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SUMMARY

Central to most evolutionary research is the desire to understand the proximate and ultimate factors
leading to increased biological diversity. Developmental and evolutionary biology are intimately linked
since one factor that limits evolutionary diversification is ontogenetic feasibility to diversify morphology.
The connection between these two biological disciplines, although historically recognized, remained long
unappreciated. Most work in developmental biology is exclusively concerned with elucidating
developmental processes in a small number of model systems, which are then assumed to be representative
of a much larger number of species. Typically in this work developmental mutants are induced through
mutagens and subsequently mutated genes are identified that are responsible for the altered (loss of
function) and wildtype developmental phenotypes. Recently, the zebrafish, Danio rerio, has become one
of the most popular model systems in vertebrate developmental biology. We present a DNA-based
phylogeny for the zebrafish and 20 of its close relatives. The molecular phylogeny is based on homologous
regions of the large (16S) and small (12S) mitochondrial ribosomal RNA genes. We argue that these
closely related species of zebrafish, if viewed in an explicitly phylogenetic context, can be treated as natural
mutants that lend themselves well to comparative developmental work. Such comparisons might include
the study of the developmental mechanisms of somatogenesis in various species of danios that differ in
segment numbers (through hybridization, transgenic or other experimental embryological techniques).
Based on the extensive zebrafish phylogeny we explore the connection between ontogeny and phylogeny
and argue that evolutionary biology cannot only test plausible historical scenarios, but might also be able
to predict and help characterize which differences in developmental processes are responsible for

differences between species and more general evolutionary trends.

1. INTRODUCTION

Evolutionary biologists are interested in discovering
and explaining evolutionary patterns in the bewil-
dering diversity of species. Developmental biologists
elucidate ontogenetic processes that are at the basis
for the diverse Baupldne that differentiate phyla.
Obviously, developmental processes evolve just like
all other features of species and can be the subject
of evolutionary inquiry in themselves. In trying to
understand biological diversification, albeit at different
levels of inquiry, is where the interests of developmental
biologists and evolutionary biologists meet. Nonethe-
less, most evolutionary research treats development
like a black box and most developmental biologists
have little appreciation for evolution’s contribution to
the understanding of development. Moreover, the fact
that developmental biologists think about processes
and evolutionary biologists predominantly about
patterns has kept the two biological disciplines non-
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conversant in each other’s language. Historically, the
link between ontogeny and phylogeny was well
appreciated but the idea then lay dormant for almost
a century. Early on, it was thought that the ontogeny
of an organism ‘recapitulates’ its evolutionary history
but it is now clear that, at best, it only progresses from
the ‘general’ to the ‘specialized’ (von Baer 1828, 1864;
Haeckel 1866 ; reviewed in Gould 1977). Only recently
was the connection between development and evol-
ution re-established by evolutionary biologists re-
discovering developmental mechanisms as a factor in
shaping and constraining the evolution of adult
phenotypes (for reviews see: Baldwin 1902; Wad-
dington 1957; Gould 1977; Alberch ef al. 1979;
Goodwin et al. 1983; Raff & Kaufman 1983; Arthur
1984; Brooks & McLennan 1991; Harvey & Pagel
1991; Wray & Raff 1991; Hall 1992; Wray 1992;
Wake 1995) and by developmental biologists recog-
nizing the importance of evolution for their under-
standing of developmental processes (for example:
Sommer & Tautz 1993; Barinaga 1994; Patel 1994).
Recent technical and analytical advances in both
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disciplines might now allow for rewarding, mutual
enlightenment and faster progress in understanding
both sets of questions, viewing them not as separate but
rather as intrically connected issues.

