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Summary

The phylotypic stage, as part of the embryonic period, is the stage where embryos of
different species of a phylum show a high degree of similarity.

Johann Friedrich Meckel, Karl Ernst von Baer and Ernst Haeckel already de-
scribed it for vertebrates in the 19" century. They observed that vertebrate embryos
pass through a period of morphological similarity. Since then, scientists have re-
searched the field of the phylotypic stage and it was subject of many controversial
discussions. The name “phylotypic stage” was coined by Klaus Sander in 1983 and
describes not only the stage of the highest similarity but also the stage, typical (char-
acteristic) for a phylum.

The following study examines the phylotypic stage of zebrafish (Danio rerio).
Looking at different conserving mechanisms like internal constrains and stabilizing
selection, different hypothesis and concepts by several researchers were tested.

To test if the phylotypic stage is accessible to selection (although it generally is
considered a conserved evolutionary stage) | have studied patterns of variation dur-
ing embryogenesis. | have looked at the phenotypic variance and the number of sig-
nificant correlations among embryonic traits and described the phylotypic stage as a
period characterized by a high number of internal correlations and declining pheno-
typic variance.

Then, | tested if changes in the raising conditions could elicit phenotypic
changes. Therefore, zebrafish embryos have been raised under different experi-
mental conditions to see if developmental plasticity can be induced during the early
developmental period and if clearly defined modules can be identified. Eggs of
zebrafish were raised in: (1) different temperatures; (2) different salinities; and (3)
different levels of oxygen concentration. Up to 14 characters of individual embryos
were measured during early development, encompassing the phylotypic stage. In
particular | found a considerable degree of heterochrony and modularity. Embryos
grew slower at lower temperatures and lower oxygen levels. Plasticity was detected
in the overall size of the embryo and the size of somites in the oxygen and tempera-

ture experiment. The development of the eye and otic vesicle was shifted to a later
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stage under severe hypoxia. Thus, eye and otic vesicle could be identified as mod-
ules, which can be dissociated from other characters of the developing embryo (het-
erochrony). Changes in raising condition affect early development of the zebrafish on
three levels: (1) developmental rate (2) size and shape, and (3) dissociation of mod-
ules. Thus, plasticity and modularity are effective during early embryonic develop-
ment.

Finally | studied the heritability of embryonic traits to examine how inheritance
contributes to the stabilization of the phylotypic stage in variable environments. Fol-
lowing the heritabilities of certain traits reveals that the phylotypic stage is not charac-
terized by a certain pattern of decreased heritability and thus decreased additive ge-

netic variance.

The results suggest that the phylotypic stage of zebrafish is constrained by
multiple internal correlations when embryos are developing in standard conditions.
However, under marginal developmental conditions so far ineffective modules be-
come effective and buffer the embryo against disruptive effects of the environment.
Patterns of family resemblance are present, indicating an inherited genetic portion of
the phylotypic stage. However, under strong environmental influence it is dominated
by variation associated with phenotypic plasticity. My general conclusion is that the
phylotypic stage is not established because additive genetic variance is exhausted
during the early period of vertebrate development but that it is under environmental
and genetic influence, thus is accessible to selection. Internal constraints could be
identified to stabilize morphology during the phylotypic stage, but a certain degree of

phenotypic variation can be observed.



Zusammenfassung

Das phylotypische Stadium ist das Embryonalstadium, in dem sich die Embryonen
eines Phylums sehr ahnlich sind; &hnlicher als in jedem anderen Embryonalstadium.
Es wurde in der Embryonalentwicklung der Wirbeltiere bereits von Johann Friedrich
Meckel, Karl Ernst von Baer und Ernst Haeckel im 19. Jahrhundert beschrieben und
ist seitdem Grundlage kontroverser Diskussionen in der Wissenschaft. Sie beobach-
teten, dass die Wirbeltierembryonen eine Periode in ihrer Entwicklung durchlaufen, in
der sie sich sehr ahnlich sehen. Der Name “Phylotypisches Stadium” wurde 1983 von
Klaus Sander gepragt und beschreibt neben dem Stadium mit der gréBten Ahnlich-
keit auch das Embryonalstadium, das fur einen Tierstamm (Phylum) typisch ist.

Die folgende Studie untersucht das phylotypische Stadium anhand der Emb-
ryonen der Zebrabarblinge (Danio rerio). Unterschiedliche Hypothesen flr die Ausbil-
dung und Konservierung dieses Stadiums werden aufgrund von empirischen Daten
getestet. Zunachst wird der genaue Zeitraum festgelegt, in dem das phylotypische
Stadium bei den Zebrabéarblingen auftritt. Hierfir wurde die phanotypische Varianz
und die Anzahl signifikanter Korrelationen von embryonalen Merkmalen bestimmt.
Das phylotypische Stadium bei Zebrabéarblingen zeichnet sich als eine Entwicklungs-
periode, definiert durch das Auftreten einer gr6Beren Anzahl signifikanter Korrelatio-
nen zwischen den einzelnen Merkmalen und einer sich verringernden phéanotypi-
schen Varianz, aus.

Als nachstes habe ich getestet, ob sich Anderungen in den Aufzuchtsbedin-
gungen auf den Phanotyp auswirken. Die Embryonen wurden unter unterschiedlichen
experimentellen Bedingungen aufgezogen, um zu sehen ob in der Embryonalent-
wicklung Plastizitat beobachtet werden kann und ob klar definierte Entwicklungsmo-
dule (Modularitat) identifiziert werden kénnen. Daflr wurden die Eier der Zebrabarb-
linge unterschiedlichen Temperaturen, Salinitdten und Sauerstoffkonzentrationen
ausgesetzt. Bis zu 14 embryonale Strukturen wurden an den einzelnen Individuen
wahrend der Frihentwicklung (das phylotypische Stadium eingeschlossen) vermes-
sen. Insbesondere konnte Heterochronie und Modularitat nachgewiesen werden. Des

Weiteren war zu beobachten, dass Embryos bei niedrigeren Temperaturen und bei
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niedrigerer Sauerstoffkonzentration langsamer wuchsen. Merkmale wie die Gr6éBe
des Embryos und SomitengréBe zeigten ein groBeres MaB an Plastizitat in den Tem-
peratur- und Sauerstoffkonzentrationversuchen. Bei einer reduzierten Sauerstoffkon-
zentration wurde die Entwicklung der Anlagen fur das Auge und die Ohranlage im
Vergleich zu anderen embryonalen Merkmalen erst zu einem spéteren Zeitpunkt rea-
lisiert. Somit konnten Auge und Ohranlage als abgegrenzte Module identifiziert wer-
den, die sich unabhéngig von anderen embryonalen Strukturen entwickeln und in
ihrer Entwicklungslaufbahn unter bestimmten Bedingungen verschoben werden kén-
nen.

Veranderungen der Aufzuchtsbedingungen beeinflussen die Entwicklung der
Embryonen auf drei Ebenen: (1) Entwicklungsgeschwindigkeit, (2) GroBe und Gestalt
und (3) Verschiebung von Modulen in der Entwicklungslaufbahn (Heterochronie). Da-
raus folgt, dass Plastizitat, Modularitdt und Heterochronie bereits in der embryonalen
Frahentwicklung und somit auch wahrend des phylotypischen Stadiums nachgewie-
sen werden kénnen.

Als letztes wurden die Heritabilitdten von embryonalen Merkmalen untersucht,
um zu bestimmen inwieweit Vererbung flir die Konservierung des phylotypischen
Stadiums, auch unter variierenden Umwelteinfliissen, verantwortlich ist. Die Heritabi-
liltaten einzelner Merkmale ergaben, dass sich das phylotypsche Stadium nicht durch
ein spezifisches Muster von sich verringernden Heritabilitdten und somit auch nicht
durch verringernder additiver genetischer Varianz beschreiben I&sst.

Die Gesamtheit der Resultate ergibt, dass das phylotypische Stadium durch
entwicklungsbedingte Zusammenhange einzelner Strukturen unter standardisierten
Bedingungen konserviert wird. Jedoch unter grenzwertigen Aufzuchtsbedingungen
werden einzelne Module sichtbar und puffern wahrscheinlich die Embryonalentwick-
lung gegen die Effekte widriger Umwelteinflisse. Muster von familidren Ahnlichkei-
ten sind vorhanden und weisen auf einen genetischen Einfluss auf das phylotypische
Stadium hin. Allerdings sind unter starken Umwelteinflissen auch im phylotypischen
Stadium Variationen zu finden, die auf Plastizitat zurlckzufihren sind. Zusammen-
fassend ist zu sagen, dass wéahrend des phylotypischen Stadiums die additive gene-
tische Varianz keines Falls erschopft ist, sondern dass das phylotypische Stadium

unter einem genetischen und umweltbedingten Einfluss steht, und somit auch den
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selektiven Kraften unterliegt. Interne Zwéange konnten als der Hauptgrund flr die
Konservierung des phylotypischen Stadiums identifiziert werden, aber ein gewisser

Grad an phéanotypischer Varianz bleibt erhalten.
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1 Introduction



Introduction 2

1.1 The “Phylotypic Stage”

The phylotypic stage is a developmental stage during embryonic development of an-
imals and is marked as a key concept in evolution and development (Richardson
2012).

The concept of the phylotypic stage describes the great similarity of embryos
of the same phylum during mid-embryonic development and goes back to the obser-
vations of Johann Friedrich Meckel (1811, 1821), Karl Ernst von Baer (1828) and
Ernst Haeckel (1866). Meckel was one of the first to describe the similarity among
vertebrate embryos and later von Baer recognized by an incident as well the great
resemblance of early vertebrate embryos. He had two unlabelled embryo species in
his collection and he recognized that even for the trained eye it would be almost im-
possible to tell them apart and say to which species they belong. This led him to the

formulation of four laws, later referred to as von Baer’s laws of development.

Von Baer’s laws*(Hall 1997):

1. The more general characters of the group to which the embryo belongs ap-
pear before the more specialized characters.

2. Less general structures form after more general structures until finally the
most specialized structures appear.

3. During development, embryos progressively diverge from embryos of other
groups.

4. Embryos of higher animals resemble embryos and not adults of other ani-

mals.

His third law describes the early resemblance of vertebrate embryos, and is
still discussed in recent history (Sander and Schmidt-Ott 2004)?,

! Baersche Regel: 1. Daf3 das Gemeinsame einer gro3eren Thiergruppe sich frither im Embryo bildet, als das Beson-

dere. 2. Aus dem Allgemeinsten der Formverhaltnisse bildet sich das weniger Allgemeine und so fort, bis endlich das
Speciellste auftritt. 3. Jeder Embryo einer bestimmten Thierform, anstatt die anderen bestimmten Formen zu durch-
laufen, scheidet sich vielmehr von ihnen. 4. Im Grunde ist also nie der Embryo einer héhern Thierform einer andern
Thierform gleich, sondern nur seinem Embryo.

o ’ £<



Introduction 3

Later, Haeckel conceptualized the similarity of vertebrate embryos, using his
famous drawings (Fig. 1), in the biogenetic law. The central statement was that on-
togeny recapitulates phylogeny. This means there is a relationship between phyloge-
ny and ontogeny (Haeckel 1874). Also, according to Haeckel, the ontogeny of an or-
ganism is explained or created by its phylogeny, in a way that advanced organisms
ad new stages at the end of the developmental sequences of its ancestor (for a de-
tailed discussion of the biogenetic law see Richardson and Keuck 2002 , Sander
2002, Sander and Schmidt-Ott 2004 and chapter 2.4). But since Garstang (1922) and
de Beer (1940) this view has changed and all modern concepts agree that ontogeny
creates phylogeny (Gould 1977, Raff 1996, Hall 1999).

Until today there have been many names for the developmental point or period
at which all vertebrate embryos look most similar (see chapter 3.1). I will use here
phylotypic stage, coined by Klaus Sander (1983), as it is still the most common
name, widely used and even adopted for other fields (Mueller, Vernier et al. 2006).
Phylotypic stages are described for many phyla of the animal kingdom (Seidel 1960,
Cohen 1977, Sander 1983, Slack, Holland et al. 1993, Galis and Metz 2001) and re-
cently even for plants (Quint, Drost et al. 2012). As indicated in the title I will focus
on the phylotypic stage in vertebrates and only touch lightly other phyla in the fol-

lowing chapters.

The current study examines the phylotypic stage of zebrafish (Danio rerio),
considering the history of the phylotypic stage and its interpretation by several re-
searchers of the last 200 years in the context of comparative evolutionary develop-

mental biology.

2 The third law is controversially discussed in recent articles, as it seems to contradict a newer model postulating that
development starts rather divergently, converging toward the phylotypic stage and diverging from there on. Howev-
er, reading carefully von Baer’s articles as Sander did, one will recognize that von Baer never considered the diver-
gent part in the beginning as part of what he considers as embryonic development. For him, it actually starts with the
formed embryo after gastrulation/neurulation (e.g., the beginning of the phylotypic stage) (Sander and Schmidt-Ott
2004). Thus, his third law does not contradict modern concepts such as the hourglass model, as many articles still
assume.

o ’ £<



Introduction 4

1.2 The Evolution of Development

Many people have researched the field of the embryonic development including the
phylotypic stage since the 19" century, such as Meckel, von Baer, Haeckel and de

Beer or Goldschmidt.

In the following chapter, the field of evolutionary developmental biology (evo-
devo) is introduced as well as some key scientists involved in embryology and evolu-

tionary biology, which laid the foundation for this rather new field.

1.2.1 Evo-Devo

Evo-Devo is a synonym for “evolutionary developmental biology” and is a synthesis
of evolutionary and developmental biology seeking answers to questions, which can-
not be answered by either one of the fields alone (Hall 2000). Evo-Devo is a young
field in biology and emerged in the 1980s. According to Hall (2003), evo-devo at-
tempts to find out how new characteristics come up during evolution and how they
will be influenced by genes (Hall 2003, Neukamm 2007). In other words, how the
evolution of the ontogeny of organisms have affected the phylogeny of organisms.
Hall (2003) summarizes the following topics, which are incorporated in the field of

evo-devo:
- the origin and evolution of embryonic development;

- how modification of development and developmental processes lead to the

production of novel features;
- the adaptive plasticity of development in life-history evolution;
- how ecology impacts on development to modulate evolutionary change; and

- the developmental basis of homoplasy and homology.

o ) £<



Introduction 5

In the end, evo-devo is a fusion of experimental and comparative embryology,
evolutionary biology, molecular biology and developmental genetics (Love and Raff
2003).

1.2.2 J.F. Meckel (1781-1833)

1.2.2.1 Empirical Basis and Interpretation

The empirical basis of Meckel’s pre-Darwinian concept was the similarity of the mor-
phology of embryonic stages of higher animal species and the end stage of lower
animal species (Osche 1982). He postulated that every animal species passes
through every developmental stage of the animal species during ontogeny. Only low-
er animal species rest on lower developmental stages without developing into higher
stages (Osche 1982). Despite the fact that Meckel was greatly influenced by the La-
marckian concept of evolution, he regarded the similarity of developing embryos as a
part of a “Schdpfungsidee” and not due to the idea of common descent® (Bromley
1971, Neukamm 2007).

Based on the similarity of embryonic stages of different animal species, Meckel
used the concept of stepladder (Neukamm 2007), which was known as a part of nat-
ural philosophy.
1.2.2.2 Conclusion and Implications for the Phylotypic Stage
The concept of stepladder by Meckel was a precursor in research of ontogeny and

phylogeny and laid the ground stone for Haeckel’ s biogenic law.

The new aspect in the deliberations of Meckel consists in his combination of
ontogeny and phylogeny, while studying the morphology of embryonic stages in an-
imal species. This leads to a new typology of animal species as a development from

lower to higher animal species with the human on top of the stepladder.

3Already towards 1750, Pierre Louis Maupertuis developed a concept of common descent. For the first time, long
before Darwin, an evolutionary explanation was given to illustrate how all living organisms have developed by differ-
entiation from common ancestors (Bromley 1972 but see also Mayr 1981).

o ’ £<



Introduction 6

1.2.3 K.E. von Baer (1792-1876)

1.2.3.1 Empirical Basis and Interpretation

Von Baer is regarded as the founder of the comparative embryology (Gould 1977).
He drafted his laws based on the similarity of embryos (see chapter 1.1). He con-
cluded from his observation that the similarities of embryos of vertebrates increase
when going backwards in the development of vertebrates (Neukamm 2007). He did
not believe the theory of recapitulation, thus von Baer did not accept the concept of

stepladder by Meckel.

1.2.3.2 Conclusion and Implications for the Phylotypic Stage

Just like Meckel, von Baer rejected the idea of common descent (Sander 2002). And
as Meckel, von Baer recognized similarities in embryonic development of different
animal species, but in contradiction to Meckel he emphasized that the early embryos
of different species display similarities and not that the embryos of higher animals
are similar with the adult stages of lower animals (von Baer 1828). Therefore he re-
jected the stepladder concept. From this perspective von Baer’s third and fourth law

are describing what we know today as the phylotypic stage.

1.2.4 E. Haeckel (1834-1919)

1.2.4.1 Empirical Basis and Interpretation

Haeckel presented a coherent evolutionary theory based on the knowledge of his
time (Bininda-Emonds, Jeffery et al. 2002). Darwin’s books and Lamarckian explana-
tions of adaptation influenced his ideas of evolution. Haeckel combined the concept
of the stepladder by Meckel with the concepts of Lamarck to construct his biogenetic

law (Neukamm 2002, Neukamm 2007) containing this central paradigm:
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“The ontogeny is the short and fast recapitulation of the phylogeny caused by phys-
iological functions of heredity and adaptation”* (Haeckel 1866, p. 300). According to
Haeckel, phylogeny was a mechanical cause of ontogeny. The biogenetic law was a

tool for Haeckel for phylogeny reconstruction (Richardson and Keuck 2002).

Looking at the developmental sequence, he differentiated into palingenetics
and caenogenetics to explain which characteristics are preserved characteristics (Pal-

ingenesen) and which are newly developed (Kanogenesen).

Haeckel shifted embryology towards the centre of evolutionary argumentation
(Sander and Schmidt-Ott 2004).

1.2.4.2 Conclusion and Implications for the Phylotypic Stage

Haeckels biogenetic law was controversially discussed since it was published. This
went from totally rejection (Gilbert 2013) towards an acceptation of some of the ide-
as included. The complete rejection seems to be partly based on misunderstandings.
Logical flaws in Haeckel’s writings and over-interpretations or misconceptions of his
ideas evoked these misunderstandings, e.g. that recapitulation is not the same as
embryonic resemblance. Recapitulation for certain characters is widely accepted to-
day, though not for entire stages. And it is not clear, if Haeckel was talking about
stages or characters in his work (Richardson and Keuck 2002). Heavily criticized was
the idea that higher animals run through the adult stages of their ancestors as sug-
gested by Meckel, so that evolution was only possible by adding new stages at the
final stage of ancestors. This process is called terminal addition. Some authors are
convinced that this reduction to the ideas presented by Meckel is a misconception
(Mdller 2005). Richardson and Keuck (2002) demonstrated that Haeckel was aware
of other mechanism of evolutionary change and not limited to terminal addition but

included heterochrony and change of characters in the developmental sequence.

According to Sander, Haeckel’s original biogenetic law constitutes the base of

evo-devo and embryology (Sander 2004).

In the end, Haeckel’'s drawings of embryos (Fig. 1) and his ideas about reca-

pitulation inspired contemporary researchers to reinvestigate developmental mecha-

“Die Ontogenesis ist die kurze und schnelle Recapitulation der Phylogenesis, bedingt durch die physiologischen
Functionen der Vererbung (Fortpflanzung) und Anpassung (Erndhrung).
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nisms and the role of (recapitulated) conserved characters such as found in the phy-
lotypic stage (Sander 1983, Hall 1996, Galis and Metz 2001).

1.2.5 R. Goldschmidt (1877-1935)

1.2.5.1 Empirical Basis and Interpretation

Goldschmidt was convinced that macroevolution that leads to changes within phy-
lums is caused by macromutations. He thought that an accumulation of micromuta-
tion could not explain macroevolution. He developed the concept of hopeful mon-
sters. Monsters are the outcome of disastrous macromutations but once in a while a
macromutation will produce a viable new phenotype, a hopeful monster (Gould
1980).

According to Goldschmidt, macroevolution could not (always) be explained by

the mechanism of microevolution.

1.2.5.2 Conclusion and Implications for the Phylotypic Stage
Goldschmidt recognized that minor changes during embryonic development could
have huge effects on the adult organism. (Goldschmidt 1940, Gould 1980).
Richardson is elaborating on the ideas of Goldschmidt's hopeful monsters.
Richardson suggests that even small changes around a critical developmental point,
as the occurrence of the phylotypic stage, might cause viable phenotypic change in
the adult and such is important for the evolution (Richardson 1999, Richardson
2012). This is coherent with one of Goldschmidt's concepts for macroevolution,
namely, that mutations in rate genes or controlling genes change early development
and have large effects on adult phenotype (Goldschmidt 1940, Gould 1980).

1.2.6 G.R.De Beer (1899-1972)

1.2.6.1 Empirical Basis and Interpretation

o i £<



Introduction 9

De Beer followed Garstang’s ideas about heterochrony and tried to separate hetero-
chrony from recapitulation. He constructed a classification of eight different types of
heterochronies and ascribed heterochrony a central role in evolution. According to de
Beer changes in the timing of events and the occurrence of new characters can take
place at any point of its development and are not limited to the endstages of embry-
onic development (Smith 2001, Brigandt 2006). Summarizing the essence of de
Beer’s work in a sentence, following Garstang, it would be that ontogeny is not a re-
capitulation of phylogeny but it rather creates it (de Beer 1940, Brigandt 2006).

1.2.6.2 Conclusion and Implications for the Phylotypic Stage

As a forerunner in modern evolutionary biology, de Beer brought development in the
evolutionary syntheses of the 20™ century using heterochrony to link developmental
and evolutionary mechanisms. De Beer separated heterochrony from Haeckelian re-
capitulation and defined it more broadly in a modern way that heterochrony includes
any change in timing of developmental events relative to other events (Smith 2001,
Brigandt 2006). Looking at heterochronies, like characters that appear at different
times in relation to each other, was widely applied in the research of the phylotypic
stage (Richardson 1995, Smith 2001, Bininda-Emonds, Jeffery et al. 2002, Jeffery,
Bininda-Emonds et al. 2002, Bininda-Emonds, Jeffery et al. 2003, Bininda-Emonds,
Jeffrey et al. 2003, Poe and Wake 2004, Jeffery, Bininda-Emonds et al. 2005)
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1.3 Terminology and Controversial History of the Phylotypic Stage

A stage of great similarity during embryonic development is mentioned by (Meckel
1811), von Baer (1828), and later conceptionalized by Haeckel at the end of the 19*"
century. A controversy about the validity of the concept followed at the dawn of the
21 century (Myers 2003). The actual term “phylotypic stage” was introduced by
Sander in 1983 (Galis, Wagner et al. 2003). I will present the different ideas behind

the phylotypic stage and the different names given to it by several authors.

