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4
The Striptease Show — How
I Dress and Undress at
Every Cell Division

There is another side of my behaviour that is equally foolish.

Indiscreet film directors, by using cine-cameras fixed on the top
of microscopes, have documented my private life. In their film
sequences, made on plant and animal cells, I appear to change my
dress all the time (Bajer, 1957).

When I swim inside the nucleus, I do not even have a bathing
suit. No membrane covers me as it does in the case of other cell
organelles.

During cell divison, I actually perform a striptease show, but I
do it in reverse order. I start by being naked and dress successively.
Then I undress, finishing by becoming like Adam and Eve without
a fig leaf.

Actually, I am as tricky as a clown during a circus performance.
From the beginning my suit gets loaded with embroidered small
decorations, called chromomeres, as my threads are knotted into
minor spirals. Without the public noticing it I display another dress
within minutes. Also I extend and contract my body like an acro-
bat (Fig. 1.5). As cell division progresses, I am ejected out of the
fishbowl into the cold and inhospitable cytoplasm. Happy but shiv-
ering, I protect myself by contracting heavily and looking as being
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12 Praise of chromosome

Fig. 1.5 The same chromosome drastically changes its size and configuration
during the organism’s development.

1. The chromosome 4 of the fly D. melanogaster, as it appears in the cells of the salivary
glands (16 microns long) and in gonial cells (upper right, and indicated by arrow) where it
is only a fraction of a micron. 
2. Chromosomes of the shark Pristiurus at different periods of egg development drawn to
the same scale. A, period of maximal size; B, later period; C, at the close of ovarian life.
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18 Praise of chromosome

making it easier to reach the correct site at the extremes of the cell.
Such a region is called a centromere and did not exist in the early
periods of my adventurous life. Like the scarab beetle that collects
a large ball of dung and carries it throughout its daily travels, I too
created an equally large ball of ribosomal RNA and protein (called
the nucleolus) which I carry with me, on my back, throughout my
travels in the nucleus. Such an RNA-protein sphere was one of my
inventions because it was not present in the earlier bacterial chro-
mosome (Fig. 1.8). Also I have the ability to move the chromo-
somes of the father and those of the mother into an embrace. The
result is that they pair along their entire length and remain so
throughout a part of this division which cytologists called meiosis.
The name derives from the halving of the chromosome number
occurring in the ensuing cells. These become the gametes partici-
pating in the sexual reproduction of plants and animals, such as a
sperm and an egg (Fig. 1.8).

How could my body be defended from its assaulting enemies if
it had not back doors and unseen exits which were camouflaged.
I carry genes which are kept under cover, not seen easily, because
they are not functional but which at a signal can become fully active
(pseudogenes). I can also suddenly change the function of a region
into that of another located far away by using long range effects
carried out with the help of small RNAs and proteins (Carrington
and Ambros, 2003; Mello and Conte, 2004).

The most critical part of my existence was during the permanent
copying of my structure. Temperature and environmental fluctua-
tions, created a series of deviations that disturbed my integrity and
coherence. But I was on my guard. I called on specific proteins to
help me to recognize any errors that I committed and to repair the
original message correctly (Wood, 1996). That was undoubtedly
one of my most impressive achievements. Without this mechanism
there would never have been a chromosome that would have main-
tained its existence on the planet for so long time.
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6
My Origins Were Humble — The
Antithetical Nature of Matter Left a
Mark on My Construction

The study of the origin and formation of the universe is the
domain of Astrophysics. The picture that physicists have so far

attained is one in which stars and galaxies are in a super dynamic
balance. Stars explode into myriads of other stars whereas others
condense into “black holes” of a colossally dense mass. The outer
universe is an untamed world. Everywhere it is creating and anni-
hilating, producing light and darkness, at tremendous speeds
(Burrows, 2000; Hillebrandt et al., 2006). Moreover, the elemen-
tary particles that constitute matter are counterbalanced by the
existence of antiparticles that have been successively discovered.
These are the antielectrons (positrons), the antiprotons and the
antineutrons (Alfvén, 1966; Pagels, 1982; Quinn and Witherell,
1998).

Matter and antimatter are an essential part of this antithetical
duality (Fig. 1.9).

It is from this contradictory world that the chromosome
emerged at a time, and at a place, where this convulsion seemed to
have been settling down to a calmer pace.

Like the mythological god Atlas carrying on his curved shoul-
ders the tremendous weight of the world, I carry in my body all the
contradictions and constraints of the early universe.

19
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20 Praise of chromosome

Fig. 1.9 Matter and antimatter are components of the atomic structure.

