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Abstract

The phylotypic stage is the developmental stage at which vertebrates most resemble
each other. In this study we test the plausibility of the hypotheses of Sander (1983) and
Raff (1994) that the phylotypic stage is conserved due to the intense and global
interactivity occurring during that stage. First, we test the prediction that the phylotypic
stage is much more vulnerable than anyest stage. A search of the teratological
literature shows that disturbances at this stage lead to a much higher mortality than in
other stages, in accordance with the prediction. Second, we test whether that
vulnerability is indeed caused by the interactiveness and lack of modularity of the
inductions or, alternatively, is caused by soparticularly vulnerable process going on

at that time. From the pattern of multipladuced anomalies we conclude that it is
indeed the interactiveness that is the root cause of the vulnerability. Together these
results support the hypotheses of Sander Raff. We end by presenting an argument

on why the absence of modularity in the intiue interactions may also be the root
cause of the conservation of the much dssad temporal and spatial colinearity of the
Hox genes.
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Testing the Vulnerability of the Phylotypic Stage:
On Modularity and Evolutionary Conservation

Frietson Galis
Johan A.J. Metz

The mechanisms responsible for the remarkable conservation of the vertebrate
phylotypic stage are poorly understood. This is the stage of maximum similarity of the
body plans of the various vertebrategg(eMedawar, 1954; Seidel, 1960; Ballard, 1981;
Sander, 1983; Gilbert, 1997; Wolpert et.,a1998; Hall, 1997, 1999). It starts
approximately with neuruteon and ends when most of the somites have been formed.
The similarity can only be explained by an evolutionary conservation in all vertebrate
classes. (Hall, 1997) It was first noted by Von Baer (1828) and turned into dogma by
Haeckel (1874). Haeckel even claimed ttlthese stages are nearly identical among
vertebrates. To support his claim he went as far as modifying drawings (Richardson et
al., 1997; see also Goldschmidt, 1956). However, the recent exposition of Haeckel's
massaging of the data should not distrast from the fundamental importance for
evolutionary theory of explaining the stroegnstraint on evolutionary change that has
kept the phylotypic stage so similar among the vertebrates.

Conservation Can be Ascribed to Stabilizing Selection

When morphological patterns are conserved, this is either because there is no
production of genetic variation for theatiern or because they are understrong
stabilizing selection, i.e., stabilizing selection against changes in almost any direction
under almost all environmental conditions. Foe fphylotypic stage in vertebrates there

is no lack of intraspecific genetic variati. For instance, numerous anomalies of neural
tube closure with a genetic basis exist in mammalian species (e.g., Van Allen et al.,
1993; Hume et al., 1996). There is also intraspecific variation in the number of somites
which can be deduced from the intraspecific variation in the number of vertebrae that
arise from them at a later stage of deymnent (Schulz, 1961; Woolfenden, 1961).
Therefore, the conservation has to be the result of strong stabilizing selection against
mutational changes during this stage.

Hypothesis to Explain the Stabilizing Selection

Raff (1994, 1996) has proposed the following hypothesis to explain the strong selection
against evolutionary changes during the phylotypic stage: The web of intense
interactions among organ primordial (sorsiteeural tube, chorda) of the embryo at this
stage causes any small mutational change to lead to many pleiotropic effects elsewhere
in the embryo, thus reducing the chance éeourable mutation. At earlier stages there

are fewer inductive interactions as there are no organ primordial yet. At later stages



there are many more inductive interactions, but they take place within semi-independent
modules (e.g., limbs). Sander (1983), whotfirgroduced the term “phylotypic stage”
as an alternative to the terms Kérpergrgastalt of Seidel (1960) and phyletic stage of
Cohen (1977), already proposed a more abstract version of this hypothesis: the
evolutionary conservation of the phylotypic stage is caused by pleiotropic effects
resulting from interactions between dewginental modules. He also already points to
the fact that the stages preceding the phylotypic stage are highly variable,abut th
thereafter the developmental pathways converge (see also Seidel, 1960).

The hypotheses of Sander and Raff are in agreement with current ideas on the
importance of modularity (the existence of seandependent units ithin organisms) as
a condition for evolutionary change (e.@onner, 1988; Galis, 1996; Wagner, 1996).
Developmental modularity limits the effect$ mutational changes to only part of the
organism, thereby greatly reducing the probability that advantageous changes are
associated with adverse effects elsewehdt is thus the lack of modularity that is
hypothesized to be the cause of the evolutionary conservation of the phylotypic stage.