1.3.1 New Names and Definition for an Old Observation

In 1954 Medawar picked up on Haeckel’s (1874) ideas about the great resemblance
of early vertebrate embryos. He was the first to draft a model symbolizing the diver-
gence at the beginning of embryonic development, converging to a state of similarity
in mid-embryonic development and diverging from there on again (Fig. 2a). He at-
tributed the divergence being before the phylotypic stage to inductive interactions.
He argues that inductive interactions allow for more freedom in development, which
would be denied if developmental steps such as organ formation would have been
determined in respect of their ultimate fates (Medawar 1954). Thus, he lays the
groundstone for the developmental hourglass or egg-timer, by dividing the embryon-
ic development in a convergent period and a divergent period encompassing the
neurula stage. According to Medawar, the neurula is the stage with the highest simi-
larity of all vertebrate embryos. It is the stage that will later be called the phylotypic
stage.

Seidel (1960) reckoned that insects also pass through a universal stage dur-
ing development and called this “Kdrpergrundgestalt”. Cohen (1963) introduced the
term “phyletic stage” to describe the stage with the highest similarity within a phy-
lum. In regard to vertebrates, he also refers to the neurula, as Medawar already did
in 1954. Sander (1983) suggested using the phylotypic stage instead of the phyletic
stage, as phyletic refers to phylogeny rather than to the typical characters defining a

certain stage of individual phyla. The characters in vertebrates are, according to
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Sander (1983), the chorda dorsalis, neural tube, somites, gill clefts and tubular heart.
His general definition of the phylotypic stage is that it is the stage of greatest similar-
ity between forms, which during evolution have specialized differently in their modes
of adult life and with respect to the earliest stages of ontogeny strongly influenced
by spatial modes of reproduction. Analysing mechanisms conserving the phylotypic
stage, he takes the phylotypic stage of insect, which is the germband stage, for ex-
ample, which has been conserved for over 200 million years. He agrees with Meda-
war (1954) that inductive interaction must play a major role, although with a differ-
ent interpretational approach. He describes ontogeny as a network with an interde-
pendent function. Changes in one function will thus affect the whole developing sys-
tem and lead to a collapse. Thus, the reliability of development might be in danger
and this leads to the conservation of the phylotypic stage. An example is the uniform
formation of sequent appendices in insects, which occur during later development
after the phylotypic stage get fused and distorted in a huge diversification of mouth-
parts. A second explanation according to Sander could be that, from a genetic point
of view, conserving the germband stage is more economic in terms of coding capaci-
ty.

Slack, Holland et al. (1993) presented a new definition for an animal, referring
to the phylotypic stage. They introduced the term zootype. It is the stage, where a
certain spatial pattern of gene expression can be observed. This is coherent with the
positional information model (Wolpert 1969), which assumes that during early stag-
es, positional values are encoded by the same universal positional field in all embry-
os, and diversification starts later on, due to evolutionary changes in downstream
mechanisms. Each organism displaying this pattern of gene expression is, according
to Slack et al., an animal. Interestingly, this pattern can be observed around the phy-
lotypic stage for each individual taxon. Thus, an animal is indirectly defined by the
possession of a phylotypic stage during its development. Duboule (1994) dwells on
the topic of a zootype brought up by Slack, Holland et al. (1993). He describes the
phylotypic stage as the crucial stage at which hox genes are sequentially activated.
What makes this article so consequential in the history of the phylotypic stage are
two significant facts. First, the introduction of the concept called the “Phylotypic Egg-

Timer”, which is later on referred to as the “Hourglass Model” (Fig. 2c). Second, Du-
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boule is the first author who considered the phylotypic stage, not as one certain
stage during development but rather a succession of stages, which he calls phylotyp-
ic progression. Duboule hypothesized that the activation of the hox genes during the
phylotypic stage makes this period so invariant and thus is the reason for the high
degree of similarity. His egg-timer/hourglass model has a striking resemblance with
the model Medawar drafted in his article (Fig. 2a). Furthermore, the idea that hox
genes play a major role in the conservation of the phylotypic stage are not in contra-
diction with the ideas by Medawar (1954) and Waddington (1956). Medawar explains
the lower divergent part of the hourglass by inductive interactions. These interac-
tions between constituent parts of the embryo allow for the greater diversification at
the start of development. Two years later, Waddington argues, that any alteration at
such a crucial point (the phylotypic stage) where the basic structure of the animal
are laid down would throw everything in confusion. This is an important notion,
which got picked up later by Raff (1996) and Galis and colleagues (Galis and Metz
2001, Galis and Sinervo 2002, Galis, Van Dooren et al. 2002). Duboule’s hox genes
theory is also supported by Waddington’s idea. Hox genes have a key role in the or-
ganization of the body plan. Missing hox gene products will result in the transfor-
mation of a given structure in a similar but not identical one.

So far, until the beginning of the 90s, there is a serious debate about the
model of a phylotypic stage. Almost all scientific articles agree on the existence of
the phylotypic stage and theorize about mechanisms conserving it (but see also
Sedgwick 1894, Lillie 1919, de Beer 1940), which are not mutually exclusive or, as in
the case of Slack, Holland et al. (1993), using the phylotypic stage to define an ani-
mal. Others have tried to identify the exact stage at which the phylotypic stage ap-
pears. For Medawar (1954) and Cohen (1963) it is the neurula, Ballard (1981) identi-
fies it at the pharyngula stage. Wolpert (1991) speaks of an “early somite embryo”
and Slack, Holland et al. (1993) use the tailbud stage to define their zootype. Collins
(1995) claimed that embryos pass through the phylotypic stage when they are the
same size. This disagreement about the right stage marking the phylotypic stage in
the mid-90s led to a controversial discussion of the phylotypic stage. Some authors

even disputed the existence of a highly conserved stage.
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1.3.2 Is There a Highly Conserved Stage in Vertebrates?

Richardson’s critical paper (1995) was a part of the scientific debate about the phylo-
typic stage and introduced the new term phylotypic period, followed by a paper by
Richardson and colleagues (1997) with the title: “There is no highly conserved stage
in vertebrates: implications for current theories of evolution and development.”

According to Richardson, looking at the concept of heterochrony, heterochron-
ic shifts throughout development make it impossible to find one certain stage for all
vertebrates, which can define the phylotypic stage. He proves Haeckel’'s drawings,
which gave rise to the theory of a highly conserved stage, are over simplistic and
thus inaccurate. Richardson is not denying that there is a developmental period
where the main organ primordia appear and that a conserved pattern of gene ex-
pression can be found as postulated by Slack, Holland et al. (1993). However, he
disagrees on a conserved morphology as structures appear at different times relative
to each other. In the article from 1997, Richardson and colleagues describe even
more sequence heterochronies in the embryonic stages of vertebrates. They investi-
gated the tailbud stage, which equals the stage Haeckel used in his drawings to
show the similarity of early embryos and the one Slack, Holland et al. (1993) used
for the zootype. Using a large variety of vertebrate embryos, they found, beside het-
erochronic shifts, differences in body size and body plan, such as changes in the
number of units in repeating series and allometry. They conclude, it is true that dif-
ferences between species become more apparent at later stages, but they reject the
idea that vertebrate embryos are virtually identical at earlier stages as implied by
Haeckel’s drawings. Thus, not all developmental mechanisms are highly conserved
such as the zootype.

These articles by Richardson and colleagues gave new fuel to the debate
about Haeckel’s ideas and drawings and to the question if the concept of the phylo-
typic stage is valid per se. Therefore, three different things — Haeckel’s ideas, his
drawings and his concept of the phylotypic stage — were a main part of the discus-
sion. In the following years opponents such as Richardson and colleagues and pro-
ponents such as Sander, Raff, Hall and Galis produced a variety of articles to support

their ideas.
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The first answer for Richardson and colleagues comes from Hall (1997). In his
article, “Phylotypic stage or phantom: is there a highly conserved stage in verte-
brates?”, Hall agrees there are heterochronic shifts. These temporal, but not mor-
phological shifts in evolution do not justify abandoning the concept of a phylotypic
stage. Moreover, he argues that it would be premature to abandon the phylotypic
stage for one subphylum (vertebrates), as there are abundant evidences for phylo-
typic stages in invertebrates. He concludes the phylotypic stage is a constrained
stage maintained by stabilizing selection due to the epigenetic processes that lead to
the phylotypic stage. In this article, he stresses that it is still not known how devel-
opmental processes are constrained, despite the variability described by Richardson
in the underlying processes. Raff (1996) suggested that a web of intense interaction
among organ primordia, caused by a lack of modularity, is responsible for the con-
servation. Kirschner and Gerhart (1998) proposed that the phylotypic stage was con-
served by stabilizing selection with constraints acting on a lower, subordinated level
to maintain the evolvability, thus considering the phylotypic stage as a platform from
which diversification begins.

In 1998, there was a direct answer from Richardson and colleagues
(Richardson, Minelli et al. 1998) to Hall’s article. Here they stress again that hetero-
chrony makes it impossible to define one stage as the phylotypic stage for all verte-
brates. The main argument is that variation in adult morphology is mostly generated
during embryologic development and is not limited to late-embryonic development
but can also occur at mid-embryonic development (e.g., the phylotypic stage). Evi-
dence from limb development is used to reinforce the idea that evolutionary changes
occur during all stages of development. Richardson is not denying that the hourglass
model reflects the phenotypic differences during development. Nevertheless, he does
not see that reduced phenotypic variation at the phylotypic stage also means the
phylotypic stage is resistant to selection. He argues that changes of developmental
mechanisms during the phylotypic stage will manifest in phenotypic changes at later
stages, and that even little changes at the phylotypic stage might have major effects
in adult morphology as they get amplified throughout development. Richardson also
acknowledges the period of the phylotypic stage is a rather vulnerable phase toward

perturbance from the outside such as terratogenes. He interprets this not as the evo-
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lutionary bottleneck as visualized by the hourglass model, but rather as the perfect
time for evolutionary change. The fact that this period is so sensitive toward modifi-
cation indicates that, if an embryo survives, even little changes can have a huge ef-
fect through amplification on the adult organism. This sounds similar to Gold-
schmidt’s theory of hopeful monsters. Goldschmidt recognized that minor changes
during embryonic development could have huge effects on the adult organism. So
making way for macro evolutionary changes ending up in a hopeful monster
(Goldschmidt 1940, Gould 1980). Richardson’s articles followed more studies chal-
lenging the phylotypic stage. Chipman et al. (2000) identified heterochronies in 12
anuran species, most notably of the ear and the eye. Calloza (2000) also identified
variation in anuran species during the phylotypic stage, describing interspecific dif-
ferences at the development of the neural crest. He concluded, in unison with Rich-
ardson, that the concept of the phylotypic stage needed to be reformed.

Although these recent approaches concentrated on the variation during the
phylotypic stage and the validity of the concept itself, Galis and Metz (2001) picked
up the idea of the vulnerability of the phylotypic stage as a proof for the evolutionary
conservation. This is the same idea, which was rejected by Richardson in his article
from 1999. Galis and Metz (2001) regarded strong stabilizing selection as the reason
for the conserved stage. A second possible explanation model, the lack of genetic
variation, could be excluded by proofs from the literature. To illustrate the underlying
mechanism, explaining the stabilizing selection, they follow Raff's model, predicting
there is a lack of modularity during the phylotypic stage, which leads to pleiotropic
effects as proposed by Sander (1983). To prove this hypothesis, they conducted a
literature review and analysed studies in which developing embryos were exposed to
teratogens. Embryo mortality always had a peak if the teratogen was applied at the
phylotypic stage. Their conclusion was that if artificially induced changes had such
severe and lethal effects, naturally occurring mutations would also end in a disaster
at the phylotypic stage.

The outcome that the phylotypic stage is a rather sensitive and vulnerable stage
is not in contrast with Richardson, but their interpretation is. They do not see the
possibility that mutations during the phylotypic stage can produce a viable embryo

with evolving adult structures. Moreover, they also doubt Duboule’s theory that the
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precise regulation of hox genes at the phylotypic stage is conserving the stage, but
the conserved phylotypic stage, by the lack of modularity and pleiotropic effects, is
responsible for the conservation of the hox genes organization. Interestingly, they
never mention the heterochronic changes described by the opponents of the phylo-
typic stage directly in this article. Most likely they do not see a conflict with their con-
cept of the phylotypic stage. Additionally, by defining the phylotypic stage to last
from neurulation until most somites have been formed, they acknowledge that the
phylotypic stage is observed over an entire period during embryonic development,
rather than an occurrence at a certain point. Thus, the question of terminology about
stage or period becomes redundant for Galis and Metz. The phylotypic stage is the
stage in which vertebrate embryos most resemble each other. These most look alike
embryos cannot be found at the same time point in development for all species (tak-
ing Richardson’s heterochrony critic into account) but within the ascribed timeframe
where embryos react highly sensitive to any perturbance. Galis and Sinervo (2002)
and Galis, Van Dooren et al. (2002) also addresses the problem of the lately de-
scribed variation during the phylotypic stage. They elaborate on the theory of the
vulnerability of the phylotypic stage and Raff’s theory of a web of intense interaction
among organ primordia within the phylotypic stage. Galis and Sinervo are not deny-
ing that there is variation at the phylotypic stage, but what matters to them is that
there is less variation than before or after the phylotypic stage. Thus they are coming
back to the hourglass model with the phylotypic stage in the middle at the bottle-
neck, describing a stage of highest similarity within vertebrates. The reason for the
conservation is still seen in mutations having pleiotropic effects, which gets amplified
during development and always leads to detrimental effects. This is attributed to the
lack of modularity or low effective modularity at the phylotypic stage (Sander 1983,
Raff 1996, Galis and Metz 2001). An alternative hypothesis by Von Dassow and col-
leagues (Von Dassow and Munro 1999, Von Dassow, Meir et al. 2000), that the phy-
lotypic stage in insects is conserved by robustness of the underlying gene network, is
discussed and neglected. An evaluation of empirical evidences was supporting the
pleiotropic hypothesis. Galis and colleagues came to the conclusion that stabilizing
selection against mutation is conserving the phylotypic stage on a long-term scale

(robustness would only work on a short-term scale). The underlying mechanisms are
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constrained by low effective modularity. Another hint for the conserved nature of the
phylotypic stage is presented by Galis et al. (2003). The authors argue that one rea-
son for limb regeneration in amphibians is, that limb development got heterochroni-
cally shifted. Limb regeneration is now setting in after the phylotypic stage compared
to most other amniotes where regeneration is not possible. Now the limb develop-
ment can act as semi-independent module and is not constrained by pleiotropic in-
teractions in the phylotypic stage and thus regeneration is possible. Again Galis and
colleagues show that they accept variation in the phylotypic stage caused by se-
quence heterochronies and that they don’t see the concept of the phylotypic stage
weakened by sequence heterochrony. Just in the contrary, they use heterochrony to

support their pleiotropic hypothesis.

1.3.3 Quantitative Approaches to Test the Phylotypic Stage

Around the same time, Galis and colleagues published the pleiotropic hypothesis;
Richardson and colleagues concentrate their scientific work on a quantitative model
to investigate sequence heterochronies during development including the phylotypic
stage (Richardson, Jeffery et al. 2001, Bininda-Emonds, Jeffery et al. 2002, Jeffery,
Bininda-Emonds et al. 2002, Bininda-Emonds, Jeffery et al. 2003). The first articles
concentrate on a model for a phylogenetic methodology to analyse embryonic char-
acters to determine if they are universal. To avoid the comparison of species accord-
ing to stages, they concentrated on the concept of event pairing (Smith 1996, Smith
1997). With their model, they are able to quantitatively prove the existence of heter-
ochronic shifts in the sequence of developmental events. Finally, in the article “In-
verting the hourglass: quantitative evidence against the phylotypic stage in verte-
brate development” in the year 2003, Bininda-Emonds and colleagues use the model
for a first quantitative approach to attack the concept of the phylotypic stage. By
looking at sequence heterochronies, Bininda-Emonds and colleagues find the highest
degree of variation (highest amount of sequence heterochronies) in mid-embryonic
development, the phylotypic stage. Thus, they are inverting the hourglass model by
substituting phenotypic diversity with the number of observed heterochronies

(Bininda-Emonds, Jeffery et al. 2003). Further on, these results lead them to hypoth-
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esize that numerous modules exist during the phylotypic stage, which in the end give
rise to the diversification of vertebrates. This article is in straight contradiction to the
ideas of Sander, Raff, Hall and Galis. Although, as mentioned above, Galis et al.
(2003) elegantly showed that sequence heterochronies are not in direct contradiction
to the pleiotropic hypothesis. In 2003 the controversy about the phylotypic stage
reached a peak with proponents clearly holding on to the concept of the phylotypic
stage and opponents not only criticizing, but neglecting the phylotypic stage.

Poe and Wake (2004) modified the method of Bininda-Emonds et al. to reana-
lyse the data. Their results are in contradiction to both the hourglass model and the
inverted hourglass model. They found that sequence heterochronies occur through-
out the entire embryonic development without displaying maxima or minima at cer-
tain stages. Although they admit they are only considering sequence heterochronies
for their model and their approach has several limitations, they conclude their results
are supporting the opponents of the phylotypic stage. However, the hourglass model
was never meant to regard sequence heterochronies alone but rather phenotypic
diversity. Interestingly, an article by Hazkani-Covo, Wool et al. (2005) supports the
hourglass model and van Baer’s third law coming from the molecular side. Both of
these concepts have been questioned by Poe and Wake (2004) and Poe (2006).
Hazkani-Covo, Wool et al. (2005) also present a quantitative approach to test the
hourglass model and thus the phylotypic stage. They argue that if the hourglass
model is a valid concept, the expression of ortholog genes should be more similar
around the phylotypic stage, compared to later or earlier stages. Their results sup-
port the hourglass model from a molecular perspective. They admit their results are
not as strong as optimistically expected, but still are a good support for the concept
of the phylotypic stage.

One of the main critics of the opponents of the phylotypic stage has been that
the entire phylotypic stage discussion was based on qualitative studies, which never
have been underpinned by hard empirical data in a quantitative approach. Now in
the beginning of the 21% century looking at the first three quantitative approaches to
the problem (excluding here my own studies) one finds that these studies present
three different and contradictory results. Thus, despite the hopes put in these ap-

proaches, they could not help to solve the conflict either, yet. Nevertheless, a combi-
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nation of qualitative and quantitative studies is the right direction for future studies.
Quantitative studies alone such as the studies of Hazkani-Covo or Yassin and col-
leagues (Hazkani-Covo, Wool et al. 2005, Yassin, Lienau et al. 2010) lead to results
about optimal tests or the forming of phenotypes in developmental stages such as
the phylotypic stage, but there is no statement about the phylotypic stage and their
influences between different animal species to create generally concepts.

In the meantime, Sander, who coined the term ‘phylotypic stage’, tried to me-
diate between opponents and proponents (Sander and Schmidt-Ott 2004). They offer
a discussion of the pro- and anti-phylotypic stage attitudes, addressing the critical
questions as if it is a stage or period, which characters define the phylotypic stage
and how much heterochrony can be accommodated within a conserved stage. They
conclude that it is still a rather subjective question depending on either if one is look-
ing for similarities or concentrating on the differences. Both can be studied and
found. The trick would be to include both in one concept instead of building concepts
from either one or the other perspective. The authors emphasized that in the future
molecular data will help to solve the controversy if a maximum of similarity is con-
served in the phylotypic stage. But they also stress that there is no doubt that the

phylotypic stage reveals common descent as postulated by Haeckel.

1.3.4 Molecular Approaches to Test the Phylotypic Stage

Hazkani-Covo, Wool et al. (2005) have been the pioneers presenting molecular evi-
dences for the hourglass model followed by an article of Irie and Sehara-Fujisawa
(2007). Both established novel tests to analyse the phylotypic stage in different ani-
mal species (for example, a mouse by Irie) and their dependence by time and chro-
mosomes (Hazkani-Covo, Wool et al. 2005, Irie and Sehara-Fujisawa 2007). They
also argued that if the phylotypic stage exists, conserved genes among vertebrates
would be highly expressed at this stage. For their analyses they used expressed se-
quence tag data and gene orthologies. Their results also support the phylotypic
stage. They have been able to show that the mouse embryo passes through a highly
constrained stage, which is most likely, the most developmentally conserved stage of

vertebrates.
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Furthermore, they identified a second conserved stage for all bilaterians,
which they called the “bilateriotypic stage”. This stage occurs within the cleavage to
gastrula period in mouse embryogenesis. Another molecular approach by Roux and
Robinson-Rechavi (2008) is in contradiction with Irie and Sehara-Fujisawa (2007)
and Hazkani-Covo, Wool et al. (2005) (see the following page). They are looking at
gene expression data in zebrafish and mice and, for both species, their results sup-
port constraints on early stages and not on mid-embryonic stages as supported by
the hourglass model/phylotypic stage. But they stress, they are looking at processes
and not patterns as the studies of heterochrony do. Moreover, they discuss the vul-
nerability of vertebrate embryos described by Galis and Metz (2001). They only find
support for this theory in mice and it is the only exception in their analyses, which
does not support their early conservation model. Nevertheless, they think the studies
by Galis and Metz explain the potential for a stage to produce abnormalities rather
than display the constraints on ontogeny. In a later article from 2010, the same au-
thors elaborate on their ideas and present a new explanation for the phylotypic stage
(Compte, Roux et al. 2010). They investigate the lack of the modularity theory by
looking into the protein-protein interaction, gene expression and character of genes
expressed before and within the phylotypic stage in zebrafish and mice. Protein in-
teraction is highest in early development up to the neurula stage. In contrast to their
earlier study (Roux and Robinson-Rechavi 2008), the expression of genes involved in
signalling and regulating displayed evolutionary conserved peaks during develop-
ment. However, most of the peaks did not correspond to the phylotypic stage, and if
peaks where observed within the phylotypic stage, they extended far over this period
until late development. Early development shows a significant pattern pointing to-
ward a conserved stage in accordance with the description of Irie and Sehara-
Fujisawa (2007) for what they call the bilateriotypic stage. Comte et al. conclude the
observed similarity on a morphological level at the phylotypic stage is a consequence
of the early genetic conservation.