The comparative method has long been favoured in
evolutionary biology for answering many different
kinds of questions (e.g. on adaptation) (sce, for
example, Ghiselin 1984; see references in Harvey &
Pagel 1991 and Brooks & McLennan 1991). The
approach is to study the evolution of phenotypic
characteristics of species based on knowledge of the
phylogenetic relationships among them. At the heart of
the comparative method is a firmly established
phylogeny based on which the tracing of character
evolution, developmental or otherwise, ‘up and down
the tree’ can be conducted. The recent resurgence of
interest in the comparative method coincided with the
development of rigorous statistical and cladistical
approaches to reconstruct phylogenetic relationships
and character evolution (see, for example, Maddison
& Maddison 1992) and the arrival of the polymerase
chain reaction (pcr) as a powerful tool easing the
gathering of data for molecular phylogenetic work.
The combination of these new methods has raised the
hope of being able to establish reliable phylogenetic
estimates and hence allow for rigorous testing of
evolutionary hypotheses. However, both highly in-
fluential reviews on the comparative method in
evolutionary biology (Brooks & McLennan 1991;
Harvey & Pagel 1991), otherwise complementary and
comprehensive, fail to mention the capacity of the
comparative method to predict developmental pro-
cesses from evolutionary patterns. Those reviews only
consider the ontogeny—phylogeny connection in the
context of using the knowledge of ontogeny in assigning
‘polarity’ (ancestral or derived) to character state
transformations, knowledge that aids in the ‘rooting’
of phylogenetic trees.

The establishment of powerful molecular genetic
tools enabled developmental biologists to identify
developmental control genes and some of their inter-
actions. Further, the timing of their expression which
codes for aberrant and wildtype developmental
patterns was characterized, which permits the study of
the underlying genetic basis of ontogeny with stunning
clarity and beauty (see, for example, Nisslein-Volhard
& Wieshaus 1980; reviewed in Lawrence 1992).
Because of the need for large-scale mutation screens
and other time-consuming and laborious groundwork,
developmental investigations can typically focus on
only a small number of model systems. Developmental
patterns and processes from those model systems are
then assumed to be typical for a much larger number
of species, e.g. lessons from ‘the vertebrate model” are
hoped to apply to all vertebrates including man. The
major model organisms in developmental biology are
widely spread across the evolutionary tree of animals;
the most recent addition as a promising model system
in vertebrate development is the zebrafish (Danto rerio)
(figure 1).

The methodologies of evolutionary and develop-
mental biology are rarely combined; what predictive
power the comparative method might hold for de-
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Figure 1. Outline of a danio of the Daniwo devario clade.
Indicated are some of the colorational features of the danios
that vary between species. The evolution of these traits are
dealt with in detail in K.-E. Witte & A.Meyer (in
preparation).

velopmental investigations is largely unexplored.
Although developmental biologists recently acknowl-
edged the importance of evolution, e.g. by doing
comparative developmental studies, their acceptance
of the relevance of evolution for understanding de-
velopment has been incomplete and has not sufficiently
recognized the fact that the comparative method can
predict the likely condition in common ancestors and
thereby elucidate the evolution of developmental
mechanisms. Typically, only pairwise comparisons of
developmental processes have been made; yet these
comparisons always yield highly interesting and often
surprising results about evolutionary differences in
development (e.g. Drosophila and Tribolium (Sommer &
Tautz 1993), nematodes (Sommer & Sternberg 1994),
early determination of polarity in Drosophila and
Caenorhabditis (see references in Kimble 1994)). How-
ever, pairwise comparisons have inherent limitations
and do not provide nearly as much information as
comparisons in an explicitly phylogenetic context (see,
for example, Garland & Adolph 1994). Few de-
velopmental studies have gone beyond the pairwise
comparison to include phylogenetic and ontogenetic
information for closely related taxa, e.g. Drosophila
(DeSalle & Grimaldi 1993; Luk et al. 1994). Very
few phylogeny-based developmental studies exist (for
insect-arthropod comparisons see Patel (1994) and
references therein; for sea urchins see Wray & Bely
(1994) and references therein) and these tend to be
among very distantly related species.

