
Lecture 6: 

The location and identity 
of the genetic material 

Course 371



Aims

• Introduce the experiments localized the genetic 
material to the nucleus. 

• Introduce the connection between Mendel’s 
work and findings related to cell biology and 
chromosome theory. 

• Cover the early terms used to refer to the 
genetic material.



Review

We learned by covering Mendel’s 
experiments the general laws that govern the 
inheritance of characters. 

The next question to ask is where the 
genetic material is located. 

This will be the topic of today’s lecture.



The cell



Cells

Mid 1800s, animals and plants are made of 
cells.  Cells divide but do not know how.



The nucleus

A specific part was identified as the nucleus and it 
has specific chemical and physical characteristics.



The nucleus and its content 

What is in the nucleus?



Mammalian/ Human blood cells
• Mammalian blood is composed of a variety of 

cells. 
• Mammalian red blood cells lack nuclei and 

thus no genetic material.



Avian blood cells
• Avian blood is also composed of a variety of 

cells. 
• Avian red blood cells contains nuclei and thus 

it is a source of genetic material.



Nuclein: the chemical of the nucleus

 Fredrick Miescher bloody bandages (1869)

Miescher, Friedrich (1871) "On the chemical composition of pus cells”, Medicinisch-chemische 
Untersuchungen, 4 : 441–460.



Ralf Dahm (2005), Friedrich Miescher and the discovery of DNA, Developmental Biology, 278(2) 274-288,

was difficult for him to examine his patients due to poor
hearing that resulted from an ear infection he had suffered
during childhood (His, 1897b). His strong interest in the
btheoretical foundations of lifeQ suggested he pursue a career
in research instead.

Soon after he had passed his boards exam in the spring of
1868, Miescher relocated to Tqbingen, Germany to study
histochemistry. Inspired by His’ conviction that the blast
remaining questions concerning the development of tissues
could only be solved on the basis of chemistryQ (His, 1897b),
he intended to work in the laboratory of the distinguished
biochemist Felix Hoppe-Seyler (Fig. 1C). However, prior to
joining Hoppe-Seyler’s lab, Miescher spent a semester in the
chemistry laboratory of Adolph Strecker (Fig. 1D) to
familiarize himself with the techniques of organic chemistry.
Only after Miescher had acquired a solid background did he
join Hoppe-Seyler’s laboratory in the autumn of 1868.

Working toward the discovery of DNA

Hoppe-Seyler was one of the pioneers in a new
discipline, then referred to as bphysiological chemistry.Q
His laboratory was housed high above the Neckar river
valley in Tqbingen’s Castle (Figs. 2 and 3). As Hoppe-
Seyler’s only student, Miescher wanted to determine the
chemical composition of cells. Lymphocytes were to serve
as the source material for these studies. By studying this
bmost simple and independent cell type,Q he hoped to
unravel the fundamental principles of the life of cells
(Miescher, 1869a).

Initially, Miescher tried to isolate the cells for his
experiments from lymph nodes, but it was difficult to purify
the lymphocytes and impossible to obtain sufficient
quantities for analysis (Miescher, 1869a). On Hoppe-
Seyler’s suggestion, Miescher changed to examining leuco-
cytes and obtained the cells for his experiments from the pus
on fresh surgical bandages, which he collected from the
nearby surgical clinic in Tqbingen. In pus, he found the
ideal base material for his analyses, and its bhistological
purityQ allowed him to achieve the most complete purifica-
tion of the chemical building blocks that constitute cells
(Miescher, 1869a).

At first, Miescher focused on the various types of
proteins that make up the leucocytes, as proteins were
considered to be the most promising targets for under-
standing how cells function. Miescher showed that proteins
(and lipids) were the main components of the cells’
cytoplasm, described their properties in some detail, and
attempted to classify them (Miescher, 1869a, 1871d).
However, his work was hampered by the simple protocols
and equipment available to him and the diversity of proteins
within the cells surpassed his analytical methods.