A phylogenomic study on the insect phylotypic stage, also from 2010, found
support for the hourglass model in insects (Yassin, Lienau et al. 2010) and comes
with an explanation for the controversial results reported from the molecular ap-

proaches of Hazkani-Covo, Wool et al. (2005), Irie and Sehara-Fujisawa (2007) ver-
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sus Roux and Robinson-Rechavi (2008). They propose that differences in the rate of
evolution among developmental stages are responsible for the conflicting results in
metazoans and that, at higher taxonomic levels, the identification of ortholog genes
is more difficult. Yassin and colleagues analysed 51 body segmentation genes in 12
species of drosophila to research the influence of evolution of the development on
phylogeny by different tests (Yassin, Lienau et al. 2010). For drosophila, they also
report conflicting results looking at gene expression; they argue the findings depend
on a high degree of taxonomic levels under investigation. Yassin, Lienau et al. (2010)
concluded that pairwise phonetic comparisons are not optimal for studying the mac-
roevolutionary support to the hourglass model of the developmental constraints on
genome evolution. Hazkani-Covo and colleagues postulated in 2005 that “A possible
"translation" of the hourglass model into molecular terminology would suggest that
orthologs expressed in stages, described by the tapered part of the hourglass, should
resemble one another more than orthologs expressed in the expansive parts that
precede or succeed the phylotypic stage” (Hazkani-Covo et al. 2005, p.150f.) and
analysed the thesis using 1585 mice genes expressed during 26 embryonic stages
(Hazkani-Covo, Wool et al. 2005). They confirm the existence of a phylotypic stage,
which temporal location agreed with the morphologically defined phylotypic stage
(Hazkani-Covo, Wool et al. 2005). In this context, Irie and Sehara-Fujisawa estab-
lished a new method for evaluating the ancestral nature of mice embryonic stages by
analysing day 8.0 to 8.5, where a highly conserved embryonic period exists in mice.
This is similar to the developmental time of pharyngeal arch and somites. At the end,
Irie and Sehara-Fujisawa concluded the mid-embryonic stage of the mice is highly
constrained and is evidence for the existence of the phylotypic stage (Irie and
Sehara-Fujisawa 2007).

Another supportive paper on a molecular base for the morphological similarity
in mid-embryonic development is presented by Elinson and Kezmoh (2010). They
postulate that looking at gene expression patterns, one finds a greater similarity than
even Haeckel might have imagined. They circumvent the problem of heterochrony by
looking at the tissues and organs of the embryo, instead of the morphology of the
whole embryo. They create a generic embryo and place regulatory molecules on it.

As their approach is extremely different from the other molecular approaches men-
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tioned above, one could not use the results of this article to either support one or the
other hypotheses from other molecular approaches, because the analysis is nhot com-
parable with conventional tests and is not transferable.

Domazet-Loso and Tautz (2010) were testing the hourglass-model of the phy-
lotypic stage by looking at evolutionary age of transcriptomes at given ontogenetic
stages in zebrafish. The oldest transcriptomesets have been found around the phylo-
typic stage, with younger sets before and after the occurrence of the phylotypic
stage. This pattern of the age distribution of transcriptomesets is a reflection of the
hourglass-model. Irie and Kuratani (2011) supported those findings by looking at the
transcriptomes of several model vertebrate embryos. Moreover, a study about dro-
sophila development unveiled similar results (Kalinka, Varga et al. 2010). Here, con-
served patterns of gene expression reflect as well the hourglass model. The authors
attribute the phylotypic stage in drosophila development to stabilizing selection with
maximized selective constraints during the phylotypic stage. Whereas Domazet-Loso
and Tautz (2010) consider constraints as one possible option besides the possibility
that selection is inactive due to a lack of adaptation. Newman (2011) agrees with the
aforementioned authors about the bottleneck of the hourglass model but gives a new
explanation for the lower part of the hourglass. He considers that eggs are
evolutionary novelties, which arose independently in different animal
bodyplans/classes. In his opinion, this is the explanation for the great variety of eggs
forming the lower part of the hourglass. Physical constraints in self-organizing
cellclusters lead from this variety to the bottleneck of the hourglass (i.e., the phylo-
typic stage). In his view, there is no need to ascribe the conserved stage to the sta-
bilizing effects of natural selection, but to the expression of the most ancient and
conserved developmental genes.

Recent studies, looking at the expression of transcription factors, expression
of transcriptional regulators, cis-regulatory elements in non-coding DNA during
embryo development and embryonic gene expression in turtles, support the idea of
the phylotypic stage and the hourglass model (Bogdanovi¢, Fernandez-Minan et al.
2012, Armant, Marz et al. 2013, Nelson and Wardle 2013, Schep and Adryan 2013,
Wang, Pascual-Anaya et al. 2013). Richardson (2012) elaborates on the findings of
Levin, Hashimshony et al. (2012), describing a phylotypic stage for nematodes. They
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suggest a model, based on transcriptome analyses, which explains the differences in
the Bauplane of large animal groups (vertebrates, flies, etc.) that arise through modi-
fication of the phylotypic stage (Groeters and Shaw 1992, Raff 1996). Richardson
sees support for his idea that the phylotypic stage is a key target for the evolution
and the question if the phylotypic stage represents an evolutionary lockdown or a

powerhouse of speciation is still unanswered (Richardson 2012).
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1.4 Evolutionary Mechanisms and Concepts

1.4.1 Modularity

With the rise of evo-devo as a new field in biology, the concept of Modularity came in
the focus of evo-devo scientists, as it was a rallying point for all the different disci-
plines, which got merged into the new field of evo-devo (Bolker 2000, Wagner,
Pavlicev et al. 2007). Meanwhile it is accepted that developing organisms are modu-
lar organised (Raff 1996). A complex but modularized organism should favour the
evolvability. Modules can be altered and then selected without bringing havoc to the
whole developing system. Thus mutation within a module will only affect this module
and not necessarily other modules, trade-offs for evolutionary change will be reduced
(Schlosser and Wagner 2004). The developmental modules, which are of interest for
this study, can be defined as a part of an embryo that is quasi-autonomous with re-
spect to pattern formation and differentiation. Quasi-autonomous means that the
elements of a module are highly interconnected but separated from other modules
(Wagner, Pavlicev et al. 2007). Schlosser and Wagner (2004) suggest that this sepa-
ration is not necessarily complete, but that modularity rather comes in degrees,
where some subunits have higher independence from their surroundings than others.
The independency of modules allows dissociability of modules (Needham 1950) and

opens the door for heterochrony (see next chapter).

A concept of low effective modularity or lack of modularity is discussed by
several authors as an explanation for the conservation of the phylotypic stage
(Sander 1983, Raff 1996, Galis and Sinervo 2002, Galis, Van Dooren et al. 2002).

1.4.2 Heterochrony

Heterochrony is one important concept of evo-devo (Brigandt 2006). Nevertheless it

is almost as controversially discussed as the phylotypic stage itself. Here I can only
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touch this topic on the surface and discuss it on the terms important for this study.
The term heterochrony was introduced by Haeckel to explain exceptions in his bio-
genetic law: Compared to ancestors in the phylogeny, organs are formed earlier or
later during development in relation to others organs (Richardson and Keuck 2002).
Haeckel laid the ground stone for future research that stressed the importance of
heterochrony for evolution. Gould (1977) argued for a central role of heterochrony in
macroevolution and McNamara (1997) went as far as stating that, without hetero-

chrony evolution would not happen.

Raff (1996), based on the studies of Garstang, de Beer, Gould and Alberch,
offered a straightforward definition for heterochrony: An evolutionary change in the

timing of developmental events.

Heterochrony always requires that the timing of developmental structures or
events can be separated from each other independently. Needham (1950) called this
dissociability. This is possible if the organism is modularized, so that independent
modules can be dissociated and appear at a different time in the developmental tra-
jectory (see chapter 4.1). Heterochrony as an agent for evolution is a main research
target in the recent history of the phylotypic stage (Richardson 1995, Richardson,
Hanken et al. 1997, Richardson 1999, Collazo 2000, Bininda-Emonds, Jeffery et al.
2002, Sander 2002, Bininda-Emonds, Jeffery et al. 2003, Bininda-Emonds, Jeffrey et
al. 2003, Poe 2006)

1.4.3 Phenotypic Plasticity

Phenotypic plasticity describes the ability of an organism (genotype) to produce dif-
ferent phenotypes as a reaction to environmental cues (Pigliucci 2001). Environmen-
tal cues encompass abiotic and biotic factors (Fordyce 2006). This can be tempera-
ture, light and salinity as examples for abiotic factors or population density or the

presence of a predator as a biotic factor.

Phenotypic Plasticity is not only a heritable, evolvable trait on its own

(Scheiner 2002) which can be a target of selection (Pigliucci, Murren et al. 2006), but
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as well a source for variation on which selection can act. Novel traits in evolution
cannot only occur by mutation but as well by plasticity (Pigliucci 2001, West-
Eberhard 2005). And West-Eberhard (2005) suggested that environmental initiated
novelties may have greater evolutionary potential than mutationally induced ones.
This makes phenotypic plasticity another important agent for selection and evolvabil-
ity. Thus if the phylotypic stage also displays phenotypic plasticity, it can be assumed

that selection can act upon the phenotypic variation of the phylotypic stage.

1.4.4 Stabilising Selection

Stabilizing selection is the most frequent form of selection having a favourable effect
of species, by eliminating extreme phenotypes at the ends of the general distribution
of phenotypic characteristics (Sauermost 1994). Therefore, the average individuals of
a population are favoured and the genetic and phenotypic variance will be reduced
(Stearns and Hoekstra 2001). Nearby factors such as environmental factors, lack of
food, illnesses or enemies occur as selective factors. Important to consider is, that
favourable phenotypes will be only conserved as long the aforementioned selective
factors remain stable. Based on Darwin’s evolution theory, the individual with the
best characteristics survives by supporting optimal phenotypes within stabilizing se-
lection. In the recent past stabilizing selection was discussed as one possible mech-
anism conserving the phylotypic stage by several authors (Hall 1997, Kirschner and
Gerhart 1998, Galis and Metz 2001, Galis and Sinervo 2002, Galis, Van Dooren et al.
2002, Kalinka, Varga et al. 2010). This would imply that the selective factors respon-
sible for the conservation of the phylotypic stage have not changed for a very long

time.
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1.4.5 Developmental Constraints

In the developing embryo, organ systems become functionally connected. Such func-
tional connections impose boundaries on further change (Hall 1999). These bounda-
ries are constraints. In an insightful overview of the topic Maynard Smith, Burian et
al. (1985) described it as follows: “a developmental constraint is a bias on the pro-
duction of variant phenotypes caused by the structure, character, composition, or
dynamics of the developmental system.” Thus constraints will make it difficult for
certain phenotypes to be produced (Williams 1992). This is also discussed as a rea-
son for the conservation of the phylotypic stage; high interconnectivity reduces the

phenotypic variance and conserves the phylotypic stage (Raff 1996).
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1.5 Aims of the Thesis

The following questions were investigated in the study of the development of

zebrafish embryos:
Concerning the phylotypic stage in general

- Do zebra fish embryos pass through a phylotypic stage and at which
time and stage does it occur? (1% article) — My study will test, if zebrafish
pass through a phylotypic stage and defining the timeframe of the phylotypic

stage.
Concerning the degree of conservation of the phylotypic stage

- How much plasticity can be detected during the development and espe-
cially during the phylotypic stage? (2" article) — Plasticity is one of three im-
portant agents for evolution under investigation. If I can detect plasticity,

evolution can also be expected to act on the plastic response.

- Is modularity already present during the phylotypic stage or is there a
lack of modularity? (2™ article) — Modularity is another important agent for
evolution and thus the evolvability. If there is no modularity (during a specif-

ic evolutionary stage), there is also not much room for evolution.

- Can heterochrony be observed during the phylotypic stage? (2" article)

— Heterochrony is the third agent of evolution under observation.
Looking at these 3 agents, I should be able to make predictions, if the

phylotypic stage is evolutionary conserved, or if evolution can act as well

during the phylotypic stage.
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Concerning the mechanisms of the conservation of the phylotipic stage

- Are there differences in the heritability and thus in the additive genetic
variance at different developmental stages? (, 3™ article) — Heritability is a

measure for the additive gentic variance, thus the genetic contribution to the

phenotype.

-If I can define a phylotypic stage for zebra fish, what are the mecha-
nisms, which are conserving the phylotypic stage? (1%, 2" and 3" article) —
Taking all my previous results into account, I will test different hypotheses

about the mechanisms conserving the phylotypic stage.

1.5.1 A Morphological Quantitative Approach in Three Steps to Test the Phylotypic
Stage

There are many hypotheses and theories aiming at an evolutionary explanation of
the phylotypic stage as laid out in the previous chapter. Here I present a quantita-

tive approach based on an empirical dataset to test different hypothesis about the

phylotypic stage.

The data was acquired by morphometrical methods in an experimental set-up
to test ideas about the phylotypic stage in vertebrates. The zebrafish as model or-
ganism for research was chosen for several reasons:

» Zebrafish eggs and early embryos are transparent and offer the possibility of
repeated observation throughout their development without disturbing or even
killing the embryo.

» Development takes place outside the womb.

* Egg laying can be triggered by light, thus the start of development can be de-

termined with an accuracy of about a couple of minutes.
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* The developmental period is short, from egg laying to hatching, it takes ap-
proximately 72h.

» Zebrafish have a short generation period. After only 3 months they reach ma-
turity.

» Zebrafish are suitable for both genetic studies and developmental physiologi-

cal experiments.

In the first step (1% article), I analysed if I can detect phenotypic variance
within the time period beginning with neurulation until almost all somites have been
formed. This is the developmental period in which the typical landmarks defining the
phylotypic stage occur.

I have analysed patterns of variation and co-variation. Therefore, I calculated
the phenotypic variance and the number of significant correlations among embryonic
traits. This data enabled me to define a timeframe for the phylotypic stage for the
zebrafish.

According to certain patterns of the parameters under investigation for different evo-

lutionary processes, I made the following predictions about the phylotypic stage:

(1) Directional selection will result in reduced phenotypic variance and no covaria-
tion among traits during the phylotypic stage; (2) Internal constraints should
be detected by reduced phenotypic variance and increased covariation among
traits during the phylotypic stage; (3) Stabilizing selection should be revealed
by a pattern of reduced phenotypic variance and same amount of covariation
among traits during the phylotypic stage; (4) Lack of modularity will result in
increased phenotypic variance and a higher number of covariation among

traits during the phylotypic stage.

In the second step (2™ article), I studied if changes in raising conditions could
evoke a plastic reaction during the phylotypic stage, which is considered as con-
served and thus immune to evolutionary changes. Plasticity is a strong agent for evo-
lutionary changes (Waddington 1942, Waddington 1953, Hall 2003, West-Eberhard

2003). Therefore, I analysed embryonic trajectories. I compared trajectories over
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time as well as over stages (number of somites where used as staging criterion) with
the experimental setup of my study. The combined results led to different predictions
about plasticity, modularity and heterochrony during early embryonic development.
The conditions I used were:

- standard condition

- high and low temperature

- high salinity

- low oxygen concentration
With this approach I tested the following prediction:

(1) No Plasticity — The phylotypic stage is conserved and selection cannot act on
a plastic response. (2) Acceleration or deceleration of growth and develop-
ment — Acceleration and deceleration describe the development in accordance
to time. For example, environmental factors could lead to faster development
(acceleration) or slower development (deceleration). If the developing em-
bryo is affected equally in all of its parts, I will observe different developmen-
tal stages at a given time (meaning that an identical stage occurs earlier or
later), but no changes if I compare embryos by stages. Thus, embryos are
flexible but not necessarily modularized. (3) Change in size and shape - I ex-
pect to observe changes of the morphometry when the embryos are com-
pared over time and over stages. This could indicate that modules are pre-
sent and allow phenotypic changes in discrete traits of the embryo. (4) De-
velopmental dissociation (heterochrony) - I expect to observe changes in the
developmental sequence resulting in a dissociation of developmental charac-
ters, observed over time and stages. Modules exist and react independently

on the environmental cue.

In the third step (3™ article), I looked at the heritabilities and additive genetic and
phenotypic variance of embryonic traits. I investigated how they developed/changed
over time — before, within and after the phylotypic stage. Heritability measures the

impact of the genotype on the phenotypes.
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Based on this approach, I have refined the predictions from our first experiment,
according to the new parameters we could measure. Combining the results of all
studies, I came up with the following three evolutionary hypotheses, which aim at
explaining the phylotypic stage: (1) stabilizing selection, (2) random, and (3) epige-
netic effects in the sense of Waddington (Tablel).

Each of the hypotheses above makes specific predictions about the phenotypic
and genetic variances and correlations among traits during the phylotypic stage,

which I wanted to test with the described approach.

Hypothesis Predictions
Additive Genetic Phenotypic Correlations Among
Variance Variance Phenotypic Traits
Stabilizing selection decreasing decreasing no change
random no change or increasing no change or
increasing increasing
Epigenetic effects no change or decreasing maximized during
increasing phylotypic period

Table 1. Predictions about changes in phenotypic and genetic variances during the phylotypic

period

1: Stabilizing selection tends to reduce the additive genetic variance of a trait,
and a reduced additive genetic variance may result in stable phenotypes of early ver-
tebrate embryos.

With a reduced genetic variance I also expect a decreased phenotypic variance
and no significant correlation among traits. Therefore, I predict that if stabilizing se-
lection acts on the phylotypic stage, I expect the phenotypic variance and the addi-
tive genetic variance to decrease and no changes in correlation among traits as com-
pared to before and after the phylotypic stage.

2: According to ideas presented by Williams (1992) and Newman (2011) which
suggested that the phylotypic stage emerges as a by-product of directional and/or

diverging selection on later developmental stages, I drafted the “random-
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hypothesis”. In this hypothesis, the similarity of early embryos is neither selected nor
constrained, and the phylotypic stage is simply the residual of what is not selected.
The prediction from that hypothesis is that phenotypic variance increases with the
increasing number of degrees of freedom; for instance phenotypic variances increase
with increasing complexity of the developing embryo. Additive genetic variance
would be stable or increase with the increasing number of gene interactions and thus
correlation among traits is expected to be stable or also steadily increase.

3: the epigenetic hypothesis predicts that the phylotypic stage results from
constraints during early embryogenesis, in other words, multiple inductive interac-
tions among cells, tissues, and developing organs prevent selection on the phylotypic
stage. All stages of development are potentially open to evolutionary change, but, as
the epigenetic consequences (for example, of eye development or neurulation) are
so fundamental, the early embryonic stages are evolutionary stable. Predictions from
this hypothesis are that phenotypic variance declines during the phylotypic stage and
that genetic variance remains constant or increases with the increasing number of

gene interactions and a peak of correlations among traits at the phylotypic stage.
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Fig. 1. Successive stages in the development of each species read from top to bottom. The top
row shows the stage at which the highest degree of similarity is presented. Taken from
Haeckel 1874. Anthropogenie, oder Entwicklungsgeschichte des Menschen.
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Fig 2. These three sketches display the evolution of the hourglass model. Images taken from:
a) Medawar 1954. J Embryol. Exp. Morph. 2. 172-174 b) Sander 1994. Spuren der Evolution
in den Mechanismen der Ontogenese — neue Facetten eines zeitlosen Themas 297-319 c) Du-

boule 1994. Dev Suppl. 135-142.
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2.1 Developmental Variability During Early Embryonic Development of Zebrafish
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Developmental Variability During Early Embryonic
Development of Zebra Fish, Danio rerio

KAI SCHMIDT anp J. MATTHIAS STARCK*
Department of Biology II, University of Munich (LMU),
D-82152 Planegg-Martinsried, Germany

ABSTRACT  Early vertebrate embryos pass through a period of remarkable morphological
similarity. Possible causes for such similarity of early embryos include modularity, developmental
constraints, stabilizing selection, canalization, and exhausted genetic variability. Supposedly, each
process creates different patterns of variation and covariation of embryonic traits. We study the
patterns of variation of the embryonic phenotype to test ideas about possible evolutionary
mechanisms shaping the early embryonic development. We use the zebra fish, Danio rerio, as a
model organism and apply repeated measures of individual embryos to study temporal changes of
phenotypic variability during development. In particular, we are looking at the embryonic
development from 12 hours post fertilization until 27 hours post fertilization. During this time
period, the development of individual embryos is documented at hourly intervals. We measured
maximum diameter of the eye, length of embryo, number of somites, inclination of somites, and the
yolk size (as a maternal effect). The coefficient of variation (CV) was used as a measure of variability
that was independent of size. We used a principal component analysis for analysis of morphological
integration. The experimental setup kept environment x genotype interactions constant. Nongenetic
parental contributions had no significant effects on interindividual variability. Thus all observed
phenotypic variation was based on additive genetic variance and error variance. The average CV
declined from 14% to 7.7%. The decline of the CV was in particular expressed during 15-19 h post
fertilization and occurred in association with multiple correlations among embryonic traits and a
relatively high degree of morphological integration. We suggest that internal constraints determine
the patterns of variability during early embryonic development of zebra fish. J. Exp. Zool. (Mol. Dev.

Evol.) 302B:446-457, 2004.

INTRODUCTION

Studies in evolution of development have used
large scale comparisons of diverging taxa in a
known phylogenetic context to uncover the evolu-
tion of developmental pathways. This macroevolu-
tionary approach reveals major patterns of the
history of evolution of development but does not
necessarily inform us about processes underlying
the evolutionary diversification. As a pattern, the
close similarity of early vertebrate embryos was
recognized more than 150 years ago (e.g., von
Baer, 1828; Haeckel, 1866, '03). Haeckel’s (’03)
biogenetic law was a first attempt to find a causal
explanation for the resemblance of early verte-
brate embryos. Assuming that evolution proceeds
by addition of new elements to an adult phenotype
(terminal addition/anagenesis), he conjectured
that each developing organism had to pass
through the evolutionary stages of its ancestors
(recapitulation), i.e., phylogeny creates ontogeny.

© 2004 WILEY-LISS, INC.

© 2004 Wiley-Liss, Inc.

This view has changed since Garstang (’22) and
De Beer (°40, ’51, ’58). All modern concepts in
evolution and development suppose that ontogeny
creates phylogeny (e.g., Gould, ’77; Raff, ’96; Hall,
’99), but, the paradigmatic character of Haeckel’s
biogenetic law has persisted until recent years as
found in terms like ‘Korpergrundgestalt’ (Seidel,
’60), ‘phyletic stage’ (Cohen, ’77), or the ‘phylo-
typic stage’ (Sander, ’83). The phylotypic stage
was defined as ... the stage of greatest similar-
ity between forms which, during evolution,
differently specialized both in their modes of adult
life and with respect to the earliest stages of
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ontogenesis ...”" (Sander, ’83). The germ band
characterizes the phylotypic stage of arthropods,
while in vertebrates the phylotypic stage com-
prises a broader range of embryonic morphologies.
Ballard (’81) described the pharyngula or tail-bud
stage as the phylotypic stage. Slack et al. (’93)
referred to the synchronized expression of hox-
genes during early embryogenesis as the ‘zootype.’
In their view, the basal patterns of hox-gene
expression characterize the phylotypic stage. The
embryonic morphologies of the phylotypic stage,
e.g., pharyngula or tail-bud stage, were guidelines
to detect the otherwise invisible ‘zootype.” Pat-
terns of morphological diversity during embryonic
development may be more diverse as the early
embryos of related species may differ widely.
Consequently, the hourglass model (Raff et al.,
’91; Raff, ’96) and the ‘phylotypic egg-timer’ model
(Duboule, ’94) were introduced to characterize the
phylotypic stage as a period of reduced morpholo-
gical variability if compared to earlier and later
developmental stages of related taxa. Recently,
Galis and Metz (2001) re-defined the phylotypic
stage as the period from the beginning of
neurulation to the complete formation of most of
the somites. However, others have questioned the
existence of a phylotypic stage (Richardson, ’95,
’99; Richardson et al., ’97, 2001) and even inverted
the hourglass model (Bininda-Emonds et al., 2003)
because comparative analyses of a broad spectrum
of vertebrate taxa revealed considerable hetero-
chronic shifts, developmental differences, in-
creased phenotypic diversity during mid
embryonic stages, and stage incompatibilities.
However, Richardson (’95) acknowledged the
general similarity of embryos during their early
embryogenesis but suggested ‘phylotypic period’
as a more appropriate term to describe it.