Some ‘comparative’ experimental studies involve
either swapping of promoters or altering the gene order
of Hox genes in the homeobox cluster among distantly
related species. Comparisons of developmental patterns
and processes among closely related species can provide
insights that are not easily gained from comparisons
among distantly related species. For example, the
elucidation of the developmental function of a par-
ticular Hox gene or other developmental control genes
might be investigated e.g. by investigating its effect in
a different species through transgenic experiments.
Closely related species share more genes and their
genes are more similar than those among distantly
related species since they share more recent common
ancestors. The study of the timing of expression of
developmental genes (e.g. the homology of control
elements of gene expression and their network of
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interactions) will potentially provide new insights into
the genetic basis of particular developmental traits.
The expression of a particular gene in a foreign species
is always confounded by a network of foreign regu-
latory genes and differently structured networks of
interactions among those genes. Therefore, if trans-
genic organisms were produced among closely related
species one might be able to quantify this effect more
precisely by taking the evolutionary distance and,
more importantly, relationships among the exper-
imental donor and recipient species into consideration.
In essence, through phylogenetic knowledge, one might
be able to better control for the genetic background
(here to mean cascading effects and networks of
interactions of control elements) in which a particular
foreign gene is expressed.

(a) The zebrafish model system

The zebrafish is now one of the most widely used
model systems of lower vertebrates and literally
hundreds of publications on its development and
biology have already been published (Westerfield
1989). The developmental biology community wel-
comed the zebrafish model with open arms and many
research programmes were switched from Drosophila to
Danio. For a model to be useful one needs large
numbers of mutants that disrupt embryonic devel-
opment and needs to isolate the mutant genes that are
responsible for ontogenetic effects. The speed of the
characterization of early zebrafish development by
mutational analyses which started only ten years ago
(Walker & Streisinger 1983) is breathtaking (e.g.
reviewed in: Kimmel 1989; Barinaga 1990; Concordet
& Inham 1994; Dove 1994; Kahn 1994; Niisslein-
Volhard 1994 ; Solnica-Krezel ef al. 1994; Driever et al.
1994 ; Mullins et al. 1994).

Drosophila species would be a potentially appropriate
model system to combine transgenic or hybridization
approaches in comparative developmental studies,
since the development, genetics and phylogeny of
Drosophila melanogaster are so well known (DeSalle &
Grimaldi 1993). However, even closely related species
of Drosophila typically cannot be hybridized. Among
closely related species of vertebrates, these kinds of
comparative experimental embryological studies
within a phylogenetic framework might best be made
between different species of danios (figure 1), a group
of fishes that includes the zebrafish. In general, all
species within the Danio rerio clade and within the Danio
devario clade can be hybridized in aquaria. However,
crossings between species of the D. rerio clade and
species of the D. devario clade are rare and usually
hybrids are sterile; however, reports on fertile hybrids
and successful backcrosses can be found (table 1).

The biggest advantage of the zebrafish over
Drosophila is that it is a vertebrate and therefore its
development has more immediate relevance to
humans. The other advantages of zebrafish compared
with Drosophila have to do more with its development
than its genetics: compared with Drosophila it has a
long generation time. However, many attributes of the
biology of the zebrafish make it a desirable model
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system, e.g.: (1) it is easily available (in pet stores)
throughout the world; (2) it is easy to breed in
captivity; (3) its generation time is only 3—4 months;
(4) females will lay eggs almost daily, which ensures a
steady supply of embryos; (5) it has transparent eggs
and clear embryos; (6) development proceeds rapidly
and synchronously; (7) development occurs outside
the female’s body; (8) zebrafish are small (they mature
at about 30-40 mm in length) which allows one to keep
thousands of individuals in a small space; (9) homo-
zygous diploid strains can be produced (Streisinger et
al. 1981), facilitating genetic studies such as the
discovery of recessive mutations and linkage analysis,
and haploid embryos (facilitating mapping) and
parthenogenetic (homozygous gynogenetic lines) dip-
loids can be easily produced; (10) sperm can be frozen;
(11) the recent publication of an RAPD-marker based
genomic map for zebrafish will facilitate the future
mapping of genes (Postlethwait et al. 1994). Most of the
advantages of Danio rerio as model system also apply to
species closely related to it.

