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The History of Embryology Seen
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In our era of computers and computer models the importance of physical models for both research and
education in developmental biology is often forgotten or at least underappreciated. One important aspect
of embryology is the developmental anatomy of both human and animal embryos. Here we present a par-
ticularly valuable model of a human embryo at the end of the fourth week of development (Embryo His /
Br3, length — 9,6 mm). The model shows the embryo at 100 times its actual size and was made in the 1930s
by Firma Osterloh in Leipzig, Germany. The model can be taken apart to show inner organs such as the
heart and the liver, which can also be deconstructed further to show their inner structure. In addition, the
developing eye, nose and inner ear can be observed, as well as limb buds and parts of the circulatory sys-
tem. The fact that the embryo at this stage has a prominent tail and other characters that are later resorbed,
could be used to discuss the biogenetic law and other theoretical issues.
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A short history of embryology and Evo-Devo

The importance of embryonic development for evolutionary biology has been discussed ever
since Charles Darwin (1809—1882) and Ernst Haeckel (1834—1919); however, Modern Synthesis
(Mayr and Provine 1980) approaches to evolution have often neglected development or treated
it as a black box (Mayr and Provine 1980; Olsson and Hoffeld 2007). The fact that evolutionary
questions have been of interest to some developmental biologists between the era of Darwin and
Haeckel and modern times, i.e., that Evo-Devo, as the field is often called by its practitioners, in
fact has a history, is something that has received little attention (Amundson, 2005; Hall, 2012;
Miiller, 2008). It has even been claimed that “Following a quiescent period of almost a century,
present-day evo-devo erupted out of the discovery of the homeobox in the 1980s” (Arthur, 2002,
p. 757). But the “between Ernst Haeckel and the homeobox™ period was anything but quiescent
(Olsson et al., 2009), as is becoming clear through recent work on the history of Evo-Devo. The
history of Evo-Devo in the Anglo-American world has received renewed attention recently as
exemplified, e.g., by the work of Alan Love (e.g. Love, 2006, 2009; Love, Raff, 2003; Raff, Love
2004; Miiller, 2008). We have ourselves concentrated on the history of Evo-Devo in the German-
and Russian-speaking lands (HoBfeld, Olsson 2003; Levit et al. 2004, 2006; Olsson, 2007; Olsson
et al. 2006, 2010; Levit, 2007). In Love’s scheme (Fig. 1), he contrasts the “textbook version”
(left) with an improved, updated version (right). In the left diagram, evolutionary biology is split
from developmental biology, which was dominated by “Entwickelungsmechanik™ (Developmen-
tal Mechanics) in the first third of the twentieth century.

The developmental biologist Thomas H. Morgan (1866—1945) is seen as an example
of the split between experimental embryology and genetics, which he helped to found and
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Fig. 1. Historical development of the relationship between evolutionary and developmental biology, as
depicted in Love and Raff (2003). To the left the “textbook view” that evoltionary biology split up into
“Entwickelungsmechanik” and evolutionary biology, followed by a divorce of genetics from experimen-
tal embryology — genetics became a research area in its own right. Later the new, molecular genetics
fused with developmental biology, resulting in the powerful developmental genetics of the 1980s. Mean-
while, population genetics became the foundation for the Modern Synthesis in evolutionary biology.
Currently a new Evo-Devo synthesis is underway. To the right is Love and Raff’s revised version, where
they point out that in addition, there is a line going from the comparative embryology of Haeckel et al.
over heterochrony research that also feeds into the present Evo-Devo synthesis