1. The particles and antiparticles, which build matter and antimatter as known in 1966.
Antimatter consists of positrons (antielectrons), antiprotons, antineutrons and other
particles.
2. Presently known particles and antiparticles showing their quark content.
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My Origins were Humble 21

No new elementary particles, new protons or electrons, even
new atoms, were created when I was born. The chemical analysis of
stars, by spectrography and other methods, reveals that the chemi-
cal elements found in the whole universe are the same that consti-
tute living organisms (Woosley and Janka, 2005).

The universe did not change its constitution or its laws as life
and the chromosome arose. This is why I carry the burden of the
antithetical nature of matter and this is how the duality of my
behaviour was imprinted into my construction.
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7
My Split Personality — The
Source of “Folly”

This antithetical heritage led me to have a split personality. The
result has been that generations of scientists have been con-

fused and bewildered. What kind of creature was the chromosome?
Was it plastic, constantly changing by innumerous rearrangements
and mutations, or was it a rigid structure, that emerged at every cell
division and in every new organism, with the same structural
organization and basic functions?

These two opposing properties were most difficult to reconcile.
All the evidence available has shown that the chromosome actu-

ally works both ways: it is highly plastic and at the same time highly
rigid. My plasticity is unbelievable. For millions of years I have
gone through all kinds of structural changes. They have been a
normal part of my behavior. I may translocate a whole piece of my
body into another part or into another chromosome without this
event necessarily affecting my survival. A whole large portion of
DNA may be inverted, suddenly locating genes at the other
extreme of my body. Small and large deletions as well as duplica-
tions of my genes are the order of the day. I even invented “cross-
ing over” which leads to the exchange of segments between the
chromosomes of the mother and those of the father, when they pair
at the division that precedes the formation of sexual cells (Fig. 1.8).

These rearrangements of structure have been, and are, an oblig-
atory part of my behavior. Modifications of gene function may

22
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My Split Personality 23

occur as a result of these translocations and inversions, as well as
other exchanges, but my unity of structure and function has
endured most of them, since I continue to exist in my original
form. What is equally unbelievable is that although I have gone
through this untold number of material disruptions, I have at the
same time maintained an equally impressive rigidity.

This becomes easily recognizable when one compares the chro-
mosomes of protozoa (like an Amoeba or a Paramecium) with
those of a human being. Two microscopes may be set side by side.
If in one is placed a cell with human chromosomes and in the other
a cell with protozoan chromosomes, no one will be able to tell who
is who (Fig. 1.10). Although humans and protozoa have been sep-
arated by evolution for 1.5 billions of years, their chromosomes
share the same organization and the same basic functions. Even at
the molecular level the identity is startling. The chromosome ends
have the same DNA base sequences, and the RNA splicing mecha-
nism is the same in both groups (Lima-de-Faria, 2003).

Moreover, a great number of genes have remained unchanged
since the dawn of life. Earlier than the protozoa were the bacteria,
and these have the same type of ribosomal RNA genes that are
found in humans. Other genes highly conserved, are those responsi-
ble for the formation of hemoglobin and chlorophyll. The homeobox
genes, involved in embryo development, are not only common to
invertebrates and vertebrates, including humans, but are also
responsible for flower organization in plants. The conservation has
been extreme (Scott, 1992).

More dramatic is that the order of the DNA segments within
these genes, which is related to the order of the parts of the body
that they affect, has also been preserved throughout evolution. The
DNA sequences located in the front part of the gene are those that
affect the frontal part of the organism’s body, while those located
in the rear of the gene are responsible for the caudal region of the
body (Fig. 3.6). The rigidity could not be more evident (Lawrence,
1992; Alberts et al., 1994).

It is this split personality that is at the basis of my “folly”. There
is nothing that I do not dare to change or improvise but at the same
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24 Praise of chromosome

Fig. 1.10 Chromosomes have maintained the same organization and molecular
properties since the dawn of the nucleus.

1. The protozoan Euglena showing the nucleus, nucleolus and chloroplast. 
2. The 26 chromosomes of the protozoan Barbulanympha ufalula consist of groups of large,
medium size and small chromosomes as are found in the human complement. 
3. Human chromosomes from a tumor cell showing variation in number. Their regular num-
ber is 46 in most body tissues. The human chromosomes have the same organization, and
molecular properties, as those of protozoans.
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My Split Personality 25

time I preserve and use constraints. This I do, irrespectively of
whether it agrees or not with the outer world that surrounds me.
However, in some circumstances I react to the environment, by
changing according to its challenges, but this I do mainly when
I am being threatened.

