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Honnan tudjuk, hogy hány éves a Föld? 
első próbálkozás egy kvantitatív válaszra 



1650 -ben James Ussher

 i.e. 4004  október 23.
~ 6022 éves
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Kr. e. 4004 - A Világ teremtése
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Charles Lyell 
1797-1875 
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James Hutton 
1726-1797 

“no vestige of a beginning,—no prospect of an end.”

Ugyanazok a folyamatok működnek ma, mint régen 
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Ha évszázadonként ~ 2.5 cm erodálódik,
a Weald ~ 300 000 000 éves.
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235U

207Pb
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Figure 4. In remarks made during a 1904 meeting at the Royal Institution, physicist Ernest Rutherford suggested that Kelvin's estimates for 

the age of the Earth were too low because he had not known about radioactive heating, a process discovered years later. In fact, modern knowl 

edge about the amount of radioactive heating that takes place in the mantle changes the prediction of Kelvin's model (blue line on graph) only 

slightly (green line): Ages greater than 100 million years remain incompatible with measured geothermal gradients (brown band). (Photograph 

by Ramsay and Muspratt, courtesy of AIP Emilio Segr? Visual Archives, Brittle Books Collection.) 



Hol tévedet Kelvin? 

Before dissecting Kelvin's arguments, it is 
worth describing the worldview that he was op 
posing. Early 19th-century geologists largely ac 

cepted the doctrine that the Earth was of unlimit 
ed age, reflecting an aphorism of the 1�th-century 
Scottish geologist James Hutton: that the geologi 
cal record showed "no vestige of a beginning, no 

prospect of an end." This doctrine allowed geolo 
gists to explain any phenomenon not by the laws 
of physics, but by what the American geologist 
and educator Thomas Chrowder Chamberlin in 
1�99 referred to as "reckless drafts on the bank of 
time." For Kelvin, this game without rules was 

simply not scientific. Indeed, it was forbidden 

by the laws of thermodynamics, which he had 

played a large part in developing. 
In 1��7, Kelvin had a telling exchange with 

the Scottish geologist Andrew Ramsay after a 
lecture on the geological history of Scotland. 
Kelvin relates: 

I asked Ramsay how long a time he al 
lowed for that history. He answered that 
he could suggest no limit to it. I said "You 
don't suppose geological history has run 

through 1,000,000,000 years?" "Certainly 
I do." "10,000,000,000 years?" "Yes." "The 
sun is a finite body. You can tell how many 
tons it is. 'o you think it has been shining 
for a million million years?" "I am as inca 

pable of estimating and understanding the 
reasons which you physicists have for lim 

iting geological time as you are incapable 
of understanding the geological reasons for 
our urdimited estimates." I answered, "You 
can understand the physicists' reasoning 
perfectly if you give your mind to it." 

It is easy to overlook the enormous gains to 

geology that came simply from having to fight 
the battle with Kelvin about the age of the Earth. 

By the end of the 19th century, the dottrine of a 

steady-state Earth of indefinite age had given way 
to a more sophisticated view: *eologists had come 
to accept that the age of the Earth was finite and 
that estimating its value by quantitative reasoning 

was a crucial part of geological endeavor. :hat 

nobody did until 1�95, however, was to put their 

mind, as Kelvin had suggested, to his reasoning. 
A single principle underlies all Kelvin's argu 

ments about the age of the Earth?that energy 
is conserved. To carry out his analyses, Kelvin 
added three assumptions, two of which applied 
only to his arguments about the Earth: that the 

planet is rigid and that its physical properties are 

homogeneous. The third assumption, that there 
was no undiscovered source of energy, applied 
both to the Earth and to the Sun. :e now know 
that the third assumption explains Kelvin's error 
about the age of the Sun� the energy radiated by 
the Sun is generated by the fusion of hydrogen 
into helium in its interior, although quantitative 
demonstration that this is so had to await the 
detection of the "missing neutrinos" in 2001. 

