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Mendelism

Although many people consider the beginning 
of  genetics to be the publication of  the ‘Ver-
suche über Pflanzenhybriden’ by Gregor Mendel 
(Fig.1.1) in 1866 or the submission of  the 
manuscript during the preceding year, the be-
ginning of  genetics goes back to thousands of  
years before.

All geneticists and practically everybody 
else agree today that Mendel’s discovery was an 
extraordinary achievement. Fewer people know 
some interesting details about how Mendel 
achieved it. Not only had he chosen simple char-
acters of  an autogamous plant and counted the 
segregating offspring, but also it was particularly 
smart that for some he did not have to grow the 
second generation because the segregation was 
already evident by inspecting the pods. The cir-
cumstances also taught him common sense since 
he had about 245 m2 of  nursery space in the mon-
astery garden. It also shows that not only was 
Mendel a very smart man, he also had great 
sense for practical matters. During his teaching 
and priestly duties, he also founded a savings and 
loan bank and a fire brigade. Mendel studied a 
beautiful Fuchsia inflorescence but intuitively  
did not pursue this ornamental plant further! 
The chromosome numbers of  fuchsias vary a 
great deal (2n = 22, 55, 66 and 77) and this 
confused other students of  inheritance before 
and after Mendel.

Mendel himself  never claimed any laws to 
his credit. The term (actually rule (Regel) rather 
than laws) was first used by Carl Correns (1900), 
and he named them: ‘1. Uniformitäts- und Rezipro-
zitätsgesetz, 2. Spaltungsgesetz, 3. unabhängige 
Kombination’, namely, first law: uniformity of  
the F

1 (if  the parents are homozygous) and the 
reciprocal hybrids are identical (in the absence 
of  cytoplasmic differences); second law: inde-
pendent segregation of  the genes in F2 (in the ab-
sence of  linkage); and third law: independent 
assortment of  alleles in the gametes of  diploids. 
Thomas Hunt Morgan (1919) also recognized 
three laws of  heredity: (i) free assortment of  the 
alleles in the formation of  gametes; (ii) independ-
ent segregation of  the determinants for different 
characters; and (iii) linkage–recombination. In 
some modern textbooks only two Mendelian laws 
are recognized, but this is against the tradition 
of  genetics in which the first used nomenclature 
is upheld.

Mendel was a former student and teaching 
assistant of  C.J. Doppler, the physicist, and in the 
laboratory in Vienna they were already teaching 
some statistics. Mendel was also fortunate in not 
finding linkage, which might have been confus-
ing. He used seven characters and obtained 128 
(27) combinations. Peas have seven linkage groups, 
thus the probability of  independence would have 
been 6!/76 = 720/117,649 ≈ 0.0061. Actually 
some of  the genes he studied were syntenic, e.g. v, fa 
and le in chromosome 4. But the distance between 
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fa and le is 114 map units and i and a in linkage 
group 1 (204 map units) are so far away in the 
chromosome that they segregate independently. 
It seems that, among the hybrid combinations 
he had, v–le (12 map units) was not included 
(Blixt, 1975). This was dubbed appropriately 
‘Mendel’s luck’, presumably by J.P. Lotsy, a Ger-
man geneticist of  the early 20th century.

The printer, who introduced numerous 
small errors, had already abused the classic 
paper of  Mendel. The editor took liberties, too, 
and changed some of  the spellings preferred by 
Mendel. It is known that Mendel corrected by 
hand at least some of  the 40 reprints he received. 
Only four of  these reprints have survived. One of  
them, sent by Mendel to the renowned Austrian 
botanist Anton Kerner, was not opened, as re-
vealed by the uncut edges of  the paper (Křiže-
necký and Nĕmec, 1965).

It was quite unfortunate that his contem-
poraries failed to recognize the significance of  
his research. Carl Wilhelm Nägeli, the famous 
professor of  botany at the University of  Munich 
and an internationally renowned authority, felt 
that it was inconceivable that the plants should 

obey statistical rules. He advised Mendel: ‘You 
should regard the numerical expressions as 
being only empirical because they cannot be 
proved rational.’ He went even further and sug-
gested to Mendel the study of  Hieracium apo-
micts and raised self-doubts in Mendel as to 
whether the observations he carefully and con-
scientiously made would really have general val-
idity (Nägeli, 1867).

One should not be entirely negative about 
Nägeli. He was probably the first who sighted 
chromosomes around 1842 and described them 
in German as Stäbchen or little sticks in English 
(Geitler, 1938).

It was not until 1873 that A. Schneider ob-
served mitosis in Platyhelminthes and, 2 years 
later, Edouard Strasburger reported chromo-
some numbers for several plant species. Some 
counts were correct, some not. The term 
chromosome was coined in 1888 by the surgeon 
W. Waldeyer, who was not really an experimen-
tal biologist but was very good at pigeon-holing 
(Rédei, 1974).

Professor Nägeli can really be called an ex-
pert by the definition of  Henry Ford, who said 
the expert knows what cannot be done: even 
when he sees that it has already been accom-
plished, he can also explain why it should not 
have been successful. Nägeli almost shot down 
the Mendelian results. He might also have been 
influential on Wilhelm Olbers Focke, who in 
1881 in his monograph on plant hybrids refers 
only 15 times to Mendel (nine times in connec-
tion with Hieracium but only once about the pea 
experiments) but mentions the name and work 
of  Gärtner 409 times, Kölreuter 214 times and 
several others dozens of  times.

Nägeli evoked the ire of  the medical re-
searchers with his ideas on bacterial pleomorph-
ism. Pleomorphy meant that bacteria (he called 
them Schizomycetes) were not supposed to possess 
hard heredity. He believed that their variability is 
not hereditary but depends entirely on the cul-
ture conditions. Apparently, his laboratory skills 
were insufficient and he did not understand 
what pure cultures are. Unfortunately, his influ-
ence and ‘authority’ were a serious impediment 
to the development of  bacteriology.

Dr W. Migula, professor at the College of  
Technology in Karlsruhe, Germany, gives a vivid 
account about the situation in his System der 
Bakterien in 1897:

Fig. 1.1. Gregor Mendel, Wikipedia, the free 
encyclopedia {{PD–US–expired}}.
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When Nägeli says, p. 20, that ‘Cohn [the founder 
of  modern bacterial systematics in 1872] had 
established a system of  genera and species, in 
which each function of  the Schizomycetes 
[bacteria] is represented by a particular species; 
by this he expressed the rather widespread view 
exclusive to physicians. So far I have not come 
across any factual ground that could be 
supported by morphological variations or by 
pertinent definitive experiments.’ When Nägeli 
still says this in 1877, one must either assume 
that he was unaware of  the work of  the 
preceding 5 years, or that he chose to ignore it 
on purpose because it did not fit his theory.