(b) Systematics and phylogeny of the zebrafish and
its close relatives

Zebrafish Danio rerio and its relatives belong to the
family Cyprinidae in the order Cypriniformes; cyprinid
diversity is greatest in Asia. Howes (1991) estimates
that there are 200 genera and 1700 species, which
makes this family one of the most species-rich of all
vertebrates. Most cyprinids are limited to freshwater
where they dominate all continental fish faunas but
those of South America and Australia where they are
absent. Nearly 50 genera (K.E.W.), related to danios
and rasboras, are assigned to the subfamily Danioninae
(Rainboth 1991).

The zebrafish and closely related danios are herein
provisionally included in the genus Danio. The small
danios have usually been referred to as Brachydanio (see,
for example: Weber & Beaufort 1916; Myers 1935) but
this has not been followed by all authors (Chu 1981).
Some valid taxa have been overlooked or are currently
regarded as synonyms.

The interest of developmental biologists in the
zebrafish has resulted in more work on the classification
and phylogeny of danios. However their morphology
does not provide many characters that can be used for
the cladistic determination of a fully resolved phy-
logeny. Traditionally, systematists have used pheno-
typic, often morphological or karyological, characters
to establish classifications and phylogenetic relation-
ships. Molecular approaches, through the phylogenetic
analysis of orthologous DNA sequences to establish
phylogenetic relationships, have recently provided a
successful alternative approach. Mitochondrial DNA
in particular has been widely used to establish
relationships among closely related species (reviewed,
for example, in Meyer 19934). Meyer et al. (1993)
presented the first molecular phylogeny of the zebra-
fish. An enlargement of this molecular phylogeny in
terms of numbers of species and number of genes and
base pairs sequenced is presented here. It is intended to
serve as an outline of how knowledge of phylogenetic
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Table 1. Danio hybrids
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(Female x male; *indicates that sex of parents is uncertain; — indicates that no information is available.)
cross type viable reference
intrageneric
D. ‘franke:’ x D. rerio artificial insemination — Kavumpurath & Pandian (1992)
D. ‘franke:’ x D. rerio aquarium hybrids several backcrossings  Petrovicky (1966)
D. ‘frankei’ X D. rerio aquarium hybrids F2 and F3 obtained  Housz (1964)
D. albolineatus x D. rerio aquarium hybrids — Schreitmiiller (1926)*; van Haut
(1953)
D. albolineatus x D. rerio artificial insemination — Frankel (1977)
D. albolineatus x D. rerio* aquarium hybrids — Schreitmiiller (1925)
D. rerio x D. albolineatus artificial insemination — Frankel (1977)
D. nigrofasciatus x D.  frankei’ artificial insemination — Frankel (1979)
D. mgrofasciatus X aquarium hybrids infertile Meinken (1925)

D. albolineatus*
D. nigrofasciatus X D. rerio
D. rerio X D. nigrofasciatus
D. rerio X D. cf. aequipinnatus*
intergeneric hybrids
Danio spp. x Tanichthys —
albonubes™*
interfamilial hybrids
D. rerio X Paramisgurmus
dabryanus

artificial insemination
aquarium hybrids
single aquarium hybrid

fusion of eggs

died within a week Frank (1968); Frankel (1978)

— Schreitmiiller (1926)

- Meinken (1963)

died early Zhang et al. (1992)

relationships among closely related species can increase
the power of hypothesis testing in the study of the
development-evolution relationship.

2. MATERIALS AND METHODS

Table 2 lists species used in this study. Specimens marked
with an asterisk were commercially obtained from several
localities (Berkeley, Albany and San Francisco in California;
Long Island in New York; Liibeck, Hamburg and Munich in
Germany). Two specimens were a gift from the Kimmel
laboratory at the University of Oregon and two a gift from
M. R. Palmer, Virginia State University (Danio cf. tweediei

Table 2. Classification of cyprinid species used in this study

and D. franke:’). The other specimens were collected in the
wild and all specimens are deposited as vouchers in the
research collection of K.E.W. The specimen of Tanichthys
albonudes corresponds to the typical Cantonese taxon.
Typically, one specimen per species was sequenced (but see
below). The sequences of the carp (Cyprinus carpio) were
obtained from GenBank (accession no. X61010). The status
of D. frankei as a valid biological species is disputed (see, for
example, Kavumpurath & Pandian 1992). Techniques for
data collection of DNA sequences of the mitochondrial 16S
(about 520 base pairs) and 12S (about 270 base pairs)
ribosomal RNA genes and their phylogenetic analysis have
been described before (Meyer el al. 1993; Meyer 19934, b).