The conventional story has it that Kelvin's 
third assumption was also his undoing in cal 

culating the age of the Earth. Although it is true 
that the decay of radioactive elements inside 
the Earth provides a long-lived source of heat, 

ignorance of this energy source was not respon 
sible for Kelvin's incorrect estimate for the age 
of the Earth. The real mistake in his argument 
was pointed out by one of his former assistants, 
John Perry, almost a decade before radioactivity 
became recognized as a source of heat. 

Figure 3. John Perry, a professor of engineering who had at one time served as Kelvin's assistant, was able to reconcile measurements of the 

geothermal gradient with the Earth being billions of years old by considering the planet to have a convecting, fluid mantle overlain by a 

relatively thin lid of solid rock. Calculations using Perry's model with a 50-kilometer-thick lid, along with modern estimates for the thermal 

diffusivity and freezing point of mantle rock, show that the range of estimates for the mean geothermal gradient (brown band on graph) is 

compatible with ages as great as 2 billion or 3 billion years (green line). :ith Kelvin's model of uniform thermal conductivity, the geothermal 

gradient is compatible only with ages between about 20 million and 100 million years (blue line). 
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Before dissecting Kelvin's arguments, it is 
worth describing the worldview that he was op 
posing. Early 19th-century geologists largely ac 

cepted the doctrine that the Earth was of unlimit 
ed age, reflecting an aphorism of the 1�th-century 
Scottish geologist James Hutton: that the geologi 
cal record showed "no vestige of a beginning, no 

prospect of an end." This doctrine allowed geolo 
gists to explain any phenomenon not by the laws 
of physics, but by what the American geologist 
and educator Thomas Chrowder Chamberlin in 
1�99 referred to as "reckless drafts on the bank of 
time." For Kelvin, this game without rules was 

simply not scientific. Indeed, it was forbidden 

by the laws of thermodynamics, which he had 

played a large part in developing. 
In 1��7, Kelvin had a telling exchange with 

the Scottish geologist Andrew Ramsay after a 
lecture on the geological history of Scotland. 
Kelvin relates: 

I asked Ramsay how long a time he al 
lowed for that history. He answered that 
he could suggest no limit to it. I said "You 
don't suppose geological history has run 

through 1,000,000,000 years?" "Certainly 
I do." "10,000,000,000 years?" "Yes." "The 
sun is a finite body. You can tell how many 
tons it is. 'o you think it has been shining 
for a million million years?" "I am as inca 

pable of estimating and understanding the 
reasons which you physicists have for lim 

iting geological time as you are incapable 
of understanding the geological reasons for 
our urdimited estimates." I answered, "You 
can understand the physicists' reasoning 
perfectly if you give your mind to it." 

It is easy to overlook the enormous gains to 

geology that came simply from having to fight 
the battle with Kelvin about the age of the Earth. 

By the end of the 19th century, the dottrine of a 

steady-state Earth of indefinite age had given way 
to a more sophisticated view: *eologists had come 
to accept that the age of the Earth was finite and 
that estimating its value by quantitative reasoning 

was a crucial part of geological endeavor. :hat 

nobody did until 1�95, however, was to put their 

mind, as Kelvin had suggested, to his reasoning. 
A single principle underlies all Kelvin's argu 

ments about the age of the Earth?that energy 
is conserved. To carry out his analyses, Kelvin 
added three assumptions, two of which applied 
only to his arguments about the Earth: that the 

planet is rigid and that its physical properties are 

homogeneous. The third assumption, that there 
was no undiscovered source of energy, applied 
both to the Earth and to the Sun. :e now know 
that the third assumption explains Kelvin's error 
about the age of the Sun� the energy radiated by 
the Sun is generated by the fusion of hydrogen 
into helium in its interior, although quantitative 
demonstration that this is so had to await the 
detection of the "missing neutrinos" in 2001. 