Obviously I am a prisoner of my material construction, but
within this rigid frame, I have the possibility of going my own way.
Who cares for all those conventional ideas that are part of the cur-
rent lore.
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8
The Reason for Confessions

Why should a chromosome write its confessions?

The French author, philosopher and musician Jean Jacques
Rousseau (1712–1778) is considered to be the initiator of a new
literary genre “The Confessions”. Autobiographies had been writ-
ten before, but the Confessions had another intent. The goal was
to reveal the innermost feelings and thoughts as well as to expose
both one’s weaknesses and strengths.

The proposal to write an autobiography was made to Rousseau
by his publisher Marc-Michel Rey in 1761. But he found the idea
unappealing.

Rousseau’s first reaction was silence. It seemed disgusting to use
one’s time with such a matter. Was it worthwhile to answer his
opponents and enemies who even burned his books? What finally
led him to write his confessions was the need he felt to redress
some of the insults and accusations that he had suffered through-
out his life. He started collecting notes and letters. Later he assem-
bled them, transforming the whole into a book. However, “The
Confessions” were first published as a complete edition in 1796,
eighteen years after his death.

As Dent (1992) states the book opens with a proud and defiant
declaration:

“I have resolved on an enterprise which has no precedent, and
which, once complete, will have no imitator. My purpose is to

26
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display to my kind a portrait in every way true to nature, and the
man I shall portray is myself...I shall come forward with this work
in my hand, to present myself before my Sovereign Judge... let the
numberless legion of my fellow men gather round me, and hear my
confessions. Let them groan at my depravities, and blush for my
misdeeds. But let each one of them reveal his heart at the foot of
Thy throne with equal sincerity, and may any man who dares, say
‘I was a better man than he’.”

The reason why the book was not published in his life-time is
known. Some parts of the text had been shown to friends who were
instrumental in banning the book. They were afraid of being
included in it and, in consequence, being exposed in the same way
as Rousseau himself. Today the Confessions are treasured as a jewel
of the world literature mainly due to the great honesty, sensibility
and intelligence that pervade the work.

How dare I the chromosome, a microscopic creature, write my
own Confessions especially since I am supposed to have no feelings
and no thoughts?

There are two reasons. First, since I am foolish I dare to embark
on such an enterprise. I am going to display to my readers a “por-
trait in every way true to nature”. I shall expose my structure and
properties and “Let them groan at my depravities, and blush for my
misdeeds”. I simply cannot do otherwise. But I do not “present
myself before any Sovereign Judge” because I am immortal. This is
one of the basic properties of my innermost construction. It has
allowed me to carry on, as the main bearer of life, for millions of
years and I do not intend to stop after such a short journey. But am
I really immortal? We shall see how valid is my statement. I am
probably boasting.

Second, I have received so many insults and have been the
object of a series of false accusations that I cannot remain passive in
face of such a public disgrace.

The Reason for Confessions 27
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9
I Have Been Abused and Covered
with Insults

To be a chromosome is no easy matter. In the last 50 years I
have been praised and despised. On one hand, I have been put

on a pedestal, being heralded as the sole carrier of the “book of
life” and the most important of all cell organelles. On the other
hand, geneticists, bewildered for decades with my behavior,
resorted to a facile solution considering me: a parasite, a selfish
creature, a master of slaves, a nonsense figure and even a junkyard.
How can one stand such a collection of insults, without resorting
to defence? This army of enemies has been implacable, constantly
attacking me and filling pages and whole books with such accusa-
tions (Burt and Trivers, 2006).

I am not at the end of my life, but I take this opportunity to
redress, not all, but at least some of these mischievous attacks.

When cytologists discovered that besides my regular comrades
in the nucleus, there appeared, now and then, some accessory
chromosomes in variable number, they wondered what function
they could have. Obviously they resorted to the explanation that
fitted better in a human society. These extra chromosomes had to
be “parasitic”. Later, the accessory chromosomes were found to
take over the function of sex chromosomes, and to be a reserve of
genetic material. Moreover, they were found in large numbers in
most species living under natural conditions, a feature that was dif-
ficult to dismiss on the grounds of a negative effect on the plant.

28
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I Have Been Abused and Covered with Insults 29

Yet the accusation of being parasitic was much more fashionable
and it persisted (Camacho, 2004).