Nägeli has also some positive legacies. I have 
mentioned before that he was probably the 
first to report seeing chromosomes. In 1884, he 
published a large volume entitled: Mechanisch- 
physiologische Theorie der Abstammungslehre, 
which is also the first systematic effort to create 
a molecular interpretation of  the hereditary 
 material.

Mendel’s problems did not cease with his 
death. Anselm Rambousek, who succeeded Men-
del as abbot of  the monastery, destroyed a large 
part of  the unpublished records and personal 
notes after the death of  his predecessor. There are 
different ways of  leaving a historical legacy.

Fortunately, Mendel did not live to read Sir 
Ronald Fisher’s (1936) devastating criticism. 
Fisher, one of  the greatest statisticians ever lived, 
questioned, in good faith, the ‘too good to be true’ 
data of  Mendel – although Fisher tried to find ex-
cuses for Mendel, such as an assistant who was 
familiar with his expectations and might have de-
ceived him, or that he figured out what he was 
supposed to find and just wanted to demonstrate 
the validity of  his hypothesis. Nobody will ever 
find out what happened. Some of  the sensation- 
hungry public media periodically revisit the Fisher 
paper and question Mendel’s integrity. His prin-
ciples are beyond doubt. I do not wish to go into 
the details because these are familiar to the ma-
jority of  the students and workers in genetics. 
 Alfred Sturtevant (1965) points out that Fisher 
erred in the dates, in the number of  years of  the 
experiments and misrepresented some of  the 
statements in Nägeli’s letters to Mendel.

F. Weiling (1966), a German statistician, 
after a thorough analysis arrived at similar con-
clusions. Weiling also used more technical argu-
ments. He pointed out that the pollen tetrads 

may clump and then the distribution may be 
biased and suggests the following calculations 
for chi-square:
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where x = the observed, say, recessives, N = the 
number of  individuals in the sample, p = the 
 expected frequency of  the phenotype. Weiling 
 provides the following hypothetical example:  
x = 152, N = 580, p = 0.25:
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This has a probability that is very different from 
that calculated by Fisher. Weiling also claims 
that Fisher erred by assuming the identity of  the 
reciprocal crosses and did not take it into ac-
count and that might have affected the chi- 
square, which should have been calculated 
 using a correction factor c:
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If  the distribution is not really binomial but semi- 
random, this also affects the chi square value.

Not being a statistician, I do not want to take 
a position in the dispute. I only wish to provide 
some food for thought in this case or in general. 
One point is indisputable: no matter how Mendel 
reached his conclusions, he was right. Back in 
the 1950s, I conducted larger experiments with 
monogenic segregation of  auxotrophic mutants 
of  Arabidopsis and observed an even better fit to 
the 3 : 1 under axenic conditions.

Psychologists have a term for problems of  
judgement: multistability of  perception. In layman’s 
words, you see what you want to see. Of  course, 
you do not always get what you see. The British 
artist Gerald H. Fisher (1968) (I do not know 
whether he was kin to Sir Ronald) graphically il-
lustrated how these things happen (Fig. 1.2). The 
upper drawing shows an ugly man, the lower fig-
ure displays an undressed woman but if  you look 
long enough both pictures show the same.

Sometimes, failing memory or perhaps a 
drive for humour distorts the historical facts. 
In 1949, R.C. Punnett reminisced on the origin 
of  the Hardy–Weinberg law and said:
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I was asked why it was that, if  brown eyes were 
dominant to blue, the population was not 
becoming increasingly brown eyed: yet there 
was no reason for supposing such to be the case. 
I could only answer that the heterozygous 
browns also contributed their quota of  blues 
and that somehow this leads to equilibrium. On 
my return to Cambridge I at once sought out 
G.H. Hardy with whom I was then very friendly. 
For we had acted as joint secretaries to the 
Committee for the retention of  Greek in the 
Previous Examination and we used to play 
cricket together. Knowing that Hardy had not 
the slightest interest in genetics I put my 
problem to him as a mathematical one. He 
replied that it was quite simple and soon handed 
to me the now well-known formula pr = q2 
(where p, 2q and r the proportions of  AA, Aa 
and aa individuals in the population varying for 
the A–a difference). Naturally pleased at getting 
so neat and prompt an answer I promised him 
that it should be known as ‘Hardy’s Law’ a 
promise fulfilled in the next edition of  my 
Mendelism. Certain it is that ‘Hardy’s Law’ owed 
its genesis to a mutual interest in cricket.

Punnett might not have ever read the seminal 
paper of  Hugo de Vries in 1900, where he said 
much earlier:

Si l’on appelle D les grains de pollen ou les ovules 
ayant un caractère dominant et R ceux qui ont 
le caractère récessif, on peut se représenter le 
nombre et la nature des hybrides par la formule 
représentative suivante, dans laquelle les 
nombres D et R sont égaux:

( )( )D R D R D DR R+ + = + +2 22

This is, of  course, no different from what all text-
books call either the Hardy–Weinberg law or the 
Castle–Hardy–Weinberg theorem.

Why Genetics was a Late Bloomer

The question often emerges why genetics started 
so late relative to other sciences. Copernicus 
(1473–1543) centuries earlier had proposed essen-
tially valid ideas about the celestial bodies. Galileo 
(1564–1642) developed theories on dynamics and 
astronomy. Newton (1642–1729), who under-
stood something about genetics by being also a 
sufferer from the complex hereditary disease gout, 
pioneered in gravitation and energy.  Dalton 
(1766–1844) developed an atomic theory, 

Fig. 1.2. Gerald Fisher’s (1968) graphic illustration 
of the multistability of perception. Basically the 
same object (or principle in science) may mean 
different things depending on when and how one 
looks at it. Both figures above may appear as a 
sad male face or a nude. (By permission of the 
Psychonomic Society.)
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 although he was afflicted by X-linked red–green 
colour blindness and, being a physicist, he quite 
clearly described his malady. In literature, 
Shakespeare (1564–1616), Molière (1622–1673) 
and Goethe (1749–1832) preceded  Mendel. 
The  latter – besides being an immortal poet – 
 contributed significantly to the understanding 
of  the biology of  development. Mozart (1756–
1791) and Beethoven (1770–1827)  elevated 
music to an unsurpassable beauty. Strangely, 
Beethoven was tormented by a hearing deficit 
and that might have been the reason why he 
elected not to marry and have offspring, al-
though he was romantically involved with 
 several women.