Testing the Hypothesis

Although it is not possible to test this hypo#iie on the evolutionary past directly, we

can certainly test it indirectly. We reasahat if the lack of modularity constrains
evolutionary change at this stage, then artificially induced changes during this stage
should have many negative effects throughout the body. Therefore, we predict that the
phylotypic stage is more vulnerable to induced changes than are stages that come before
or after it. To test this prediction we performed a literature search for data on sensitive
periods for teratogenesis. Only data for mice, rats, and hamsters were found of sufficient
quality to justify a detailed analysis. From this literature we selected experiments in
which mortality and/or devepmental anomalies were scored after subjecting females
to single treatments on different days of gestation. (Typically, preliminary experiments
were carried out with treatments to allovamowing of the investigated time window
during pregnancy to the period of maximum sensitivity. This was done in order to limit
the number of experimental animals that had to be killed in the experiments). We
excluded experiments where femalesddfeom the treatment, as this would confound
detection of direct effects of the timing of a treatment on the embryo or fetus. For each
of the remaining experiments we determined the day of peak sensitivity for the
induction of mortality, and/or scored theaurrence of various anomalies, calling the
day of the setting of the seminal plug gestation day 0. Below we discuss how these data
bear on different aspects of Sander's and Raff's hypotheses. In addition, we briefly
discuss how the additional mortality data that we gleaned for other vertebrate groups fit
in with the lessons learnt from the rodent data.

Phylotypic Stage is a Highly Vulnerable Stage
Timing of peak mortality in rodent models

Figure 1 gives a summary of the results on mortality. Our prediction comes out
remarkably well: induction of mortality alays strongly peaks during the phylotypic
stage [which starts on average on gestation day 6 in hamsters, day 7 in mice, and day 8
in rats and ends with the pharyngula stage on average on gestation day 9 in hamsters,
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Fig. 1. The vulnerability to teratogenic treatments in ro- from Table 1 showing the frequency of the peak sensitivity to

dents is highest during the phylotypic stage [gestation day
(gd) 6-9 in hamsters; gd 7-11 in mice; and gd 8-13 in rats
(see text)]. a: Frequency diagram showing the percent mor-
tality of hamsters in response to treatment with sodium
retinate on a single day during the pregnancy. Peak sensitiv-
ity to the induction of mortality is on gestation day 7
(Shenefelt '72). b: Diagram of the teratogenic studies on mice

the induction of mortality during pregnancy. Peak sensitiv-
ity was always within the period of gd 7-11 and most often
gd 9. e: Diagram of teratogenic studies on rats from Table 1
showing the frequency of the peak sensitivity to the induc-
tion of mortality during pregnancy. Peak sensitivity was al-
ways within the period of gd 7-13.

day 11 in mice, and day 13 in rats; however, the timing varies considerably among
strains (Shenefelt, 1972; SchneiderdaNorton, 1979; Theiler, 1989; Fujinaga and
Baden, 1992)]. In rats the onset is slightly learthan the start of neurulation on day 7.
However, it has to be kept in mind that there is often a delay of several hours between
the treatment and the time the teratogen reaches the embryo and that the teratogen can



persist for up to 24 hr in the embryo (Shenefelt, 1972; Tagashira et al., 1981; Payan et
al., 1995; Rogers and Mole, 1997; Kuno et al., 1999; Abu-Qare et al., 2000). Mortality
is not limited to this sensitive window, but it is always by far the highest in this period.
Clearly, these results corroborate the idea that the phylotypic stage is vulnerable in the
extreme.

Other vertebrate groups

For chickens we found only one experiment where mortality was measured during the
entire period of embryogenesis (Landauer and Bliss, 1946). In chickens the phylotypic
stage starts approximately at 18 hr aftecubation and ends on day 4 (Schneider and
Norton, 1979). The mortality response to insulin is highest for treatments at 48 hr after
incubation, in the middle of the phylotypic stage. We did not find any suitable data for
reptiles or amphibians, except for the observation of Woskressensky (1928) that
susceptibility to X radiation in Axolotls is hest during (and before) fertilization and
then decreases to increase again during the phylotypic stage and during hatching. For
fishes we found two experiments, both mea@sg vulnerability to radiation in the
killifish Fundulus heteroclitus a study by Hinrichs (1925) using UV radiation and one

by Solberg (1938) using X radiation. IR. heteroclitusthe phylotypic stage lasts
approximately from 23 to 75 hr (Solberg, 1938). In both studies mortality was highest
for treatments during fertilization, sharpledining during cleavage to virtually zero,