When the first measurements of the amount of DNA were per-
formed on chromosomes cytologists became perplexed as they tend
to follow naive lines of thought. Since DNA was the genetic mate-
rial, the more complex organisms should have more DNA, other-
wise the increase in the number and size of organs could not be
easily explained. A larger brain, with more cells, would need more
DNA. Viruses, bacteria and invertebrates, in general, had minor
amounts of DNA but when it came to the higher organisms con-
fusion emerged. For example frogs and plants had much more
DNA than mammals or humans (Fig. 1.11). This was called the
DNA-paradox. Cytologists started thinking that there were two
kinds of DNA: a real noble one and another that was just junk.
Thus, frogs had to contain a lot of “degenerated” or “junk DNA”
(Ohno, 1972).

Chromosomes at certain early stages of division, form large
loops that protrude from the main body giving them the appear-
ance of a “lampbrush” (a name that they received when they were
discovered and described in detail). These loops were found to be
of various sizes, some large others small, and synthesized RNA in
a sequence along the chromosome. The disregard for human val-
ues resurfaced taking the form of the best explanation. One was
dealing with a “Master-Slave” situation. Some regions of the chro-
mosome were the masters that decided the fate of the slaves
(Callan, 1967). This time, they were accusing me of no less than
pure slavery.

But the situation got even worse. As the methods of DNA
analysis became refined, it was discovered that only 3% of the total
DNA of the human chromosome complement is used to encode
genes. Actually, all the exons in the human genome which are the
DNA sequences coding for the proteins, make up only 1.5% of
the total (Brown, 2007).

The astonishing amount of 97% is not involved in the formation
of structural genes. A shower of insults fell then on me. All this
extra DNA had to be not only junk but even “nonsense” DNA.
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30 Praise of chromosome

Fig. 1.11 In higher organisms the DNA amount is not related to morphologi-
cal complexity.

The DNA content of the chromosome complement is related to the structural complexity
of lower organisms. It tends to increase between Mycoplasma and the Mollusks. However it
varies extensively among other animals and plants. The large variation within a group is in
agreement with the molecular behaviour observed in DNA. Gene sequences may have
remained unchanged for billions of years, whereas others become modified within days.
DNA, like other molecules, contains the antithetic properties of great stability allied to rapid
variation. The DNA content mirrors well this dual character of DNA evolution (The
genome size is represented in base pairs).

Moreover, a whole book was written accusing me of consisting of
“selfish genes” (Dawkins, 1976).

The list does not finish here. I have not only been called “the
ultimate parasite” (Orgel and Crick, 1980) but “ultraselfish” by
Crow (1988).
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1 0
The Wisdom of the Foolish

Folly contains some of the benefits of insanity. A state of the
mind which is usually perceived as having negative effects may

turn out to be most valuable under other circumstances.
Every society has involved a certain degree of oppression but

the worst tyranny came from the ideas and the values that it
imposed on its members. The ruling intellectual elite has had the
upper hand and usually did not allow the expression of any idea
which was opposed to its tenets. The price has been, most of the
time, so high that history books tell us how those who dared to do
so payed for such a challenge with their lives. They were either con-
demned to death, as Socrates (469–399 B.C.) suffered in demo-
cratic Athens, or burned at the stake, as was the philosopher
Giordano Bruno (1548–1600) for the safeguard of the Christian
doctrine. Albert Einstein (1879–1955) had to immigrate to three
different countries, and had to acquire different citizenships, to
carry out his work under less harassment. The examples could be
multiplied.

Others who did not dare to face a full confrontation resorted to
satire. This was also a dangerous posture, but it was an indirect
threat to the establishment and as such has been throughout the
ages, better tolerated, even though it also contained risks. In every
period there were those minds that satirized the prevailing mores
and dominating ideas of the time.

It is always a pleasure to feel in good company.

31
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32 Praise of chromosome

Aristophanes (450–386 B.C.) is considered one of the greatest
poets of ancient Greek comedy. There are nearly a thousand frag-
ments and citations from his work, but eleven plays have survived
nearly intact. In them he attacked magistrates, but his favourite tar-
gets were men prominent in politics, poets, musicians, scientists
and philosophers. Few were left outside his grip. He even ridiculed
Socrates which Plato found inappropriate.

From the Greek, one moved into the Roman society. There was
also a leading author Horace (65–8 B.C.) who became the emperor
Augustus’ poet laureate. The four books of the “Odes” are poems
of the highest quality, full of praise for nature and the fine values of
life. But he wrote also the “Satires” which were essentially ironic
and as a consequence had a strong influence not only during
Roman times, but throughout the Middle Ages and the 17th and
18th centuries. It was mainly for his Satires that the Italian poet
Dante (1265–1321) admired Horace. They were later imitated by
the English poet Alexander Pope (1733).