Yet during these tests, Miescher noticed that a substance
precipitated from the solution when acid was added and
dissolved again when alkali was added (Miescher, 1869a,
1871d). He had, for the first time, obtained a crude
precipitate of DNA. Miescher stated that baccording to
known histochemical facts, I had to ascribe such material to
the nucleiQ and he decided to examine the cells’ nuclei more
closely—a part of the cell about which very little was
known at the time.

Fig. 2. Photograph of Felix Hoppe-Seyler’s laboratory around 1879. Prior to becoming the chemical laboratory of Tqbingen University in 1823, this room was

Tqbingen castle’s laundry. Here, Hoppe-Seyler had made ground-breaking discoveries regarding the properties of hemoglobin. This achievement was a

significant step for later investigations into the properties and functions of this and other proteins. Photography by Paul Sinner, Tqbingen.
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Nuclein: the chemical of the nucleus

Great science can be done anywhere! 
Castle’s laundry room!



Miescher’s statements that I have verifiedQ (Hoppe-Seyler,
1871).

Miescher himself was also confident about the impor-
tance of his discovery and claimed that he had found a
completely new type of substance, equal in importance to
proteins. He concluded his publication with the following
words: bThis is how far I have come based on the material at
my disposal (. . .). However, I believe that the given results,
however fragmentary, are significant enough to invite
others, in particular, chemists, to further investigate the
matter. Knowledge of the relationship between nuclear
substances, proteins and their closest conversion products
will gradually help to lift the veil which still utterly conceals
the inner processes of cell growthQ (Miescher, 1871d).

Miescher also realized that the presence of nuclein in
the nucleus created an important chemical difference that
set the nucleus apart from the cytoplasm. He was so
convinced of the importance of nuclein for the identity
of the nucleus that in an unpublished addendum to his
1871 paper, he even suggested that nuclei should no
longer be defined based on their morphological proper-
ties, but by the presence of nuclein as this more closely
correlates with the nuclei’s physiological function
(Miescher, 1870). However, neither Miescher nor his con-

temporaries could at that time fully grasp the significance
of this discovery.

Return to Basel and resumption of work on nuclein

In 1871, Miescher returned to his hometown of Basel and
prepared for his habilitation to become a professor. Inspired
by his time with Hoppe-Seyler and his stay at Ludwig’s
laboratory, he chose the physiology of respiration as its
topic. His aim was to combine physiological aspects of
respiration with comparative anatomy to study the absorp-
tion of oxygen by blood and hemoglobin and the use of
oxygen by different tissues—topics that would increasingly
become a focus of his research. He concluded his
habilitation with a lecture in 1871 (Miescher, 1871a) and
in the following year was offered the Chair of Physiology at
Basel University—a position previously held by Miescher’s
father and Wilhelm His who had accepted a position at the
University of Leipzig.

In Basel, Miescher resumed his research on nuclein, which
had rested during his stay in Leipzig. However, owing to poor
working conditions, his progress initially was painfully slow
(Miescher, 1872b). In a letter to a friend he complained, bIn

Fig. 4. The laboratory in the former kitchen of the castle in Tqbingen as it was in 1879. It was in this room that Miescher had discovered DNA 10 years earlier.

The equipment and fixtures available to Miescher at the time would have been very similar, with a large distillation apparatus in the far corner of the room to

produce distilled water and several smaller utensils, such as glass alembics and a glass distillation column on the side board. Photography by Paul Sinner,

Tqbingen.
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Nuclein: the chemical of the nucleus



Miescher’s samples

•  Bloody bandages as a source of cells. 

Where is the genetic material?



Miescher’s samples



Miescher cell isolation protocol

With his second protocol, Miescher had shown that
nuclein is not digested by the protease pepsin and he once
again determined that he could dissolve the precipitate by
adding a base and cause it to reprecipitate by adding an
excess of acid (Miescher, 1871d). Following these tests on
the solubility and digestibility of the nuclein, Miescher
focused on determining its composition and realized that it
was different from proteins in other ways too.

He burned the precipitate and confirmed the presence of
various elements commonly found in organic molecules—
carbon, hydrogen, oxygen, and nitrogen—through the
chemical reactions they exhibited. These tests showed that
nuclein, unlike proteins, lacked sulfur (Miescher, 1869a,
1871d) but contained a large amount of phosphorus, which he
first reported in a letter to his parents dated August 21, 1869,
(Miescher, 1869b; see also Miescher, 1871d).