The debate about patterns and processes in
early embryogenesis and their evolutionary inter-
pretation has persisted for more than 100 years,
and although the phylotypic stage has become a
central paradigm in developmental biology (Hall,
'97) it has only rarely been tested. Raff ('94, '96)
explained the similarity of embryos during the
phylotypic stage by suggesting that early embry-
ogenesis were dominate by axial information
systems allowing for a considerable degree of
variability. Middle development exhibited a high
degree of interconnectivity between elements
which later separate into modules. This intercon-
nectivity would limit variability of development.
During late development the embryo were mod-
ularized, thus allowing for considerable develop-
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mental variability. Kirschner and Gerhart (°98)
proposed that the phylotypic stage was conserved
by stabilizing selection in order to maintain the
evolvability of the organisms. In their view, the
phylotypic stage serves as a platform from which
diversification starts but developmental con-
straints act on a lower level so that they are
subordinated to stabilizing selection. Galis and
Metz (2001) and Galis and Sinervo (2002) ex-
plained the similarity of early vertebrate embryos
as resulting from a variety of developmental
constraints. Galis and Metz (2001) showed that
teratogens have different effects during different
phases of embryogenesis with generally strongest
adverse effects during the phylotypic stage.
Recurring on Raff’s (°94, ’96) ideas, they suggested
that early vertebrate embryos are so vulnerable
because they lack modularity and because devel-
opmental constraints prohibit evolutionary
change. In other words, a plethora of inductive
interactions within the embryo makes it vulner-
able to fatal developmental aberrations due to
external disturbances. Vulnerability is supposed
to decline when modularity compartmentalizes
the developing organism into quasi-independent
developing units. Galis and Sinervo (2002) elabo-
rated on that view assuming that modularity
might be present during the phylotypic stage but
that it is not effective because there are too many
interactions between the different modules, i.e.,
low effective modularity. They proposed that, due
to the interacting modules, mutational changes
will have adverse pleiotropic effects and therefore
selection acts against them, thus conserving body
plans of early vertebrate embryos (Galis and
Sinervo, 2002; Galis et al., 2003). The high
interdependence between the different develop-
mental processes is hypothesized to be a con-
straint that limits the action of selection.
However, modularity occurs already in gastrulat-
ing Xenopus (Bolker, 2000), where the dorsal
marginal zone acts as a module. Another well
described module is the limb bud, which contains
submodules of yet unclear level of independence
(Raff, ’96; Richardson, ’99). Appearance of limb
buds can heterochronically shift throughout the
phylotypic stage (Richardson, ’95), or even to later
developmental stages to the end of metamorphosis
in amphibians (Galis et al., 2003). Therefore, it
was suggested that patterns of heterochrony
indicate modularity of early embryos because
developmental connectivity would prohibit the
change of the sequence of organogenesis and
ontogenetic repatterning would not be possible
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without modularity (Roth and Wake, ’85; Wake,
’89; Chipman et al., 2000; Richardson and Oels-
chlager, 2002; Bininda-Emonds et al., 2003).

Although the difference between proponents of
the phylotypic stage and those who oppose it
appears to be fundamental, these concepts are not
necessarily mutually exclusive. Rather, the diver-
gence seems to root in different phylogenetic
approaches and interpretations. Those trained in
phylogenetic systematics look at derived charac-
ters of a clade (i.e., apomorphic traits) and tend to
leave aside shared characters (i.e., phyletic homo-
logies, plesiomorphies). Of course, they see the
differences rather than the common features. In
contrast, those who are interested in the major
patterns of development and evolution tend to
look at phyletic homologies and, by focusing on
similarities, are likely to ignore the ‘little’ differ-
ences. Also, it seems that the proponents of the
phylotypic stage are primarily interested in gen-
eral architectonic features or organizational char-
acters than quantitative variation. Recently,
Sander and Schmidt-Ott (2004) paraphrased the
conceptual divergence around the phylotypic
stage/period as ‘‘...some people are interested in
the forest whereas others prefer to look at each
single tree and thus have more stringent criteria
in defining a global stage for all vertebrates.” In
face of these contrasting ideas it is still more or
less unclear today which evolutionary processes
led to the striking similarity of early vertebrate
embryos. Also, a yet open question is whether the
phylotypic stage/period makes any prediction
about quantitative variation of embryonic char-
acters.

Here, we analyze patterns of embryonic varia-
bility to test ideas about evolutionary processes
that may have resulted in the similarity of early
vertebrate embryos. Supposedly, different evolu-
tionary processes, i.e., exhausted genetic variance,
stabilizing selection, constraints, and lack of
modularity, result in different pattern of variation
and covariation of embryonic traits. Variability
can be quantified as phenotypic variance of
(embryonic) characters and the total phenotypic
variance can be partitioned into several compo-
nents, i.e., additive genetic variance, environment
induced variance, error variance, environment x
gene covariation, epistasis, and nongenetic par-
ental effects (e.g.,, Falconer and Mackay, ’96;
Lynch and Walsh, ’98). We kept the environmen-
tal component and the environment x gene covar-
iation constant by raising embryos under identical
conditions. We used measurements of the size of
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the yolk sac to control for nongenetic parental
(maternal) effects on embryonic development.
Thus, observed phenotypic variation is due to
genetic effects (additive genetic variance and
epistasis), and error while the constant environ-
mental conditions supposedly do not contribute to
variation of the observed phenotype. We predict
the following patterns of variance and covariance
among traits resulting from different evolutionary
processes: (1) strong directional selection will lead
to exhausted additive genetic variance and, con-
sequently, will result in fixed phenotypes and zero
genetic variance. Then, the observed phenotypic
variance equals error variance and we expect no
covariance between the traits. Because error
variance is not directional traits should not
covary. If strong directional selection has shaped
the phylotypic stage we expect the total pheno-
typic variance to be significantly reduced during
the phylotypic period if compared with earlier or
later stages. (2) Internal constraints emerge from
multiple (functional) interactions among traits
(Raff, ’96; Kirschner and Gerhart, ’98; Schwenk
2001, Schwenk and Wagner, 2004, 2003) and,
supposedly, result in significant covariance among
phenotypic characters (Williams, ’92). Internal
constraints reduce the phenotypic variance be-
cause the coupling of traits reduces the degrees of
freedom. Presumably, error variances remain
unchanged because constraints do not necessarily
require more precise development. If, however,
traits covary in anatomically discrete pattern, it
will be difficult to differentiate between internal
constraints and modules (see below). (3) Stabiliz-
ing selection and canalization cannot be separated
with our approach, as both will result in the same
pattern of phenotypic variance and covariance.
Stabilizing selection/canalization reduce genetic
variance and possibly error variances by improved
developmental processing. With the experimental
setup suggested here, the observed total pheno-
typic variance will be reduced if compared to
periods without stabilizing selection/canalization.
Assuming that stabilizing selection/canalization
does not increase the level of connectivity among
traits we expect no change in covariance among
characters. (4) When a developing embryo lacks
modularity (as suggested by Galis and Metz [2001]
and Galis and Sinervo [2002]) a higher number of
interactions and mutual inductions is theoretically
possible than in modular organisms. Because each
interaction has its own error variances and
because variances are additive, we predict that
periods of zero modularity can be recognized by
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the increased phenotypic variance. Also, a high
number of inductive interactions (lack of modu-
larity) may result in covariation among traits
across the entire embryo, i.e., not in a topographi-
cally discrete patterns. In contrast, modularity
compartmentalizes the embryo into subunits/
modules. In modular embryos, inductive interac-
tions are reduced to characters within the module
resulting in reduced trait variability and morpho-
logically discrete patterns of covariation. Our
predictions are summarized in Table 1. However,
the experimental setup of our study is controlled
for constant environmental effects but does not
allow to differentiate between the remaining
components of variance. Therefore, we use the
observed phenotypic variance a simplified mea-
sure of patterns of variation and covariation as
outlined in Table 2. The predictions of patterns of
variation and covariation associated with the four
evolutionary processes are distinct. This makes it
possible to distinguish the four processes dis-
cussed.

To test the above predictions, we have studied
phenotypic variability of zebra fish embryos. We
have chosen the developmental period between
12h post fertilization (end of neurulation) through
the tail bud stage (12h-24h) until 27h post
fertilization (pharyngula stage; Kimmel et al.,
’95). This 16h period encompasses all possible
definitions of the phylotypic stage. We intended to
produce a robust data set of repeated measures of
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phenotypic variability of individual fish embryos
(N=100) over a period of 16 hours. The coefficient
of wvariation (standard deviation divided by
mean % 100) is a size independent measure of
the variability of any given trait that allows
comparisons among a variety of different char-
acters. The measurements of embryonic charac-
ters were necessarily restricted to external
characters. Although we acknowledge that we do
not cover all morphologically distinct characters of
zebra fish embryos, we think that the chosen
characters (see below) enable us to capture major
patterns of variability during the early develop-
ment of zebra fish. We measured the size of the
yolk sac as potential nongenetic parental effect
that may lead to increased variability between
individuals.

MATERIALS AND METHODS

Animals

Zebra fish (Danio rerio) were obtained from
different pet shops in Jena, Germany, and from
breeding stocks of the Max-Planck-Institute for
Developmental Biology in Tiibingen and the
Zoological Institute of the University of Jena. We
are aware of the fact that the genetic variation in
our breeding population may be reduced as
compared to natural populations. However, a
potentially depressed genetic variability provides
a conservative experimental background for our

TABLE 1. Predictions about variance components emerging from different evo devo processes during the phylotypic stage

Phenotypic variance

Genetic variance

Error variance Covariation among traits

Additive genetic variance exhausted equal error variance

Internal constraints declined
Stabilizing selection and canalization declined
Lack of modularity increased

Zero unchanged Zero
reduced unchanged significant covariation
reduced reduced unchanged
unchanged increased no topographically discrete

patterns of covariations/
higher number of
covariations

TABLE 2. Predictions from the experimental setup of this study. We measure phenotypic variance and covariation among traits. These two
measures characterize unequivocally the four possible evo devo processes underlying the observed patterns of variation

Observed variance

Observed covariation

Additive genetic variance exhausted low

Internal constraints declined
Stabilizing selection and canalization declined
Lack of modularity/pleiotropy increased

Z€ero
significant covariation
unchanged
no topographically discrete patterns of covariations
but higher number of covariations
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study. Animals were kept in 80 I tanks at 27.4 +0.1
°C in standardized water (60 ug NaCll !, pH 5.5,
electrical conductivity 136.8 puS/cm, Oy concentra-
tion 6.2 mg/l). For the breeding experiments, we
kept pairs of individually known fish in 12 1 tanks.

Raising conditions

Egg laying and fertilization occurred immedi-
ately after switching the light on. We observed egg
laying and collected eggs immediately after ferti-
lization. From each clutch we collected 5-10 eggs
and placed them into small glass containers (20 ml
volume). Fertilized eggs were raised individually
under conditions given above. Because the egg
membrane swells immediately after fertilization,
it was possible to determine the time of fertiliza-
tion at a precision of <1 min. All ages are given in
hours (+1 min.) after fertilization.

Microscopy and documentation

Developing eggs were observed with an inverted
microscope (Zeis, Axiovert S 100) and photographs
were taken with a spot digital camera (Diagnostic
Instruments). The container for microscopic ob-
servation of embryos had a controlled temperature
of 27°C. After observation, embryos were placed
back into their individual containers. The left side
of the embryo was photographed, to exclude
variation in measurements due to asymmetrical
growth.

The development of 100 individual embryos was
documented between 12h and 27h of embryonic
development (Fig. 1). Between 12h and 19h,
digital photographs were taken in hourly intervals
from 100 individual embryos. At an age of 20h post
fertilization and older, embryos were bending
within the egg and therefore had to be removed
from the egg. Of course, those could not be
measured repeatedly. Approximately 1700 images
were recorded and analyzed.

Measurements

In early zebra fish embryos, only a limited set of
morphological landmarks is accessible for re-
peated noninvasive measurements. We measured
the following traits (Fig. 2A, B): (1) maximum
diameter of the eye, (2) total length of embryo, i.e.,
the length from snout to tip of tail as seen in
lateral view; (3) length and height of the fifth
somite, (4) number of somites, (5) the angles
between the fourth and fifths and fifth and sixth
myoseptum, (6) diameter of the yolk sac (as
maternal component) at 12h post fertilization.
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Morphometry and statistics

We used SigmaScanPro (version 4.0, Jandel
Scientific, SPSS Inc., Chicago, USA) for image
analysis and morphometric data acquisition. Mea-
surement error was calculated from repeated
measurements of same structures. On average,
we are dealing with measurement error of less
than 1% of the measured value. Values are given
as means +S.D. (N=sample size). Comparisons of
phenotypic variability of different traits were
made by calculating the coefficient of variation
(CV) which is a size independent measure of the
overall variability of a trait. To test for develop-
mental constraints, correlations after Pearson and
covariances have been calculated for all measured
embryonic traits. To amend these tests by a more
complex measure of ‘morphological integration’
we run principle component analyses for all
variables and compared the eigenvalues of PC1
over developmental time. Possible parental effects
were tested by calculating for each individual fish
the regression lines of the measured trait over
time (i.e., 12h to 27h). Then, we plotted the slopes
of the resulting regression lines as the dependent
parameter of the diameter of yolk sac at 12h as the
independent parameter. The size of the yolk sac at
12h pf was chosen because at this time the least
yolk was absorbed. The P<0.05 level was con-
sidered significant. All statistical procedures were
performed using SPSS version 10.07.

RESULTS

Length of the embryo

Between 12h and 27h, the growth of the embryo
is linear (Fig. 3). The CV of the length of 100
embryos at a given time ranges between 6.25% at
12h and 4.26% at 27h. A linear regression of the
CV over time (Fig. 4A) showed a slight but
significant decline (slope=-0.121; intercept=6.98;
ANOVA: df 1,14; F=20.46; P<0.001; R?=0.59). All
observed values were within the prediction limits.
The size of the yolk sac at 12h pf had no significant
effect on the length increase of the embryo
(N=100, slope=0.045; intercept=—0.372; ANOVA:
df 1,98; F=0.062; P=0.803; R*>=0.025).

Number of somites at a given time

First somites occur between 11h and 12h. At
15h post fertilization, 100% of the embryos had at
least one or more somites. For characters that
develop in discrete units, like somites, it is not
appropriate to calculate a CV. Therefore, we have
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12 h 14 h

15h 16 h 17h

18h

20h 22h

&
23h 24h 25h
26h 27 h

Fig. 1. Embryonic stages of zebra fish; (A) between 12h and 19h post fertilization. One hundred embryos were kept in
individually marked containers and measured repeatedly, i.e., every hour between 12 19h. (B) Zebra fish embryos between 20h
and 27h pf. These embryos were removed from the egg thus could not be measured repeatedly.
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Fig. 2. (A) Position of morphometric measurement taken
from embryos. (B) Position of measurement of the angle of 5th
somite.

K. SCHMIDT AND J.M. STARCK

calculated the rate of somitogenesis for each
individual (=number of newly formed somites
per hour). Between 12h and 19h new somites
appear at a constant rate of 2.4 somites per hour,
thereafter the rate of somitogenesis declines. The
CV of the rate of somitogenesis is 5.9%. Somito-
genesis was not affected by the size of the yolk sac
(N=98, slope=0.003; intercept=20.16; ANOVA: df
1,96; F=0.114; P=0.736; R?=0.001).

Size of the 5th somite

Somites develop from anterior to posterior.
New somites have a rectangular shape which
changes after a few hours to the typical bent
shape of a later somite. Between 12h and 17h the
fifth somite shortens in length (Fig. 4B) and
increases in height (Fig. 4C). After that age, its
length increases. The CV of the length of the 5th
somite ranges between 7.2% and 13.1%. A linear
regression of the CV of somite length over time
showed a significant increase (slope=0.28, inter-
cept=4.57, ANOVA: df 1,13; F=8.17, P=0.013;
R?=0.39). All observed values were within the
prediction limits of that regression. The length of
the 5th somite was not affected by size of the yolk

5000

4000

3000

Length of embryo [um]

2000 +

12 13 14 15 16 17 18 19 20 21

22 23 24 25 26 27

hours post fertilization
Fig. 3. Growth of zebra fish embryos between 12h and 27h pf.
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Fig. 4. Changes of the coefficient of variation (CV) for all traits over time. A linear regression was used to estimate slope and
intercept and an ANOVA was used to test if the slope was significantly different from zero. (A) Change of the CV of the length of
the embryo during the observation period (ANOVA, slope 0.34, df 1,14, F 60.23, P<0.001, R? 0.82). (B) Change of the CV
of the length of the 5th somite during the observation period (ANOVA, slope 0.29, df 1,13, F 8.17, P 0.013, R? 0.39). (C)
Change of the CV of the height of the 5th somite during the observation period (ANOVA, slope 0.65, df 1,13, F 35.39,
P<0.001, RZ 0.73). (D) Change of the CV of the angle between 4th and 5th somite during the observation period (ANOVA,
slope 0.28,df 1,12, F 6.83, P 0.023, R? 0.36). (E) Change of the CV of the angle between 5th and 6th somite during the
observation period (ANOVA, slope  0.15,df 1,12,F 1.70,P 0.022, RZ 0.12). (F) Change of the CV of the maximum diameter
of the eye during the observation period (ANOVA, slope 0.34, df 1,13, F 60.23, P<0.001, R? 0.82).

sac (N=100, slope=-0.009; intercept= 3.21; a significant decline (slope=—0.65, intercept=
ANOVA: df 1,98; F=3.561; P=0.062; R°=0.035).  24.60, ANOVA: df 1,13; F=35.39; P<0.001;

The height of the 5th somite more than doubled R?=0.73). The height of the 5th somite was not
between 12h and 19h and the CV ranged between affected by the size of the yolk sac (N=97,
17.6% and 9.7%. A linear regression of the CV slope=0.007; intercept=5.061; ANOVA: df 1,99;
of height of the 5th somite over time showed F=0.458; P=0.5; R*=0.005). Angle of the fifth
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somite: The angles can be measured only after the
somites have developed their typical shape. For
the observation period, in which the angles can be
measured, a slight decline of the coefficient of
variation was observed (Fig. 4D). The coefficient of
variation varied between 7.5% and 14.4% (angle
between 4th and 5th myoseptum: slope=—0.275;
intercept=16.431; ANOVA: df 1,12; F=6.825;
P=0.023; R?=0.363; angle between 5th and 6th
myoseptum: slope=—0.147; intercept=13.832;
ANOVA: df 1,12; F=1.703; P=0.0216; R*>=0.124;
Fig. 4E).

Maximum diameter of the eye

Development of the eye begins between 12h and
13h post fertilization. At 12h pf, the primordia of
the eye are present in 15% of all individuals; at
13h pfin 75% of the embryos (Fig. 4F). During the
development of the embryo, the form of the eye
changes from elliptical and to round. In early
embryos, the maximum diameter of the eye
extends from rostral to caudal in a horizontal
plane through the eye. It declines between 13h
and 16h pf but increases again thereafter until it
has obtained a round shape at 22h pf. Between 13h
and 15h, the coefficient of variation of the
maximum diameter of the eye peaks at 12%; it
ranges from 7.7% to 9% between 15h and 19h, and
from 8.1 to 5.7% between 20h and 27h. As a
general trend, the coefficient of variation declined
during the early embryonic period. All observed
fluctuations of the CV were within the predic-
tion limits (Fig. 4F) of a linear regression
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(slope=—0.34; intercept=14.64; ANOVA: df 1,13;
F=60.2; P<0.001; R>=0.82). The diameter of the
eye was not affected by the size of the yolk sac
(N=100, slope =-0.0449; intercept=143.549;
ANOVA: df 1,98; F=0.564; P=0.454; R>=0.006).

Size of yolk

12h after fertilization the yolk ball has a circular
shape (Fig. 2A); its diameter is on average
659.55+21.87 uym and the coefficient of variation
between individuals is 3.32 %.

Correlations and morphological
integration

We tested for correlations among traits at each
hour of development to find out about changing
functional relationship within the developing
embryos. To visualize changing relationships
among embryonic traits we plotted the number
of significant correlations as a function of devel-
opmental time (Table 3). The highest number of
significant correlations was found between 15h
and 18h post fertilization. The outstanding corre-
lations were total length of embryo and the height
of the 5th somite at each hour of the observed time
period. Also, the maximum diameter of the eye
was correlated with the length of the embryo,
except for the measurements at 14h pf. Not
surprisingly, the angles between the fourth and
fifth and fifth and sixth myoseptum displayed a
significant correlation for the entire observation
period except for 12h pf and 13h pf, when the
sample size was too small (N<2).

TABLE 3. Change of the coefficient of variation and the number of correlations over developmental time

Number of
Phenotypic variance significant Eigenvalues of
Age (coeff. of variation) correlations PC1 Conclusion
12 14.06 1
13 10.88 5
14 10.18 3 3.32
1B 10.76 4 372 Internal constraints
16 10.00 9 3.10 Internal constraints
17 9.91 9 2,94 Internal constraints
18 9.19 5 3.10 Internal constraints
19 9.33 5 1.94 Internal constraints
20 8.53 2 2.09
21 8.86 1 1.86
22 9.63 4 2.36
23 9.12 3 1.93
24 8.89 1 2.35
25 8.08 2 2.44
26 8.38 2 2,61
27 766 W 2 - o
8 10 12 14 0246810 2 3 4
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Developmental variability

We performed a principal component analysis
for each hour of development to obtain a measure
of overall morphological integration of embryonic
characters. The eigenvalues of the first principal
component were used as a measure of morpholo-
gical integration. A high eigenvalue stands for a
high number of original variables contributing to
PC1, thus indicates high morphological integra-
tion. The analysis had to be truncated because the
data matrix was incomplete for some traits during
the early hours of our study, e.g., number of
somites. The eigenvalues changed in accordance
to our pairwise correlations as shown in the
previous paragraph. Highest eigenvalues were
found around 15 h pf, after which they declined
(Table 3).

DISCUSSION

In the zebra fish, the phylotypic stage extends
over a considerable period if determined by
morphological landmarks. From the end of neur-
ulation (about 10h post fertilization) to the
pharyngula stage (24h-30h) the developing zebra
fish embryo shows traits that are characteristic of
the phylotypic stage. Those traits may also be
found in embryos of other vertebrate species of
similar developmental stage.