Erasmus of Rotterdam (1469–1536), who became one of the
leaders of the innovative Renaissance thinking, was caught in the
early stages of the religious conflict, between Catholics and
Protestants, that later led to the bloody 30 years war (1618–1648).
The medieval scholastic ideas were being replaced by a rational and
direct approach to natural phenomena. Erasmus chose satire. The
“Praise of Folly” was published in 1511. In this book he “starts by
criticizing everything her creator held dear, and celebrating youth,
pleasure, drunkenness and the dizzying sexual desires that created
us all”. Later sections examined human pretensions and he mocked
theologians. Erasmus in his “Folly” dared to praise the simple piety
which he saw far removed from the teachings of both organized
Churches. Above all he repudiated the sterility of the dominating
scholastic thinking. The book led to much controversy.

A parallel movement took place in the arts. During the early
Middle Ages, Roman theatres had been closed and destroyed. As
the Renaissance emerged in the 1500s, theatre plays were again
allowed, but had to assume a form of veiled social satire. This was
the “Commedia dell’Arte” which included such classical pantomime
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figures as: Harlequin, Colombine, Pierrot and others. The players
did not spare any one in their ridicule. The “Commedia” became
the source of modern opera and theatre (Fig 1.12).

René Descartes (1596–1650), is considered to be, after Plato,
the philosopher who made the strongest impact on the European
mind. His best known work is the “Discourse of the Method” in
which he exposed the principles of rational approach to science. He
stated: “It is now some years since I detected how many were the
false beliefs that I had from my earliest youth admitted as true, and
how doubtful was everything I had since constructed on this basis;
and from that time I was convinced that I must once for all seri-
ously undertake to rid myself of all the opinions which I had for-
merly accepted, and commence to build anew from the foundation,

Fig. 1.12 Some of the leading characters of Commedia Dell’arte.

Troop of comedians which includes (from left) Pierrot, Harlequin and Scapin. Etching by
L. Surugue (1719) after a painting by the French artist A. Watteau (1684–1721).
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if I wanted to establish any firm and permanent structure in the sci-
ences. I shall at last seriously and freely address myself to the gen-
eral upheaval of all my former opinions.” The subject is equally
actual in our days.

During the expansion of colonialism and the growth of the
industrial revolution, the period of Enlightenment was led by sev-
eral brilliant writers. François de Voltaire (1694–1778) was the
French philosopher who perceived the need to dispose definitely
with the intellectual confusion that still prevailed. Among his cen-
tral works was “Candide” (1759). This was a crushing satire of the
thesis maintained by the German philosopher and mathematician
Gottfried Leibnitz (1646–1716) that this world was the best of all
worlds.

In our present society we have been dealing with similar types
of oppression, in which dominating ideas and values are used to
direct our social behaviour. Due to the technological development,
the irony has taken other forms. Charles Chaplin (1889–1977), the
English movie director, did not hesitate to produce films contain-
ing a violent satire of our society. The film “Modern Times”
(1936) exposed the lack of respect for the individual factory
worker. In the middle of World War II the “Dictator” (1940)
unmasked the methods of Nazi policies. As the war finished he
made a new film “Monsieur Verdoux” (1947) in which he showed
the relationship between war and big finance. His courage costed
him dear. Soon he was obliged to emigrate to Switzerland.

More recently Dario Fo (born 1926), the Italian writer and
dramatist, has given new actuality to the figures of the “Commedia
dell’Arte” using them to satirize our society in his plays: “The
Great Pantomime” (1968) and “Mistero Buffo” (1969). He was
awarded the Nobel Prize in Literature in 1997. This may be taken
to mean that the Nobel Committee had become possessed by the
“wisdom of the foolish”.

According to most dictionaries a jester was a professional fool
employed by a ruler, or king, in the Middle Ages to amuse him
with antics, tricks and jokes. The Swedish Academy in its press
release justified the prize with the following words: “Dario Fo

34 Praise of chromosome
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emulates the jesters of the Middle Ages in scourging authority and
upholding the dignity of the downtrodden. For many years Fo has
been performed all over the world, perhaps more than any other
contemporary dramatist, and his influence has been considerable.
He if anyone merits the epithet of jester in the true meaning of that
word. With a blend of laughter and gravity he opens our eyes to
abuses and injustices in society and also the wider historical per-
spective in which they can be placed. Fo is an extremely serious
satirist with a multifaceted oeuvre. His independence and clear-
sightedness have led him to take great risks, whose consequences
he has been made to feel while at the same time experiencing enor-
mous response from widely differing quarters.”