that later developed into molecular genetics. Another part of genetics, population genetics,
became an important part of the Modern Synthesis of evolutionary biology (Junker, 2004;
Junker, HoBfeld, 2009; Mayr, Provine, 1980). The progress in molecular biology led to the
creation of a developmental genetics, which became a more and more dominant part of
developmental biology. In the commonly held view presented to the left in Fig. 1, we today
see a new Evo-Devo synthesis of these two elements, developmental genetics and modern
evolutionary biology. It has become clear, however, for example, through the work of Love
and others [e.g., (Brigandt, 2006) on Gavin R. de Beer (1899—1972)] in the English-language
tradition, that this is too simple a view. The entire comparative embryology tradition, so
strong in the German lands and in Russia in the wake of pioneers like Ernst Haeckel and
Alexander Kowalevsky (1840—1901; see Raff, Love, 2004), is completely left out of the pic-
ture. It is important to clarify the role of this tradition, mostly developed by invertebrate
zoologists and at marine biology stations (Naples etc.) in addition to at universities, in the
complicated genealogy of today’s Evo-Devo. It is clear that Haeckel’s Gastraea theory has
been an inspiration for generations of comparative embryologists in several countries. The
Gastraea is a hypothetical “Urform” from which all metazoans have evolved, according to
Haeckel. It has left no paleontological traces and can therefore only be seen as the gastrula
stage in the development of many extant animals. Haeckel writes:
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From these identical gastrulae of representatives of the most different animal phyla, from
poriferans to vertebrates, I conclude, according to the biogenetic law, that the animal phyla have
a common descent from one unique unknown ancestor, which in essence was identical to the
gastrula: Gastraea (Haeckel, 1872, Bd. 1, S. 467).

The zoomorphologist Victor Franz (1883—1950) in Jena and his Russian colleague Alek-
sej N. Sewertzoff (1866—1936) were pioneers of heterochrony research, together with heteroch-
rony researchers in the US and Britian, such as Gavin de Beer. We have done a bit of research
on them and other members of the “Jena tradition™ of comparative embryology (Hoffeld, Ols-
son, 2003; Olsson, HofBfeld, 2007; Levit et al., 2004). Thus, in the last few years, a more dif-
ferentiated view of the history of developmental biology and its relationship with evolutionary
theory has started to emerge. This is, however, only a beginning and more work is urgently
needed on almost all aspects of this fascinating subject.

Ernst Haeckel, Fritz Miiller, and the Biogenetic Law

Ernst Haeckel was inspired by his older colleague in Jena, the anatomist Carl Gegenbaur
(1826—1903), who had been instrumental in bringing Haeckel to Jena as a professor. Gegen-
baur wrote a number of research monographs and textbooks, which were seen as a model of
critical investigation based on an extensive collection of facts, something Haeckel admired.
Gegenbaur pioneered investigations into e.g. vertebrate head development in an evolutionary
context, and incorporated an evolutionary view in his later work (HoBfeld et al. 2003). In the
pre-history of Evo-Devo, Gegenbaur and Haeckel contributed importantly to creating an evo-
lutionary morphology, specializing on vertebrates and invertebrates, respectively.

Haeckel put great theoretical emphasis on the parallel between the stages of development
of the embryo and the series from lower to higher forms of animals studied in comparative anat-
omy and systematics. Haeckel used the term “Entwickelung” (development) for both the devel-
opment of the individual and “development” over evolutionary time. To these two parallels he
added a third, based on palacontological data, the “development” of forms as seen in the fossil
record. He put great emphasis on this threefold parallelism of the phyletic (palacontological),
biontic (individual), and systematic developments (Haeckel 1866, I1: 371fT). The explanation of
this “threefold genealogical parallel” he called “The fundamental law of organic development,
or in short form the “biogenetic law’. Haeckel wrote about the reciprocal causal relationships in
his Generelle Morphologie der Organismen (General Morphology of Organisms):

41. Ontogenesis is the short and fast recapitulation of phylogenesis, controlled through the
physiological functions of inheritance (reproduction) and adaptation (nutrition).

42. The organic individual <...> recapitulates through its fast and short individual
development the most important of the changes in form, which the ancestors have gone through
during the slow and long palaeontological development following the rules of inheritance and
adaptation (Haeckel 1866, Bd. 11, S. 300).