There were several causes of  the late devel-
opment of  genetics. Basic biological mechanisms 
of  reproduction were not understood. Experimen-
tal procedures were not used. I cannot tell 
whether the ancient Egyptians comprehended 
the consequences of  human inbreeding, but the 
artists of  the 14th century bc depict the pharaoh 
and his wife’s offspring like Wilhelm Johannsen’s 
(1857–1927) famous beans (Fig. 1.3).

Aristotle (384–322 bc) writes that, in Abys-
sinia, mice get pregnant if  they lick salt. He prob-
ably did not believe it, but the ‘information’ 
might have come from a respected source so he 
felt obligated not to dispute it. He also stated that 

women had fewer teeth than men. It is hard to 
understand why he never looked into the mouth 
of  his wife or mother; this would not have re-
quired a grant or special equipment.

When Aristotle reviews the ancient theor-
ies of  sex determination, he finds them all unsat-
isfactory:

Some suppose that the difference [between 
sexes] exists in the germs from the beginning; for 
example, Anaxagoras and other naturalists say 
that the sperm comes from the male and that 
the female provides the place [for the embryo], 
and that the male comes from the right, the 
female from the left, since in the uterus the 
males are at the right and the females at the left. 
According to others, like Empedocles, the 
differentiation takes place in the mother, 
because, according to them, the germs 
penetrating a warm uterus become male, and a 
cold uterus female.

Several of  his other reported cases of  heredity 
seem, however, quite plausible and sensible, 
while others are utter nonsense. Aristotle states 
that mutilations are not transmitted to the off-
spring but blindness and some scars may be. 
There are more defective males than females. 
The normal eye colour is black, and blue is a de-
ficiency of  the shade. Some of  the travelling 
‘Freiherr von Münchhausen’-like stories find their 

Fig. 1.3. King Akhenatan, Queen Nefertiti and three of their daughters. Bas-relief from the tomb of Apy at 
Amarna, c. 1362 bc. (Drawn by Cyril Aldred after Davies. Aldred, C. (1961) The Egyptians, Ancient 
People and Places, Thames and Hudson, New York. By permission.)
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ways into his erudite books. In Libya – he writes – 
because of  drought and heat diverse species of  
thirsty animals congregate at an oasis and mate. 
From such misalliances, for example, camel × 
sparrow → ostrich arises or the wild boar would 
have its origin by ants mating with lions. The 
Roman Pliny (ad 23–79) remarks ‘si libeat  
credere’ – if  we are permitted to believe in tall 
stories.

On the other hand, even students of  Lin-
naeus – for example, the savant Austro-Finlan-
dus Johannes J:nis Haartman (1751) – faithfully 
retell the incredible fantasies. So does practically 
everybody else through the centuries. The Soviet 
charlatans during the Lysenko era in the 20th 
century (Medvedev, 1969), who destroyed gen-
etics and maimed many outstanding geneticists 
(e.g. Agol, Vavilov and hundreds of  others), pos-
tulated similar fantastic nonsense (vegetative 
hybrids, inheritance of  environmentally ac-
quired traits, etc.).

Besides the lack of  experimentation and the 
slavish submission to the ancient books, there 
was another negative force, expressed by Joshua 
Sylvester in the 16th century. Sylvester answers 
the ‘New objection of  Atheists, concerning the 
capacitie of  the Ark’:

O profane mockers! if  I but exclude
Out of  this Vessell a vast multitude
Of  since-born mongrels, that derive their birth
From monstrous medly of  Venerian mirth:
Fantastick Mules, and spotted Leopards
Of  Incest-heat ingendred afterwards:
So many sorts of  Dogs, of  Cocks, and Doves
Since, dayly sprung from strange & mingled loves,
Where in from time to time in various sort,
Daedalian Nature seems her to disport:
If  plainer, yet I prove you space by space
And foot by foot, that all this ample place,
By subtill judgement made and Symmetrie,
Might lodge so many creatures handsomely,
Sith every brace was Geometricall:
Nought resteth (Momes) for your reply at all;
If, who dispute with God, may be content
To take for current, Reason’s argument.

The Reverend Dr Hodge of  Princeton University, 
expressing the opinions of  many of  his contem-
poraries about Darwinism, remarked: ‘to ignore 
design as manifested in God’s creation is to 
dethrone God’ (Provine, 1971, p. 10).

Dr A.F. Wiegmann, a physician from 
Brauschweig, Germany, was a prize-winner of  

the Physical Section of  the Royal Prussian Acad-
emy of  Sciences in 1826; his thesis in the com-
petition sought to shed light on the problem: 
‘Gibt es ein Bastarderzeugung im Pflanzenre-
iche?’ (Is there any hybridization in the plant 
kingdom?). On the second attempt he received 
only half  the prize because he could not prove to 
the distinguished panel’s complete satisfaction 
that plants do form hybrids. In his detailed re-
port, he complains about his deteriorating vi-
sion, trembling hand, difficulties in bending and 
kneeling in his backyard, and, above all, he is 
worried about the neighbours who might think 
that he is sodomizing plants (Roberts, 1965).

Some of  the attempts with animal hybridiza-
tion (wolf  × mastiff) described by George Louis Le 
Clerc Compte de Buffon (1707–1788) were even 
more disastrous. The wolf  killed the dog and 
mauled the curious experimenter (Olby, 1966).

During the preceding era, experimentation 
had not been very popular. All this was chan-
ging now with the Enlightenment philosophy of  
the 18th century. The language may still be 
Latin but the ideas are revolutionary. In 1759 
the St Petersburg Russian Academy of  Sciences 
offered a prize for proving:

Sexu plantarum argumentis et experimentis 
novis, praeter adhuc iam cognita, vel corrobora-
re vel impugnare, premissa expositione historica 
et physica omnium plantae partium, qui aliquid 
ad fecundationem et perfectionem seminis et 
fructus conferre creduntur. [Sexuality of  plants 
should be confirmed or refuted by arguments 
and new experiments, besides those that are 
already known, by presenting the history and 
the physical parts of  all plants that are believed 
to have contributed to the seed and fruits.]