order Cypriniformes
family Cyprinidae
subfamily Danioninae

Danio rerio* (Hamilton, 1822) [ = Brachydanio rerio — the zebrafish]

‘Danio frankei (= rerio?)’* (Meinken, 1964)
Danio kerri (Smith, 1934)

Danio pulcher (Smith, 1934)

Danio sp. aft. albolineatus* (Blyth, 1860)

Danio sp. aff. tweedier* (Brittan, 1956)

Danio devario* (Hamilton, 1822)

Danio cf. aequipinnatus* (McClelland, 1839)
Danio pathirana (Kottelat & Pethiyagoda 1990)
Danio malabaricus (Jerdon, 1848)

Rasbora heteromorpha* (Duncker, 1904)
Rasbora trilineata* (Steindachner, 1870)
Rasbora elegans* (Volz 1903)
Rasbora pavier (Tirant 1885)

Amblypharyngodon chulabhornae (Vidthayanon & Kottelat, 1990)
Pseudorasbora cf. parva (Temminck & Schlegel, 1846)

Tanichthys albonubes* (Lin, 1932)
subfamily Cyprininae

Puntius tetrazona* (Bleeker, 1855)

Punitius conchonius* (Hamilton, 1822)

Cyprinus carpio (Linne, 1758)

Phil. Trans. R. Soc. Lond. B (1995)
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Sequences determined here are available in GenBank
(accession numbers U21370-U21387, U21553-U21544 and
L14487-L14499). The last are from our previous study
(Meyer et al. 1993).

3. RESULTS

Our estimate of the evolutionary relationships
among the zebrafish and its relatives is corroborated by
both parsimony (Swofford 1991) and neighbour-
joining (Saitou & Nei 1991) phylogenetic methods and
most branches are supported with high bootstrap
confidence (Felsenstein 1985) (figure 2). Overall, the
molecular phylogeny obtained agrees with the current
classification of these species (table 2). Taxonomic and
phylogenetic implications and the evolution of color-
ational differences between these species will be
discussed elsewhere (K.-E. Witte & A. Meyer, in
preparation). No intraspecific differences in DNA
sequences within D. sp. aff. albolineatus and D.
malabaricus were found and only one transition mu-
tation among the four specimens of D. rerio and three
specimens of D. frankei was detected. It should be noted
that we are unsure of the species status of Danio_franke:.
Specimens of this latter ‘species’ differ from Danio rerio
by only one transition substitution, and this position
also varied within D. rerio proper and was variable
between specimens of D. frankei.

The phylogeny (figure 2) derived from the 12S and
16S sequences supports the sister group relationships of

100 Danio rerio
100 D. "frankei"
100

8 D. pulcher
100 . 95 |72 I:-D. sp. aff. albolineatus
7
99 D. sp. aff. tweediei

85

D. kerri

a7 D. devario
88 D. cf. aequipinnatus
81
63 100 o, .

67 ) g
00 I————D. malabaricus
Rasbora heteromorpha
92 97 0
R. trilineata
100 82
63| 100 R. elegans
100 R. paviei
I yHgudl
F cf. parva
58 Tanichthy
84 Puntius
79 44 P. i
92

Cyprinus carpio

Figure 2. Molecular phylogenetic relationship of the zebrafish
to its closest relatives. Shown is (a) the shortest (parsimony-
based) tree, with branch lengths proportional to the number
of inferred substitutions, with bootstrap (Felsenstein 1985)
support values based on 100 replicates with the neighbour-
joining (Saitou & Nei 1987) (above the branches) and
parsimony (Swofford 1991) methods (values below the
branches). Almost identical shortest phylogenetic estimates
were established by the neighbour-joining method (Saitou &
Nei 1987) and maximum parsimony methods (paup;
Swofford 1991). The maximum parsimony method (without
differential weights for transitions and transversions, cal-
culated with paup; Swofford 1991) found a single most
parsimonious tree (length 661 steps, consistency index (cI)
0.584, c1 excluding uninformative characters 0.396). Two
species of the genus Puntius and the carp (Cyprinus carpio) were
designated as outgroups.