Based on his analyses, Miescher noted that the novel
substance he had isolated was different from the known
types of protein (Miescher, 1869a). He went on to state bI
think that the given analyses—as incomplete as they might
be—show that we are not working with some random
mixture, but . . . with a chemical individual or a mixture of
very closely related entities.Q For Miescher, the large amount
of phosphorus in the nuclein was another indication that it
could not be a protein or any other known molecule. He
concluded, bWe are dealing with an entity sui generis not
comparable to any hitherto known groupQ (Miescher,
1871d).

Following these experiments with leucocytes, Miescher
also discovered the presence of nuclein in the cells of other
tissues (Miescher, 1869b, 1871d). He suspected that upon
further investigation, an bentire family of such phosphorus-

Before attempting the isolation of cells from the pus on surgical bandages, Miescher took great care to ensure that his
source material was fresh and not contaminated. He painstakingly examined it and discarded everything that showed signs
of decomposition, either in terms of smell, appearance under the microscope, or by having turned acidic. A great deal of the
material he could obtain did not meet these strict requirements (Miescher, 1871d). Those samples that did were
subsequently used to isolate leucocytes.

In a first step, Miescher separated the leucocytes from the bandaging material and the serum (Miescher, 1869a,
1871d). This separation posed a problem for Miescher. Solutions of NaCl or a variety of alkaline or alkaline earth salt
solutions used to wash the pus resulted in a bslimy swellingQ of the cells, which was impossible to process further
(His, 1897b). (This bslimy swellingQ of the cells was presumably due to high-molecular-weight DNA, which had been
extracted from cells that had been damaged.) Only when Miescher tried a dilute solution of sodium sulfate [a mixture
of one part cold saturated Glauber’s salt (Na2SO4d 10 H2O) solution and nine parts water] to wash the bandages did he
manage to successfully isolate distinct leucocytes, which could be filtered out through a sheet to remove the cotton
fibers of the bandaging. Miescher subsequently let the washing solution stand for 1–2 h to allow the cells to sediment
and inspected the leucocytes microscopically to confirm that they did not show any signs of damage.

Having isolated the cells, Miescher next had to separate the nuclei from the cytoplasm. This had never been
achieved before and Miescher had to develop new protocols. He washed the cells by rinsing them several (6–10) times
with fresh solutions of diluted (1:1000) hydrochloric acid over a period of several weeks at bwintry temperaturesQ
(which were important to avoid degradation). This procedure removed most of the cells’ bprotoplasm,Q leaving behind
the nuclei. The residue from this treatment consisted in part of isolated nuclei and of nuclei with only little fragments of
cytoplasm left attached. Miescher showed that these nuclei could no longer be stained yellow by iodine solutions, a
method commonly used at the time for detecting cytoplasm (Arnold, 1898; Kiernan, 2001).

He then vigorously shook the nuclei for an extended period of time with a mixture of water and ether. This caused
the lipids to dissolve in the ether while those nuclei, still attached to cytoplasm, collected at the water/ether interface.
By contrast, the clean nuclei without contaminating cytoplasm were retained in the water phase. Miescher filtered these
nuclei and examined them under a microscope. He noticed that in this way he could obtain bcompletely pure nuclei
with a smooth contour, homogeneous content, sharply defined nucleolus, somewhat smaller in comparison to their
original volumesQ (Miescher, 1871d).

Miescher subsequently extracted the isolated nuclei with alkaline solutions. When adding highly diluted (1:100,000)
sodium carbonate to the nuclei, he noticed that they would swell significantly and become translucent. Miescher then
isolated a byellow solution of a substanceQ from these nuclei. By adding acetic acid or hydrochloric acid in excess, he
could obtain an insoluble, flocculent precipitate (DNA). Miescher noted that he could dissolve the precipitate again by
adding alkaline solutions.

Although this protocol allowed Miescher for the first time to isolate nuclein in appreciable purity and quantities, it was
still too little and not pure enough for his subsequent analyses. He consequently improved on this protocol until he
established the protocol detailed in Box 2, which enabled him to purify sufficient amounts of nuclein for his first set of
experiments on its elementary composition.