Kölreuter, an early plant hybridizer, apparently, 
stipulated these requirements (Roberts, 1965).

This is a major milestone on the way to ex-
perimental science. The Academy wanted to see 
not just the records of  the observations but also 
the physical evidence, fruits, seeds and all other 
plant parts. Linnaeus entered and won the con-
test and later expressed his wishes to spend the 
rest of  his life studying plant hybrids.

Felix Hoppe-Seyler, a not particularly mo-
dest editor of  the journal Hoppe-Seylers Mediz-
inische-Chemischen Untersuchungen, set similar 
critical requirements. When he received Fried-
rich Miescher’s manuscript of  the initial study 
on nuclein in 1869, the thorough editor did not 
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publish it until 1871, when he himself  had a 
chance to confirm the information along with 
two separate papers, authored by two of  his stu-
dents, which showed that Miescher was correct. 
Actually Hoppe-Seyler and his team had proved 
that nuclein was not a substance unique to pus 
cells but was present in red blood cells, in yeast 
and even in milk, and this is also the beginning 
of  the DNA story (Borek, 1965).

The obvious question arises: is such an edi-
torial policy desirable or not? In this case it actu-
ally worked well and eventually the priority was 
posthumously credited to Miescher alone, des-
pite the ‘piracy’ of  his intellectual property. Edi-
torial heavy-handedness does not always have 
such a happy ending. Hoppe-Seyler rejected the 
paper of  MacMunn dealing with haematin, a 
pigment present in tissues besides blood. Mac-
Munn’s results were thus not appreciated until 
1925, when another biochemist, Keilin, showed 
that MacMunn was right and this pigment was 
important for respiration (Borek, 1965).

There are several examples of  similar poor 
judgement by experts. The editor of  the Lancet 
rejected – for lack of  understanding – the sem-
inal manuscript of  L. and H. Hirszfeld on the fre-
quencies of  the three alleles of  the ABO blood 
group and the article could find its way only 
into Anthropologie, a less widely read journal 
(Stoneking, 2001). H.J. Muller was fired from the 
University of  Massachusetts shortly before he 
was awarded the Nobel prize (1946) because the 
administration was not satisfied with his teach-
ing skills. A graduate student, according to my 
non-scientific survey, had a completely different 
view. Nature (London) rejected the manuscript of  
Hans A. Krebs, who became a Nobel laureate for 
the same work in 1953. In 1970, a distinguished 
genetics panel declared Arabidopsis to be planta 
non grata, but, by 2000, it became the first com-
pletely sequenced higher plant and more papers 
are being published about it than any other 
plant species.

Hugo de Vries, Carl Correns and Erich von 
Tschermak-Seysenegg rediscovered Mendel’s 
work in 1900. The circumstances of  the redis-
covery were also controversial. H. de Vries, in 
this first paper, did not refer to Mendel and his 
explanations regarding whether he had ignored 
or forgotten him are contradictory. In a letter 
written to H.F. Roberts (1965), de Vries claimed 
that he worked out the Mendelian rules all by 

himself  without the help of  Mendel’s work. A.H. 
Sturtevant (1965, p. 27) casts some doubt on 
the truthfulness of  this claim:

In 1954, nineteen years after the death of  de 
Vries, his student and successor Stomps reported 
that de Vries had told him that he learned of  
Mendel’s work through receiving a reprint of  
the 1866 paper from Beijerinck, with a letter 
saying that he might be interested in it. The 
reprint is still in the Amsterdam laboratory, as 
has been stated.

Despite these facts, de Vries generally receives 
more credit in the literature than Correns, whose 
contributions to genetics are much more sub-
stantial. Tschermak’s work is the least valuable 
and the least original.

Bateson, while travelling on a train and 
reading, came across the Mendelian experi-
ments and the confirmations. He became the 
most ardent Mendelian and the most diligent 
public relations man for the new ideas. He en-
countered stiff  resistance from various corners, 
mainly from the biometricians, students and fol-
lowers of  Sir Francis Galton. Bateson published 
an enthusiastic book in 1902: Mendel’s Prin-
ciples of  Heredity: a Defence.

Karl Pearson, a man of  enormous intel-
lect, was one of  the most vociferous critics of  
Bateson. According to him, the purity of  the 
gametes theory was ‘not elastic enough to 
 account for the numerical values of  the con-
stants of  heredity hitherto observed’ (Pearson, 
1904). He requested that the Mendelians 
 provide ‘a few general principles . . . which em-
brace all the facts deducible from the hybrid-
ization experiments’ (Pearson, 1904). Bateson 
was ill equipped to deal with the mathematical 
tasks that would ‘form the basis of  a new 
mathematical investigation’ (Pearson, 1904). 
G. Udney Yule (1907) came to the rescue of  
Batesonism by accepting the compatibility of  
Mendelism and biometry. Wilhelm Johannsen 
(1909) wrote a great book with the purpose of  
demonstrating the need for biometry in under-
standing genetics. It is regrettable that this 
monumental work has not been translated 
into English and is inaccessible to many geneti-
cists due to a language barrier.

The amalgamation of  biometry and genetics 
did not happen readily. In the journal Genetics, the 
statistical papers are still relegated to the back of  
issues. Many geneticists find the language and 
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concepts obtrusive because of  lack of  adequate 
mathematical preparation. Roger Milkman re-
ported several years ago about an international 
meeting of  statistical genetics, that the papers 
were apparently beautiful, albeit he did not 
understand them but hoped that the speakers did.

Pearson’s confidence in the application of  
biometry to genetics was well vindicated by the 
development of  the shotgun sequencing of  gen-
omes, which could not have been carried out 
without very powerful computers and computer 
programs (Sharing the glory not the credit. 
Science 291, 1189 (2001)).

The general acceptance of  Mendelism con-
tinued after the rediscovery not only by the bio-
metricians but also by the embryologists, evolu-
tionists and zoologists. Nevertheless, at the 6–8 
January 1909 meeting of  the American Breeders’ 
Association in Columbia, Missouri, Professor 
T.H. Morgan of  Columbia University did not at-
tend personally – maybe because of  contempt 
for the predominantly agricultural audience – 
but he submitted a paper entitled ‘What are “fac-
tors” in Mendelian explanations?’ A member of  
the Zoology Department read it:

In modern interpretation of  Mendelism, facts 
are being transformed into factors at a rapid 
rate. If  one factor will not explain the facts, then 
two are invoked; if  two prove insufficient, three 
will sometimes work out. The superior jugglery 
sometimes necessary to account for the results 
may blind us, if  taken too naïvely, to the 
common-place that the results are often so 
excellently ‘explained’ because the explanation 
was invented to explain them. We work 
backwards from the facts to the factors, and 
then, presto! explain the facts by the very factors 
that we invented to account for them. I am not 
unappreciative of  the distinct advantages that 
this method has in handling the facts. I realize 
how valuable it has been to us to be able to 
marshal our results under a few simple 
assumptions, yet I cannot but fear that we are 
rapidly developing a sort of  Mendelian ritual by 
which to explain the extraordinary facts of  
 alternative inheritance.