As the American writer R.W. Emerson (1803–1882) wrote in
his Essays: “No man is quite sane: each has a vein of folly in his
composition”.

The Wisdom of the Foolish 35
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1 1
Scientific Concepts are Prone
to Change Throughout Time — The
Nature of Science Demands that
Previous Ideas be Superseded,
as New Technologies Allow
a Deeper Insight into Matter

Science is not based on dogmas, truths or facts, as sometimes
stated.
Firstly, dogmas are the domain of religions and as such are not

to be replaced or discussed. Secondly, science does not either seek
the truth, its aim is more modest, it investigates the mechanisms
directing nature’s transformations. Truth deals with the degree of
honesty involved in the description of a given situation. It is part of
the scientific method but it is not an aim. Thirdly, facts are events
that actually happen but they are the product of an interpretation.
The type of interpretation is dependent on the experiment chosen,
the degree of the advancement of science, the personality of the sci-
entist and other factors.

The goal of science is the establishment of well defined rela-
tionships between phenomena leading to the prediction of novel
situations. The real test of scientific endeavour is the demonstration
that a certain event actually takes place at a given time and under
specified circumstances. Prediction is the corner stone of scientific

36
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validity. In chemistry the products of a reaction can be foreseen. In
astronomy the exact position of a planet, on a given day, hour and
minute, can also be foreseen. In a cell, the division of the chromo-
somes and the consequent formation of specific types of cells can
also be determined in advance.

Science is based on evidence but what is evidence? It is the col-
lection of observations and experiments, which, when assembled in
a logic and coherent way, allow the formulation of working
hypotheses. These in turn lead to new working hypotheses that dis-
prove or prove the assumptions made. When there is general agree-
ment between the various types of data, and predictions turn out
to be valid, a theory is then formulated that embraces most phe-
nomena in a given area of knowledge.

The observations and the experiments must be made with the
utmost accuracy. But here lies a big pitfall. The degree of accuracy
is totally dependent on the technology available at a given time.
The use of the naked eye allows to describe a plant, or an animal,
with eye accuracy. But if one uses a magnifying glass, the cells start
to be visible and a new domain of research appears. If going one
step further, a microscope becomes available, then the realm of
chromosomes and other cell organelles becomes suddenly patent.
In a further stage, the access to an electron microscope will allow
us to see the actual molecules of DNA that build the chromosome.
By using one of the latest models of the powerful electron micro-
scopes one may obtain photographs of the single atoms that are
part of this macromolecule. Thus, the accuracy and the validity of
the observations, are highly dependent on the type of instrument
used in the analysis of the object studied. The observations made
at the first level with the naked eye were not erroneous, nor were
those made with the magnifying glass or the light microscope, and
as such, remain valid. It was only the type of information that they
revealed that was limited.

This is one of the main reasons why scientific concepts change
all the time. They do so, not because there was a fault in the initial
approach, but because the observations and experiments are per-
manently being superseded by novel ones made at new levels of the
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organization of matter that had not been accessible previously and
permit a better knowledge of the mechanisms involved (Fig. 1.13).

The edifice of science is under constant reshaping, as hypothe-
ses and theories are discarded to be substituted by new ones. There
lies the strength of its endeavor. What is permanent is the exactness
of science’s methodology combined with the unbending logic
used in enquiry. These are not changeable because they form its
backbone.

38 Praise of chromosome

Fig. 1.13 How the development of new technologies led to the modification of
genetic concepts.

Table describing some of the results and techniques, published between 1953 and 2000,
that led to the sequencing of the genome of various organisms including humans.
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1 2
What Seems Ludicrous at
a Given Time Turns Out to be
the Correct Explanation Several Years
Later. The Gene was Considered
to Consist of Protein, But is Now
Known to be a Ribbon of DNA

The disciples of Linné, jumping around in the forests of the
Amazonas river, in the 18th century — holding in their hands

their butterfly nets — were bewildered by the profusion of insect
species. The variety of colours and forms, as well as the astonishing
number of new species, left them with a sense of the complexity
and immensity of nature. The human body is also highly complex.
Anatomical studies revealed a great number of tissue types that
formed a compilation of no less than 1013 cells (Varmus, 2002). At
the same time the physiological data disclosed that its orchestration
was due to a large number of molecular signals. Again, complexity
was the word of the day.

When the chromosome and the gene arrived they were included
in this scenario. They had to be equally complex. The nucleic acids
had long been known to be part of chromosomes. But they were
considered to be chemically too simple to be the source of such an
important entity that would build the marvelous human body.