Box 1
Miescher’s first protocol to isolate DNA
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Miescher’s isolation of nucleus content

containing substances, which differ slightly from one
another, will reveal itself, and that this family of nuclein
bodies will prove tantamount in importance to proteinsQ
(Miescher, 1871d).

Without knowing anything about how nuclein func-
tioned, Miescher nevertheless assumed that it played a
central role in cells. In a letter to Wilhelm His dated
December 20, 1869 (Miescher, 1869c), he speculated that
analyses of the quantitative ratio of nuclein to proteins in
cells would allow a better distinction of pathological
processes. For example, he believed that an increase in
bnuclear substancesQ represented a preliminary phase to cell
division in proliferating tissues, such as tumors.

Slow acceptance of nuclein

Miescher completed his initial set of experiments on the
nuclein in the autumn of 1869 (His, 1897b). In order to
expand his horizons, he decided to spend 1 year at the
Physiology Institute of the University of Leipzig, Germany—
a highly renowned institute at the time—and dedicate himself
to new areas. Under the direction of Carl Ludwig (Fig. 1E), he
mainly wanted to improve his knowledge of experimental
techniques employed in physiology and investigated, among
other things, the nerve tracts that transmit pain signals in the
spinal cord.

In Leipzig, Miescher wrote up his first scientific
publication, detailing the results he had obtained when
studying the leucocytes in Hoppe-Seyler’s laboratory
(Miescher, 1871d). In a letter dated December 23, 1869,
to his parents he wrote, bOn my table lies a sealed and
addressed packet. It is my manuscript, for whose shipment I

have already made all necessary arrangements. I will now
send it to Hoppe-Seyler in Tqbingen. So, the first step into
the public is done, given that Hoppe-Seyler does not refuse
itQ (His, 1897b).

However, Hoppe-Seyler was skeptical of Miescher’s
results and opted to repeat the experiments for himself
(Hoppe-Seyler, 1870; Miescher, 1870). Finally, after 1 year
he was convinced. In early 1871, the manuscript was
included in an issue of a journal published by Hoppe-Seyler
himself (Miescher, 1871d)—together with a two-page article
by P. Plósz (another student of Hoppe-Seyler’s) demonstrat-
ing the presence of nuclein in the nucleated erythrocytes of
birds and snakes (Plósz, 1871) and Hoppe-Seyler’s own
article (Hoppe-Seyler, 1871) in which he confirms Miesch-
er’s findings on nuclein, including its unusually high
phosphorous content. Like Miescher, Hoppe-Seyler con-
cluded that nuclein is unlike any other substance isolated
before. He also excluded the possibility that it is merely a
degradation product of the isolation procedure, but instead a
novel substance of its own kind (Hoppe-Seyler, 1871).

In the first paragraphs of his own article in this issue,
Hoppe-Seyler notes, bThe analyses by Mr. F. Miescher
presented here have not only enhanced our understanding of
the composition of pus more than has been achieved in the
past decades; for the first time they have also allowed
insights into the chemical constitution of simple cells and
above all their nuclei. Although I am well acquainted with
Dr. Miescher’s conscientious proceeding, I could not
suppress some doubts about the accuracy of the results,
which are of such great importance; I have therefore
repeated parts of his experiments, mainly the ones concern-
ing the nuclear substance, which he has termed nuclein; I
can only emphasize that I have to fully confirm all of

A key concern of Miescher’s was to get rid of contaminating proteins, which would have skewed his analyses of the
novel substance. bI therefore turned to an agent that was already being used in chemistry with albumin molecules on
account of its strong protein-dissolving action, namely, pepsin solutionsQ (Miescher, 1871d). Pepsin is a proteolytic
enzyme present in the stomach for digesting proteins. Miescher used it to separate the DNA from the proteins of the cells’
cytoplasm. He extracted the pepsin for his experiments from pig stomachs by washing the stomachs with a mixture of 10
cc of fuming hydrochloric acid and one liter of water and filtering the resulting solution until it was clear.