Phil. Trans. R. Soc. Lond. B (1995)

danio species that were previously placed into the now
obsolete genus Brachydanio with other danios. Species of
the genus Rasbora are the sister group to the danios, the
genus Danio in a wide sense.

4. DISCUSSION

At first glance, developmental and evolutionary
biologists seem to ask different kinds of questions. Yet
their approaches can be reciprocally elucidating. For
developmental biologists, there are several ways in
which knowledge about the evolution and specifically
the phylogenetic relationships among model systems
can aid in the understanding of developmental
processes (see, for example: Kellog & Shaffer 1993;
Meyer et al. 1993).

(a) Questions of common interest to evolutionary
and developmental biologists

Evolutionary biologists, as one among other
questions, would like to be able to define the
embryological capabilities and limitations that are
responsible for shaping the observed patterns of
morphological evolutionary diversification among dif-
ferent phyla. At the species level, one might ask which
developmental differences will result in species—specific
differences in adult phenotypes or conversely one
might investigate the developmental similarities or
differences between species that seem to display
convergently evolved phenotypes.

Convergence, the independent occurrence and evol-
ution of morphological, or other types of phenotypic,
features can only be discovered when the phylogenetic
relationships among species are known. It is an
evolutionarily interesting problem for which knowl-
edge of the developmental basis would be important.
For example, it is conceivable that convergence might
be brought about by different means, e.g. the same
ontogenetic mechanism was reactivated or reinvented
or an entirely different ontogenetic pathway con-
verging onto the same adult phenotype was discovered.
Also atavism, the evolutionary reoccurrence of an-
cestral morphological characteristics in a derived
group, is an evolutionary phenomenon that might
have a similar developmental basis as convergence;
however, this is unexplored and requires more com-
parative developmental work.

At the developmental level, convergence cannot be
predicted and can only be discovered if comparative
embryological data are collected; unfortunately, this
will typically not be the case because of the focus on a
small number of model organisms. Recent data seem to
show an astonishing conservation (or convergence?) in
morphogenetic activity of hedgehog and its paralogues
and presumed homologues (see, for example, Fietz et al.
1994). Nonetheless, there are known instances where
fundamentally different embryological trajectories re-
sult in phenotypically similar adults (e.g. in congeneric
sea urchins (Wray & Raff 1991)) and conversely
similar developments can result in strikingly different
adult phenotypes as is illustrated by the many instances
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of large morphological differences among closely
related species. For example, the surprisingly large
differences among some congeneric species of sea
urchins in larval morphology and life history (direct
versus indirect development) might indicate that a few
molecular changes (that arose within short geological
time spans) can produce strikingly different phenotypes
(Strathmann et al. 1992; Raff 1992; Wray & Bely
1994). Developmental and phenotypic differences are
not necessarily tightly correlated with phylogenetic
distance.

Homology is an important and still unsolved
problem (for review see Hall 1994) in evolutionary
biology at the phenotypic (developmental mech-
anisms) and the genetic level (Patterson 1988). Some
insights into these issues are likely to come only from
comparisons between distantly related model systems;
others can be derived more appropriately from
comparisons among closely related species. For ex-
ample, phylogenetically fine-grained comparisons
might provide a powerful tool to experimentally
determine the function of particular developmental
control genes. Homology among developmental con-
trol genes is often more problematic to assess among
distantly related species particularly for families of
genes that underwent repeated duplication events,
such as homeobox and fhedgehog genes (see, for example:
Scott & Carroll 1987; Kappen et al. 1989; Murtha et al.
1991; Krauss et al. 1992; Marx 1992; Tabin 1992;
Schubert et al. 1993; Dick & Buss 1994; DeRobertis
1994; Gehring 1994; Lee et al. 1994). Homology of
genes among distant species, such as Drosophila and
zebrafish, is often ambiguous since it is often inferred
only through ‘functional homology’ (a misnomer that
does not necessarily imply true homology of two genes).
Several Hox genes have already been isolated from
zebrafish and other fishes (see, for example: Fjosse et al.
1988, 1990; Runstadler & Kocher 1991). However,
the homology of these zebrafish genes is often not
unambiguously determined because of the conserved
nature of the homeobox domain and the types of
approaches used (typically pcr-based studies that
amplify a subset of antp-class genes) and the lack of a
map of the zebrafish Hox gene cluster and sequencing
study on the complete homeobox cluster. For several
reasons, ‘functional homology’ is misleading, e.g. since
in multigene families potentially ‘homologous’ genes
might be similar in sequence and function in different
species, but this might be due to convergence rather
than true ancestral relationships and needs to be
established by a genealogical analysis of these genes. It
would appear that much insight into the functional
aspects (both cellular and molecular) of developmental
evolution could be gained if several closely related
species were compared, making the search for and
identification of truly homologous genes simpler.