and staying low during gastrulation. Around 22 hr, just before the beginning of the
phylotypic stage, the induction of mortality increases again and peaks at 34 and 36 hr,
respectively, to decrease again to around zero before the end of the phylotypic stage.
Finally, Woskressensky (1928) notes thatDnosophila susceptibility to X radiation is
highest during pupation. Pupation is akin teetphylotypic stage in that the imaginal
disks are sites of intense, within-digilpbal interactions. From their data &undulus,
Axolotls, and Drosophila, Woskressensky (1928) and Solberg (1938) conclude that
susceptibility to X radiation is closely correlated to the rate of cell division with
deviations during the phylotypic stage, hatching, and pupation. Clearly more data are
necessary for a firm conclusion. However, the various absolute and local peaks of
mortality induced during the phylotypic stage are well in accordance with the idea that
the phylotypic stage owes its conservation to its high vulnerability.

Interactiveness is the Cause of the Vulnerability

Three hypotheses

Three hypotheses can explain the observed vulnerability of the phylotypic stage in
response to disturbances: (a) the many ongoing interactions during the phylotypic stage
and the lack of modularity lead to a potentyalethal co-occurrence of anomalies; (b)

the increased mortality is caused by the occurrence of a single very sensitive process
during the phylotypic stage (for instance, the closure of the neural tube is a very
sensitive process (Shenefelt, 1972; Sadler, 1980; Stein et al., 1982) that by itself could
cause the vulnerability); (c) the increased mortality is caused by multiple independent
anomalies. To distinguish between the three hypotheses we analysed the co-occurrence
of anomalies in the selected teratological experiments and differential mortality
patterns.



Co-occurrence of anomalies

The results of our literature study are summarized in Table 1 and illustrated in Fig. 2a.
The results clearly falsify hypothesis b (a single sensitive process causes the
vulnerability). In all studies in Table 1 the teratological treatment was associated with
multiple anomalies in the surviving fetuses, in particular when it is given on the most
sensitive day for the induction of mortalit These anomalies included neural tube
defects, vertebral abnormalities, head malformations, genitourinary malformations, eye
abnormalities, cleft lip, clefpalate, and cardio-vasculanomalies. The types of the
induced anomalies appear to be mainly influenced by the timing rather than by the
nature of the teratological treatment (Wilson, 1965; Lu et al., 1979; Sadler, 1980; Lu,
1991; DeSesso and Harris, 1996; see also Opitz, 1985; Lubinsky, 1985, on the
associations of malformations as a resultcatisally nonspecific disruptive effects on
developmental fields). In particular, failure of the neural tube to close (e.g., in
exencephaly, anencephaly, and myetmingocele) is usually associated with
cranofacial, urogenital, and severe axial skeletal malformations in rodents and humans
(e.g., Tori and Dickson, 1980; Martinezagie et al., 1996; Padmanabhan and Ahmed,
1996; for further data on covariation see.q., Degenhardt, 1954; Shenefelt, 1972;
Matschke and Fagerstone, 1977; Slavki®93; Opitz and Gilbert, 1993). Further
corroboration can be found in a large survey of 381 teratological studies by Khera
(1984) who found that most of the congenitafelcts in mice are caused by treatment on
day 8, 9, or 10, right in the middle of the phylotypic stage (see for similar results on rats
Wilson, 1965).

Differential mortality

As a means of distinguishing between hypotheses a and ¢ we considered the differential
mortality of fetuses with anomalies. Weund that not only seous abnormalities such

as exencephaly significantly were over-represented in dead fetuses (Shenefelt, 1972) but
also minor anomalies with only a local effect on the fetus such as a cleft lip (Fig. 2;
Walker and Crain, 1959; Smithberg and Dixit, 1982; Juriloff and Harris, 1985; Nakane
and Kameyama, 1983) and a short tail (Dostal and Jelinek, 1979). The presence of an
anomaly with a small local effect cannot increase mortality by itself (see control
experiment in Fig. 2b). Therefore, thdifferential mortality must be due to an
association of the minor anomaly with maserious ones. Independence of anomalies
(hypothesis c) would lead to the same incide of cleft lip anomalies in living and dead
embryos. The dependency of the anomalies can be due to the interactiveness of
inductions or due to a single inductive cascade. Data in the extensive literature on
signalling pathways of the phylotypic stage clearly point towards inductive
interactiveness as the cause of the dependency of anomalies; there are numerous
feedback loops of signals between notochowljral tube, somites, limbs (in amniotes),

and other organ primordia (e.g., So&t al., 1997; Marcelle et al., 1997; Mauch et al.,
2000). There is no single signalling cascagscribed that can account for the multitude

of associated anomalies that result from disturbances during the phylotypic stage. The
dependency of the anomalies, thus, can be taken as support for Sander’s and Raff's
hypotheses that the interactiveness during the phylotypic stage causes its vulnerability.
As an aside we wish to point out that these findings also argue against Richardson’s
idea (1999) that modifiability during the ped of organogenesis (which includes the