The Rise of Drosophila  
and Cytogenetics

By the time this paper and others similar in tone 
appeared in print, an unusual, strange event 
took place. (I am relating the story as I heard it 

from Dr E.G. Anderson, who was at that time a 
graduate student of  R.A. Emerson at Cornell 
University.)

C.W. Woodworth, an entomology student, 
introduced Drosophila to the Harvard laboratory 
of  William Castle, and Morgan also used it as a 
tool for his embryology class. One day, he wanted 
to demonstrate the phototropism of  the flies. As 
Mrs Lillian Morgan opened a matchbox contain-
ing Drosophila, Professor Morgan went to the 
window and told the students to watch how the 
flies would come towards him. Facing the flies, 
Dr Morgan discovered a white-eyed one. He be-
came interested in it, but, despite the assistance 
of  the students, the fly escaped. Next day, a mu-
tant male was captured and thus the future of  
genetics was changed.

In 1910 and 1911, Morgan, an embryolo-
gist, published the first genetics paper on 
‘sex-limited’ inheritance. This was new for Dros-
ophila and Morgan but not for genetics. Four 
years earlier, Doncaster and Raynor (1906), 
working with the Abraxas moth, discovered 
criss-cross inheritance and, despite the assist-
ance of  William Bateson, the puzzle could not be 
rationalized. Their hypotheses broke down.

Miss N.M. Stevens and Professor Edmund 
Wilson each showed in 1905 that the ‘un-
known’ X chromosome of  Henking (1891) was 
actually a sex-determining chromosome. Wilson 
and Morgan were colleagues at Columbia Uni-
versity and they knew about each other’s work. 
Thus, sex linkage was a simple inference.

There was, by that time, a lot of  interest in 
chromosomes. Before the turn of  the century, 
several authors had published chromosome 
numbers, including that of  humans. Bardeleben 
observed about 16, while Flemming was sure 
that there were more than 16 (Sutton, 1903). 
De Winiwarter (1912) in sectioned testes ob-
served 46 autosomes + an X chromosome but 
no Y chromosome. The latter is, of  course, the 
smallest: according to the human genome draft 
(excluding gaps) it contains only 21.8 megabas-
es versus the X chromosome, which has 127.7 
megabases (Lander et al., 2001). In the ovaries, 
de Winiwarter observed, correctly, a total of  46 
chromosomes. During the following decades, 
various numbers were reported even by the 
same investigators (von Nachtsheim, 1959). In 
1952, T.C. Hsu (von Nachtsheim, 1959), using a 
hypotonic solution, claimed 48, but subse-
quently Tijo and Levan (1956) showed, by a 



 Vignettes of the History of Genetics 9

similar technique, adding also colchicine, be-
yond any doubt that humans have only 46 (von 
Nachtsheim, 1959).

A historical irony is that, in 1953, Cyrill Dar-
lington, one of  the most renowned cytologists, 
published a popular book Facts of  Life with a photo-
micrograph of  Hsu on the cover and showing only 
46 chromosomes, but he cited it as evidence for 48 
human chromosomes (von Nachtsheim, 1959).

The problem remained controversial, al-
though the majority of  cytologists confirmed that 
46 was the correct number. M. Kodani in several 
papers between 1956 and 1958 reported 46, 47 
and 48 chromosomes in both Japanese and US 
white individuals (von Nachtsheim, 1959).

Various banding techniques were devel-
oped during the 1970s by Torbjörn Casperson 
and associates and were expanded by others, 
which yielded the human chromosome pictures 
as they are used for cytogenetic maps (Caspers-
son et al., 1968). By 1996, Speicher et al., using 
multiplex fluorescence in situ hybridization 
(FISH) technology, distinguished each human 
chromosome with a distinct colour.

Let us jump back in time to 1903, when 
Walter Sutton published an epoch-making paper 
on chromosomes in heredity. He correctly as-
serted that the chromosomes are not separated 
by paternal and maternal groups, although the 
two groups are equivalent. There are two distinct 
types of  nuclear divisions, equational and reduc-
tional (van Beneden, 1883). The chromosomes 
retain their individuality in the process. He 
 assumed with Bardeleben that there are 16 
chromosomes in humans and thus they may pro-
duce 16 × 16 = 256 gametic combinations. The 
256 gametic types can thus produce 256 × 256 
= 65,536 phenotypes. He assumed linkage, but 
for recombination he suggested ‘segmental dom-
inance’. His combinations are not too far from 
the current estimated human gene numbers.

Carl Correns, who also discovered cytoplas-
mic (chloroplast) inheritance, observed linkage 
in 1900 and suggested in 1902 a model for re-
combination 9 years before Morgan.

The majority of  geneticists know that Carl 
Correns was one of  the three rediscoverers of  the 
Mendelian principles in 1900 and reported linkage 
in Matthiola in 1900. He was also one of  the discov-
erers of  cytoplasmic inheritance (Correns, 1909).

In 1902, Correns suggested a mechanism 
for crossing over 9 years before Morgan’s paper 
appeared in the Journal of  Experimental Zoology.

We assume that in the same chromosome the 
two anlagen of  each pair of  traits lie next to 
each other (A next to a and B next to b, etc.) and 
that the pairs of  anlagen themselves are behind 
each other. A, B, C, D, E, etc. are the anlagen of  
parent I; a, b, c, d, e, etc. are those of  parent II. 
Through the usual cell and nuclear divisions the 
same type of  products are obtained as the 
chromosomes split longitudinally… When one 
pair contains antagonistic anlagen, while the 
rest of  the pairs are formed of  two identical 
types of  anlagen, or the anlagen are ‘conju-
gated’ as they are in Matthiola hybrids, which I 
have described, then further assumptions are 
necessary… Then AbCdE/aBcDe and aBcDe/
AbCdE yield both AbCdE and aBcDe; ABcdE/
abCDe and abCDe/ABcdE both ABcdE and 
abCDe, etc.