In Tables 1 and 2 we predicted how different
evolutionary processes may shape the pattern of
variance and covariance of embryonic traits. Table
3 summarizes the pattern of variance and covar-
iance during early embryogenesis of zebra fish.
In all but one trait, the coefficient of variation
declined linearly during the early embryonic
period. Only the CV of the length of the 5th
somite increased. The covariation among traits
showed a clear peak between 15h and 19h pf, i.e.,
during a period when phenotypic variability
declined for all traits. According to our predictions
(Tables 1 and 2), significant covariance among
phenotypic characters associated with declining
phenotypic variance emerges from internal con-
straints, i.e., multiple (functional) interactions
among traits. Phenotypic variance is reduced as
compared to earlier developmental stages because
the coupling of traits reduces the degrees of
freedom and thus reduces the phenotypic var-
iance. Thus, for the zebra fish embryos between
15h and 19h pf we recognize a period of restricted
variation of the phenotype due to internal devel-
opmental constraints. These observations are
paralleled by a period of high morphological
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integration (Table 3) as recognized by a principal
component analysis (Chernoff and Magwene, '99).
We can rule out directional selection (exhausted
additive genetic variance), modularity, and cana-
lization/stabilizing selection because the patterns
of variance and covariance we observed do not
match predictions from those processes. Thus, for
the zebra fish we suggest that the phylotypic stage
emerges because of internal constraints rather
than as a result of natural selection. This result
supports the idea of Raff (’94, ’96) that during
middle embryogenesis high interconnectivity of
embryonic traits limits developmental variability,
during later development, the embryo is compart-
mentalized into independent modules which allow
for more variability. A lack of modularity as
favored by Galis and Metz (2001), Galis et al.
(2002, 2003) can also be excluded because total
phenotypic variances were clearly declining whilst
lack of modularity predicted increasing phenotypic
variances. However, we acknowledge that there is
a certain degree of conceptual fuzziness which
makes it difficult to differentiate between con-
straints as suggested here, interconnectivity (Raff,
94, ’96), and low effective modularity (Galis and
Sinervo, 2002; Galis et al., 2003). When con-
straints are anatomically restricted or when
modularity increases gradually during develop-
ment a gradual model will be required to test for
different degrees of modularity. Today, no such
scale is available that would allow us to gauge
different degrees of modularity. Therefore,
we prefer a conservative interpretation of our
results and suggest that during 15h-19h of
embryogenesis of zebra fish developmental varia-
bility is limited by internal constrained and high
morphological integration rather than low (effec-
tive) modularity (Galis and Sinervo, 2002; Galis
et al., 2003).

Comparative data are not available and there-
fore generalizations are necessarily characterized
by a certain degree of uncertainty. However, our
results appear not to be in conflict with ideas
presented by Galis and Metz (2001), Galis et al.
(2002, 2003) who found increased mortality of
mice if they were exposed to teratogenes during
the phylotypic stage. Galis and coworkers
suggested that lack of modularity during the
phylotypic stage permitted fatal effects of terato-
genes, while the increasingly modular architecture
of later embryos would prevent teratogenic effects
to spread through the embryo. However, Galis and
coworkers had no tools to differentiate between
different evo-devo processes. We think that
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the results from our experiments and their
interpretation as internal constraints are not in
contrast to the results obtained by Galis and
coworkers. If the ‘phylotypic period’ evolved
because of developmental constraints or a high
degree of morphological integration, then a dis-
ruption of such interactions may result in in-
creased teratogenesis and ultimately increased
mortality and as described by Galis and Metz
(2001) for mice. Lethal effects of teratogenes do
not allow to differentiate between different evo-
devo processes because interrupted functional
correlations and spreading of detrimental effects
through the embryo may both result in increased
(later) mortality.

Our results also agree with Richardson (’95)
who showed that there is no highly conserved
embryonic stage in vertebrate embryos but rather
a period of general similiarity. The morphological
landmarks of the ‘phylotypic stage’ occur during a
16h hour period (=23% of embryonic development
of zebra fish; Galis and Metz, 2001). In this
species, phenotypic trait variation during the early
embryogenesis is restrained by functional/devel-
opmental interactions among traits, thus, this
period between 12h and 28h pf must to be
relatively resistant to selection because changing
any trait will affect all other that are functionally
linked. Developmental constraints may be differ-
ent in diverging taxa, explaining why the period of
embryonic similarity is rather diffusely defined
and not by (a low number of a) few clearly
recognizable stage(s). However, at the present
state of knowledge and with a considerable lack of
comparative data, we have gained insight into
zebra fish development and recognize that the
phylotypic period of this particular species is
caused by internal constraints. Our study remains
descriptive in as far as we have no ideas about the
proximate functional interactions among embryo-
nic traits that affect the phylotypic period and we
must remain open about possible causes of the
phylotypic stage in other vertebrate species.
However, we think that an analysis of patterns
of variance and covariance of embryonic traits as
conducted in this study is a helpful tool to direct
research in evolution of development towards
those embryonic periods that are resistant to
selection.
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Irmler I, Schmidt K, Starck JM. 2004. In developmental variability during early embryonic
development of zebra fish, Danio rerio. J. Exp. Zool. (Mol. Dev. Evol.) 302B:446-457.

In the above-referenced article, the first author, Dr. Ingo Irmler, was inadvertently omitted from the
published article. The citation above has been corrected and the three authors are listed in the correct
order. The first two authors, Dr. Irmler and Dr. Schmidt, contributed equally to this paper, and Dr.
Starck is the corresponding author.

The authors regret this error.

Published online 5 November 2007 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/jez.b.21201

© 2007 WILEY-LISS, INC.



Results 51

2.2 Developmental Variability, Modularity, and Heterochrony During the Phylotypic
Stage of the Zebrafish

1

= ! £<



RESEARCH ARTICLE

Developmental Plasticity, ( |

Modularity, and Heterochrony
During the Phylotypic Stage of the
Zebra Fish, Danio rerio

J OURNAL OF ‘
E XPERIMENTAL
Z, 0O0LOGY

PART B
(MOLECULAR AND DEVELOPMENTAL EVlllUTIIlNJ

KAI SCHMIDT™ anp J. MATTHIAS STARCK
Department of Biology I, University of Munich (LMU), Planegg-Martinsried, Germany

ABSTRACT

J. Exp. Zool. (Mol.
Dev. Ecol.)
314B:166-178,
2010

We studied early embryonic development of zebra fish and tested if changes in the external raising
conditions could elicit phenotypic changes during the phylotypic stage which, classically, is
considered as a conserved embryonic stage. In particular, we tested for intemal constraints,
plasticity, and heterochrony during the early embryonic development. Our tested hypotheses
predict (i) no change associated with developmental stability/intemal constraints, (i) change of
the rate of development associated with developmental flexibility, and (iii) heterochronic
disruption of developmental pattern associated with a modular organization of the embryo. We
measured 14 traits of embryos raised in different conditions (temperature, salinity, oxygen
concentration). The results of our study show that zebra fish embryos respond flexibly to changes
in external parameters even during the conserved "phylotypic stage!' It also showed that internal
constraints canalize early development when exposed to moderate external challenges. Hypoxic
conditions, however, elicited a heterochronic delay of the onset of the development of the Anlagen
of the eye and the otic vesicle from the remaining embryo. Therefore, we concluded that the eye
and the otic vesicle are modules that may develop, to a certain degree, independently of the rest of
the embryo. Because these modules become recognizable only under specific raising conditions, we
suggest that the modularization acts as buffering mechanism against extreme developmental
deviations. Our results provide support to the idea that modularity is present during the phylotypic
stage, but it is not effective under normal conditions. J. Exp. Zool. (Mol. Dev. Ecol.) 314B:166-178,
2010. © 2009 Wiley-Liss, Inc.
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Heterochrony and modularity are two tightly connected
concepts to explain the evolution of development (Raff and Raff,
2000; Raff and Sly, 2000; Olson and Rosell, 2006; Goswami,
2007). Modularity suggests that developing organisms are
composed of more or less independent units, the modules.
Individual modules can evolve without necessarily affecting
other modules of the organism. Therefore, it was suggested that a
high degree of modularity of an embryo facilitates evolutionary
change of development (Von Dassow and Munro, '99; Bolker,
2000; Schlosser, 2002; Hansen, 2003; Schlosser and Wagner,
2004; Altenberg, 2005; Franz Odendaal and Hall, 2006; Tokita
etal., 2007; Wagner et al., 2007 ; Pigliucci, 2008; Sauro, 2008). In
contrast, a low degree of modularity would conserve a phenotype
because the many interactions between the traits of an organism

would impair its evolvability (Raff, '96; Galis and Sinervo, 2002;
Galis et al., 2002).

Heterochrony has been discussed intensively and with
considerably controversy as a developmental mechanism (Gould,
'77; Alberch et al., '79; Klingenberg, '98; Zelditch et al., '98;
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McNamara, 2002; McNamara and McKinney, 2005). According
to Gould ('77, 2000), heterochrony is the divergence between
developmental timing of the germ line and the somatic cell line
(clock model). In evolutionary terms, heterochrony may result in
diverging developmental pathways and ultimately in the
emergence of new species. Raff ('96) suggested that “hetero
chrony is the dissociation of the relative timing of events in
development between ancestral and descendant ontogenies.”
Here, we extend the definition of heterochrony as suggested by
Raff ('96), McNamara ('97), and Smith (2001) by comparing
ontogenies of different individuals of the same species exposed
to different external conditions, that is, extend it to develop
mental plasticity.

However, a certain period of the early embryogenesis of
vertebrate development appears to be conserved among clades of
vertebrates, that is, the phylotypic stage (Sander, '83; Galis and
Metz, 2001; Sander and Schmidt Ott, 2004). As Haeckel ('03)
postulated that anagenesis and recapitulation may cause the
morphological similarity during the phylotypic stage, the
mechanisms preventing the evolution of development during
the phylotypic stage have been a subject of a controversial
discussion (Duboule, '94; Hall, '97; Richardson et al., '97; Galis
and Metz, 2001; Galis and Sinervo, 2002; Galis et al., 2002;
Bininda Emonds et al., 2003; Irmler et al., 2004; Poe and Wake,
2004). Raff ('96) suggested that because the embryos were not yet
modularized, multiple interactions among developing traits
would make the entire embryo susceptible even to minor changes
in just one trait. Only when modules had formed during later
development, the embryo would become more stabilized because
changes in one module would not affect traits in the other
modules. The lack of modularity during the phylotypic stage
would therefore constrain developmental variation and the
evolvability of the embryo, resulting in a conserved period.
Galis et al. (2002) and Galis and Sinervo (2002) elaborated on
Raff’s ('96) idea and hypothesized that the phylotypic stage might
well be modularized but modules were not effective, thus the
phylotypic stage would result from constraints because of “low
effective modularity.”

In an earlier study, we analyzed correlations among multiple
traits in early embryos of zebra fish, Danio rerio, and showed that
the phylotypic period is indeed characterized by a high number
of correlations between morphological traits across the entire
embryo (Irmler et al., 2004). That study supported Raff’s ("96) idea
that multiple interactions among embryonic traits constrain
phenotypic variation. The temporarily increased number of
morphological correlations across the entire embryo was
interpreted as internal constraints restraining developmental
variation and thus resulting in a period that has classically been
described as the “phylotypic stage.”

The idea of low effective modularity (Galis and Sinervo, 2002;
Galis et al., 2002; Schlosser and Wagner, 2004) is intriguing, but,
modularity can be recognized only if developmental traits can be
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dissociated from other traits along a developmental trajectory
(Olson and Rosell, 2006). If, as outlined above, modularity and
heterochrony are associated, we may be able to gauge the degree
of modularity as heterochronic shift of associated traits along a
developmental trajectory. Also, during periods of “low effective
modularity,” modularity may simply not be expressed. Conse
quently, we may hypothesize that increasing external stressors
might elicit increasing modularity thus stabilizing development
in an increasingly stressful environment. Therefore, experiments
in developmental plasticity may contribute to the analysis of
heterochrony and modularity of organisms.

Finally, one may keep in mind that developmental plasticity
may act as another mechanism that allows for evolutionary
change of development (Hall, 2003). Developmental plasticity is
the ability of an embryo to express different phenotypes when
raised in different external conditions. If these different
phenotypes later become fixed by genetic assimilation, plasticity
has acted as a pace maker of evolution of development
(Waddington, '42, '53; West Eberhard, 2003).

Most studies on evolution of development present a broad
scale phylogenetic comparisons. We take a different approach by
exposing a group of genetically similar individuals (sibling zebra
fish) to different experimental conditions to elicit deviations in
their developmental pathway (elicited developmental plasticity).
We hope to potentially detect modules that were not discovered
earlier because they were not effective under standard
conditions. In this study, we ask if variation during the
phylotypic stage is constrained or if morphological variation
can be induced by exposing developing embryos to different
external conditions. If the embryo during the phylotypic stage is
not (yet) modularized and the phylotypic stage arises because of
multiple interactions within the developing embryo, we expect
relatively little induced variation of the entire embryo. If]
however, the embryo is modularized we expect discrete packages
of traits to be affected or shifted heterochronically along the
developmental trajectory.

We use changes in temperature, salinity, and oxygen content
of the water to induce changes in the pattern of development.
Any expected change in development would either occur as
changes in the rate of growth (acceleration/deceleration), as a
change in shape (sensu Gould, '77), or related to age (resulting in
the different domains of heterochrony as summarized in Gould
('77)). Our predictions deviate from Gould’s concept of hetero
chrony because we do not use the developing germ line of an
ancestral species as reference for timing, but standardized normal
development.

Temperature, oxygen, and salinity are known to affect fish
development. In particular, increased temperature may result in
accelerated development in many fish species (Blaxter, '88;
Pepin, '91). In some salmonid and clupeid species, increasing
temperature results in faster development but hatchlings tend to
weigh less than those raised under standard conditions (Blaxter,
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’88). Also, the number of serial structures such as vertebrae, fin
rays, scales may be affected by temperature (Taning, '52; Barlow,
'61; Blaxter, '69). For zebra fish, the temperature range for
development is between 18 and 31°C, with an optimum at 27°C;
above or below in which embryo mortality increases (Westerfield,
'94; Kimmel et al, ’'95; Froese and Daniel, 2004). Water
salinity also affects fish development and growth. Generally,
freshwater fish grow faster at higher salinity (Bunn et al., 2000;
Boeuf and Payan, 2001). Finally, low oxygen concentration of the
water may results in delayed development (Rombough, '88;
Bunn et al., 2000) and premature hatching (Hempel, '79;
DiMichele and Taylor, '80; DiMichele and Powers, '82), it results
in morphological changes, and physiological adjustments
(Rombough, '88).

By exposing embryos during the phylotypic period to
different raising conditions, we intend to elicit developmental
changes and thus shall be able to detect the developmental
mechanisms by which the phenotype during the phylotypic stage
is maintained. We test the following predictions: (1) exposing the
embryo to different external conditions does not elicit any
change in the developing phenotype. This indicates a conserved
phenotype either because of internal constraints or because of the
lack of modularity. Both would be measured as multiple
correlations among developmental traits and could not be
separated by morphometric methods. (2) Exposing the embryo
to different external conditions results in faster or slower growth.
This indicates a flexible phenotype resulting in a potentially
different adult phenotype. However, if all traits develop faster or
slower we would interpret this as flexible but not modularized
development. In traditional terminology such an observation
would refer to acceleration/progenesis or deceleration/hypermor
phosis (sensu Gould, '77). (3) If traits cluster together and develop
at a different speed than others traits, we recognize modularity,
that is, heterochrony of that particular character.

MATERIAL AND METHODS

Animals

Wild type zebra fish, Danio rerio (Hamilton, 1822), were obtained
from three different pet shops in Germany. Animals were kept in
80L tanks at 27.0°C in standardized water (10 mosmol/L salinity,
and 100% oxygen saturation) according to Kimmel et al. ("95)
and a light:dark cycle of 14:10 hr. For breeding experiments, we
kept pairs of individually known fish in 12 L tanks.

Egg Collection

After the dark period, onset of light initiated egg laying and
fertilization. To allow for a precise timing of fertilization, pairs
were allowed to mate only for 5min and were then separated.
Once initiated, the mating impulse persists for at least 1 hr so that
mating and egg collecting could be repeated after 25 min. From
each clutch, we collected up to 100 eggs and placed them in small
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glass containers (20 mL volume) covered with gaze. Collected
eggs within their gaze covered glass containers were cleaned
with fresh water and transferred to the raising tanks (see raising
condition of embryos). Because we allowed only 5min for
mating, the time of fertilization was known at a precision of
5min. Embryos were assigned to normal stages according to
Kimmel et al. ('95).

Raising Conditions

We conducted three independent experiments in which embryos
were exposed to different raising conditions. In each experiment,
an equal number of eggs from same clutches were randomly
assigned to the experimental and control conditions, so that the
genetic distance was minimized. Eggs were transferred to raising
conditions immediately after fertilization. Standard condition
was 27°C, 10 mosmol/L NaCl, and 100% oxygen concentration.
In each experiment we changed only one of the following
standard parameters: (1) temperature: embryos were raised at 24,
27, and at 30°C. (2) Salinity: embryos were raised in 10 mosmol/L
NaCl and 200mosmol/L NaCl. (3) Oxygen concentration:
embryos were raised in 100% oxygen saturated water (i.e.,
8.32mg 0,/L), 20% oxygen saturated water (i.e., 1.66 mg 0,/L),
15% oxygen saturated water (i.e., 1.25 mg 0,/L), and 10% oxygen
saturated water (i.e., 0.83 mg 0,/L).

Temperature in the raising tanks was set to constant
temperature and controlled by a Haake C10 immersion circulator
(Haake GmbH, Karlsruhe, Germany) with an accuracy of +0.04°C.
The osmolality was measured with a Knauer Osmometer
Automatic (Knaur Geritebau, Berlin, Germany). The oxygen
concentration of the water in raising tanks was controlled with a
LoliOxy (Loligo Systems; ApS, Hobro, Denmark) in which an
oxygen sensor is connected to a control unit that operates a
nitrogen valve and bubbles nitrogen through the water when the
oxygen concentration rises above a preset level (accuracy: better
than 1% of measured value).

Microscopy and Documentation

Developing eggs were observed with an inverted microscope
(Nikon, Eclipse TS100, Nikon GmbH, Diisseldorf, Germany) and
photographs were taken with a Nikon Coolpix 990 digital camera
mounted on the microscope. The container for microscopic
observation of embryos was temperature controlled so that
embryos were kept at constant temperature. After documentation,
embryos were transferred back into their individual containers.
Only the left side of the embryo was photographed, to avoid
variation in measurements due to asymmetrical growth.

The development was documented for 1,500 individual
embryos between 12 and 24hr post fertilization. If at the
beginning of the observation period, an embryo had no
measurable characters developed, these embryos were omitted
from the analysis. A total of 4,711 images were recorded and
analyzed.

J. Exp. Zool. (Mol. Dev. Evol.)
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Embryonic Stages and Morphometric Measurements

Irmler et al. (2004) showed that the period between 15 and 19 hr
post fertilization represents the phylotypic stage in zebra fish.
Therefore, embryos in this study were studied at 12, 15, 18, and
24 hr post fertilization. This period broadly overlaps with the
phylotypic stage given by Galis and Metz (2001), who suggested
that the phylotypic period of (all) vertebrates extends between the
beginning of neurulation until most somites have been formed.
Because development in ectothermic animals largely depends on
environmental temperature, we used embryonic normal stages as
described by Kimmel et al. ('95) to characterize the development
of zebra fish embryos under different raising conditions. During
the segmentation period the number of somites is used for a
detailed staging. However, only a limited set of morphological
landmarks is accessible for repeated noninvasive measurements
of living zebra fish embryos in an early developmental stage. We
measured: (1) the length of the embryo, that is, the outline from
snout to tip of tail as seen in lateral view, (2) the maximum
diameter of the Anlage of the eye (optic cup), (3) the length of the
5th somite, (4) the height of the 5th somite, (5) the length of the
8th somite, (6) the height of the 8th somite, (7) the maximum
diameter of the otic vesicle, (8) the distance between eye and otic
vesicle, (9) the number of somites, (10) the angle between the
fourth and fifths myoseptum, (11) the angle between the 5th and
6th myoseptum, (12) the angle between the 7th and 8th
myoseptum, (13) the angle between the 8th and 9th myoseptum,
(14) the diameter of the chorda dorsalis, (15) and the diameter of
the yolk sac (Fig. 1). All measurements were conducted by one
person (K. U. S.). Measurement error was calculated from repeated
measurements of same structures and, on average, it was below
1% of the measured value. Measurements were performed using a
Graphic Tablet, Summa Sketch II plus. We used SigmaScanPro
(version 4.0, Jandel Scientific, SPSS Inc., Chicago, IL) for image
analysis and morphometric data acquisition.

Statistics

(1) Mortality data were compared by a one way analysis of
variance (ANOVA) with temperature, salinity, or oxygen as fixed
factor. Mortality of the fertilized eggs in a clutch was calculated
between 12 and 18 hr pf. (2) The effects of temperature, salinity,
and oxygen on the length of the embryo and the number of
somites during different embryonic ages were tested by a
multivariate analysis of variance (MANOVA). (3) The effects of
the same external factors on multiple traits during different
somite stages were tested by a MANOVA.

Because not all embryonic traits were present right from the
beginning of the phylotypic period, we merged embryonic stages
into four periods within which we could analyze the effects of
different raising conditions using a MANOVA. (4) If the general
models were significant, we continued by testing between subject
effects, that is, between individual embryonic traits. Embryonic
traits that differed between subjects have been analyzed further
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1mm

Figure 1. Morphometric measurements taken from embryos: (a)
diameter of yolk-sac, (b) overall length of the embryo, (¢) maximum
diameter of the anlage of the eye, (d) length and height of the 5th and
the 8th somite, (€) maximum diameter of the otic vesicle, (f) distance
between eye and otic vesicle, (g) 1-10 are numbers of somites, (h)
anterior and posterior angles of the 5th and 8th somite, respectively,
(i) diameter of the chorda dorsalis.

by a wunivariate analysis of variance (uniANCOVA) with
temperature, salinity, and oxygen concentration as fixed factors
and somite number as a covariate. If uniANCOVA was
significant, we calculated linear regressions for the specific traits
and used the slope and the intercept to characterize growth
trajectories. All statistical procedures were performed using SPSS
version 12.0.1 (SPSS Inc.).