Table 1. Teratoligical studies in which critical periods for the induction of prenatal mortaligye

determined. Peak day is the day of maximum susceptibility to the induction arfality. Under

abnormalities the different types of abnormalities are listed that were foutite surviving fetuses of
treatments in the period of maximum susceptibility to the induction of mortality

Teratogenic agent Strain Abnormalities® Peak day Reference

Mice
Adenine ICR-JCL 3,4,5 9 Fuji etal., '70
Vigabatrin TO 1,2,3,59 10 1 Abdurazzaq et al., '97
Sodium valproate TO 1,2,3,10 9 Padhamanabhan et al., '96
Methanol CD-1 1,2,4,10 7 Rogers et al., '97
Cadmium chloride SWv 1,3,56,8 8 Hovland et al., '99
Cadmium chloride C57BL/6NcrIBR 1,3,56,8 7 Hovland et al., '99
all-trans-Retinic acid ICR 14 7 Kunoet al., 99
Sodium arsenite CD-1 1,2,7 9 Baxley et al., ‘81
Hypoxia ddN 3,5,10, 11 10 Murakami et al., '63
X-ray ddN 3,13 9 Murakami et al., '64
X-ray C57BLxNB 1,2,3,56,7,12 10 Russell, '50
Deoxycoformycin CD-1 (ICR) 1,2 7 Knudsen et al., '92
Deoxyadenosine CD-1 1,9 8 Gaoetal., '94
Dichloroacetate Jcl-ICR 1,4 8 Sonoda et al., '93
Ethanol + aspirin C57 4,5,10 1" Padhamanabhan et al., '94
6-Azauridine Albino 4,5,10, 11 9 Dostal et al., '79
Lithium A/l 3,10 9 Smithberg et al., '82
Triamcinelone acetonide C57BL/6J 2,10 1 Kusanagi, '84
Thyroxine A/MWySn 4,10 1 Juriloff et al., '85
Phosphonacetyl-c-aspartic acid Swiss albino 3,4,6,9,10, 11 8 Sieber et al., '80

Rats
Deficiency pteroyl-glutamic acid Long-E vans 1,13 9 Nelson et al., '55
Ochratoxin Blue Spruce 56,7 7 Mayura et al., '82
Nitrofen Long-Evans 1,4,6 10 Costlow et al., '81
Boric acid Fischer-34 2,3,7,9 8 Narotsky et al., '97
Retinoic acid Fu-albino 1,2,3 9 Kistler, '81
Nitrous oxide Sprague-Dawley 1,3,4,9 11 Fujinaga et al., '89
N-Phenylimide Crd:qj 3,4, 11 12 Kawamura et al., 95
Almokalant Sprague-Dawley 4,5,9,10, 11 12 Webster et al., '96
Dofetilide Sprague-Dawley 4,5,10 13 Webster et al., 96

“Abnormalities: 1, neural; 2, facial; 3, vertebral; 4, cardiovascular; 5, limb; 6, urogenital; 7, eye; 8, ear; 9, body wall; 10, cleft lip/palate; 11,
lung; 12, gastro-intestinal; 13, unspecified multiple congential anomalies; 14, shift in Hox gene expression.

phylotypic stage and also stages after it) should provide extra opportunities for
evolutionary change. The data show that changes during the phylotypic stage usually
lead to multiple abnormalities g., pleiotropic effects in the case of mutational changes.
We agree with Richardson (1999) that mutaal changes during the phylotypic stage
have a large phenotypic effect. However, because this large effect includes many
pleiotropic ones, the large phenotypic iagb will generally constrain rather than
facilitate evolutionary change: a particular potentially useful change during the
phylotypic stage almost always will indeclethality even before the organism is
exposed to ecological selection and, therefore, will have little chance to end up in a
reproductively superior organisance that hurdle is overcome.