Another really remarkable paper is slowly sink-
ing into oblivion or is totally misrepresented. 
On 9 July 1909 (more than two decades earlier 
than the Neurospora work of  Carl Lindegren in 
1932), F.A. Janssens, professor at the University 
of  Louvain, Belgium, presented his theory of  
chiasmatypy in the journal La Cellule:

In the spermatocytes II, we have in the nuclei 
chromosomes, which show one segment of  two 
clearly parallel filaments, whereas the two distal 
parts diverge… The first division is therefore 
reductional for segment A and a and it is 
equational for segment B and b… The 4 
spermatids contain chromosomes 1st AB, 2nd 
Ab, 3rd ab, and 4th aB. The four gametes of  a 
tetrad will thus be different… The reason behind 
the two divisions of  maturation is thus explained 
… The field is opened up for a much wider 
application of  cytology to the theory of  Mendel.

Elof  Carlson (1966) – in his otherwise excellent 
book – cites this paper and even shows with 
some drawings that Janssens believed that re-
combination takes place at the two-strand stage. 
The drawings of  Carlson are, however,  nowhere 
in the publication of  Janssens. When Morgan 
discovered crossing over 2 years later, he 
 acknowledged the priority of  Jannsens, who, 
however, had only cytological evidence.

Morgan’s student, Sturtevant, constructed 
the first genetic map and recognized inversions 
as crossing-over inhibitors. Morgan, Bridges and 
Muller revealed the basic mechanics of  recom-
bination. Bridges discovered non-disjunction, 
deletion, duplication and translocation. The list 
above includes only the most significant discov-
eries of  the chromosomal theory of  inheritance.
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Bateson, the great champion of  genetics, 
who coined the term genetics and whom, in 
1926, T.H. Morgan eulogized with these words: 
‘His rectitude was beyond all praise and recog-
nized by friend and foe alike,’ concluded a me-
morial lecture in 1922 at the University of  
Pennsylvania with the following warning:

I think we shall do genetical science no 
disservice if  we postpone acceptance of  the 
chromosome theory in its many extensions and 
implications. Let us distinguish fact from 
hypothesis. It has been proved that, especially in 
animals, certain transferable characters have a 
direct association with particular chromosomes. 
Though made in a restricted field this is a very 
extraordinary and most encouraging advance. 
Nevertheless the hope that it may be safely 
extended into a comprehensive theory of  
heredity seems to me ill-founded, and I can 
scarcely suppose that on wide survey of  
genetical facts, especially those so commonly 
witnessed among plants, such an expectation 
would be entertained. For phenomena to which 
the simple chromosome theory is inapplicable, 
save by the invocation of  a train of  subordinate 
hypotheses, have been there met with continu-
ally, as even our brief  experience of  some fifteen 
years has abundantly demonstrated.

(Bateson, 1926)

Morgan very successfully exploited the  potentials 
of  his ‘fly room’ and trained a remarkable 
series of  students (Bridges, Sturtevant, Muller,* 
Dobzhansky, Curt Stern, Bonnier,  Komai, 
Gabritchevsky, Olbrycht, Altenburg, Weinstein, 
Gowen, Lancefield, Mohr, Nachtsheim, E.G. An-
derson, Jack Schultz and others), whose work 
became the foundation of  classical genetics and 
the main menu of  textbooks for decades to come. 
Morgan’s association with the California Insti-
tute of  Technology signalled a more modern trend 
of  genetics and the development of  a younger 
generation of  geneticists, such as Beadle,* 
Tatum,* Ephrussi, Delbrück,* Norman Horo-
witz, Lindegren, Schrader and E.B. Lewis.* The 
students of  their students, such as Lederberg,* 
Doerman, Srb and others, made a lasting impact 
on the  future course of  genetics.

An interesting episode of  the Cal Tech and 
the preceding period of  Morgan has been re-
corded by Henry Borsook (1956). In the late 
1920s, Edwin Cohn, the physical chemist, asked 
T.H. Morgan, the first Nobel-laureate geneticist, 

what his research plans were. Morgan’s answer 
was: ‘I am not doing any genetics, I am bored 
with genetics. But I am going out to Cal Tech 
where I hope it will be possible to bring physics 
and chemistry to bear on biology.’

Shortly after Morgan arrived at Cal Tech, Al-
bert Einstein visited the laboratory and posed al-
most the same question. Morgan’s answer was 
about the same as before. Einstein shook his head 
and said, ‘No, this trick won’t work. The same trick 
does not work twice. How on earth are you ever 
going to explain in terms of  chemistry and physics 
so important a biological phenomenon as first 
love?’ Sure enough, in the 1930s, Morgan could 
not provide an answer to Einstein’s question, but 
at the current rate of  advances of  molecular neu-
rogenetics some clues may soon be available.

Mutation

In 1927, H.J. Muller in Drosophila and independ-
ently L.J. Stadler (1928) in barley and maize 
proved that X-rays can induce mutations.

The Nobel-laureate immunologist, Peter 
Medawar, remarked once that wise people may 
have expectations, but only fools make predic-
tions. Of  course, brilliant people may make bril-
liant errors.

In a somewhat ill-conceived manner, in 
1941, at the 9th Cold Spring Harbor Symposium on 
Quantitative Biology (p. 163), H.J. Muller stated:

We are not presenting … negative results as an 
argument that mutations cannot be induced by 
chemical treatment… It is not expected that 
chemicals drastically affecting the mutation 
process while leaving the cell viable will readily 
be found by our rather hit-and-miss methods. 
But the search for such agents, as well as the 
study of  the milder, ‘physiological’ influences 
that may affect the mutation process, must 
continue, in the expectation that it still has great 
possibilities before it for the furtherance both of  
our understanding and our control over the 
events within the gene.

Charlotte Auerbach and J.M. Robson might have 
already solved the problem when belatedly – 
because of  wartime security restrictions – in 
1944 they reported successful induction of  
 mutations with radiomimetic chemicals. Muller 
worked for a period of  time along with Auerbach 

* Nobel laureates.
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in G. Pontecorvo’s laboratory in Edinburgh after 
his return, via Spain, from his unhappy sojourn 
in the Soviet Union.