RESULTS

Mortality
The mortality of early embryos raised in standard condition
(27°C) was 7% (N= 44). When zebra fish embryo were raised at
24°C the mortality was 24% (N = 27) and it was 9% at 30°C
(N'= 37). The effect of temperature on mortality was significant
(ANOVA: df 2; F=12.074; P<0.001). A Scheffé’s post hoc
comparison of multiple means showed that the mortality differed

J. Exp. Zool. (Mol. Dev. Evol.)



170 SCHMIDT AND STARCK
25 3800
3400 1
| b
20 3200 1
b b a
& £ 3000 4 C a{
8 15 N 9 al 5
2 O E 2800 b
o o c
ud b T £ 2600 -
S 10 2 k]
3 Q all
2 > 2400 1 O
E _ o
2 s b l § 2200 b+ l
7 5|
3,* a 2000 I
° O b 1800 -
1600 . , ’ y ‘ ;
10 12 14 16 18 20 2 24 2%

4 16 18 20 2 24 26
time after fertilization (hours)

B

10 1

Figure 2. Effect of temperature on the number of somites of zebra
fish embryos developing in 24°C (white circles), 27°C (gray
squares), and 30°C (black diamonds). For each age, significant
differences in somite number between temperature groups are
indicated by different letters (MANOVA with Scheffé's test for post-
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Figure 3. Effect of temperature on the length of zebra fish
embryos developing at 24°C (white circles), 27°C (gray squares),
and 30°C (black diamonds). For each age, significant differences in
embryo length between temperature groups are indicated by
different letters (MANOVA with Scheffé's test for post-hoc

comparison of means; o= 0.05).

hoc comparison of means; o = 0.05).

significantly when embryos raised at 24°C were compared with
embryos raised at 27 and 30°C, respectively. A significant effect
was also observed when embryos were raised in 200 mosmol/L
NaCl water. Then the mortality increased from 7% in standard
condition to 18% in high salinity (N=23; ANOVA: df 1;
F=4.827; P=0.032). Reduced oxygen concentration (20, 15,
10%) did not affect the mortality of developing embryos
(ANOVA; df 3; F=0.296; P=n.s.) and individuals could be
raised to adult size without showing any abnormalities.

Developmental Time

Temperature had a significant effect on the number of somites
and embryo length (supplementary online material: Table 1a). At
12, 15, 18 and 24 hr pf, embryos raised at higher temperature had
more somites and the embryos were longer. For a detailed
analysis, we continued with a test of between subject effects.
When raised at 24°C embryos had no somites after 12h, when
raised at 27°C they had on an average 3 28+ 1.20 somites, and
when raised at 30°C they had on an average 8.69+2.25 somites
(Fig. 2). The same was observed for the length of the embryo;
when raised at higher temperatures, embryos at a given age were
larger than those raised at lower temperatures (Fig. 3). Differences
in length seem to disappear during development because
embryos raised at 27 and 30°C were not different anymore at
18 hr pf. In 24 hr post fertilization, no differences in embryonic
length were found between the different temperature groups
(supplementary online material: Table 1b). However, the strong
effect of temperature made comparisons between raising groups
difficult because some traits found after 12 hr pf at 30°C had not

yet developed in embryos raised at 24°C. Therefore, we continued
with a comparison by embryonic stages (number of somites; see
below).

Effects of Salinity

First, to test if the egg membrane is actually permeable for salt ions
we exposed embryos to media concentrations of 10 and
200mosmol/L for 5V hr after fertilization, then homogenized
the eggs and measured the osmolality of the homogenized eggs.
The osmolality of eggs kept in medium containing 10 mosmol/L
NaCl was 73 mosmol/L but that of eggs kept in 200 mosmol/L NaCl
was 260 mosmol/L. Quite obviously, the egg membrane did not
seal the developing embryo from the osmotic environment, which
affected the embryo directly.

A MANOVA with salinity as the fixed factor and somite
number and embryo length as dependent variables revealed
significant differences at 12, 15, and 18hr pf (supplementary
online material: Table 1a). Testing for between subject effects we
found that the somite number for embryos raised in higher
osmolality differed significantly from standard condition at 12 hr
pf (df 1; F=6.489; P=0.012) and 18hr pf (df 2; F=16.068;
P<0.001; Fig. 4). High salinity did not affect the length of
embryos at any age (supplementary online material: Table 1b).
Thus, the significant effects in the model (above) were exclusively
based on differences in somite numbers.

Effects of Oxygen
In normoxic condition, all embryonic traits developed according
to normal stages. Embryos developing in hypoxic conditions had

J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 4. Effect of salinity on the number of somites of zebra fish

embryos developing at 10 mosmol/L NaCl (white circles), and

200 mosmol/L NaCl (black diamonds). For each age, significant

differences in somite number between salinity groups are indicated

by different letters.
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Figure 5. Effect of oxygen concentration on the number of
somites of zebra fish embryos developing in 10% oxygen-saturated
water (black circles), 15% oxygen-saturated water (gray squares),
20% oxygen-saturated water (white diamonds) and 100% oxygen-
saturated water (gray triangles). For each age, significant
differences in somite number between oxygen groups are indicated
by different letters (MANOVA with Scheffé's test for post-hoc
comparison of means; o = 0.05).

significantly less somites (Fig. 5) and were significantly shorter
(Fig. 6) at 15, 18 and 21hr post fertilization than embryos
developing in normoxic conditions (supplementary online
material: Table 1a). Testing for between subject effects showed
that low oxygen concentration affected both somite number and
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Figure 6. Effect of oxygen concentrastion on the length of zebra
fish embryos developing in 10% oxygen-saturated water (black
circles), 15% oxygen-saturated water (gray squares), 20% oxygen-
saturated water (white diamonds) and 100% oxygen-saturated
water (gray triangles). For each age, significant differences in
embryo length between oxygen groups are indicated by different
letters (MANOVA with Scheffé's test for post-hoc comparison of

means; o = 0.05).

embryo length (supplementary online material: Table 1b).
However, the post hoc pairwise comparisons by Scheffe’s test
showed that only in the 10% group the somite number was
significantly smaller than in all other groups. The number of
somites of embryos raised at 15 and 20% oxygen becomes
significantly different from normoxic only at 21hr after
fertilization. This indicates that in this group the low oxygen
becomes effective somewhat later.

Developmental Stage

Because temperature, salinity, and oxygen had such strong
effects on the time of development (above), we eliminated the
differences in physical time by comparing embryonic stages
defined by the number of somites. This way, we were able to
detect dissociations of developmental traits during the phylotypic
stage. Because early embryonic stages have different sets of
characters than late embryos we created four stage groups (2 5;
6 8;9 13; and 14 somite stages and higher) in which we tested
for effects of temperature, salinity, and oxygen.

Temperature

Four MANOVAs of somite stages 7, 12, 16, and 17 with
temperature as the fixed factor and up to 14 measured characters
as dependent variables showed significant differences between
the embryonic traits developed at the three different rearing
temperatures. The model was rejected for stage 16 (supplemen
tary online material: Table 2a). The following tests of between
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subject effects did not result in a straightforward pattern.
Significant differences were shown for embryo length at stage
7, 12, and 17. Temperature resulted in significantly different
measures of the height of the 5th somite at stage 7 and 12. Also
the height of the 8th somite was significantly affected at stage 12.
The length of the 5th somite at stage 7 and the length of the 8th
somite at stage 12 and 17 were significantly different at different
raising temperatures. Temperature had a significant effect on the
length of the otic vesicle at stage 17 and on the diameter of the
eye at stage 12. The diameter of the yolk sac, the distance
between eye and otic vesicle, the angles between somites, and the
size of the chorda dorsalis were not affected by differences in
raising temperature (supplementary online material: Table 2b).
For all MANOVAs, the significantly tested traits of the embryos
were always smaller at higher temperature, that is, 30°C.
Embryo length and the height of the 5th somite were the
characters that showed consistent differences when embryos were
raised at different temperatures. We therefore conducted a
uniANCOVA over the entire data set with “number of somites”
as a covariate. From that we calculated regression lines for 24, 27,
and 30°C as temperature specific growth trajectories. In the 30°C
group, the size increase was always less than in the other two
groups, that is, with higher temperature the embryos remained
smaller (although they grew faster, see above). The regression
lines for the length of embryos developing at 24°C (slope, 57.3;
intercept, 2,209.7) and 30°C (slope, 49.7; intercept, 2,203.0) were
significantly different (uniANCOVA: df 1; F = 13.194; P<0.000;
R*>=0.643). Significant differences in slope were also found
when comparing embryos raised in the 27°C (slope, 59.1;
intercept, 2,141.2) with those raised in 30°C (uniANCOVA: df 1;
F=6.283; P=0.012; R* = 0.649). The slopes of the regression of
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Figure 7. Developmental trajectories of the length of zebra fish
embryos according to somite stages. Embryos developing at 24°C
are indicated by white circles, at 27°C by gray squares, and at 30°C
by black diamonds.
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the 24 and 27°C group were not significantly different but the
intercept was significantly affected by temperature resulting in
larger embryo size at lower temperature (uniANCOVA: df 1;
F=4512; P=0.034; R*> = 0.714; Fig. 7).

The regression lines of the height of the 5th somite over
developmental stages for embryos developing at 24°C (slope, 5.5;
intercept, 24.4) and at 30°C (slope, 4.9; intercept, 25.7) differed
significantly (uniANCOVA: df 1; F=6.101; P=0.014;
R*=0.795). The comparison of embryos raised at 24°C with
embryos raised at 27°C (slope, 4.8; intercept, 30.2) showed
significant differences (uniANCOVA: df 1; F=9.114; P = 0.003;
R? = 0.779), but the slopes of the regressions of embryos raised at
27°C and those raised at 30°C did not differ. However, there was a
significant temperature effect between both groups (uniAN
COVA: df 1; F=4. 010; P=0.045; R>=0.714; Fig. 8). No
significant differences were found for the height of the 8th
somite.

Salinity

MANOVAs of somite stages 4, 8, 11, 17, and 18 with salinity as
fixed factor and up to 14 measured characters as dependent
variables showed that salinity had a significant effect on
development at all stages examined (supplementary online
material: Table 2a). Testing for between subject effects showed
that the yolk sac was significantly larger at lower salinity during
the earlier stages. Also, the embryo was significantly larger when
raised at 10 mosmol/L but only during stages 4, 8, and 11. The
significant differences to the embryos raised in high salinity
disappeared during the later stages. The length of the 5th somite
was significantly larger in the 10 mosmol/L group at stage 8 and
11. Significant differences between embryos raised in control
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Figure 8. Developmental trajectories for the height of the 5th
somite of zebra fish embryos according to somite stages. Embryos
developing at 24°C are indicated by white circles, at 27°C by gray

squares, and at 30°C by black diamonds.
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condition and those raised in high salinity were also found for:
the height of the 8th somite which was larger in the 200 mosmol/
L group at stage 18; the distance between eye and otic vesicle
which was significantly larger at 10 mosmol/L at the 17 and 18
somites stage; the angle between the 8th and the 9th somite
which was significantly smaller in the 10mosmol/L group at
stage 18, and the chorda dorsalis which was significantly smaller
inthe 10 mosmol/L group at stage 17 and 18. No differences were
found for the eye, height of the 5th somite, length of the 8th
somite, the angle between the 4th and the 5th somite, the angle
between the 5th and the 6th somite and the angle between the 7th
and the 8th somite (supplementary online material: Table 2b).
When testing traits that were significantly affected by salinity
with a uniANCOVA and somite number as covariate for
differences in regression lines, the diameter of yolk sac and the
embryo length were significantly different between treatment
groups. The covariate “number of somites” had a highly
significant influence on diameter of yolk sac, embryo length,
height, and length of somites and diameter of chorda dorsalis. No
influence was found for the distance between eye and otic
vesicle. The slope of the regression line was not significantly
different between groups for any of the analyzed traits.
Embryos were longer and had bigger yolk sacs when raised at
10mosmol/L. The intercept of the regression lines for the
diameter of yolk sac of embryos developing at 10mosmol/L
(slope, —0.2; intercept, 105.7) and 200 mosmol/L (slope, —0.2;
intercept, 93.7) were significantly different (uniANCOVA: df 1;
F=28.814; P=0.003; R>=0.212; Fig. 9). The intercept of the
regression lines for the length of embryos developing at
10mosmol/L (slope, 59.1; intercept, 2,141.2) and 200 mosmol/L
(slope, 60.0; intercept, 2,059.0) were significantly different
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(uniANCOVA: df 1; F=6.801; P=0.009; R*> = 0.759; Fig. 10).
No effect was found for the height and length of somites,
diameter of chorda dorsalis and distance between eye and otic
vesicle.

Oxygen
Using MANOVAs to test for the effects of oxygen concentration
on up to 14 embryonic traits during the somite stages 8, 9, 13, 18,
and 19 showed a significant effect of oxygen concentration for
all stages (supplementary online material: Table 2a). The test of
between subject effects revealed that oxygen concentration had a
significant size effect on the following traits: (i) the yolk sac was
significantly smaller in the normoxic group at stage 8; (i) the eye
was significantly larger in the hypoxic group at stage 9 and
smaller in the hypoxic group at stage 18 and 19; (iii) the height of
the 5th and the 8th somites was significantly smaller in the
hypoxic group in all examined stages; (iv) the length of the 5th
somite was significantly shorter in the hypoxic group at stage 8
and 13; (v) the length of the 8th somite was significantly shorter
in the hypoxic group at stage 9; (vi) the otic vesicle was
significantly smaller in the hypoxic group at stage 18 and 19;
(vi) the distance between the otic vesicle and the eye was
significantly smaller in the normoxic group at stage 19; (viii) at
stage 18, the angle between the 4th and the 5th and the angle
between the 8th and the 9th somite were larger in the hypoxic
group. No differences were found for the embryo size, the chorda
dorsalis, the angle between the 5th and the 6th somite and the
angle between the 7th and the 8th somite (supplementary online
material: Table 2b).

The growth trajectories of the height 5th and the 8th somite
and of the distance between Anlage of the eye and the otic vesicle
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Figure 9. Developmental trajectories of the diameter of the yolk-
sac of zebra fish embryos according to somite stages. Embryos
developing in 10 mosmol/L NaCl (white circles), and 200 mosmol/L
NaCl (black diamonds).
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Figure 10. Developmental trajectories of the length of zebra fish
embryos developing according to somite stages. Embryos develop-
ing in 10mosmol/L NaCl are indicated by white circles, in

200 mosmol/L NaCl by black diamonds.
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were analyzed by a uniANCOVA. In all the stages, the height of
the 5th somite was consistently smaller when embryos were
raised in low oxygen water as compared with normoxic
condition. The slopes of the regression between normoxic and
hypoxic condition were not significantly different. The intercept
of the regression lines for the height of the 5th somite of embryos
developing in low oxygen water (slope, 3.7; intercept, 33.2) and
normoxic water (slope, 3,7; intercept, 42.6) was significantly
different (uniANCOVA: df 1; F=8.814; P<0.000; R*>=0.711;
Fig. 11).

The slope of growth trajectories of the height of the 8th somite
differed between embryos raised under normoxic and hypoxic
conditions, respectively (uniANCOVA: df 1; F=5.974;
P=0.015; R2=0.799). A significant difference in the slopes of
growth trajectories was also found for the distance between eye
and otic vesicle (uniANCOVA: df 1; F=6.285; P=0.012;
R*=10.336). The distance between the eye and otic vesicle was
always smaller in the normoxic group. The trajectory of this trait
had a significantly different slope in the normoxic group (slope,
7.8; intercept, 221.4) compared with the hypoxic group (slope,
3.7; intercept, 319.3), whereas somites have been larger in the
normoxic group (slope, 5.1; intercept, 23.4) compared with the
hypoxic group (slope, 4.8; intercept, 19.6). No effect of oxygen
content on the length of the otic vesicle and on the length of the
5th somite was found.

The development of the eye was more difficult to describe
because the diameter of the eye was repeatedly increasing and
decreasing during normal development. The eye does not grow
linearly, but undergoes changes of the maximum diameter that
can be best described by a complicated growth trajectory
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Figure 11. Developmental trajectories of the height of the 5th
somite of zebra fish embryos developing according to somite
stages. Embryos developing in 10% oxygen-saturated water are
indicated by black circles, in 100% oxygen-saturated water by gray
triangles.
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(Fig. 12). In normoxic condition, the maximum diameter was
reached at somite stage 5 and then declines until somite stage 9.
After the 9th somite stage its size increases again until stage 19
(with a short but marked decline during stage 13). After stage 19
it declines until stage 27. However, if the onset of eye
development was compared by somite stages it became obvious
that in low oxygen concentration the eye development was
delayed by 4 somite stages as compared with development in
normoxic condition. This peculiar pattern is very distinct and is
precisely conserved also when eye development begins later. In
hypoxic condition, the development of the eye follows exactly
the same pattern but at n+4 somite stage. Thus, we could
actually match the growth trajectories of the diameter of the eye
when embryos were raised in standard or low oxygen condition
by simply shifting the low oxygen curve by 4 developmental
stages (Fig. 12b).

Figure 13 compares embryos in the 8 somite stage that
developed under normoxic and hypoxic condition. The close up
of the head shows the different developmental stage of the eye
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Figure 12. Developmental trajectories for the maximum diameter
of the Anlage of the eye. (a) In normoxic (=100% oxygen-
saturated water, gray triangles) and hypoxic conditions (=10%
oxygen-saturated water; black circles). (b) Heterochronic shift of
the development of the Anlage of the eye by 4 stages shows an

almost perfect match of the complicated growth trajectories.
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delayed onset of eye development

8-somite stage at nomoxia 8-somite siage at hypoia

- =

Figure 13. Zebra fish embryos at the 8-somite stage. (a) Embryo
raised in normoxic condition with a well-developed Anlage of the
eye (arrow). (b) Embryo raised in hypoxic condition with the Anlage

of the eye not yet present (arrow). In (a) and (b) the inset to the
right shows the development of 8 somites.

b

(eye cup stage) in the embryos that grew in normoxic condition,
the Anlage of the eye is well developed and clearly differentiated
(Fig. 13a). When embryos develop in hypoxic condition there is
no eye formed, only a cellular condensation can be recognized
which, however, is not differentiated against the surrounding
tissue (Fig. 13b). In Figure 13, a close up at the right side of each
embryo shows the somite region that has developed to the 8
somite stage under both conditions but somites height is smaller
under hypoxic conditions. Thus, we observe that an individual
embryonic trait (the development of the eye) becomes uncoupled
from the remaining patterns of development and its development
begins heterochronically delayed. Although the onset of devel
opment is delayed, the development of the eye follows exactly
the same growth trajectory as under normal conditions.

The development of the otic vesicle also showed a similar
heterochronic shift in the developmental sequence, that is, the
onset of development of the otic vesicle was delayed in embryos
raised in hypoxic condition as compared with those raised in
normoxic condition. When raised in normoxic condition, the otic
vesicle appeared first in somite stage 13. When raised in hypoxic
condition, the first appearance of the otic vesicle was delayed by
4 somite stages, that is, it first appeared in somite stage 17 (Fig.
14a). The growth trajectory of the otic vesicle does not show such
peculiar characteristics like that of the eye, but again, shifting the
growth trajectory by 4 somite stages matches the normal and
hypoxic development (Fig. 14b). The development of the otic
vesicle also shows a distinct delay of the onset of development
followed by an unchanged growth trajectory (developmental
pathway) of the otic vesicle. At these early stages, the organs are
still simple in morphology and have few morphological
characters. However, the shift of the growth trajectories of the
Anlage of the eye and the otic vesicle appears as very clear
heterochronic shifts of developing modules that appear to be
fairly independent of the surrounding tissue.
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Figure 14. Developmental trajectories for the maximum diameter
of the otic vesicle in normoxic and hypoxic conditions
(x-axis = normal stages; y-axis=size of the otic vesicle): (a)
development of the otic vesicle, (b) development of the otic vesicle
with the x-axis for the hypoxic condition shifted by 4 stages to

visualize the heterochrony of otic vesicle-development.

DISCUSSION

Our results show that variation of external parameters can induce
phenotypic variation in several embryonic structures during the
phylotypic period of the zebra fish. It is not possible, however, to
recognize a pattern of response that could be interpreted in
functional terms of development. But, we did not aim at
understanding functional responses to changes in external
parameters. Instead, we intended to find out if changes in
external raising condition may induce phenotypic variation
during the phylotypic stage, a stage that generally is considered
to be conservative and resistant to change. Interestingly,
moderate changes of the raising condition elicited different
responses in embryonic structures. Of course, some structures
were invariable and constrained (e.g., chorda dorsalis), but other
showed changes either in (1) the rate of development (e.g., somite
number, length of embryo), (2) the shape (e.g., the 5th somite
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changes in height but not in length), or (3) the developmental
sequence (e.g., delayed onset of development of the Anlage of the
eye and the otic vesicle). Different treatments affect different
traits of the developing embryo and in some cases the same traits
in different directions. For example, raising zebra fish embryo at
low temperature or at low oxygen concentration both resulted in
a reduced developmental speed, but, at low temperature the size
of certain traits increased while it decreased when embryos were
raised in low oxygen.

The effect of temperature on fish development has been
shown in a plethora of studies (Blaxter, '88; Pepin, '91), but to our
knowledge nobody has studied the effect on developmental
stages during the phylotypic stage and nobody has tested the
effects of temperature on developmental mechanisms. Here, we
have shown that temperature affects the rate of embryonic
development in a way that increasing the temperature results in
an acceleration of development but smaller final size (e.g., somite
size). Because of the fairly consistent effect on the entire
embryonic phenotype our results reject the first prediction made
in the introduction (conserved phenotype) and support the
second prediction, that is, a flexible phenotype that is not
modularized. Of course, it is also possible that the modularization
of the embryo is not effective under these conditions or, in other
words, the temperature shifts were not strong enough turning low
effective modularity into effective modularity. Similar but less
strong effects were found when embryos were raised in elevated
salinity. Bunn et al. (2000) reported that salinity has an overall
effect on development of fresh water species, but that this effect
was much weaker than effects of temperature. Without
recognizing a pattern that would allow a functionally meaningful
interpretation, the elicited response of accelerated or decelerated
growth throughout the phylotypic period and the observed
changes in shape showed that the embryos are flexible during the
phylotypic stage. However, the flexible response concerns the
entire embryo thus indicating a high level of morphological/
developmental integration in all parts of the embryo, that is, no
modularization. Again, it is possible that the changes in raising
conditions were not strong enough to elicit modular and
heterochronic pattern of development. However, given the
significantly increasing embryonic mortality rates for changes
in temperature and salinity, we dare to suggest that no modular
response can be elicited by further changing either temperature
or salinity.