The conventional story has it that Kelvin's 
third assumption was also his undoing in cal 

culating the age of the Earth. Although it is true 
that the decay of radioactive elements inside 
the Earth provides a long-lived source of heat, 

ignorance of this energy source was not respon 
sible for Kelvin's incorrect estimate for the age 
of the Earth. The real mistake in his argument 
was pointed out by one of his former assistants, 
John Perry, almost a decade before radioactivity 
became recognized as a source of heat. 

"Yow can 

understand 

the physicists' 
reasoning 

perfectly if 
you give your 
mind to it." 

Figure 3. John Perry, a professor of engineering who had at one time served as Kelvin's assistant, was able to reconcile measurements of the 

geothermal gradient with the Earth being billions of years old by considering the planet to have a convecting, fluid mantle overlain by a 

relatively thin lid of solid rock. Calculations using Perry's model with a 50-kilometer-thick lid, along with modern estimates for the thermal 

diffusivity and freezing point of mantle rock, show that the range of estimates for the mean geothermal gradient (brown band on graph) is 

compatible with ages as great as 2 billion or 3 billion years (green line). :ith Kelvin's model of uniform thermal conductivity, the geothermal 

gradient is compatible only with ages between about 20 million and 100 million years (blue line). 
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Hol tévedet Kelvin? 

Before dissecting Kelvin's arguments, it is 
worth describing the worldview that he was op 
posing. Early 19th-century geologists largely ac 

cepted the doctrine that the Earth was of unlimit 
ed age, reflecting an aphorism of the 1�th-century 
Scottish geologist James Hutton: that the geologi 
cal record showed "no vestige of a beginning, no 

prospect of an end." This doctrine allowed geolo 
gists to explain any phenomenon not by the laws 
of physics, but by what the American geologist 
and educator Thomas Chrowder Chamberlin in 
1�99 referred to as "reckless drafts on the bank of 
time." For Kelvin, this game without rules was 

simply not scientific. Indeed, it was forbidden 

by the laws of thermodynamics, which he had 

played a large part in developing. 
In 1��7, Kelvin had a telling exchange with 

the Scottish geologist Andrew Ramsay after a 
lecture on the geological history of Scotland. 
Kelvin relates: 

I asked Ramsay how long a time he al 
lowed for that history. He answered that 
he could suggest no limit to it. I said "You 
don't suppose geological history has run 

through 1,000,000,000 years?" "Certainly 
I do." "10,000,000,000 years?" "Yes." "The 
sun is a finite body. You can tell how many 
tons it is. 'o you think it has been shining 
for a million million years?" "I am as inca 

pable of estimating and understanding the 
reasons which you physicists have for lim 

iting geological time as you are incapable 
of understanding the geological reasons for 
our urdimited estimates." I answered, "You 
can understand the physicists' reasoning 
perfectly if you give your mind to it." 

It is easy to overlook the enormous gains to 

geology that came simply from having to fight 
the battle with Kelvin about the age of the Earth. 

By the end of the 19th century, the dottrine of a 

steady-state Earth of indefinite age had given way 
to a more sophisticated view: *eologists had come 
to accept that the age of the Earth was finite and 
that estimating its value by quantitative reasoning 

was a crucial part of geological endeavor. :hat 

nobody did until 1�95, however, was to put their 

mind, as Kelvin had suggested, to his reasoning. 
A single principle underlies all Kelvin's argu 

ments about the age of the Earth?that energy 
is conserved. To carry out his analyses, Kelvin 
added three assumptions, two of which applied 
only to his arguments about the Earth: that the 

planet is rigid and that its physical properties are 

homogeneous. The third assumption, that there 
was no undiscovered source of energy, applied 
both to the Earth and to the Sun. :e now know 
that the third assumption explains Kelvin's error 
about the age of the Sun� the energy radiated by 
the Sun is generated by the fusion of hydrogen 
into helium in its interior, although quantitative 
demonstration that this is so had to await the 
detection of the "missing neutrinos" in 2001. 

