Association of podocytes in glomerular capillary tufts
increased excretory surface beyond the very limited capacity of the system in
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Branchiostoma (Binyon, 1979). Clustering (a developmentally obvious shift reflecting
invagination of the coelomic filtering surface) and development of ducts draining all
kidney tissues loosen their association with the visceral space (which is still seen in
ammocoetes and larval amphibians; Leake, 1975). Such secondary tendencies are seen
also in various invertebrates.

Consequently, the excretory changes correlate with the other demonstrated traits of
early vertebrates, namely increase in size and shift to predation. All require a parallel
increase in excretory capacity. Larger amphioxus have more pharyngeal slits and hence
more secondary bars and cyrtopodocytes. The increase in the volume of vertebrates
required an equivalent increase of kidney tissue, independent of the pharyngeal length.
The shift from suspension feeding to predation further loaded the excretory system.
Food ingestion and hence digestion became intermittent and the digestion of proteins
produced complex molecules. The transition to vertebrates also demanded anaerobic
glycolytic metabolism (Ruben & Bennett, 1980). Vertebrate spurt capacity is about ten
times greater than that of protochordates; this clearly requires an increased excretory
capacity for metabolic waste. The excretory tissue had to meet peak demands, no longer
responding only to constant levels of waste and pH. Hence, the kidney organization
changed coincident with the far-reaching shifts from suspension feeding to predation.

Kidneys maintain the internal environment by discharging water entering by
osmosis. T'’he increased filtration capacity of most vertebrate kidneys reflects the
transition of the earliest vertebrates to fresh water; indeed, this has been cited as
evidence for the freshwater origin of these animals (Marshall & Smith, 1930). More
likely the osmotic system arose in an unstable marine environment; for instance,
estuarine habitats show sudden and unpredictable changes of salinity, reflecting river
flow which is modified by rainfall hundreds of kilometres distant (Northcutt & Gans,
1983). In short, increased kidney capacity, suitable for occasional overload, is required
for several quite-distinct roles, and its development may have been synergistic for
these, (All of this argument encounters some problems with the physiology of the
hagfish kidney; although structurally similar to the lamprey pattern, it differs among
other factors in the absence of pressure filtration; Riegel, 1986).

The new kidney tissues are associated with the archinephric discharge ducts that
drain their products. These ducts initially may have drained the coelomic fluid (from
the pronephric funnels) to the cloaca. Alternatively, there is the concept of a
segmentally organized kidney (a pronephric stage) that led to the initial formation both
of sets of podocytes and of tubules in each unit: see the segmental pronephrostomes in
vertebrates. Presumably the ducts arose in association with the increased visceral
volume and were co-opted by the reproductive system: both excretion and reproduction
derive advantages from organized discharge of materials initially associated with the
coelomic space.

Elongation of the visceral cavity increased the space potentially available for the
functional specialization of the kidneys. The advent of tubules provided sites for other
kinds of cells, respectively involved in selective resorption from the original filtrate and
secretion of particular metabolites. The time course of these changes remains unclear,
so they are omitted from discussion of the initial shifts to the vertebrate form.

It is likely that the reproductive pattern of the prevertebrates was similar to that of
present protochordates, involving synchronized gonadal maturation and a more-or-less
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simultaneocus discharge of genital products. Textbook considerations concentrate on
the shift of the gonads into the true visceral space and discharge of germ-cells via the
tubules of the excretory system. Protochordate eggs have variable amounts of yolk;
most are isolecithal. However, yolk content may be plastic. The striking difference
between the petromyzontid isolecithal and myxinoid telolecithal eggs has been
emphasized (Hardisty, 1979; Mallatt, 1985); however, that between mesolecithal
thaliacean eggs and the isolecithal eggs of many other protochordates is less well known
(cf. Young, 1981). In contrast, the eggs of most recent anamniote gnathostomes (except
chondrichthyes and Latimeria) are mesolecithal.

The estuarine habitat remains critical in explaining the evolution of vertebrates.
River biotopes involve protracted unidirectional currents. Living aquatic animals can
only occupy them if they are parthenogenetic (or otherwise capable of vegetative
propagation), or have provision for mate encounter and potential for fertilization
therein. Localization of potential mates may have been another task of the evolving
vertebrate distance-receptors. Further by-products of the shift to fresh water was the
need for mate recognition, embracing a more specific kind of selection, indeed for some
kinds of accelerated evolutionary change.