Oxygen concentration of the raising medium had a profound
effect on the timing of development. Our results showed a distinct
heterochronic displacement of the onset of the development of
the Anlage of the eye and the otic vesicle. Hypoxia is effective
only at 10% oxygen saturation. This is coherent with Rombough
('88), who reports that shortly after fertilization oxygen
consumption is low thus the animal are possibly tolerant to
low oxygen concentrations (Lukina, '73; Kaushik et al., '82).
Some tropical freshwater species spawn in virtually anoxic water
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but published data on their tolerance of hypoxia are more or less
absent. Again, the functional considerations were not in the focus
of the study. But hypoxic raising conditions apparently resulted
in a dissociation of developmental patterns in the zebra fish. This
rejects our predictions (1) “no flexibility” and (2) *“‘coherent
development but not modularized.” Instead the highly specific
growth trajectory of the Anlage of the eye shows that although its
onset is delayed in hypoxia the development of the eye follows
exactly the same pattern and rate of growth as described for
standard condition. The same was observed for the otic vesicle.
Both findings suggest that under the condition of low oxygen
concentration the eye and the otic vesicle act as independent
modules that can be decoupled from the development of the rest
of the embryo. Thus, heterochronically delayed onset of
development of the modules eye and otic vesicle under hypoxic
conditions support ideas of low effective modularity. Low
effective modularity might be understood in a way that only
some external conditions are able to elicit modularization of the
embryo while others are not. The interesting and important point
is that within one single model organism we have shown that
different developmental mechanisms may act to alter develop

mental pathways under different conditions. Some traits do not
respond at all thus support the ‘“classic” view of internal
constrains resulting in a conserved phylotypic stage. Other
external factors cause a change in rate, which indicates some
flexibility but that the degree of flexibility is constrained by
multiple interactions between embryonic traits. The temporary
dynamics of an increasing and decreasing number of such
internal correlations among embryonic traits was shown by
Irmler et al. (2004). This has led us to suggest that the phylotypic
stage is constrained by multiple internal correlations among
developing traits (Irmler et al., 2004). This view is entirely correct
when embryonic development in normal conditions is studied.
However, Raff ('96) and Galis et al. (2002) took a somewhat
broader approach and suggested the idea that the phylotypic
stage was indeed constrained but because modules were not
effective (“low effective” modularity). As shown here, these
authors suggested a correct concept. The results of our study
present empirical support to the idea that modularity is not
effective under normal conditions. Only when developmental
conditions are pushed to the margins, modules suddenly become
effective. What we have observed in this study may be a
phenomenon already postulated by Waddington ('40, '56) who
said that developmental trajectories are certainly flexible within
certain margins. Modularity at the margins of development may
act as stabilizing mechanism that ensures an undisturbed
development or the embryo by buffering it against disruptive
external influences.
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Vertebrate embryos pass through a period of morphological similarity, the phylotypic period. Since
Haeckel's biogenetic law of recapitulation, proximate and ultimate evolutionary causes of such
similarity of embryos were discussed. We test predictions about changes in phenotypic and genetic
variances that were derived from three hypotheses about the evolutionary origin of the phylotypic
stage, i.e. random, epigenetic effects, and stabilizing selection. The random hypothesis predicts
increasing values for phenotypic variances and stable or increasing values for genetic variances;
the epigenetic effects hypothesis predicts declining values for phenotypic variances but stable or
increasing values of genetic variances, and the stabilizing selection predicts stable phenotypic
variances but decreasing genetic variances. We studied zebrafish as a model species, because it
can be bred in large numbers as necessary for a quantitative genetics breeding design. A half-sib
breeding scheme provided estimates of additive genetic variances from 11 embryonic characters
from 12 through to 24 hr after fertilization, i.e. before, during (15-19 hr), and after the phylotypic
period. Because additive genetic variances are size dependent, we calculated narrow-sense
heritabilities as a size independent gauge of genetic contributions to the phenotype. The results
show declining phenotypic variances and stable heritabilities. In conclusion, we reject the random
and the stabilizing selection hypotheses and favor ideas about epigenetic effects that constrain the
early embryonic development. Additive genetic variance during the phylotypic stage makes it
accessible for evolution, thus explaining in a simple and straightforward way why the phylotypic
period differs among vertebrates in timing, duration, and morphologies. J. Exp. Zool. (Mol. Dev.
Evol.) 314B, 2011. © 2011 Wiley-Liss, Inc.

How to cite this article: Schmidt K, Starck JM. 2011. Testing evolutionary hypotheses about the
phylotypic period of zebrafish. J. Exp. Zool. (Mol. Dev. Evol.) 314B:[page range].

During early embryogenesis, all vertebrates pass through a period
of morphological similarity. Meckel (1811) and von Baer (1828)
provided pioneering but fundamentally nonevolutionary com

parisons of early vertebrate embryos. These early findings were
soon replaced by Haeckel’s (1866) evolutionary “biogenetic law”
and principle of “recapitulation.” Haeckel's (1866) concept of
recapitulation fueled the discussion of evolution and develop

ment for many decades, and established itself as a mechanistic
explanation of evolutionary diversification (reviews: Gould, '77;
Richardson and Keuck, 2002; Horder, 2008). Haeckel's (1866)
view was based on the assumption that evolution proceeded by
terminal’ addition’, i.e. addition of structures to the final/adult
form of a developmental line (see: Arthur, '88; Horder, 2008).
Therefore, to reach an “advanced” evolutionary stage, organisms
always had to pass through earlier stages of their phylogeny, i.e.
recapitulate the phylogeny during their own ontogeny. In the
light of 19th century contemporary knowledge, recapitulation

presented a satisfying explanation for the similarity of embryos.
However, seeking modern evolutionary and mechanistic expla
nations for the similarity of vertebrate embryos has initiated
a lively debate about pattern, processes, and phylogenies
(e.g. Gould, '77; Sander, '83; Hall, '97, 2003; Richardson et al.,
'97, '98). A diverse terminology emerged highlighting different
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aspects of the similarity of early vertebrate embryos: “Korper
grundgestalt” (Seidel, ’'60), phylotypic stage (Sander, '83),
phyletic stage (Cohen, '77), “zootype/phylotype” (Slack et al,
'93), phylotypic period (Richardson, '95), “hourglass model”
(Medawar, '54; Duboule, '94), and recently ‘‘molecular Haeckel”
(Elinson and Kezmoh, 2010). The work of Richardson and
collaborators (Richardson, '95, '99; Richardson et al., 97, '98,
2001) has provided helpful precision to recognize that there is not
a single stage but a period during which we observe an overall
similarity of vertebrate embryos; hence, the phylotypic period
and that this period differs among vertebrate taxa. Today, von
Baer and Haeckel have only historical importance and three
evolutionary hypotheses aim at explaining the phylotypic period:
(1) random, (2) epigenetic effects, and (3) stabilizing selection.
Hypotheses (2) and (3) are not mutually exclusive, thus they
potentially co occur. Variability in the phenotype is affected by
additive genetic variances, environmental effects, and nongenetic
components. Thus, the lack of morphological variability during
the phylotypic stage has direct implications on phenotypic and
genetic variances. Each of the hypotheses above makes specific
predictions about the phenotypic and genetic variances during
the phylotypic stage. ad 1: Williams' ('92) suggested that the
similarity of early embryos during the phylotypic period emerges
as a byproduct of directional/diverging selection on later
developmental stages. In this hypothesis, the similarity of early
embryos is neither selected nor constrained, and the phylotypic
period is simply the residual of what is not selected; we call
this the “random hypothesis.” The most parsimonious prediction
from that hypothesis is that phenotypic variances increase
with the increasing number of degrees of freedom; i.e. phenotypic
variances increase with increasing complexity of the devel
oping embryo. Additive genetic variance would be stable or
increase with the increasing number of gene interactions. The
random hypothesis may serve as an evolutionary null hypothesis
(Table 1).

ad 2: The idea of epigenetic effects shaping early embryonic
development goes back to de Beer ('40), Huxley ('42), and

Table 1. Predictions about changes in phenotypic and genetic
variances during the phylotypic period, according to the three
hypotheses discussed.

Predictions
Phenotypic Additive genetic
Hypothesis variance variance
Random Increasing No change orincreasing
Epigenetic effects Decreasing No change orincreasing
Stabilizing selection Decreasing Decreasing

SCHMIDT AND STARCK

Waddington (40, '56, '57). Today, a broad consensus agrees on
those epigenetic ideas (Horder, 2006, 2008). In this concept, the
phylotypic period results from constraints during early embry
ogenesis; i.e. multiple inductive interactions among cells, tissues,
and developing organs prevent selection on the phylotypic
period, because change of one element might have deleterious
consequences on the many integrated structures and functions.
All stages of development are potentially open to evolutionary
change, but because the epigenetic consequences (e.g. of
gastrulation or neurulation) are so fundamental, the early
embryonic stages are evolutionary stable (Horder, 2006). Predic
tions from this hypothesis are that phenotypic variances decline
during the phylotypic stage and that genetic variances remain
constant or increase with the increasing number of gene
interactions (Table 1). Several recent articles have provided
theoretical (Raff, '94, '96; Galis and Metz, 2001; Galis and
Sinervo, 2002) and empirical support (Irmler et al., 2004 ; Schmidt
and Starck, 2010) for this idea. In particular, it was shown that
the number of constraints during the phylotypic stage increases
significantly as compared with earlier or later embryonic stages
(recognized as a high number of correlations among characters
and a high level of morphological integration (Irmler et al., 2004).
It was also suggested that the phylotypic period is characterized
by low effective modularity (Raff, '96; Raff and Sly, 2000;
Galis and Metz, 2001; Galis and Sinervo, 2002). Low effective
modularity is not simply a reciprocal expression for a high
number of internal constraints; rather it characterizes a condition
when modules are present but their boundaries are relaxed under
standard conditions, so that manifold inductive interactions
among structures are possible. Our own work has provided
evidence that low effective modularity is indeed (partially)
responsible for the phylotypic stage and acts in concert with
internal constraints. Because the degree of modularization
changed with the environmental effects, we suggested that
modularization acts as a buffering mechanism against develop
mental deviations in extreme environments (Schmidt and Starck,
2010). On the molecular level, several articles have shown that
integrated pattern of gene expression occur and might cause
developmental constraints (Slack et al., 93 ; Duboule, '94; Irie and
Sehara Fujisawa, 2007; Elinson and Kezmoh, 2010), resulting in
the overall similarity of early vertebrate embryo because of
similar gene expression pattern in early vertebrate embryos.

ad 3: Stabilizing selection may result in stable phenotypes of
early vertebrate embryos. The reasons why stabilizing selection
acts on the phylotypic period reach from maintaining common
gene expression pattern to morphological integration (Kirschner
and Gerhart, '98; Galis and Metz, 2001; Bininda Emonds et al.,
2003). Predictions from this hypothesis are straightforward but
have not been tested, yet. Stabilizing selection tends to reduce or,
in the extreme, exhaust the additive genetic variance of a trait.
Therefore, if stabilizing selection acts on the phylotypic period,
we expect the phenotypic variances and the additive genetic
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variance to decrease as compared with before and after the
phylotypic period (Table 1). In the extreme, one could speculate
that the phenotypic variance equals the error variance, and
additive genetic variance would be zero. However, this is purely
hypothetical and improbable, because mutation always brings in
a small amount of new variation in each generation (Arnold, '92;
Lynch and Walsh, '98). Supposing that stabilizing selection acts
on early embryonic stages, we realistically would expect the
phylotypic period to be characterized as a period of reduced
additive genetic variance. We expect phenotypic variances to
decrease as compared with stage before or after the phylotypic
period.

This study is designed to test the three hypotheses summarized
in Table 1. After a number of previous theoretical and empirical
studies had shown that epigenetic effects affect the phylotypic
stage (in zebrafish), the focus of this article is on the third
hypothesis. Because additive genetic variance is a size dependent
measure, we will use narrow sense heritability as a gauge of the
genetic contributions to the embryonic characters around the
phylotypic stage that is independent of size and dimension
(Atchley, '84). We attribute changes in heritability to changes
in additive genetic variance. Owing to our breeding design
(see Material and Methods), we exclude that changes in
heritability are caused by changes in nongenetic maternal
variance or residual variance. Thus, different characters and
stages can be compared directly. Comparing heritabilities among
stages of development is a univariate approach that ignores
potential polygenic effects on embryonic characters as well as
potential genetic correlations (genetic covariances) among
characters. An appropriate approach to capture genetic con
straints that arise from additive genetic variances and their
covariances would be to calculate the G matrices for a sequence
of developmental stages (Atchley, ’'84; Arnold, ’'92). Such
developmental G matrices would show regularities in their
elements, thus reflect constraints (Arnold, '92). However, this
approach requires that all measured characters are present during
all stages of the developmental period. If not, the matrix
automatically is reduced to a univariate structure. Unfortunately,
this is the case during the early development of zebrafish, before
the basic body plan has been established. In each stage, new
structures occur or temporary embryonic features disappear.
Therefore, we have been restricted to a univariate approach the
same problems hold for the phenotypic variances and will use
the coefficient of variation as a size independent measure of
phenotypic variances (Irmler et al., 2004).

Narrow sense heritability is environment dependent. There
fore, we carefully controlled the rearing conditions for the
embryos. However, to estimate the effect of the rearing
conditions on the heritabilities, we also considered embryos
reared in different environments ( = rearing conditions). Also, we
showed in a previous study (Schmidt and Starck, 2010) that some
embryonic structures of zebrafish display a considerable degree

of developmental plasticity, i.e. the same genotype develops
different phenotypes in different rearing conditions. This can be
considered an additional/extended test of the stabilizing selection
hypothesis.

We study zebrafish because early embryos are translucent and
can be studied repeatedly with the light microscope. The
phylotypic stage of zebrafish was recognized by multiple internal
constraints between 15 and 19 hr after fertilization (Irmler et al.,
2004; Schmidt and Starck, 2010). Also, a quantitative genetic
breeding design, as applied here, is laborious and requires large
numbers of embryos which are difficult to obtain from other
vertebrate species. Certainly, the results will primarily apply to
only one species, the zebrafish, and generalizations need to be
made cautiously. However, we think that the approach provides
so many new exciting insights and a new quality of data with
strong statistical support so that the focus on just one model
species is justified, even if generalizations are restricted.

MATERIALS AND METHODS

Animals

Wild type zebrafish, Danio rerio (Hamilton, 1822), were obtained
from different pet shops in Germany. Animals were kept in 80 L
tanks at 27°C in standardized water, according to Kimmel et al.
('95). For the breeding experiments, we kept individual fish
separated in compartments of the aquaria to allow identification.
Pairs of individually known fish were transferred to 12L tanks
for pair wise mating. After successful mating, the pairs
were separated and the fish was transferred back to their
compartments.

Egg Collection

Mating of zebrafish can be triggered by switching from dark to
light. Thus, fish were transferred into mating tanks in low light
condition; eggs were laid and fertilized immediately after
switching on the light. We observed egg laying and collected
eggs directly after fertilization. From each clutch, we collected up
to 100 eggs, washed them with clean water, and transferred them
into small glass containers (20 mL volume) covered with gauze,
which were placed in the rearing tanks (see rearing condition of
embryos). After 5min of mating, fish were separated for 25 min
and then joined again for a second mating. Egg collecting
procedure was repeated, as described above. Because mating was
allowed only for 5min, the developmental time in this article is
given with a precision of 5min. From a fertilized clutch,
individual embryos were selected randomly and each developing
embryo was kept in an individually labeled glass container so
that it could be recognized for repeated measurements.

Rearing Conditions
Standard condition was: temperature (27°C), salinity (NaCl
0.29gL™!, pH 7.1 7.5, total osmolarity was 10 mosmolL™"),
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and oxygen concentrations (8.2mg 0,L~"). Experimentally
altered conditions were: (1) altered temperature, i.e. embryos were
reared either in 24 or 30°C in an osmolarity of 10 mosmol L™
and 100% oxygen concentration, (2) altered salinity, i.e. embryos
were reared in 200 mosmol L~ (NaCl 5.84gL~", pH 7.17.5, total
osmolarity was 200mosmolL™") at 27°C and 100% oxygen
concentration, and (3) altered oxygen concentration, i.e. embryos
were reared in 10% oxygen saturated water (0.83 mg 0,L™") at
27°C and 10 mosmol. For all tanks and conditions, temperature in
the rearing tanks was controlled by a Haake C10 immersion
circulator (Haake GmbH, Karlsruhe, Germany) with an accuracy
of +0.04°C. A digital thermometer (P 550, Dostmann Electronic
GmbH, Wertheim Reicholzheim, Germany) was used to control
the temperature in the rearing tanks. The osmolarity was
measured with an osmometer from Knauer (Knauer Osmometer
Automatic). The oxygen concentration in the rearing tanks was
controlled using a LoliOxy Oxygen Analyzer and Regulator
System (Loligo Systems ApS, Hobro, Denmark). When the oxygen
concentration rises above a preset level, nitrogen bubbles
through a ceramic diffuser in the rearing tank until the preset
oxygen concentration is reached.

Microscopy and Documentation

Developing eggs were observed with an inverted microscope
(Nikon, Eclipse TS100, Nikon GmbH, Diisseldorf, Germany) and
photographs were taken with a Nikon Coolpix 990 digital camera
mounted on the microscope. The container for the embryos had a
temperature controlled compartment, so that during microscopic
observations embryos were exposed to the same temperature as
in their rearing tanks. After observation, embryos were placed
back into their individual containers. The left side of the embryo
was photographed, to exclude variation in measurements owing
to asymmetrical growth.

The phylotypic period of zebrafish extends between 15 and
19 hr after fertilization in standard condition (Irmler et al., 2004).
We documented the development of 839 individual embryos
between 12 and 24 hr to cover the entire phylotypic period as
well as time before and after. Each individual embryo was
photographed up to four times, resulting in 2,392 recorded (and
analyzed) images. Because different rearing conditions may cause
acceleration or retardation of development, all embryos were also
staged according to Kimmel et al. ('95).

Measurements

A limited set of morphological structures is accessible for
repeated noninvasive measurements in early zebrafish embryo.
We measured: (1) overall length of the embryo, i.e. the outline
from snout to tip of tail as seen in lateral view, (2) maximum
diameter of the eye (optic primordium), (3) length of the fifth
somite, (4) height of the fifth somite, (5) length of the eighth
somite, (6) height of the eighth somite, (7) maximum diameter of
the otic vesicle, (8) distance between eye and otic vesicle, (9)
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number of somites, (10) diameter of the chorda dorsalis, and (11)
diameter of the yolk sac (for details, see Fig. 1 in Schmidt and
Starck, 2010). Measurements were performed on digitized images
using a Graphic Tablet, Summa Sketch II plus. We used
SigmaScanPro (version 4.0, Jandel Scientific, SPSS Inc., Chicago,
IL) for image analysis and morphometric data acquisition.
Measurement error was calculated from repeated measurements
of the same structures. On average, the measurement error is less
than 1% of the measured value.

Breeding Design

We generated half sib crosses by mating one male (sire) to two to
three females (dams; Fig. 1). From each mating, we used up to
12 embryos for morphometric measurements. For each hour
of development/developmental stage, we had 5 26 full sib
families (supplementary online material, appendix Table S1).
The variance of the embryonic characters produced from
these matings was partitioned into components of sire, dams
within sire, and residual to estimate the additive genetic
variances and the heritability for the embryonic characters under
investigation. Estimates of variance and covariance components
were obtained by restricted maximum likelihood (REML) using a
linear mixed model (Conner and Hartl, 2004). Up to 11 embryonic
characters have been measured and heritabilities have been
estimated at several observation points between 12 and 24 hr

after fertilization.
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Figure 1. Schematic representation of the half-sib breeding
design applied in this study. Each male was mated to two or three
females. Morphometric measurements were taken from the
offspring of those matings and variances of the embryonic
characters were then partitioned into components of sire, dams

within sire, and residual to calculate the heritability.
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Heritability Analyses

To estimate the narrow sense heritability of embryonic char
acters, we used a nested paternal half sib analysis as described in
Conner and Hartl (2004). The narrow sense heritability is defined
as the ratio of the additive genetic variance to the total phenotype
variance: h* = V,/Vp. The total phenotypic variance (V) of a
trait can be described as Vp = V+Vy+ Vg, where V, is the
additive genetic variance, V) is the maternal effect variance, and
Vg is the residual variance, consisting of environmental effects,
nonadditive genetic effects, and error variance. From the nested
design, we attained variance components for sire, for dam nested
in sire, and the residual variance as the difference between full
sibs from the individual dams. Additive genetic variances were
estimated as four times the sire variance component (Falconer
and Mackay, '96), which was obtained by REML using a linear
mixed model. The restricted estimate maximum likelihood
procedure is fairly robust toward unbalanced designs (unequal
number of females mated to each male and unequal numbers of
offspring per female owing to mortality), as is the case for our
dataset.

We estimated heritabilities separately for each trait, time, and
experimental condition. In these calculations, trait was used as
the variable, and sire and dam were included as factors of
analyses. To attain variance components, both were modeled as
random factors where dams were nested within males. For some

embryonic characters, the statistical model did not converge so
that the validity of subsequent results could not be ascertained or
the validity of the model fit was uncertain. Heritabilities could
not be estimated from these variance partitions, and thus were
omitted from our results. For 16 out of 72 heritability analyses of
embryonic characters, we obtained estimates of heritability
greater than 1 because of random error or owing to insufficient
sample size. Heritability values greater than one have been
omitted from the analyses and graphs. Standard error of
heritability was calculated following the procedure described by
Roff ('97). All statistical procedures were performed using SPSS
version 12.0.1 (SPSS Inc., Chicago, IL).

For all measurements and stages, we also calculated the
phenotypic variances. Because phenotypic variances depend on
the size of the structure, we calculated the coefficient of variation
for each structure and stage for all embryos reared in standard
condition. The procedure was the same as in Irmler et al. (2004).

RESULTS

In standard condition, the narrow sense heritabilities of 11
embryonic characters ranged between 0.01 (Fig. 2A) and 0.94
(Table 2). Owing to the continuous development of early
embryonic characters, the 12 hr embryos had only few characters
that could be measured while somites, sense organs, and chorda
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Figure 2. Heritabilities of embryonic characters when zebrafish were reared in different conditions. For direct comparison, heritabilities are
plotted per developmental stage ( = somite stage, following Kimmel et al.,'95). (A) standard condition, (B) 30°C, (C) 24°C, (D) high salinity,
i.e. 200 mosmol L™, (E) low oxygen content (10 % of normal), and (F) all conditions together.
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Table 2. Narrow sense heritability (4 SE) of embryonic characters.