The conventional story has it that Kelvin's 
third assumption was also his undoing in cal 

culating the age of the Earth. Although it is true 
that the decay of radioactive elements inside 
the Earth provides a long-lived source of heat, 

ignorance of this energy source was not respon 
sible for Kelvin's incorrect estimate for the age 
of the Earth. The real mistake in his argument 
was pointed out by one of his former assistants, 
John Perry, almost a decade before radioactivity 
became recognized as a source of heat. 

Figure 3. John Perry, a professor of engineering who had at one time served as Kelvin's assistant, was able to reconcile measurements of the 

geothermal gradient with the Earth being billions of years old by considering the planet to have a convecting, fluid mantle overlain by a 

relatively thin lid of solid rock. Calculations using Perry's model with a 50-kilometer-thick lid, along with modern estimates for the thermal 

diffusivity and freezing point of mantle rock, show that the range of estimates for the mean geothermal gradient (brown band on graph) is 

compatible with ages as great as 2 billion or 3 billion years (green line). :ith Kelvin's model of uniform thermal conductivity, the geothermal 

gradient is compatible only with ages between about 20 million and 100 million years (blue line). 
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Before dissecting Kelvin's arguments, it is 
worth describing the worldview that he was op 
posing. Early 19th-century geologists largely ac 

cepted the doctrine that the Earth was of unlimit 
ed age, reflecting an aphorism of the 1�th-century 
Scottish geologist James Hutton: that the geologi 
cal record showed "no vestige of a beginning, no 

prospect of an end." This doctrine allowed geolo 
gists to explain any phenomenon not by the laws 
of physics, but by what the American geologist 
and educator Thomas Chrowder Chamberlin in 
1�99 referred to as "reckless drafts on the bank of 
time." For Kelvin, this game without rules was 

simply not scientific. Indeed, it was forbidden 

by the laws of thermodynamics, which he had 

played a large part in developing. 
In 1��7, Kelvin had a telling exchange with 

the Scottish geologist Andrew Ramsay after a 
lecture on the geological history of Scotland. 
Kelvin relates: 

I asked Ramsay how long a time he al 
lowed for that history. He answered that 
he could suggest no limit to it. I said "You 
don't suppose geological history has run 

through 1,000,000,000 years?" "Certainly 
I do." "10,000,000,000 years?" "Yes." "The 
sun is a finite body. You can tell how many 
tons it is. 'o you think it has been shining 
for a million million years?" "I am as inca 

pable of estimating and understanding the 
reasons which you physicists have for lim 

iting geological time as you are incapable 
of understanding the geological reasons for 
our urdimited estimates." I answered, "You 
can understand the physicists' reasoning 
perfectly if you give your mind to it." 

It is easy to overlook the enormous gains to 

geology that came simply from having to fight 
the battle with Kelvin about the age of the Earth. 

By the end of the 19th century, the dottrine of a 

steady-state Earth of indefinite age had given way 
to a more sophisticated view: *eologists had come 
to accept that the age of the Earth was finite and 
that estimating its value by quantitative reasoning 

was a crucial part of geological endeavor. :hat 

nobody did until 1�95, however, was to put their 

mind, as Kelvin had suggested, to his reasoning. 
A single principle underlies all Kelvin's argu 

ments about the age of the Earth?that energy 
is conserved. To carry out his analyses, Kelvin 
added three assumptions, two of which applied 
only to his arguments about the Earth: that the 

planet is rigid and that its physical properties are 

homogeneous. The third assumption, that there 
was no undiscovered source of energy, applied 
both to the Earth and to the Sun. :e now know 
that the third assumption explains Kelvin's error 
about the age of the Sun� the energy radiated by 
the Sun is generated by the fusion of hydrogen 
into helium in its interior, although quantitative 
demonstration that this is so had to await the 
detection of the "missing neutrinos" in 2001. 