V. THE COMBINED SEQUENCE

It is now possible to summarize the relative timing of changes in all of the organ
systems and presumed environments and to develop a proposed evolutionary sequence.

Chordates arose from a line of relatively small, ciliated, suspension-feeding, free-
living forms that had an epidermal nerve plexus and metamorphosis. Ancestors were
possibly littoral in the early to mid-Cambrian times (coastal regions expanded rapidly
as the continents split during the early Palaeozoic era; Bambach, 1980). Analysis of
invertebrate fossils suggests reaction to more effective predation at this time in
evolution,

The first change of prechordates was postmetamorphic, involving development of a
notochord that stiffened the base of a caudal appendage. Sudden movement due to
contraction of associated muscles reduced attack-effectiveness of predators. Firm
anchoring of the notochord to the body further stiffened the appendage and provided
for its elastic return to the original position.

Secondary modifications allowed periodic movements of the appendage, generating
faster locomotion, also advantageous in feeding. This began with extension of the
muscular segmentation and associated concentration of motor neurons from the basal
site of its initial induction toward the caudal tip. During phylogeny, the basal site
(marked by the anterior tip of the notochord and associated muscles and nerves)
progressed anteriorly along the dorsal surface, involving ever more of the bilaterally
symmetrical trunk in locomotion. With shift of propulsion from cilia to muscle, the
integrative and motor pathways of the epidermal nerve plexus concentrated into a mid-
dorsal nerve plate. This invaginated into a hollow tube (nerve cord) housing the cell
bodies of the integrative and motor nerons. Sensory receptors became concentrated
along the anterior region of this plate. A second metamorphosis was associated with
increased size and reorganization of the pharynx, doubling of pharyngeal bars,
development of excretory tissue, and formation of an atrium with subptervgial
coughing muscles.
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These animals showed the chordate level of organization with floating ciliated larvae
which then metamorphosed into motile adults propelling themselves with a notochord
and associated muscles. Surviving protochordates (mostly ascidian tunicates) suggest
that some early chordate lines independently become sessile, whereas others became
complexly colonial through secretion of large extraorganismal mucoid constructions.

Next occurred an experimental radiation of amphioxus-like animals. Heterochrony
delayed their secondary metamorphosis to a gradually larger size. This and increased
activity reduced adequacy of diffusional ventilation. As the larger individuals were still
premetamorphic, they showed neither secondary pharyngeal bars nor an atrium. The
subpterygial musculature (retaining dorsal root innervation and later referred to as
branchiomeric) became associated with the primary pharyngeal bars. Contractions of
the pharynx pumped more water, thereby increasing pharyngeal gas exchange.

Embryonic connective tissues of neural-crest origin contributed chondromucoid to
the collagenous frame of the primary pharyngeal bars, permitting water inflow by
clastic recoil. The increased number of motor neurons for the branchiomeric muscles
and the new gas-detecting sensory systems extended the CNS anteriorly, forming a
‘new’ brain, differing in organization from the spinal cord. The branchial arch epithelia
capillarized and folded into gills facilitating gas exchange. The circulation closed,
endothelia invaded, and the separate contractile bulbs were replaced by a single heart.
Podocytes and the discharge of genital products became associated with the coelom.
Finally, the gonads matured and the second metamorphosis was suppressed. These
changes increased gas exchange, and allowed further developments facilitating
prolonged and organized locomotory patterns and larger size.

At this period, such prevertebrate animals moving along the bottom of the coastal
shelves presumably were protoadapted for ingesting accidentally contacted unarmoured
prey. The longitudinal axial muscles pushed prey into the pharyngeal opening and the
circular branchiomeric muscles forced the prey via the pharynx inte the gut. The
earliest phylogenetic stages might have recognized incidentally contacted prey by
chemical or mechanical cues. However, increase of detection-distance, improved
directionality and more rapid response would be advantageous; the latent electro-
receptive capacity initially provided these. Change to more regular predation led to
restructuring both of pharyngeal mechanics and of posterior viscera, the development
of an oesophagus-stomach for storage and initial breakdown of food, muscular
(peristaltic) rather than ciliary transport through the gut (controlled by neural-crest-
derived motor neurons), and extracellular digestion.