Despite all, H.J. Muller was the well-deserv-
ing second geneticist recipient of  the Nobel prize 
for his studies on mutation. Science magazine in 
November 1946 (Vol. 104, p. 483) proudly re-
ported the award, and perhaps appropriately 
with a printing ‘mutation’ or typo.

Non-nuclear Inheritance

W. Haacke assumed in 1893 that the waltzing–
walking traits of  mice are located in cytoplasmic 
elements (the centrosome), whereas coat colour 
(white–grey) segregation is assured by the re-
ductional division of  the chromosomes. ‘I do not 
know whether the number of  chromosomes pre-
sent in mice had been recorded, but this number 
would enable us to establish the possible com-
binations.’ The fact that he was able to obtain 
experimentally all 16 combinations of  these four 
traits seemed to indicate to him the validity of  
this interpretation.

C. Correns (1909) and E. Baur (1909), in-
dependently, reported genuine cytoplasmic in-
heritance in various plants, and their findings 
were abundantly confirmed later.

Professor T.H. Morgan in 1926 expressed 
the following view: ‘except for the rare cases of  
plastid inheritance, the inheritance of  all known 
characters can be sufficiently accounted for by 
the presence of  genes in the chromosomes. In a 
word the cytoplasm may be ignored genetically.’

John R. Preer, Jr (1963), an eminent con-
tributor to the field, remarked:

Cytoplasmic inheritance is a little bit like politics 
and religion from several aspects. First of  all, 
you have to have faith in it. Second, one is called 
upon occasionally to give his opinion of  
cytoplasmic inheritance and to tell how he feels 
about the subject.

Pleiotropy

The term pleiotropy was coined by Ludwig Plate, 
a German geneticist, and he wrote in 1913:

ein Gen in manchen Fällen gleichzeitig 
mehrere Markmale, die zu ganz verschiedenen 
Organen gehören können, beinflußt. Eine 

solche Erbeinheit habe ich … pleiotrop genannt 
[a gene in many instances can influence several 
traits, which can be involved with different 
organs].

Interestingly, in Sutton (1959) the following dis-
cussion has been recorded:

Fremont-Smith: Can one gene operate only in one 
highly specified environment and perform only 
one function? Would any other environment 
either suppress its activity or be lethal? Or can a 
gene perform a variety of  functions, depending 
upon the environment to which it is exposed?
Lederberg: There is no qualitative difference in 
the product, depending on the environment.
Wagner: But that which the gene forms acts 
differently in different environments.
Fremont-Smith: It has no multiple potentiality at all?
Lederberg: Pleiotropism non est.
Fremont-Smith: Did you add, at the ‘dogma’ level?
Lederberg: In terms of  the primary product, that 
is the doctrine.

By the 1980s and 1990s, mitochondrial func-
tions had been thoroughly studied by many 
geneticists. The fact that single base pair mu-
tations in the human mitochondrial tRNALeu 
and other tRNAs may cause more than single 
human disease is clear evidence for pleiotropy 
(Fig. 1.4).

Definition of the Gene

These and other recent developments may mod-
ify the definition of  the gene:

Woltereck (1909): A reaction norm.
Sturtevant (1965): Mendel usually used the 
term Merkmal for what we now term gene.
Suzuki et al. (1976): The fundamental physical 
unit of  heredity.
Klug and Cummings (1983): A DNA sequence 
coding a single polypeptide.
Elseth and Baumgardner (1984): A segment of  
the DNA that codes for one particular product.
Strickberger (1985): In modern terms, an 
inherited factor that determines a biological 
characteristic of  an organism is called a gene.
Russel (1992): The determinant of  a character-
istic of  an organism.
Gray Lab Internet Glossary (2001): Genes are 
formed from DNA, carried on the chromosomes 
and are responsible for the inherited 
characteristics that distinguish one individual 
from another. Each human individual has an 
estimated 100,000 separate genes.
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Each of  these definitions has some correct 
elements. Probably the best is still that of  Wolter-
eck (1909). The least pleasant one is the last. 
Genes are not formed from DNA. Genes are ei-
ther DNA or RNA depending on the organism. 
Genes are not on the chromosomes but the genes 
are in the chromosomes; actually the DNA forms 
the backbone of  the chromosomes. The number 
of  human genes is most unlikely to be 100,000; 
the latest estimates indicate about 35,000.

How would I define briefly the gene today?

Gene: a specific functional unit of  DNA (or RNA) 
potentially transcribed into RNA or coding for 
protein(s). A group of  cotranscribed exons but, 
due to alternative splicing, exon shuffling, 
overlapping or using more than one promoter or 
termination signal, the same DNA sequence 
may encode more than a single protein.
A common structural organization of  protein- 
encoding genes in eukaryotes:

enhancer –  promoter – leader – exons – introns –  
termination signal – polyadenylation signal –  
downstream regulators

The vast majority of  the human genes are ‘mosaics’ 
containing seven to nine exons of  120 to 150 bp 
each. In some genes, the exon number may be 
much larger (e.g. in titin about 200). In between 
exons, there are 1000–3500 bp introns. The size 
of  the introns may be many times larger. The 
number of  coding nucleotides generally varies 
between 1100 and 1300 bp, but the larger genes 
may have much longer coding sequences. The 

exons + introns + 5′ and 3′ untranslated 
 sequences combined, the genomic genes, in gen-
eral, extend to 14–27 kb DNA. The human dys-
trophin gene in the X chromosome extends to 
about 2300 kb. A large fraction of  the human 
genes are alternatively spliced and thus the same 
gene may be translated into two, three or more 
kinds of  proteins. Genic sequences (2–3%) are 
richer in GC nucleotides than the non-coding 
tracts. In prokaryotes, introns are rare and the 
genes are much smaller (Rédei, 2002).