The conventional story has it that Kelvin's 
third assumption was also his undoing in cal 

culating the age of the Earth. Although it is true 
that the decay of radioactive elements inside 
the Earth provides a long-lived source of heat, 

ignorance of this energy source was not respon 
sible for Kelvin's incorrect estimate for the age 
of the Earth. The real mistake in his argument 
was pointed out by one of his former assistants, 
John Perry, almost a decade before radioactivity 
became recognized as a source of heat. 

"Yow can 

understand 

the physicists' 
reasoning 

perfectly if 
you give your 
mind to it." 

Figure 3. John Perry, a professor of engineering who had at one time served as Kelvin's assistant, was able to reconcile measurements of the 

geothermal gradient with the Earth being billions of years old by considering the planet to have a convecting, fluid mantle overlain by a 

relatively thin lid of solid rock. Calculations using Perry's model with a 50-kilometer-thick lid, along with modern estimates for the thermal 

diffusivity and freezing point of mantle rock, show that the range of estimates for the mean geothermal gradient (brown band on graph) is 

compatible with ages as great as 2 billion or 3 billion years (green line). :ith Kelvin's model of uniform thermal conductivity, the geothermal 

gradient is compatible only with ages between about 20 million and 100 million years (blue line). 
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A helyes megoldás, avagy: 

az atommagtól a naprendszer kialakulásáig, egy évvel a Sputnik előtt

Geochimica et Cosmochimica Acta, 1956, Yol. 10, pp. 236 to 23i. P~~WIXXI Prers Ltd., London 

Age of meteorites and the earth 

CLAIRE PATTERSOX’ 
Division of Geological Sciences 

California Institute of Technology, Pasadena. California 

(Received 23 Janwrry 1956) 

Abstract-Within experimental error, meteorites have one age as determined by three independent 
radiometric methods. The most accurate method (Pb*07/Pb*06) gives an age of .i*BS T O,OT x. IO” yr. 
Using certain assumptions which are apparently justified, one can define the isotopic evolution of lead 
for any meteoritic body. It is found that earth lead meets the requirements of this definition. It is 
therefore believed t,het the age for the earth is the same as for meteorites. This is the time since the earth 
attained its present mass. 

IT seems we now should admit that the age of the earth is known as accurately and 
with about as much confidence as the ~oncentratio~l of aluIninium is known in the 
Westerly, Rhode Island granite. Good estimates of the earth’s age hare been known 
for some time. After the decay-constant of U235 and the isotopic compositions of 
common earth-leads were determined by NIER, initial calculations. such as 

GERLING’S, roughly defined the situation. Approximately correct calculations 
were made by HOLMES and by HOUTERMAWS 011 the basis of bold assumptions 
concerning the genesis of lead ores. Subsequent criticism of these calculations 
created an air of doubt about anything concerning common leads and obscured the 
indispensable contributio~ls which these investigators made in est~ablishiIlg the new 
science of the geochemistry of lead isotopes. When the isotopic col~lpositio~l of 
lead from an iron meteorite was determined, we were able to show that a much more 
accurate calculation of the earth’s age could be made, but it still was impossible to 
defend the computation. Now, we know the isotopic compositions of leads from 
some stone meteorites and we can make an explicit and logical argument for the 
computation which is valid and persuasive. 