The benefits of predation may have allowed a very rapid series of phylogenetic
changes permitting shift of adults from being occasional predators into obligate ones.
Patches of external and specializing sensory neurons concentrated near the front of the
animal and became encapsulated, thereby facilitating directionality; their embryonic
stage was homologous to the modern placodes. Centrally, the alar region of the brain
became modified and hypertrophied; evaginations reached toward some placodal
regions, and integrative components linked the increasing sensory inputs with the
motor systems modified to control the hypertrophied branchiomeric musculature. This
must have marked a major modification of the sensory aspects of a nerve cord modelled
on Branchiostoma, much of which is restricted to the integrative and motor functions
of the segmented axial musculature. Late in development, the brain and anterior
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sensory organs were encapsulated hydrostatically anterior to the tip of the notochord.
Hence, prior stages of ontogeny show minimal restructuring; however, the head
extends forward, dorsal to the level of the first two pharyngeal bars.

This stage sees the initial deposition of hydroxyapatite as pustular, dentine-like
reinforcements of individual processes of electrosensory cells, the directional dielectric
properties of hydroxyapatite increasing the ability of the sensors to detect electric-field
effects. Phylogenetically next, there developed larger, more organized, dentinous and
enameloid-covered pustules and then dermal denticles, as the original unicellular
receptors combined into multicellular arrays. The resulting animals retained ciliated
suspension-feeding larvae, but at metamorphosis expanded their sensory capacity by
differentiating paired, external, distance-sensing arrays. The freely swimming post-
metamorphic forms were presumably benthic, ingesting whole, small, unarmoured
prey by a “push into the pharynx and constrict” pattern. The first sensory systems
could have been simple, as the early Cambrian showed few predators at this level so that
defensive mechanisms of potential prey (predator detection, avoidance and armouring)
were still minimal. This phyletic stage exhibited most of the characteristics by which
the vertebrates are now defined.

The head probably formed intrinsically as a neomorph anterior to the otic region at
which the basic mesodermal segmentation of vertebrates begins and which presumably
marks the front of the ancestral animal. The segmentation of the somitomere
musculature is distinct from that of the trunk; it mainly reflects the branchial
segmentation, involving gill-slits and bars, differing from and antedating the
mesodermal somitic segments. The paired external sense organs —nose, eye, ear,
electoreception and lateral line — are independent and do not represent remnants of a
past topographic sequence. The anterior connective tissues of the head derive from
initially unsegmented neural crest.

The capacity to sequester and deposit hydroxyapatite crystals, initially generated in
the skin by odontoblasts of the neural crest and later induced in the overlying
ectodermal ameloblasts, also passed to cells forming the deeper endoskeletal connective
tissues of the head and later on to sclerotomal and dermatomal components of epimeric
mesoderm. The evolution of a dermal cuirass maintained the spatial position of the
sensors. Sensory projections were refined and the internal ‘mapping’ presumably
improved. The central projections of several sensory modalities gradually became co-
ordinated by analogous layering over central cortices.

The initial ‘dermal bone’ formed at metamorphosis. Later in phylogeny there was
internal ossification of the braincase and sensory capsules. Ossification is a critical
event, not so much in terms of vertebrate history but in our direct understanding of it.
This is the time at which one begins to see entire fossils, rather than bits of broken bone.
As ossification initially was metamorphic, the earliest forms most likely had all the
major vertebrate sense organs and the characteristic subdivisions of the brain.
Presumably the fossils of these predators represent animals with determinate growth
completed by the time of metamorphosis and ossification (Moy-Thomas & Miles,
1971). Appositional growth of individual elements, permitting increase of skeletal size,
represents a later stage in phylogeny. The changes in blood pH associated with spurts
of intense exercise seem to have affected the skeletal tissues seen in vertebrates (Ruben
& Bennett, 1981).
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Dermal armour let the vertebrates develop further feeding specializations. Examples
arc the bilaterally acting jaws of myxinoids, and the symmetrical jaw pattern of the
gnathostomes; both incorporated a potential for more effective grasping, killing and
ingestion of prey. At this stage, the adults could leave the substrate and predate pelagic
rather than littoral sessile prey.

V1. PROBLEMS AND THEORY

The scheme proposed attempts to overcome some major practical difhculties
confronting students of phylogeny. The fossil record is limited and many critical
questions remain to be considered. We lack important physiological data on many of the
extant animals closest to the transitional vertebrate ancestors. Indeed, it is worth
restating that much of the developmental information in the preceding account is based
on data from elegant studies pursued at the end of the nineteenth and beginning of the
twentieth century, which utilized technical methods far cruder than more recent ones.
The capacity, for example, to trace cell lineages by use of monoclonal antibodies and
signature proteins presents a new field, as yet applied to relatively few forms and only
now for some critical groups.