39
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The gene had to consist of proteins. These were well known to
be large macromolecules that occurred in many distinct forms.
They had to be the material basis of the gene. Actually they con-
stituted the main bulk of the chromosome.

This is why, during World War II (1944), when Avery and col-
laborators, demonstrated that DNA was the carrier of genetic
information in bacteria, geneticists did not take note of this find-
ing. No one had seen chromosomes in bacteria, they reasoned, and
humans could not be compared to such microscopic organisms.

Even after the Watson and Crick model of DNA was published
in 1953, most geneticists reacted with scepticism. It was not until
the 1960s, following a series of novel experiments, that DNA
became accepted as the carrier of genetic information.

40 Praise of chromosome

b622_Part-I.qxd  7/11/2008  10:28 AM  Page 40



PRAISE OF CHROMOSOME "FOLLY" - Confessions of an Untamed Molecular Structure
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/lifesci/6805.html

1 3
In the Last 20 Years the Number
of Human Genes was Reduced
from 200,000 to 32,000, and
this Figure Remains Uncertain

What was the number of genes that shaped the human body?
It had to be large.

The first evidence from the genetics of bacteria, revealed that a
segment of DNA produced a sequence of RNA which in turn gave
rise to one protein. The number of proteins known to exist in
humans was no less than 200,000. Geneticists concluded that, on
the basis one DNA — one protein — the number of genes should
be at least 200,000.

Already in the 1980s, it became evident that one single DNA
segment could produce several proteins, and as a consequence the
number of genes could be much smaller, but few considered the
issue. As late as 2000 it was still written that humans had 150,000
genes (Gilbert, 2000). But soon this figure started to dwindle to
100,000 and 70,000. The sequencing of the bases of the human
genome gave an unexpected answer: 39,114 genes (Celera) and
31,780 (The Public Sequence) (Bork and Copley, 2001). Since
then these values have sunk to 20,000 (Pennisi, 2003).

It is highly probable that this figure is still too large for two
reasons.

41
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Firstly, single genes can produce, not only a few, but hundreds
of different proteins as is the case of the neurexin genes (Ullrich
et al., 1995). Secondly, many of the proteins found in the human
body can be grouped into 1,000 families due to their basic similar-
ities (Dayhoff et al., 1975; Chothia, 1992). Hence, the number of
primary genes responsible for the large amount of proteins may be
as small as 1,000.
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1 4
The Models of Chromosomes Have
Varied Drastically with Time

Another way in which science works is by building models and
the chromosome has not escaped this procedure.

Models have advantages and disadvantages.
The positive side of a diagram is that it simplifies and con-

cretizes a dispersed body of knowledge that had not before been
condensed into a single picture. Another advantage is that by for-
malizing several concepts it obliges researchers to find out whether
the qualifications assigned to the model are actually correct. In this
way it promotes further research which is targeted at validating or
invalidating the model.

The negative aspect is that a diagram is always a simplification.
Moreover, it often includes acquired misconceptions or factual
errors which tend to be perpetuated in this way. This makes it dan-
gerous because, time and again, it is reproduced, being accepted as
the final interpretation of a given structure or phenomenon.

This is exactly the case with chromosome models. They have
been valuable because they led to further research directed at test-
ing their validity, and they had a negative effect because they per-
petuated misconceptions.

Koltzoff (1928) was a visionary. He synthesized the little
knowledge available at the time into a diagram with several novel
features. The model included the two chromatids of a chromo-
some as basic units of replication, a feature that had not been
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clearly defined before. Also, he represented the chromosome as
consisting of a large number of protein molecules which were part
of its body and of its cellular environment, emphasizing in this way
its molecular activity. The most original feature was that he repre-
sented each chromatid as consisting of parallel aligned molecules
which built two identical fibers, a prerequisite for chemical copy-
ing (Fig. 1.14).

It is striking to note that most chromosome models that
appeared in the thirties, forties, and even in the fifties, lacked the
molecular component and did not include the chromosome
replication.

What is new in these models is that they include the spiral struc-
ture of the chromosome which had been so well depicted and pho-
tographed by many different cytologists, both in plants and
animals. Also by this time, three regions of the chromosome had
been found to be of general occurrence. These were the cen-
tromere, the nucleolus organizer and the telomeres.

These models also taught us how entrenched ideas, that were
not well established, took time to die out. Heitz’s model of 1935
includes the matrix as a main component of the chromosome body.
But its existence was never established, being abandoned in the
1960s.