The most accurate age of meteorites is determined by- first, assuming that. 
meteorites represent an array of nranium-lead systems with eert,ain properties, 
and by then computing t’he age of this array from the observed lead pat,tern. The 
most. accurate age of t,he earth is obtained by denlollst.ra~~i~~g that t,he earth’s 
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Nuclide data

Natural abundance 0.72%
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Parent isotopes

235Pa 
235Np 
239Pu

Decay products 231Th

Isotope mass 235.0439299 u

Spin 7/2−
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Decay mode Decay energy
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Natural decay chain
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Nuclear weapons
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Age of meteorites and the earth 
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(Received 23 Janwrry 1956) 

Abstract-Within experimental error, meteorites have one age as determined by three independent 
radiometric methods. The most accurate method (Pb*07/Pb*06) gives an age of .i*BS T O,OT x. IO” yr. 
Using certain assumptions which are apparently justified, one can define the isotopic evolution of lead 
for any meteoritic body. It is found that earth lead meets the requirements of this definition. It is 
therefore believed t,het the age for the earth is the same as for meteorites. This is the time since the earth 
attained its present mass. 

IT seems we now should admit that the age of the earth is known as accurately and 
with about as much confidence as the ~oncentratio~l of aluIninium is known in the 
Westerly, Rhode Island granite. Good estimates of the earth’s age hare been known 
for some time. After the decay-constant of U235 and the isotopic compositions of 
common earth-leads were determined by NIER, initial calculations. such as 

GERLING’S, roughly defined the situation. Approximately correct calculations 
were made by HOLMES and by HOUTERMAWS 011 the basis of bold assumptions 
concerning the genesis of lead ores. Subsequent criticism of these calculations 
created an air of doubt about anything concerning common leads and obscured the 
indispensable contributio~ls which these investigators made in est~ablishiIlg the new 
science of the geochemistry of lead isotopes. When the isotopic col~lpositio~l of 
lead from an iron meteorite was determined, we were able to show that a much more 
accurate calculation of the earth’s age could be made, but it still was impossible to 
defend the computation. Now, we know the isotopic compositions of leads from 
some stone meteorites and we can make an explicit and logical argument for the 
computation which is valid and persuasive. 

The most accurate age of meteorites is determined by- first, assuming that. 
meteorites represent an array of nranium-lead systems with eert,ain properties, 
and by then computing t’he age of this array from the observed lead pat,tern. The 
most. accurate age of t,he earth is obtained by denlollst.ra~~i~~g that t,he earth’s 
urallilln~-lead system belongs to the array of meteoritic uranium-lead syst,ems.* 

The following assumptions are made concerning meteorit,es: they were formed 
at, the same time: they existed as isolated and closed systems: they originally 
contained lead of the same isotopic composition; they contain uranium which has 

* C. PATTER~~K: S.R.C. Conference on nuclear processes in geologir ncttiitgs. I%.? Scptembcr 
meeting, I’ennsylvnnia State University. Except for minor disaprecments. this paper IS probably a 
concrete expression of the attitudes of most investigators in this field. both hew and iii Europt~. The 
author is grateful to his coih?agues, 
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Az élőlények genetikai tervrajza DNS-ben van rögzítve

Minden élőlény fejlődési tervét és működési programját egy hosszú, DNS molekulában íródott genetikai szöveg,  
az élőlény ún. genomja tartalmazza. 

sejtkromoszóma

DNS 
szál

gén

fehérjék molekuláris gép élő sejt

szervezet

Image courtesy of U.S. Department of Energy Genome Programs 
and wikimedia commons 
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A rokon szekvenciák története rekonstruálható
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A molekulák mint az evolúciós múlt dokumentumai

J. Theoret. Biol. (1965) 8, 357-366 

Molecules as Documents of Evolutionary History 

EMILE ZUCKERKANDL AND LINUS PAULING 

Gates and Crellin Laboratories of Chemistry, 
California Institute of Technology, Pasadena, California, U.S.A. 

(Received 17 September 1964) 

Different types of molecules are discussed in relation to their fitness for 
providing the basis for a molecular phylogeny. Best fit are the 
“semantides”, i.e. the different types of macromolecules that carry the 
genetic information or a very extensive translation thereof. The fact that 
more than one coding triplet may code for a given amino acid residue in a 
polypeptide leads to the notion of “isosemantic substitutions” in genie 
and messenger polynucleotides. Such substitutions lead to differences in 
nucleotide sequence that are not expressed by differences in amino acid 
sequence. Some possible consequences of isosemanticism are discussed. 