In contrast to his earlier protocol, Miescher first washed the pus cells (leucocytes) three or four times with bwarm
alcoholQ to remove lipids. He then let the residual material digest with the pepsin solution between 18 and 24 h at 37–
458C. After only a few hours, a fine gray powdery sediment of isolated nuclei separated from a byellow liquid.Q Miescher
continued the digestion process, changing the pepsin solution twice. After this procedure, a precipitate of nuclei without
any attached cytoplasm formed. He shook the sediment several times with ether in order to remove the remaining lipids.
Afterwards, he filtered the nuclei and washed them with water until there was no longer any trace of proteins.

He described the nuclei isolated in this way as bcompletely naked (. . .). The contours were smooth in some cases or
slightly eaten away in othersQ (Miescher, 1871d). Miescher washed the nuclei again several times with warm alcohol and
noted that the bnuclear massQ cleaned in this way exhibited the same chemical behavior as the nuclei isolated with
hydrochloric acid.

Miescher subsequently extracted the isolated nuclei using the same alkaline extraction protocol he had previously
employed on the intact cells (see Box 1) and, when adding an excess of acetic acid or hydrochloric acid to the solution,
again obtained a precipitate of nuclein.

Box 2
Miescher’s second protocol to isolate DNA
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Miescher’s gray/white precipitate

the past two years, I have avidly yearned for the meat pots of
the laboratory in Tqbingen Castle again (also see Fig. 4), for I
had no laboratory here and was (. . .) merely tolerated in a
small corner of the chemistry laboratory, where I could hardly
move.. . .Q He continued, bYou can imagine how it must feel
to be hindered in the energetic pursuit of an endeavor on
account of the most miserable conditions, knowing that I may
never have such a fine opportunity again. . ..Q (His, 1897b).

Nonetheless, he worked on and discovered that sperm
cells proved to be an ideal source material for the isolation of
large quantities of very pure nuclein (Miescher, 1871c,
1874b). Miescher chose these cells due to their simple
composition with their heads comprised almost exclusively
of a nucleus (Miescher, 1872a). Finally, he saw a possibility
of obtaining sufficient amounts of nuclein to perform the
exhaustive quantitative experiments he had already intended
to do in Tqbingen.

Basel’s location on the Rhine river with its annual
upstream migration of salmon to their spawning grounds
had a flourishing salmon fishing industry and there was an
abundance of freshly caught salmon at Miescher’s disposal.
Thus, in the autumn of 1871, he started to work on salmon
sperm and developed numerous, ever more sophisticated
protocols for the isolation of nuclein [seeMiescher, 1874b, as
well as the paper by Miescher’s coworker Oswald Schmiede-
berg (Schmiedeberg and Miescher, 1896), which was
published after Miescher’s death], which allowed him to
obtain considerable quantities of the purest nuclein he had
ever isolated (Fig. 5).

With this nuclein, he repeated the initial analyses of the
elementary composition carried out in Tqbingen. He
confirmed that nuclein contained carbon, nitrogen, and
hydrogen atoms and was indeed devoid of sulfur but rich in
phosphorous (Miescher, 1872a,b,c). When having achieved
the highest purity in isolating nuclein, he determined the
proportion of P2O5 in salmon nuclein to be 22.5% of its total
mass (Miescher, 1872b)—a figure very close to the actual
proportion of 22.9%—and correctly stated that all the
phosphorous contained in the nuclein is present in the form
of phosphoric acid (Miescher, 1874b).

Further analyses of the nuclein isolated from sperm
confirmed its acidic properties, showing that it must be a
bmultibasic acidQ (Miescher, 1872b), a statement, which he
refined to bat least three basic acidQ (Miescher, 1874d) and
eventually bat least four basic acidQ (Miescher, 1874b).
Miescher also noticed that nuclein was not well diffusible
and concluded that it must be a molecule with a high
molecular weight (Miescher, 1872c; see also Miescher,
1874b). Later however, Miescher determined an approx-
imate atomic weight of 5–600 for nuclein (Miescher, 1873e)
and postulated several approximations of an atomic formula,
including the formulae of C22H32N6P2O16 (Miescher,
1874d) and C29H49N9P3O22 (Miescher, 1874b).