The chromosome pellicle was considered a necessary structure
that enveloped the chromosome body delimiting it well from the
nuclear sap and from the cytoplasm. The pellicle is included in the
model of Schrader (1944). This thin sheet was actually never
observed and soon it became evident that the chromosome had no
limiting membrane.

One of the first models to include the different levels of organ-
ization from the gene to the metaphase chromosome was that of
Darlington and Mather (1949). The nucleotides were included in
the scheme for the first time, but the gene was located not as a part
of their chemical composition, but was drawn at the side, anchored
on the protein fiber. Hence the gene continued to consist of pro-
tein. But this model represented a big step forward, for it not only
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described all the organizational levels, but it also included the
dimensions of the various chemical and structural components
(Fig. 1.14).

An uncertain feature was the replication of the DNA mole-
cule along the chromosome. It was difficult to conceive that
such a molecule could be so long as to be continuous through-
out the whole chromosome length. Even after the use of tritiated
thymidine in the study of DNA replication, models were devised,
in which protein linkers were included between DNA molecules.
But by the middle 1970s this concept was dead. Petes (1974),
and others, had measured the length of the DNA fiber in single
chromosomes and demonstrated the continuity of the DNA
molecule along the whole chromosome body (Kavenoff and
Zimm, 1973).

It also became evident that the DNA molecule crossed the
centromere from one arm to the other, but the division cycle of
this region remained a source of confusion. Cytologists, who
obtained good preparations of chromosomes, could see that the
centromere, which was attached to the spindle, was divided at
metaphase and that it was the proximal regions of the arms that
held the chromatids together. However, many recent textbooks
still present models with the centromere undivided at
metaphase, an archaic notion based on the defective cytology of
the 1930s.

A structural feature that had been discarded since the 1940s was
the chromosome scaffold which consisted of nonhistone proteins.
These proteins had been forgotten and were not included in any
models. It was the electron microscopy work of Paulson and
Laemmli (1977) that showed that the scaffolding proteins were the
molecular component that maintained the chromosome’s frame-
work. As a result the scaffold proteins became incorporated in the
new models.

But surprisingly there is an impressive amount of information
on chromosome properties which has been left out of even the
most recent graphic representations. This is apparently due to the
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Fig. 1.14 How chromosome models have changed, and continue to do so, as
new information accumulates.

1. Koltzoff 1928 — The first model of a chromosome depicting its chemical composition as
well as its separation into two chromatids as a consequence of a biochemical process. Each
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absence of a coherent picture that integrates the interactions
between the different regions. The infomation that is mainly miss-
ing has to do with the function of the chromosome as a whole.
Without it, it seems difficult, if not impossible, to discover the
mechanism responsible for the maintenance of chromosome
integrity.

chromatid was considered to be composed of aligned molecules building two identical
fibers. In 1928 the genetic material was supposed to consist of proteins. Nucleic acids were
thought to be too simple to harbour the complex structure of the gene. 
2. Heitz 1935 — Model of the chromosome including the main cytological features of its
structure. CH, chromomere; H, heterochromatin; K, kinetochore or centromere; SC, sec-
ondary constriction (sometimes identical to nucleolus organizer); M, matrix. Until the
1960s the existence of a matrix was under debate. 
3. Comings 1972 — Single-stranded model of chromosome structure. A single DNA-pro-
tein fiber is considered to begin at one telomere, to fold upon itself, to build up the width
of the chromatid and eventually to progress to the opposite telomere. The centromere is
represented well divided in the metaphase chromosome. The chromosome consists of two
chromatids, united on both sides of the centromere, which will separate to opposite poles. 
4. Darlington and Mather 1949 — The size relations and supposed systems of arrangement,
molecular and super-molecular, of gene-elements (G), nucleotides (P-S-B), chromosomes
and chromosome spirals at mitosis and meiosis. F, protein fiber; RS, resting stage; H, hete-
rochromatin; C, centromere; PSB, phosphate-sugar-base. This is the first scheme to cover
the organization of the chromosome from the molecular level of the gene to the supercoiled
metaphase chromosome, showing the main intermediate stages. Note that the gene is
attached to a protein fiber and separated from the nucleotides. In 1949 the gene of higher
organisms continued to be considered to consist of protein and not of DNA. 
5. Alberts et al. 1994 — Model of chromatin packing showing some of the successive orders
of organization postulated to give rise to the highly condensed metaphase chromosome.
The DNA becomes packed with histones in the form of nucleosomes which associate build-
ing successive levels of spirals. In this model nonhistone (or scaffolding) proteins are not
represented.
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