Gene Numbers

The number of  genes per genome of  an organ-
ism can be estimated by molecular analysis on 
the basis of  mRNA complexity or by total se-
quencing of  the genome. The estimates based on 
mRNA can be best determined when the entire 
genome is sequenced. By the latter method, the 
single-stranded RNA phage, MS2, was found to 
have four genes. The gene number has also been 
estimated from mutation frequencies. If  the 
overall induced mutation rate, for example, is 
0.5 and the mean mutation rate at selected loci 
is 1 × 10–5, then the number of  genes is 0.5/(1 × 
10–5) = 50,000. Although this method is loaded 
with some errors, the estimates so obtained ap-
pear reasonable. On the basis of  mutation fre-
quency in Arabidopsis, the total number of  genes 
was estimated to be about 28,000 (Rédei et al., 
1984). The number of  genes of  Arabidopsis was 
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Fig. 1.4. Pleiotropic mutations in a human 
mitochondrial gene transcribed into 
UUR-tRNALeu. CMy, cardiomyopathy;  
My, myopathy; MELAS, mitochondrial 
myopathy, encephalopathy, lactic acidosis, 
stroke; PEO, progressive external 
ophthalmoplegia; EMy, encephalopathy, 
myocardia; MyCMy, myopathy, 
 cardiomyopathy; MERFF, myoclonic 
epilepsy, ragged-red fibres. (Redrawn  
and modified after Moraes, 1998.)
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estimated to be 25,498 after sequencing the gen-
ome. In Drosophila, ~17,000 genes were claimed 
on the basis of  mRNA complexity. On the basis of  
the sequenced genome, the estimate is now 
~13,600. During the 1930s, C.B. Bridges counted 
~5000 bands in the Drosophila salivary chromo-
somes and for many years it was assumed that 
each band represented a gene. By 1928, John 
Belling had counted 2193 chromomeres in the 
pachytene chromosomes of  Lilium pardalinum 
and assumed that this number corresponded to 
the number of  genes (Belling, 1928).

Nucleotide sequencing of  69 salivary bands 
in the long arm of  chromosome 2 of  Drosophila 
pointed to the presence of  218 protein-coding 
genes, 11 tRNAs and 17 transposable element 
sequences within that ~2.9 Mb region. The 
shotgun sequencing of  the Drosophila genome 
identified ~13,600 genes encoding 14,113 
transcripts because of  alternate splicing. In hu-
mans, 75,000–100,000 genes were expected on 
the basis of  physical mapping; of  these about 
4000 may involve hereditary illness or cancer. 
The human gene number estimates in 2001 still 
varied from ~27,000 to ~150,000. In Saccharo-
myces, in the 5885 open reading frames, 140 
genes encode rRNA, 40 snRNA and 270 tRNA. 
About 11% of  the total protein produced by the 
yeast cells (proteome) has a metabolic function; 
3% each is involved in DNA replication and en-
ergy production; 7% is dedicated to transcrip-
tion; 6% to translation; and 3% (200) consti-
tutes different transcription factors. About 7% is 
concerned with transporting molecules and 
about 4% constitutes structural proteins. Many 
proteins are involved with membranes. In Cae-
norhabditis, 19,099 protein-coding genes are 
predicted on the basis of  the sequencing of  the 
genome. The minimal essential gene number 
has also been estimated by comparing presum-
ably identical genes in the smallest free-living 
cells Mycoplasma genitalium and Haemophilus in-
fluenzae, both completely sequenced. Insertional 
inactivation mutagenesis indicated the minimal 
number to be ~265–300. In Caenorhabditis ele-
gans, about 20 times more genes are indispens-
able for survival. In higher organisms, the num-
ber of  open reading frames may be larger than 
the number of  essential genes (Rédei, 2002).

The gene number may not accurately reflect 
the functional complexity of  a genome or organ-
ism because the combinatorial arrangement of  

proteins may generate great diversity and specifi-
city. A synopsis of  how these genes function 
would be most rewarding if  one were able to pre-
sent it even as a bird’s-eye view. The most simplis-
tic views are in the daily newspapers.

This sweeping and selective overview has 
missed out much important historical develop-
ment. Fortunately, quantitative and population 
genetics have been better dealt with by many 
speakers than I ever could have attempted. I 
shall deal briefly with an area with which I was 
especially involved and which may have great 
significance for the future from the viewpoint of  
quantitative analysis.

Transformation

Transformation goes back to the late 1920s but it 
became practical with eukaryotes in the late 1970s 
and the early 1980s. By the mid-1980s, I was for-
tunate to be associated with researchers at the 
Max-Planck-Institut, Cologne, Germany. This ef-
fort resulted in the application of  in vivo transcrip-
tional gene-fusion technology to plants (Fig. 1.5).

In a similar manner, in vivo translational 
gene-fusion vectors can also be constructed in 
which there are no stop codons in front of  the re-
porter gene and the translation initiation codon 
is removed, so the plant host protein and the re-
porter gene fusion would be facilitated. Obviously 
transformation provides unique opportunities to 
manipulate the genome and facilitates new in-
sights into how in plants indigenous genes and 
foreign genes are regulated and expressed.

The Future of Genetics

It is customary to finish presentations with some 
predictions. Why I am shying away from general 
forecasts may be justified by a few more quotes.

Erwin Chargaff, the discoverer of  the Char-
gaff  rule, which was one of  the cornerstones for 
the construction of  the Watson and Crick model 
of  the double helix, stated in 1955, only 6 years 
before the nature of  the genetic code had been 
revealed:

I believe, however, that while the nucleic acids, 
owing to the enormous number of  possible 
sequential isomers, could contain enough 
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codescripts to provide a universe with informa-
tion, attempts to break the communications 
code of  the cell are doomed to failure at the 
present very incomplete stage of  our knowledge. 
Unless we are able to separate and to discrimin-
ate, we may find ourselves in the position of  a 
man who taps all the wires of  a telephone 
system simultaneously. It is, moreover, my 
impression that the present search for templates, 
in its extreme mechanomorphism, may well look 
childish in the future and that it may be wrong 
to consider the mechanisms through which 
inheritable characteristics are transmitted or 
those through which the cell repeats itself  as 
proceeding in one direction only.

J.D. Watson’s letter to Max Delbrück on 22 
March 1953 sounds quite surprising today:

I have a rather strange feeling about our DNA 
structure. If  it is correct, we should obviously 
follow it up at a rapid rate. On the other hand, 
it will, at the same time, be difficult to avoid the 
desire to forget completely about nucleic acid 
and to concentrate on other aspects of  life.

(Judd, 1979)

The only remark I care to make is that I feel 
very assured that the role of  quantitative genet-
ics in basic biology and applied sciences will  
increase.
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Fig. 1.5. The critical feature of this in vivo transcriptional gene-fusion vector is that the reporter (aph(3′) II, 
luciferase or gus) has no promoter and it is fused to the right border of the T-DNA. The structural gene of 
the reporter can be expressed only if it integrates behind a plant promoter that can provide the promoter 
function. In front of the structural gene here, there are four nonsense codons to prevent the fusion of the 
proteins with any plant peptide. (Based on oral communications by Dr Csaba Koncz.)
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