In the spring of 1872, Miescher presented his results on
sperm to the Naturalist Society in Basel (His, 1897b). Among
descriptions of the spermatocyte morphology, he reported

that in the heads of salmon spermatocytes, the bmultibasicQ
acid nuclein is bound in a saltlike state to a basic molecule,
which he called bprotaminQ (see also Miescher, 1872a,c,
1874b) and that together nuclein and protamin made up
almost the entire mass in the sperm heads (Miescher, 1874b).

In the years 1872 and 1873, Miescher extended his
studies to the sperm of carp, frogs, chicken, and bulls
(Miescher, 1872a, 1873a,b,c,d,f), but with less success than
he had previously had with salmon sperm. However, in all
sperm examined he did find nuclein (Miescher, 1873b). The
complete account of these analyses was published in 1874
(Miescher, 1874a,b,c).

Miescher owed a great deal of his success in isolating
and characterizing DNA to his choice of cells for his
experiments. Both leucocytes and spermatozoa are not
embedded in a tissue or extracellular matrix and can thus
easily be purified. Moreover, in both, but especially in the
spermatozoa, the nuclei are large compared to the cyto-
plasm, facilitating an enrichment of nuclear components in
purification protocols.

Theories on the role of DNA, gametogenesis, and
fertilization

Miescher’s 1874 publication on the occurrence of nuclein
in the sperm of various vertebrates (Miescher, 1874b)
caused some interest in the scientific community at the

Fig. 5. Glass vial containing nuclein isolated from salmon sperm by

Friedrich Miescher while working at the University of Basel. The faded

label reads bNuclein aus Lachssperma, F. MiescherQ (Nuclein from salmon

sperm, F. Miescher). Possession of the Interfakult7res Institut fqr
Biochemie (Interfacultary Institute for Biochemistry), University of

Tqbingen, Germany; photography by Alfons Renz, University of Tqbingen,
Germany.
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• The molecule is different than other molecules 
(contain C, O, N, H, and P – not known to be in 
proteins). 

• Since the molecule came from nucleus, he called it 
Nuclein (today called DNA).

Miescher, Friedrich (1871) "On the chemical composition of pus cells”, Medicinisch-chemische 
Untersuchungen, 4 : 441–460.

Nuclein: the chemical of the nucleus



 Therefore, in my experiments I subsequently 
limited myself to the whole nucleus, leaving to 
a more favorable material the separation of the 
substances, that for the present, without further 
prejudice, I will designate as soluble and 
insoluble nuclear material ("Nuclein").

Miescher, Friedrich (1871) "On the chemical composition of pus cells”, Medicinisch-chemische 
Untersuchungen, 4 : 441–460.

Nuclein: the chemical of the nucleus



More evidence 

Chromosome Theory 

If Mendel factors segregate during meiosis, 
then something in the cell must do the same.



Chromatin

Walther Flemming 
band structure in 

dividing cells (1879)

• Used cells of salamanders and staining 
techniques to study cell division (he called it 
mitosis). 

• The intensely stained parts of the nucleus he 
called chromatin (chroma is Greek for color).



Chromatin

The nucleus 
content separates 
during cell division. 

What is this 
substance?



Chromatin

• Isolation of the chemical content results in the 
same gray precipitate. 

• Conclusion: Miescher’s nuclien and 
chromatin are the same.



Chromosomes

Hermann Fol and Oscar Hertwig 
(1870-1880)

• Observed fertilization and fusion of the eggs 
and sperms nuclei. 

• Chromatin is called chromosomes.