The production of transgenic fish for homeobox
genes within a phylogenetic framework of closely re-
lated species might allow one to determine the effects
of varying genetic backgrounds, i.e. the effects of the
expected divergence of networks of control elements.
The expectation would be that homologous genes
would, under foreign genetic control of closely related
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species, be more likely to have less of a different
phenotypic effect than in a more distantly related
species where control elements are more likely to differ.
Zebrafish pax genes are related to mouse paired-box
genes (Krauss et al. 1991, 1992) and their expression
patterns are similar in the developing brain, de-
lineating the basic subdivision of the vertebrate brain
into midbrain and hindbrain. This similarity in the
two species suggests conservation over large evol-
utionary distances. Like Hox genes, genes containing
the paired box are capable of sequence-specific DNA
binding and regulate transcription and hence activity
of other genes. However, the evolutionary conservation
of Hox genes in terms of structure of expression in terms
of timing and of pattern are not found for all
developmental genes of importance or even all Hox
genes. Moreover, the regulation of expression of
transgenes is often surprisingly unpredictable and even
among relatively closely related species control ele-
ments might differ substantially (see, for example,
Moav et al. 1993).

Murray (1989) demonstrated that a change in a
single parameter of the reaction diffusion mechanism
may be all that is required for a developmental switch
between stripes and spots. The most closely related
species to the zebrafish is the leopard danio (Danio
Jfranker), which instead of three lateral stripes has spots.
These two species are easily hybridized and reciprocal
hybrids have an intermediate coloration where stripes
blend with spots as would be expected for codominant
alleles (Kavumpurath & Pandian 1992). Hybridization
experiments among closely related species of danios
might be one inroad to studying the ontogeny (and its
genetic control) and phylogeny of pigmentation
patterns (K.-E. Witte & A. Meyer, in preparation).

Development is likely to be conserved during early
embryogenesis and usually only in the latter stages of
development will species-specific differences emerge.
Unfortunate for evolutionary biologists interested in
adult phenotypes is the fact that nearly all of the
zebrafish developmental work has focused on muta-
tions before the sixth day of the embryo where few
differences among closely related species are expected
to arise. However, those are the differences that
evolutionary biologists are typically interested in.
However, some morphological differences, e.g. dif-
ference in numbers of caudal fin rays or numbers of
vertebrae, can differ between closely related species
and are laid down early in development. These
developmental characteristics and their underlying
genetic bases are currently being investigated.

(b) The study of somitogenesis in zebrafish: an
example of the potential use of a phylogeny and
‘natural mutants’ in experimental embryology

Three types of vertebrae are found in cyprinid fishes.
Most anteriorly lie the four cervical vertebrae which
are heavily modified to accommodate the Weberian
apparatus. They are followed by typically 10 or 11
abdominal vertebrae in the fishes of the genus Danio
followed by 16-19 caudal vertebrae (vertebrae for-
mula: 4, 10-11, 16-19). The number of vertebrae
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Character state