Haeckel clearly realized the problems associated with this subject (Ulrich 1968; Uschmann
1953, 1966). The “complete and faithful recapitulation” becomes “effaced and shortened”, because
the “ontogenesis always chooses the straighter road”. In addition the recapitulation becomes “coun-
terfeited and changed through secondary adaptations” and is therefore “better the more similar the
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Fig. 2. The Osterloh Embryo model, rear view

conditions of existence were, under which the Bion and its ancestors have developed” (Haeckel, 1866,
Bd. II, S. 300). In order to describe these problems Haeckel invented the concepts Cenogenie
(secondary adaptation leading to non-recapitulation) and Palingenie (“real” recapitulation).
He viewed inheritance and adaptation as the driving factors of the evolutionary process.

Also Darwin himself pointed out the importance of embryology for revealing what he
called “community of descent” (common origin in a phylogenetic sense). He put great value
on this relationship for systematics (Darwin, 1871, vol. 1, p. 205). Maybe the most important
contribution to discussing Haeckel’s biogenetic law critically was Fritz “Desterro” Miiller’s
book Fiir Darwin (Miiller, 1864). Miiller studied crustaceans and came to the conclusion that
evolutionary changes take place mostly through “Abirren” (literally, going astray, here diver-
gence from the original developmental pathway) and “Hinausschreiten™ (literally, transgress,
here development beyond the endpoint of the original developmental pathway). Thus Miiller
explained phylogenetic changes by reference to changes in ontogeny, while Haeckel did the
opposite, he saw the explanation for ontogeny in phylogeny. The goals were also different.
While Miiller sought causal explanations, Haeckel erected a law based on his observations, but
also on the preconceived ideas encapsulated in the biogenetic law.
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In sharp contrast to, and in competition with evolutionary embryology, Wilhelm His
(1831—1904) developed a reductionist embryology already in the 1870s. His was uninterested
in using embryology to understand phylogeny, and worked instead on the direct, mechanical
influences on the development of organic forms. The formation of the embryo should ideally be
explained by the deformations of an elastic sheet (His, 1874; Brandstetter, 2009). This was the
beginning of the “Entwickelungsmechanik” tradition associated with Wilhelm Roux that led to
the experimental embryology tradition in the 19th century (Mocek, 1974, 1998).

Teaching Biology, Higher Education, and Embryology

Traditionally, higher education in medical schools and in zoology and botany departments
at universities depended on models, wall charts and other pedagogical tools (including micro-
scopes) to convey the complex information about internal and three-dimensional structure that
students of medicine and biology need to integrate in their minds in order to achieve mastery of
their disciplines. In particular, the embryonic development of humans and other animals poses
severe challenges to student’s abilities of spatial representation, and therefore embryo mod-
els have been, and partly still are, important teaching tools to help students imagine e.g. the
complex turns and twists involved in the development of inner organs such as the heart or the
alimentary tract and its associated glands. We found a remarkable model of a human embryo at

Fig. 3. The Osterloh Embryo model in left-sided (sinistral) view (hereafter photo by M. Markert)
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Fig. 4. The Osterloh Embryo model in right-sided (dexter) view

the end of the fourth week of development (Embryo His / Br3). The embryo has been magnified
100 times from its real size (9,6 mm) and can be taken apart to reveal inner organs and the inside
of e.g. the liver and the heart (Osterloh, 1916). The model was produced from the 1920s on by the
company Osterloh-Modelle in Leipzig, Germany, and only three existing copies are known today.
It shows the extraordinary craftsmanship of the makers, and serves as a kind of summary in three
dimensions of the recently gained detail knowledge of human embryonic anatomy.

In sharp contrast to, and in competition with evolutionary embryology, Wilhelm His
developed a reductionist embryology already in the 1870s. His was uninterested in using embry-
ology to understand phylogeny, and worked instead on the direct, mechanical influences on
the development of organic forms. The formation of the embryo should ideally be explained by
the deformations of an elastic sheet (His, 1874). This was the beginning of the “Entwickelungs-
mechanik” tradition associated with Wilhelm Roux that led to the experimental embryology
tradition in the 20th century (Mocek, 1974, 1998).