1. The Chemical Basis for a Molecular Phylogeny 
Of all natural systems, living matter is the one which, in the face of great 
transformations, preserves inscribed in its organization the largest amount of 
its own past history. Using Hegel’s expression, we may say that there is no 
other system that is better aufgehoben (constantly abolished and simultan- 
eously preserved). We may ask the questions where in the now living systems 
the greatest amount of their past history has survived and how it can be 
extracted. 

At any level of integration, the amount of history preserved will be the 
greater, the greater the complexity of the elements at that level and the smaller 
the parts of the elements that have to be affected to bring about a significant 
change. Under favorable conditions of this kind, a recognition of many 
differences between two elements does not preclude the recognition of their 
similarity. 

One may classify molecules that occur in living matter into three categories, 
designated by new terms, according to the degree to which the specific 
information contained in an organism is reflected in them: 

(1) Semantophoretic molecules or semantides-molecules that carry the 
information of the genes or a transcript thereof. The genes themselves are the 

T.B. 

We [..] ask the questions where in the now living systems the 
greatest amount of their past history has survived and how it can be 
extracted.[..] 

Best fit are [..] the different types of macromolecules that carry the 
genetic information or a very extensive translation thereof. [..] 

Using Hegel’s expression, we may say that there is no other system 
that is better aufgehoben (constantly abolished and simultaneously 
preserved).

Emile Zukerkandl 
   1922-2013

Linus Pauling 
 1901-1994



A DNS-szekvencia megfejtése

Fredrick Sanger 
    1918-2013

1977



A DNS-szekvencia megfejtése

Fredrick Sanger 
    1918-2013

1977



$/MQ20

Source: Broad Institute

Log	scale

100

10,000 

1,000

Cost of computing

(Moore’s law)

$ per million DNA bases

Log skála 
100,000

10 

$ / milló DNS bázispár 
1.0 

0.1 

1999 2002 04 06 08 10 

Forrás: Broad Intézet, Cambridge, MA

számítási költség  
(Moore tv.)

A 90-es évek szuperszámítógépeit hordjuk a zsebünkben, de  
ennél is drámaiabban nőtt a DNS-szekvenálás hatékonysága

$

Biológia 2.0

12 Giga FLOPS

200-300 Giga FLOPS



$/MQ20

Source: Broad Institute

Log	scale

100

10,000 

1,000

Cost of computing

(Moore’s law)

$ per million DNA bases

Log skála 
100,000

10 

$ / milló DNS bázispár 
1.0 

0.1 

1999 2002 04 06 08 10 

Forrás: Broad Intézet, Cambridge, MA

számítási költség  
(Moore tv.)

$

A 90-es évek szuperszámítógépeit hordjuk a zsebünkben, de  
ennél is drámaiabban nőtt a DNS-szekvenálás hatékonysága

Biológia 2.0

Human Genome Project



mutáció

TACCACGAT.. TACCGCGAT..TACCAAGAC.. TAGCAAGTC..

C A C T

A G

C G

utódokban lévő szekvencia

szülőben lévő szekvencia

mutáció

mutáció

mutáció

4/22

TACCACGAC..

TACCACGAT..TACCAAGAC..

Rokon DNS-szekvenciák esetén rekonstruálható azok evolúciós családfája. A fa elágazásai ősi 
génreplikációk, a fa gyökere a szekvenciák legutoljára létezett közös őse.

A rokon szekvenciák története rekonstruálható



mutáció

TACCACGAT.. TACCGCGAT..TACCAAGAC.. TAGCAAGTC..

C A C T

A G

C G

utódokban lévő szekvencia

szülőben lévő szekvencia

mutáció

mutáció

mutáció

4/22

TACCACGAC..