Figure 3. reconstruction (MacClade:
Maddison & Maddison 1992) of the number of trunk
vertebrae in danios is more different (12-13) in species of the
Danio devario clade than in the Danto and Rasbora species
(1011, 11-12) and both Amblypharyngodon and Tanichthys
also have 11 abdominal vertebrae. Based on these differences,
a difference in terms of developmental mechanisms of
somatogenesis between species of Danio rerio and the Danio
devario clade might be expected. However, they are more
closely related to each other than species of the zebrafish are
to other cyprinid fishes that are identical in abdominal
vertebrae number. The introduction of foreign genes into the
zebrafish might allow us to determine which developmental
mechanisms and genes are causing the differences in the
number of somites between it and its relatives.

toolbox of the developmental biologist. These inter-
specific differences might help to study how somite
number is determined and how, on a molecular genetic
corresponds to the number of myotomes in the fish.
Species in the genus Danio, including the zebrafish,
typically have a total of 30-34 vertebrae. Interestingly,
the total number of vertebrae in zebrafish species of the
Danio rerio clade is always less (30-34 vs 35-37) than
that of the larger species of the Danio devario clade (their
vertebrae formula is 4, 12—-13, 19-20). The vertebrae
formula for Rasbora heteromorpha included in this study
is4, 11-12, 14-15 = 30-31, for Tanichthysitis4, 11,18
= 33 and for Amblypharyngodon is 4, 11, 18 = 33.
Based on our phylogeny (figure 3) it becomes clear
that the evolution of vertebrae and somite number and
somatogenesis can be traced based on the evolutionary
relationships among these fishes. Since species of Danio
devario clade consistently have a higher number
(particularly of abdominal vertebrae) than other Danio
species in these meristic characteristics they are
essentially natural mutants that might be available for
experimental embryological research. The phylogeny
might suggest several experiments (e.g. hybridizations
or production of transgenics of e.g. engrailed which is
found at somite boundaries) between species of the
Danio rerio clade or members of the Danio devario clade.
These could be used to determine the molecular
genetic and morpho genetic differences between these
species in terms of laying down the number of somites,
particularly those that will develop into the abdominal
vertebrae. Obviously, these natural mutants do not deny
the importance of artificially induced mutations in

Phil. Trans. R. Soc. Lond. B (1995)

determining the basis for wildtype and aberrant
development, but natural mutations might augment the
level, species differences (in somite number and
potentially other characteristics) are brought about.
These differences might be caused by simple differences
in the responsiveness in control elements to a signal
peptide such as retinoic acid. Retinoic acid is a crucial
signalling molecule in vertebrate pattern formation as
well as regeneration (Joore et al. 1994; Smith et al.
1994; White et al. 1994). Many aspects of genes that
control development are highly conserved across large
evolutionary distances, e.g. the retinoic acid control of
the expression patterns of some of homeobox genes
remains unchanged between fish and birds (Marshall
et al. 1994). Despite this conservation in sequence
similarity and function, the morphology obviously
differs dramatically between these species.

The zebrafish phylogeny also provides a gauge of
similarity in genetic background that is not available in
simply pairwise comparisons. Evolutionarily closely
related species will share more genes, and their genes
are likely to be more similar in DNA sequence and
arrangement on chromosomes. This argument might
also apply to the cascade and networks of the
developmental control genes, but how such a network
evolves is not known, e.g. whether elements are added
or the communication between the elements becomes
more complex. The phylogeny of zebrafish species
might aid in the study of regulatory sequences (e.g. in
introns) that control the expression of zebrafish control
genes. Many examples show that the evolution of
developmental mechanisms and adult phenotypes do
not proceed at a regular pace and that large
morphological differences may be caused by small
genetic differences. Hence, to infer descent and
phylogeny from the phenotype can be misleading since
the rate of morphological evolution can be so variable.
Molecules tend to be more impartial tracers of
evolutionary relationships.

The practical advantages of zebrafish as a model
system that have made it so popular in developmental
biology apply to many other closely related species of
fishes. Our phylogeny of the zebrafish is meant as an
invitation to study the biology of cyprinid fishes within
a comparative evolutionary framework and to use the
genetic variation contained in species other than the
zebrafish itself to facilitate the study of zebrafish
development.
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