Epilogue

In 1977 Steven Jay Gould published his Ontogeny and Phylogeny, where he summarized
the prehistory and history of the interplay between developmental and evolutionary biology,
and also sketched a research program for the (re-)unification of these — at the time — largely
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independent research areas. The book became a milestone in the history of the life sciences.
Now, more than thirty years after Gould’s seminal publication there is an urgent need
to rethink some crucial aspects of the story. As pointed out, the new integrative science,
Evo-Devo has been established. Evo-Devo combines embryology, molecular biology,
paleontology, and evolutionary biology along with its own methodological reflections and
is about to revolutionise evolutionary theory. Yet only a few studies of the history of Evo-
Devo are based on primary sources and internationally oriented. This paper fills the gap
between new theoretical demands and the absence of recent historical reflections needed
for the current educational landscape. Research into the visualization of the history of
Evo-Devo can also clarify general methodological principles concerning the interrelation-
ship between development and evolution.

The discussions surrounding the biogenetic law exemplifies the fertile interaction
between embryology, comparative anatomy and evolutionary theory in the late 19™ and
early 20™ century. They also show that ontogenetic results must be used with caution in
evolutionary biology. When the concepts and terminology introduced by Haeckel did not
suffice to answer the questions at hand, several biologists tried to supplement or replace
the biogenetic law. These discussions became important milestones in the history of evolu-
tionary developmental biology.
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UcTopusa ambpronoruu yepes nuHsy mopenu smbpuona (Embryo His / Br3),
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B 310Xy KOMITBIOTEPOB 1 KOMITBIOTEPHBIX MOJIEIel 3HAYeHHE TPEXMEPHBIX MaTepUATbHBIX MOJIEJIEI 9acToO
npeymeHbIaercsi. OIUH M3 BaXKHBIX aCIIEKTOB SMOPUOJIOTUM — aHATOMMS PAa3BUTHUST YEJIOBEUYECKUX U
SKUBOTHBIX SMOPUOHOB. B HacTosIIIIeit cTaTbe MBI MPeCcTaBIsieM UCKITIOUUTETHHO [IEHHYI0 MOJIEITh YejI0-
Beueckoro amopuoHa (His / Br3, peanbHbie pazmepbl — 3 MM X 9,6 Mm). Mozeib oKa3bIBacT SMOPUOH
B CTOKPaTHOM yBeJIMUYEeHUU U Obuia rpousseneHa B 30-x rr. XX cronetust dupmoit Octepiio B Jleiniure
(I'epmanust). Mojenb pa3d0opHasi M BKJIIOYaeT MHOTIO JieTajieil, HarpuMep cepile U MnedyeHb, KOTOphIe,
B CBOIO OY€pe/lb, TAaKKe pa3douparorcsl. B morosHeHre Moziesh IeMOHCTPUPYET pa3BUTHE IJ1a3a, Hoca, BHY-
TPEHHETO yXa, KOHEYHOCTe i 1 KPOBEHOCHOI CUCTEMBI. TOT (hakT, 4YTo SMOPUOH Ha 3TOM CTAINU PA3BUTHS
o0J1amaeT opraHaMu, KOTOPbIE BIIOCJICICTBUY UCUE3aI0T (XBOCT), 03HAYAET, YTO MOJIEIIb MOXET MCITOJIb30-
BaThCsI IS OOCYKIEHUSI OMOTEHETUIECKOTO 3aKOHA U IPYTUX TEOPETUIECKUX BOIIPOCOB.

Karouesvie caoea: D. T'exxenb, embryo model, pupma Ocreprno, Evo-Devo, aMOpuoornyeckoe pa3pu-
THe, pusnonorus pasputust, ®pun; Miosutep, gastraca, IUIaKTHKA B OMOJIOTUM.