Time' (hr) Trait Condition Heritability + SE
12 Yolk sac Standard 0.104+0.07
15 Embryo length Standard 0.2610.13
18 Embryo length Standard 0.94+0.35
18 Eye Standard 037+0.16
23 Eye Standard 0.37+0.26
15 Fifth somite height Standard 0.3810.18
18 Fifth somite height Standard 0.4340.19
21 Fifth somite height Standard 0.7940.48
23 Fifth somite height Standard 0.7940.49
18 Fifth somite length Standard 0.1310.06
23 Fifth somite length Standard 0.01+0.01
15 Eighth somite height Standard 0.28+0.14
18 Eighth somite height Standard 044+0.19
23 Eighth somite height Standard 0.6210.40
18 Eighth somite length Standard 0.6110.25
23 Eighth somite length Standard 0.07 +£0.05
18 Otic vesicle Standard 0.331+0.15
21 Otic vesicle Standard 0.28+0.20
12 Somite number Standard 0.05+0.04
21 Somite number Standard 0.67 +0.42
18 Chorda Standard 0.65+0.27
21 Chorda Standard 0.88 +0.52
15 Yolk sac 24°C 0.1540.08
18 Embryo length 24°C 0.721+0.45
24 Embryo length 24°C 0.05+0.06
24 Eye 24°C 0514051
18 Fifth somite height 24°C 0404041
18 Somite number 24°C 0.1840.13
24 Chorda 24°C 0.0940.10
18 Eye 30°C 0.75+0.41
12 Fifth somite height 30°C 0.77 £0.42
12 Fifth somite length 30°C 0.88+0.47
18 Fifth somite length 30°C 0.0540.03
12 Eighth somite height 30°C 0.3610.22
15 Otic vesicle 30°C 0.51+0.34
15 Distance eye/otv? 30°C 0.03+0.02
18 Distance eye/otv 30°C 0.64+0.41
15 Somite number 30°C 0.2140.15
12 Chorda 30°C 0.09+0.07
15 Embryo length 200 mosmol 0.284+0.20
18 Embryo length 200 mosmol 0.68+0.44
18 Fifth somite height 200 mosmol 0.88+0.53
18 Fifth somite length 200 mosmol 0.07 +0.05
18 Eighth somite height 200 mosmol 0.76 +0.48
15 Eighth somite length 200 mosmol 0.69 +0.44
18 Eighth somite length 200 mosmol 0.69 +0.44
18 Somite number 200 mosmol 049+0.33
18 Embryo length 10% oxygen 0.97+0.85
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Table 2. Continued

Time' (hr) Trait Condition Heritability + SE
21 Embryo length 10% oxygen 0.52+0.52
18 Eye 10% oxygen 0.05+0.06
21 Eye 10% oxygen 0.29+0.31
23 Fifth somite length 10% oxygen 04510.46
18 Eighth somite height 10% oxygen 0.5240.52
23 Eighth somite height 10% oxygen 0.57+0.56
21 Distance eye/otv 10% oxygen 0.60+0.59
23 Distance eye/otv 10% oxygen 0.23+0.25
'time hours after fertilization.?otv, otic vesicle.

were still missing. The calculated values of the heritabilities -

seem to be low. Heritabilities of the later developing structures

(e.g. somites length and height, measurements of sense organs) sn. J

range around 0.5. Because we can calculate one heritability value

only per structure and stage from many embryos, a statistical test s

for developmental changes in heritability of an individual > & )i

structure is impossible. However, because heritabilities are é -

dimensionless and independent of the size of the structure or | % ?

the type of measurement, we can compare heritabilities of many o i

structures across development. To test for possible differences v

between heritabilities at different developmental age, we in ] ¢

calculated a univariate ANOVA with age as fixed factor and

heritability as dependent variable. The model was not significant, ) ‘ .

showing that there were no changes in the heritabilities over 10 12 14 16 18 20 2 24 26

standard development.

The same principal pattern was observed when embryos were
reared in different conditions (Fig. 2B E; Table 2). The
distribution of heritability values, however, is a bit patchier
when embryos were reared in different conditions. This is mainly
owing to heterochronic effects and rearing conditions accelerat
ing (30°C) or retarding development (24°C), so that not all
developing structures could be captured within the time frame of
12 24hr. The important point here is that we observed a scatter
of heritability values that is within the range of what was
described for standard rearing condition.

The key question in this study is: does heritability (as a
measure of additive genetic variance) change during develop
ment? In particular, does it show a depression during the
phylotypic stage as predicted by the stabilizing selection
hypothesis. Therefore, from the measured traits, we calculated
mean heritabilities for each hour from 12 to 24hr after
fertilization for each of the five rearing conditions. Thus, the
phylotypic period of zebrafish, ranging from 15 to 19hr after
fertilization, lies well within the developmental period covered
here. Because temperature, salinity, and oxygen content affect
the rate of development (acceleration, retardation), we calculated
a standardized time, i.e. related time to the number of somites, to

standardized time (hours)

Figure 3. Heritabilities of embryonic characters between 11 and
23 hr of development. Heritabilities of zebrafish reared in different
conditions are labeled with different symbols (standard condition,
filled circle; 30°C, white triangle; 24°C, black triangle; high
osmolarity, white diamond; low oxygen, white square). Because
different rearing conditions cause acceleration or retardation in
development, we standardized time to somite numbers according
to a linear regression: standardized time = (21.2203:%somite
number)/2.0472. The gray shading indicated the phylotypic period
between 15and 19 hr after fertilization. Owing to the conversion of
developmental time to standardized time, the values on the x-axis
reach from 11 to 23 hr.

make development under different conditions comparable (for
details, see caption of Fig. 3). For simplicity, we grouped data into
heritabilities before, during, and after the phylotypic stage. To
test if there were a significant effect of development on the
average heritability, we used a univariate ANOVA with
standardized time (grouped before, during, after the phylotypic
stage) as fixed factor and heritability as dependent variable. The
model was marginally significant (df =2, F=6.74, P=0.048),
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indicating that there are differences in the heritabilities. There
fore, we calculated a Scheffe’s post hoc and LSD post hoc test for
comparisons of multiple means. Both tests failed to recognize
significantly different subsets at o = 0.05. The test, however,
indicated that the average heritabilities for the period before,
during, and after the phylotypic period increased from 0.11 to
0.43 and 0.48, respectively, though the differences between these
were not significant. This result is in clear contrast to the
prediction from the stabilizing selection hypothesis, which entails
a depression of heritability during the phylotypic period as
compared with the time before and after. Testing the same data
with a linear regression analysis with standardized time as
independent variable and heritability as dependent variable
showed that the slope of a regression line is not significantly
different from zero. Therefore, we feel quite confident that the
marginally significant result reported above represents an error
type L.

The coefficients of variation of phenotypic variances are
given in Figure 4. During the phylotypic stage (15 19hr), the
coefficient of variation declines from an average of 13.24+7.0 to
9.3+ 1.9. These values are close to those measured in an earlier
study (Irmler et al., 2004). A linear regression with the coefficient
of variation as dependent variable and time during the phylotypic
stage as independent variable shows a negative slope (B = —0.5;
R*>=0.97). The negative slope is significantly different from
zero (ANOVA df = 1,3, F=39.6, P=0.024). As a size indepen
dent estimate of the phenotypic variance, the declining
coefficient of variation is in accordance with the prediction from
the stabilizing selection hypothesis and the epigenetic effects
hypothesis.

20 ¢

o

coefficient of variation
]

10 1A2 IA4 1‘5 1.8 2A0 '.;2 24
time (hours)

Figure 4. Coefficient of variation of phenotypic variation during

the early embryonic period. Values are mean CVs of embryonic

characters from embryos reared in standard condition. The gray

shading indicated the phylotypic period between 15 and 19 hr after

fertilization.

SCHMIDT AND STARCK

DISCUSSION

This study is the third in a row of studies testing evolutionary
predictions about the phylotypic period. As in previous studies,
we chose the zebrafish as a model system, assuming that we can
test in a single species the principal reason why there is so little
phenotypic variation during the phylotypic period. This study
was laid out to test, in particular, the predictions from the
stabilizing selection hypothesis. However, the results on pheno
typic and additive genetic variances (measured as coefficient of
phenotypic variation and heritability, respectively) during the
phylotypic period are suitable to test all three major hypotheses,
i.e. random, epigenetic effects, and stabilizing selection (Table 1).
Although in this study we only have a relatively small sample
size for the estimation of the heritabilities, it is large enough for
the aim of the study, i.e. test predictions about the additive
genetic variance of embryonic characters and about the change
of heritability during the period of early development.

The heritabilities of 11 embryonic characters were within the
range of heritabilities previously reported for other morphologi
cal characters, mainly in adults (e.g. see: Roff, '97; Lynch and
Walsh, '98; Conner and Hartl, 2004). More importantly, we could
not detect any significant change of heritabilities between 12 and
24 hr after fertilization. We tested five different rearing condi
tions (standard, high temperature, low temperature, high salinity,
low oxygen content), but we always found that heritabilities
remained stable or rather increased during development. We
could not statistically test for the possible changes in heritabilities
of individual characters, because this would have required
multiple independent breeding experiments under identical
conditions (with hundreds of breeding pairs and thousands of
embryos), which would have been far beyond the scope of the
study. However, the average heritabilities during the phylotypic
stage, presented here, are in contrast to the predictions from the
stabilizing selection hypothesis. Instead of the predicted depres
sion of heritabilities, we observed stable heritabilities or even a
slight, though statistically not significant, increase in heritabil
ities with developmental time. The measures of phenotypic
variances are in accordance with the predictions of that
hypothesis. However, because both predictions must be met, we
can safely reject the stabilizing selection hypothesis (Table 3). In
reaching a more complete interpretation, it should be noted that
we do not fully exclude that some minor effects of stabilizing
selection might act on the phylotypic stage; but, then its
depressive effects on additive genetic variances must be
compensated for by a constant rate of mutations (Amold, "92;
Lynch and Walsh, '98) or the increasing effects of genetic
interactions resulting in an overall stability of heritability values.

We can now place the results in relationship to the “random
hypothesis” and the “epigenetic effects” hypothesis (Table 3). The
random hypothesis predicts that there are no changes or there is
increasing additive genetic variance and increasing phenotypic
variances during the phylotypic stage as compared with stages

J. Exp. Zool. (Mol. Dev. Evol.)



EVOLUTION OF THE PHYLOTYPIC PERIOD 9
Table 3. Predictions from Table 1 and results on phenotypic variances and additive genetic variance.

Phenotypic variance Additive genetic variance
Hypothesis Predicted Result Predicted Result
Random No change Decreasing No change No change
Epigenetic effects Decreasing Decreasing No change No change
Stabilizing selection Decreasing Decreasing Decreasing No change
Only the predictions from the hypothesis on epigenetic effects are met by the results of this and earlier studies. The results reject the random hypothesis and
stabilizing selection hypothesis.

before and after. Both predictions are not met because additive
genetic variances are constant and phenotypic variances
decrease. Consequently, we reject the random hypothesis on the
basis of our results. Decreasing phenotypic variances have also
been reported in earlier studies of zebrafish development (Irmler
et al., 2004; Schmidt and Starck, 2010), using a different data set
and a tighter timing.

Predictions from the epigenetic effects hypothesis are met by
the results of our study. The hypothesis predicted that genotypic
variances would be stable or increase while phenotypic variances
would decrease (Tables 1, 3). The results of this study support the
hypothesis that the phylotypic period results from epigenetic
effects that constrain the evolution of a broad variety of
embryonic morphologies. The results on phenotypic variances,
obtained here, confirm results from earlier studies using a similar
measurement design but a tighter measurement schedule (Irmler
et al, 2004; Schmidt and Starck, 2010) and considering
phenotypic variances exclusively. Although this earlier study
could not exclude effects of stabilizing selection, we can now
suggest with some confidence that stabilizing selection does not
play a major role in determining the phylotypic stage in
zebrafish. As outlined in the introduction, others have also
presented theoretical (Raff '94, '96; Galis and Metz, 2001; Galis
and Sinervo, 2002; Horder, 2006, 2008) and empirical (Galis and
Metz, 2001; Galis and Sinervo, 2002 ; Irmler et al., 2004; Schmidt
and Starck, 2010) support for the epigenetic effects hypothesis.

It is difficult to deduce the specific nature of these epigenetic
effects. This study does not provide information about this. Our
earlier studies in zebrafish used morphological and morphometric
methods, and we recognized multiple correlations among
embryonic characters, constraints (Irmler et al, 2004), and
modules (Schmidt and Starck, 2010) that canalize the develop
ment of early fish embryo. Galis et al. suggested multiple
inductive interactions of developing organ systems and canaliza
tion through pleiotropic effects from correlations between
modules as the key factors constraining early embryonic
development in vertebrates (Galis, '99; Galis and Metz, 2001;
Galis et al., 2002). Others have shown that the number of genetic
interactions increases during the phylotypic period and have
suggested that this high number of genetic interactions acts as an

epigenetic effect (Duboule, '94; Sander and Schmidt Ott, 2004;
Irie and Sehara Fujisawa, 2007; Compte et al., 2010; Elinson and
Kezmoh, 2010), ultimately constraining the evolutionary diver
sification of developmental pathways. All these suggestions are
not mutually exclusive; they simply refer to different levels of
development, molecular and morphological, thus possibly co
occur as mechanisms constraining development.

The results presented here provide some explanation for the
phylotypic period in zebrafish, but they may also have deeper
implications for our understanding and perception of the
phylotypic period in vertebrates in general. Indeed, the
phylotypic period differs in timing, duration, and characters
among different vertebrates (Richardson, '95; Richardson et al.,
'97; Richardson and Keuck, 2002; Bininda Emonds et al., 2003).
This difference of phylotypic periods among various vertebrate
taxa has been a major source of controversy about the validity
and even the existence of the phylotypic period. The results of
our study can offer a simple and straightforward explanation: the
measured additive genetic variance during the phylotypic period
suggests that the phylotypic period is accessible for evolution.
Thus, differences in time, duration, and morphologies of the
phylotypic period among vertebrates result from evolutionary
diversification. The overall similarity, though not identity, of
early vertebrate embryos results from epigenetic effects canaliz
ing early embryonic development. In that view, the phylotypic
period presents itself as a product of normal evolution, i.e.
diversification because of additive genetic variance and similarity
because of internal constraints. No phylogenetic laws or special
rules are necessary to explain the similarity of early embryos.
Selection acting on phenotypic variance and constraint resulting
in canalization are sufficient to explain the overall similarity of
vertebrate embryos. Among vertebrates, the differences in timing,
duration, and stages that characterize the phylotypic period of
different taxa may result from different proximate mechanisms
that need to be elucidated in each taxon.
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One of the main critiques of the phylotypic stage is that the phylotypic stage contains
still a certain amount of variation. This variation is generated by sequence hetero-
chrony. Thus, opponents did argument, that it cannot be a conserved stage. The def-
inition of the phylotypic stage, speaks of the stage where all (vertebrate) embryos
look most similar to each other e.g. resemble each other more than at an early or

III

later stage. None of the proponents speaks anymore of “identical” embryos and thus
variation is certainly allowed at the phylotypic stage. So the major critique that there
are sequence heterochronies at the phylotypic stage cannot collapse the concept. In
the end it all boils down to the question put up by Sander and Schmidt-Ott (2004):
how much heterochrony can be allowed without ruining the concept of the phylotypic

stage.

In the zebra fish, the typical landmarks, characteristic for the phylotypic stage,
occur during a 16h hour period of embryonic development.

I have analysed patterns of variation and co-variation. Therefore, I calculated
the phenotypic variance and the number of significant correlations among embryonic
traits. This data enabled me to define a timeframe for the phylotypic stage for the
zebrafish.

The phenotypic trait variation during the early embryogenesis is restrained by
functional/developmental interactions among traits. Thus, addressing my first ques-
tion, one can see a discrete pattern for the observed variance and observed covaria-
tion for the period between 15h and 19h post fertilization. The observed pattern ful-
fils the 2" prediction: internal constraints lead to reduced phenotypic variance and
increased covariation among traits.

This period must be relatively resistant to selection because changing any trait
will affect all others that are functionally linked. I can describe the phylotypic stage in
zebrafish as a period, characterized by a high number of internal correlations.

Nevertheless, in my next study, I also found plasticity, heterochrony and dis-
crete modules within the period of the phylotypic stage. Here, my intention was to
find out if changes in external raising conditions may induce phenotypic variation
during the phylotypic stage. Coming to my 2™ question, I could demonstrate that

changes in raising conditions affect the development of the zebrafish on three levels
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(1) developmental rate (2) size and shape, and (3) developmental dissociation. Thus,
plasticity can be found during the phylotypic stage.

Different treatments affect different traits of the developing embryo and in
some cases the same traits in different directions. For example, raising the zebrafish
embryo at a low temperature or at low oxygen concentration both resulted in a re-
duced developmental speed; however, at a low temperature the size of certain traits
increased, while it decreased when embryos were raised under low oxygen concen-
tration. Thus growth and development were affected. Similar, but less strong effects
were found when embryos were raised in elevated salinity.

Furthermore, under hypoxic conditions, there was also a profound effect on
the timing of development leading to developmental dissociation. Thus, growth and
development were affected.

My results displayed a distinct heterochronic displacement of the onset of the
development of the eye and the otic vesicle. The observed shift in relative timing
resulted in a changed sequence of organ formation. The delayed onset of eye and
otic vesicle development meets all criteria of heterochrony (Raff 1996). An important
difference to Raff’s definition of heterochrony is that, in my thesis, I do not compare
ancestral and descendant ontogenies, but ontogenies of the same species developing
in different environmental conditions. Therefore, in this study, heterochrony is in-
duced by an environmental change and considered a special case of developmental
plasticity.

Addressing my third and fourth questions, I suggest that the dissociation of
eye development and otic vesicle development from the remaining embryo, under
the condition of low oxygen concentration, identifies eye and ear as module(s),
which can be dissociated from the other forming organs and structures/modules dur-
ing development. This dissociation is a heterochronic event during the phylotypic
stage. However, under normal developmental conditions, I could not detect modules
either because they are not effective or because my method could not elucidate
modules. But if developmental conditions were pushed to the margins, modules
could be detected and became effective. This observation reminds of a postulation of
Waddington (1940), (1956) who said that developmental trajectories are certainly

flexible within certain margins. Modularity at the margins of development may act as
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a stabilizing mechanism that ensures an undisturbed development of the embryo by
buffering it against disruptive external influences.

Coming back to my table of prediction, I found that plasticity is indeed present
during the phylotypic stage. My results support the predictions of number 2, acceler-
ation of growth/development, number 3, changes in size and shape, and number 4,
developmental dissociation. Constraints as suggested by several researchers, acting
during the phylotypic stage, cannot avoid a plastic response of the early embryo. I
suggest that eye and otic vesicle are clearly defined modules during the phylotypic
stage of the zebrafish. Consequently, I suggest these modules make changes during
the phylotypic stage possible. However, I have only been able to describe dissocia-
tion of modules for the eye and otic vesicle during the phylotypic stage. In accord-
ance with Raff’s hypothesis (1996), I agree that without modules, there is little plas-
ticity, possibly constrained by the high connectivity of all the other, not modularized
structures.

These findings are in contrast to a theory of Domazet-Loso and Tautz (2010).
They argue that one reason for the conservation of the phylotypic stage is that envi-
ronmental cues favouring evolution cannot act during the phylotypic stage. They
suggest that embryos at this period are not in contact with the environment. They
draw the conclusion that constraints might not be so essential for the phylotypic
stage, although they still consider constraints as an alternative option for the conser-
vation of the phylotypic stage. I showed, in my study, that environmental cues have
an effect under laboratory conditions on the development of the phylotypic stage and
thus embryos are not isolated during development from the environment. The envi-
ronmental cues I used in the laboratory (temperature, salinity and oxygen) are also
found in nature.

My final study, addressing my last questions, also stresses that constraints
play an important role for the conservation of the phylotypic stage. The aim of the
final study was to analyse the change in additive genetic variance of embryonic char-
acters by measuring the change of heritability during the period of early develop-
ment.

The heritabilities of 11 embryonic characters were within the range of herita-

bilities previously reported for other morphological characters, mainly in adults (Roff
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1997, Lynch and Walsh 1998, Conner and Hartl 2004). More importantly, I could not
detect any significant change of heritabilities between 12h and 24h after fertilization.
I tested five different rearing conditions (standard, high temperature, low tempera-
ture, high salinity, low oxygen content), but I always found that heritabilities re-
mained stable or rather increased during development. I observed stable heritabili-
ties or even a slight, though statistically not significant, increase of heritabilities with
developmental time. The measures of phenotypic variances are in accordance with
the measure in my first study of zebrafish development, in which I was using a dif-
ferent dataset and a tighter timing.

While this earlier study could not exclude effects of stabilizing selection, I can
now combine the results of all my studies. Though I am able to test three different
hypotheses, which I have drafted around the evolutionary origin of the phylotypic
stage: (1) stabilizing selection, (2) random and (3) epigenetic effects (in the sense of
Waddington) acting as internal constraints. One sees that the average heritabilities
as a measure for additive genetic variances presented here are excluding the
stabilizing selection hypothesis as the prediction is violated. The measures of
phenotypic variances are excluding the random hypothesis as the prediction is
violated. Finally, the results of the correlation analysis also exclude the stabilizing
selection and random hypothesis.

As all predictions must be met, I can safely reject the random and stabilizing
selection hypotheses. To be careful and conservative with my interpretations, I do
not fully exclude that some minor effects of stabilizing selection might act on the
phylotypic stage, but looking at my results, I can now suggest that stabilizing
selection does not play a major role in determining the phylotypic stage in zebrafish.

Thus, only the predictions from the epigenetic effects hypothesis are met by
the results of my study. The hypothesis predicted that genotypic variances would be
stable or increase, while phenotypic variances would decrease with a peak of
correlations at the phylotypic stage.

Interestingly, I could show that stabilizing selection plays only a minor role in
conserving the phylotypic stage of zebrafish, whereas in the past, stabilizing selection
has been a prime canditate for the conservation of the phylotypic stage in the

hypothesis of several authors (Hall 1997, Kirschner and Gerhart 1998, Galis and Metz
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2001, Galis and Sinervo 2002, Galis, Van Dooren et al. 2002, Kalinka, Varga et al.
2010).
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I have been able to show that zebrafish embryos pass through a phylotypic stage
during early development and to identify the time period in which the phylotypic
stage occurs in this species.

Plasticity could be detected throughout embryonic development and thus also
during the phylotypic stage. I recognized multiple correlations among embryonic
characters, constraints, and modules (eye and otic vesicle) that canalize the devel-
opment of early fish embryos.

Combining the results of all my studies, I was able to test the following three
evolutionary hypotheses, which aim at explaining the phylotypic stage: (1) stabilizing
selection, (2) random, and (3) epigenetic effects in the sense of Waddington (Table
1).

The results of my study can offer a simple and straightforward explanation:
The overall similarity, though not identity, of early vertebrate embryos results from
epigenetic effects canalizing early embryonic development. In that view, the phylo-
typic stage presents itself as a product of evolution. In other words, there is diversifi-
cation because of additive genetic variance and similarity because of internal con-
straints.

Selection acting on phenotypic variance and constraints resulting in canaliza-
tion are sufficient to explain the overall similarity of vertebrate embryos. Among ver-
tebrates, the differences in timing, duration and stages that characterize the phylo-
typic stage of different taxa, may result from different proximate mechanisms, which
need to be elucidated in each taxon.

This study defined the term of the phylotypic stage in theory and practice
evaluating this part of developmental stage in zebrafish. I do not only deliver a quan-
titative analysis of the phylotypic stage in zebrafish, but also present a new idea for
an evolutionary concept explaining the phylotypic stage in vertebrates.

However, it is still possible that Richardson’s (2012) theory, that the phylotyp-
ic stage not only represents an evolutionary lockdown but is a key target for evolu-

tion and a powerhouse of speciation, is valid.
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Conclusion 85

The presence of additive genetic variance allows that selection alters the phy-
lotypic stage and constraints that canalize development, which might be overcome
when developmental condition are pushed to its margin.

The results presented here provide some explanation for the phylotypic stage
in zebrafish, but they may also have deeper implications for our understanding and
perception of the phylotypic stage in other vertebrates.
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