Chromosomes
10          M. Buscaglia and D. Duboule

an observation that had escaped the attention of his Swiss col-
league from Basel and great anatomist W. His (1831-1904) (Fol,
1885). He published several papers on descriptive and compara-
tive embryology. His work was characterized by stringent criteria
of quality, to publish anatomical, histological and cytological de-
scriptions as exactly as possible. With this objective in mind, he
developed several methods of imaging, including photography. He
was not very attracted by theories, hence he devoted his time and
efforts to setting up imaging processes to illustrate both stable and
dynamic macroscopic and microscopic structures; a precursor in
this topical field, indeed. He used these technological tools in his
famous work on fertilization and early blastomere division in sea
urchins and starfish (Fig. 6), in what remains as a superb example

of a "backward" strategy (Fol, 1879). In this
case, as in other pieces of work, he went back
first to early development (Fig. 7), then to fertili-
zation (Fig. 8), to end up studying events which
take place before fertilization. His pictures of
fertilization were largely acknowledged and popu-
larized, notably by Oscar Hertwig (1849-1922)
(Hertwig, 1890) and others. In this context, it is
important to remember that the role of sperma-
tozoa during the fertilization process was clearly
understood only in 1822, by Jean Louis Prevost
(1790-1850) and Jean Batiste Dumas (1800-
1884), when working in Geneva (Buscaglia
1990).

The Early Days of Experimental Embry-
ology

Interestingly, from the epistemological view-
point, the transition of H. Fol from the study of
morphology to causal experimental embryology
was dictated by his rational conclusions about
the comparative development of mollusks. In-
deed, comparative observations on helicoid
mollusk development led him to propose a causal
theory of developmental asymmetry. This theory
was subsequently challenged, experimentally,
in collaboration with Stanislas Warynski (Bedot,
1894; Fol and Warynski 1883, 1884, 1886).
These contributions are vivid examples of very
early attempts, if not the first, to embark on
embryological experimentalism, a discipline
(causal embryology) which later on flourished in
southern Germany. However, these publica-
tions must be considered in the context of the
leading work of Camille Darest (1822-1899) on
monsters and causalities in teratology (Darest
1896; see Fischer, 1994). They anticipated the
impressive methodology, results and concepts
which would soon after characterize the German
school of developmental mechanisms.

In the Fol and Warynski papers (Fig. 9),
where the chicken was used as a model system
for embryological manipulations, the following
general conclusion is reached: any artificially
induced modification of ‘the cause’, may select

Fig. 7. Plate No. VII from the paper by Hermann Fol (1879), showing nuclear amphimixy
and the early cell divisions after fertilization in fixed material (see Fig. 6).

amongst different potential reactions of the embryo itself. In this
context, any observed modification in development is actively
produced by the organism, as an integrated response to the
experimental alteration of the cause. This idea was very similar to
the future concept of ‘Selbstregulation’ and announced its formu-
lation by W. Roux (Roux, 1914). Such a novel experimental
approach was presented in a bright and pioneering but short paper
in 1883. By analyzing the onset of developmental asymmetry
during chicken embryogenesis (heterotaxy), which later on gener-
ates adult left-right asymmetry, the authors made specific attempts
to experimentally induce modifications of symmetry.

The described experimental protocol was amazingly modern,
as it can be considered to follow the major conceptual and

Three Centuries of Developmental Biology in Geneva        11

Whether it was Warynski or Fol who provided
the essential contribution to what is considered
by some as the birth of experimental embryology,
and to the development of fundamental concepts
and experimental protocols, is not yet absolutely
clear. While Warynski was indeed the prominent
author of the few seminal papers they wrote on
this very topic, further studies will be necessary to
clarify this issue. Also, unfortunately, these pa-
pers were not followed by subsequent experi-
ments using the same methodology. They were
nonetheless an essential step on the way to the
elaboration of a generalized experimental em-
bryology, which finally acquired its status with the
‘Entwicklungsmechanik’ (Roux, 1914) and, sub-
sequently, with the work of H. Spemann (1869-
1941) (see Sander and Faessler, 2001; Spemann
and Mangold, 1924).

The Tradition Goes On

Without discussing too much the situation in
the last century, we would like to complement this
short account of developmental biology in the
past in Geneva, by adding a few words on the
work of Emile Guyénot (1885-1963) and Kitty
Ponse (1897-1982; Fig. 10), both professors at
what is known today as the Department of Zool-
ogy and Animal Biology of the University of
Geneva.