Further support for Sander’s and Raff's hyipeses comes from differential mortality
in human fetuses with cervical ribs (a rib on the 7th cervical vertebra), an anomaly
which on its own has only a minor detrimental effect on later survival. In fetuses from
stillbirths the frequency of a cervical rib (or rib anlage) is very high, approximately 40%
versus 0.2% in the general population (McNally et al., 1990, and references in Galis,
1999a). The commitment to make a rib is established in vertebaaky during the
phylotypic stage (Kieny et al.,, 1972; Kant and Goldstein, 1999). This is also the
sensitive period for the induction of cervicabs (Fujinaga et al., 1989; Rogers and
Mole, 1997; Narotsky et al., 1998). The preserof a cervical rib, or rib Anlage, just as
a cleft lip, cannot be the cause of death and must thus be associated with more serious
abnormalities. The exceedingly high inciae of cervical ribs in stillbirths again
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Fig.2.  Teratogenic treatments during the phylotypic stage
cause correlated sets of abnormalities. a: Graph showing the
percentage of abnormalities in response to treatment with 6-
aminonicotinamide during the phylotypic stage in mice
(Matschke and Fagerstone, '77). It can be deduced from the
very high percentages for five different abnormalities that
most surviving mice/rat fetuses had a set of at least 5 abnor-
malities. b: Percentage differential mortality of mice with a

cleft lip calculated from the data of Juriloff and Harris ('85).
The control data (no treatment) show that the possession of
a cleft lip does not increase mortality . In mice treated with
thyroxine, mortality is greatly increased in fetuses with a
cleft lip compared to those without. The occurrence of a cleft
lip has, thus, to be associated with more serious abnormali-
ties that do cause death.

corroborates the importance of the interactiveness as cause for the vulnerability of the

phylotypic stage.

Involvement of the Hox genes

Slack et al. (1993) made the intriguingbgervation that the most conserved
developmental stage within vertebga is also the stage during which tHex genes are
sequentially activated in the order that they have inHbg cluster on the chromosomes
(temporal and spatial colinearity). Comparison with other taxa suggests that this
sequential gene expression is a highly comsdmplesiomorph character (McGinnis and
Krumlauf, 1992; Kourakis et al., 1997; Brooke et al., 1998). Duboule (1994)
hypothesized that the nature of the precise regulatioHaf genes is the cause of the
conservation of the phylotypic stage. This statement allows two interpretations: (i) due



to the colinearity no variation can be produced (no zygotes bearing such variation can
be made), or (ii) any variation that is produadsdselected against as a direct result of a
malregulation within theHox cluster, i.e., such malregulation necessarily translates into
malfunctioning phenotypemdependent of how it is emdded in the developmental
process. The conservation of the phylotypic stage would then be the indirect
consequence of mechanism (i) or (ii) for the conservation ofHlo® organisation.
However, we know that visible variation due to changes inHlog genes occurs, even
though these variations geadly turn out to be inviable due to a malfunctioning of the
embryo (not a malfunctioning of the genetic regulation system per se). Moreover, in the
meantime evidence has accumulated tiet temporal and spatial activation Biox

gene expression at other stages coincides less well with the order of the genes on the
chromosomes. Important deviationgrom colinearity have evolved during
hematopoiesis, limb, and skin development (e.g., Rogina et al., 1992; Gardiner, 1995;
Nelson et al.,, 1996; Rijli and Chambon, 1997; Godwin and Capecci, 1998). For
instance, in the skin someélox genes are globally expressed whereas others are
regionally restricted (Godwin and Capecci, 1998). Apparently, keepindgithxegene
regulation well organised matters less than the specific moment at which this should be
the case.

Therefore we conclude that the selective mechanism behind the conservation of
colinearity should primarily be sought in the high interactiveness during the phylotypic
stage. This, and not tHgox organisation itself, causes changes in Hax organization
to have multiple and therefore major and detrimental phenotypic effects. This argument
places the general interactiveness of the phylotypic stage at the root of the conservation
of the Hox organization, rather than placing the tight regulation of thex gene
expression per se at the root of the conservation of the phylotypic stage.

Cervical vertebrae

Interestingly, a coupling aflox gene functions during the phylotypic stage also plays a
role in another famous example of conseima, the number of cervical vertebrae in
mammals. Galis (1999a) argued that the canfs¢éhis constraint should be sought in
negative pleiotropic effects oflox genes, with changes in the number of cervical
vertebrae leading to an increased susceptibility to cancer and stillbirths. In a general
sense the inability of evolution to decouple tHex gene functions in miiferation and
patterning was hypothesized by Galis (1999b) to be caused by a lack of modularity
analogous to the one underlying the conservation of the phylotypic stage as a whole.

Conclusion

We conclude that our results support the hypothesis that the phylotypic stage is a highly
vulnerable one because of the absence of modularity in the inductive interactions during
this stage. This conclusion supports the hypotheses of Sander (1983) and Raff (1994,
1996) that the conservation of the phylotypic stage is caused by the high number of
ongoing interactions. Finally, we argue that this temporally restricted absence of
modularity also is the ultimate reason for tbenservation of the temporal and spatial
colinearity of theHox genes.
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