A more important point, the source of much confusion in the interpretation of
phylogeny, is best expressed Alfred Romer’s phase (in lecture) that ‘“animals cannot
afford to sit around in their time being ancestors; they must go off and make a living
if they wish to survive”. Thus, the present descendants of their early ancestral stages
survived because they occupied and successfully maintained themselves in favourable
niches. Here they outperformed members of later radiations that replaced the early
groupings. Presumably, they represent highly specialized forms rather than broadly
capable generalists.

The dichotomy expressed by myxinoids and petromyzontids represents precisely this
kind of situation. These forms show different modes of ontogeny, myxinoids generating
large-yolked eggs which permit maternal contribution to development sufficient to
obviate metamorphosis, whereas the ammocoete larvae of petromyzontids have
independently invaded a niche superficially like that of Branchiostoma. The dichotomy,
extending into the adult condition, may explain such profound differences as those in
their circulation (Llewis & Potter, 1982; Wells et al., 1986) and kidney function (Riegel,
1986).

Many of the changes, such as the concentration of sensory endings and the
amplification of gill surfaces, involve epigenetic developmental processes, conceptually
similar to those termed physiological adaptations (Prosser, 1958). The capacity of cells
and tissucs to generate organs or carry out processes that often match environmental
circumstance hardly is independent of adaptive selection. Indeed the level of matching
that such processes generate, documents that the capacity of the cells to track the
environment cannot be random ; it is under genetic control at a higher level and results
from past selection (Gans, 1966, 1974, 1988).

Uncertainty suggests a multiplicity of phylogenetic scenarios. Selection among these
requires a broad analysis, exploring multiple organ systems, multiple developmental
stages, as well as their ecological aspects, all in a phylogenetic framework. The analysis
must test conclusions from different approaches against each other. Some such
arguments are detailed here as examples of this approach. Other arguments have been
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omitted or abbreviated; this leads to a kind of shorthand presentation, of conclusions
rather than step-by-step analyses.

In each case, all phylogenetic scenarios found in the literature or generated in
discussion have been examined. The rule of parsimony permitted selection of scenarios
requiring the fewest currently undocumented assumptions. It proved unnecessary to
posit major and complex genetico-developmental transitions without observed
phenotypic intermediates known to be viable. Saltational arguments are rejected, not
because they are impossible but because they proved unnecessary. If parsimony is to be
utilized in the generation of classifications and as a general explanatory principle in
scientific investigation, saltation can only be used as an explanation after the potential
for minor stepwise modifications has been disproved.

It is hoped that this study documents that phylogenetic scenarios allow the
establishment and test of phylogenetic processes, the steps of which are not otherwise
approachable. They do not generate the absolute truth or certainty, or some ideal
intellectually satisfying state, any more than do other approaches of modern science.
However, they do generate sets of probability statements, establishing likely limiting
conditions. Most are testable by consideration of existing information that might falsify
them. Others will remain on record until they can be tested by new information on
behavioural and physiological conditions in Recent animals and by an improved
understanding of fossils. Such scenarios encourage one to seek data not previously
considered pertinent. Sometimes such data are found in the literature. At other times
one has to ask the animal; hence scenario generation spurs more informed observation.
The most important benefit of scenario generation may be the improved understanding
of the biology of animals, Recent and ancestral.

VII. SUMMARY

Vertebrates lack an epidermal nerve plexus. This feature is common to many
invertebrates from which vertebrates differ by an extensive set of shared-derived
characters (synapomorphies) derived from the neural crest and epidermal neurogenic
placodes. Hence, the hypothesis that the developmental precursor of the epidermal
nerve plexus may be homologous to the neural crest and epidermal neurogenic
placodes. This account attempts to generate a nested set of scenarios for the
prevertebrate-vertebrate transition, associating a presumed sequence of behavioural
and environmental changes with the observed phenotypic ones. Toward this end, it
integrates morphological, developmental, functional (physiological/behavioural) and
some ecological data, as many phenotypic shifts apparently involved associated
transitions in several aspects of the animals. The scenarios deal with the origin of
embryonic and adult tissues and such major organs as the notochord, the CNS, gills and
kidneys and propose a sequence of associated changes. Alternative scenarios are stated
as the evidence often remains insufficient for decision. The analysis points to gaps in
comprehension of the biology of the animals and therefore suggests further research.
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