One century after Trembley and Bonnet, Emile
Guyénot, who also published papers on his two
famous predecessors, re-activated research on
animal regeneration in Geneva (Guyénot, 1941).
With his gifted assistants, Marco Zalocar, Daniel
Bovet, Kitty Ponse, Oscar Schotté and others,
they analyzed the potentialities of regenerating
structures in newts and lizards, such as the head,
the eyes, the limbs, the tail and the crest. Much
attention was given to the non-specific stimula-
tory effects of the nervous system, as compared
to specific differentiation induced by regenera-
tion territories, especially when different areas
were brought into contact with each other. Just
before joining the faculty in Geneva where he
taught zoology, he had designed a method to

Fig. 8. Plate No III from the paper by Hermann Fol (1879) showing in vivo drawings of
the various steps in the fertilisation in Asterias glacialis (see Fig. 6).

pragmatic rules of experimental biology. First, they explicitly pro-
posed a causal hypothesis in order to explain asymmetry (lateral
differences in the rates of cell divisions would account for lateral
asymmetry). Secondly, and as a consequence of their hypothesis,
they proposed to slow down cell division on one side only, an
operation carried out by moderate heating of specific areas (it was
not possible to increase the rate of cell division). The high quality
of their surgical approach allowed them to give enough time to the
embryo to properly react (over days), such that they could accu-
rately observe the resulting modifications in more than a hundred
manipulated chicken embryos. The conclusions were related to the
initial hypothesis, and the authors claimed the results had validated
their postulated explanation of the process.

keep Drosophila in a sterile, pastorian condition (Guyénot, 1917).
His idea was to prevent the effect of microbes when analyzing
hereditary processes during development. This method, which
opened the way to studies of environmental effects on embryologi-
cal development, was subsequently popularized by T.H. Morgan.

It was in 1922 in Guyénot’s laboratory, where Kitty Ponse
showed how castrated male toads became fertile bidderian fe-
males. Hence she switched to developmental biology by studying
the process of gonad differentiation, an important step in the study
of organogenesis and an essential contribution to our knowledge
of sexual differentiation (Ponse 1922, 1948). In the same depart-
ment, closely associated with the ‘Station de Zoologie
Expérimentale’ which was created in 1933 as an outstation of the

Buscaglia M, Duboule D. Developmental biology in Geneva: a three century-long tradition. Int 
J Dev Biol. 2002 Jan;46(1):5-13



Chromosomes

• The study of fertilization using light microscopy 
led to: 

• Eggs and sperms have equal number of 
chromosomes. 

• Chromosomes get passed to future 
generations. 

• By 1890 almost everybody agreed that 
nuclien = chromatin = chromosomes are 
the basis of heredity.



Chromosomes

How do these findings relate to Mendel’s 
experiments?



Fun battle

• Sperm and eggs 
form a zygote. 

• Hypothesis: 
When zygote 
divides, it loses a 
half of the genetic 
molecular 
(instructions).



Fun battle

• Test the hypothesis 
that the genetic 
material gets 
reduced with every 
division. 

• Need to separate 
the two cells 
resulting from the 
first zygotic 
division. 

• How?



Fun battle
Using the thin hair of his daughter :-) to separate the 

two cells resulting from the first division of a salamander 
zygote.



Fun battle



Characteristics of genetic material

The chemical content of the nucleus is the 
genetic material. 

What characteristics this molecule must 
have?



Characteristics of genetic material

• What should the hereditary molecule have? 
• Contain the information in a stable form. 

• Able to self replicate and pass to future 
generations. 

• Can be changed (allowing for adaptation 
and evolution).



Chromosomes and heredity

• Chromosomes are composed of proteins and 
nucleic acid. 

Which one is the genetic molecule? 

• Many suspected proteins to be the hereditary 
molecule because of the high capacity to store info 
(20 amino acids – now 22) compared to 4 
nucleotides in DNA.



The hereditary molecule 

Proteins or DNA? 

Need some cool experiments 

We will go over next lecture.



Expectations

• Know the experiments that lead to the 
conclusion that the genetic material is located 
in the nucleus. 

• Know the terms used to designate the 
genetic material before the discovery of DNA. 

• Know how each experiment added to the 
previous knowledge. 

• You know a bit of the story to tell your friends 
and family.



For a smile