TACCACGAT..TACCAAGAC..

Rokon DNS-szekvenciák esetén rekonstruálható azok evolúciós családfája. A fa elágazásai ősi 
génreplikációk, a fa gyökere a szekvenciák legutoljára létezett közös őse.

A rokon szekvenciák története rekonstruálható



A molekuláris evolúciókutatás aranykora
2010

Svante Pääbo
Human Genome Project



In the present treatment back mutations are ignored because of un- 
certainty of their probability and because accuracy of experimental points 
does not justify a refinement of the theory, 

Consider a type of protein such as the globins with practically all 
sites changeable. Table IX shows that  the mean difference between 
some mammalian hemoglobin chains and  the corresponding human 

chains is 22. This figure represents 15% of the hemoglobin chains, in 
relation to the mean length of the a and chains ( 143.5 residues).  We 
assume the  mean epoch of separation 'of man and  that of each of the 
mammals listed  in  Table IX to be at -80 million years. Thereby is 
defined as on Fig. It is approximately equal  to million years. The 
average and change is 55%, On  the curve of Fig. 3 this gives the 

separation at -375 million years. This figure is one-third lower than 

Molekuláris órák 
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a model of exponential expansion , (2) a model including

a founder event followed by exponential expansion ðMFEÞ, and
(3) a model of two exponential-expansion periods separated by

a founder event model did not provide enough

flexibility to fit the IBD-sharing summary extracted for the AJ pop-

ulation, resulting in a poor fit (particularly for shorter segments)

and unrealistically large values for the recent population size.

We therefore excluded this model from further analysis. For

models
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(C) A founder event followed by exponen-
tial expansion.
(D) Two subsequent exponential expan-
sions divided by a founder event.

two models, we used a tolerance threshold

of dx0:037 and obtained an AIC value of

19.21 for the MEFE model, which allows

five parameters to vary (such d results in

a likelihood of 0.01 for the MEFE model).

Using the same acceptance threshold, we

thus required a log likelihood of at least

#5.6 (a likelihoodof~3.7310#3) formodel

MFE, which has four parameters, to be

selected. None of the 105 sampled points

were accepted with such a threshold,

leading us to choose the MEFE model. The

likelihoods of additional parameter values

estimated for the MEFE model with the

use of a wider grid are reported in Table S4.

Note that when sampling from Equa-

tion 17, we assumed independence of the

analyzed sharing length intervals Ri and of the pairs within

a data set, potentially underestimating the variance of randomly

sampled summaries of IBD. To account for the presence of small

correlations, we thus performed full coalescent simulations ac-

cording to the most likely set of parameters of each model by

only sampling a synthetic chromosome 1 for 500 diploid individ-

uals. We repeated the rejection-based comparison by using 104

such points for each model and obtained an equivalent result.
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Inference of human population history from individual whole-genome sequences — Li & Durbin 2011 Nature

,
a Korean male (SJK) , three European individuals (J. C. Venter8,
NA12891 and NA12878 (ref. 9)) and two Yoruba males (NA18507
(ref. 10) and NA19239). We infer that European and Chinese popu-
lations had very similar population-size histories before 10–20 kyr
ago. Both populations experienced a severe bottleneck 10–60 kyr
ago, whereas African populations experienced a milder bottleneck
from which they recovered earlier. All three populations have an
elevated effective population size between 60 and 250 kyr ago, pos-
sibly due to population substructure11. We also infer that the dif-
ferentiation of genetically modern humans may have started as early
as 100–120 kyr ago , but considerable genetic exchanges may still
have occurred until 20–40 kyr ago.

The distribution of the time since the most recent common ancestor
(TMRCA) between two alleles in an individual provides information
about the history of change in population size over time. Existing
methods for reconstructing the detailed TMRCA distribution have
analysed large samples of individuals at non-recombining loci like
mitochondrial DNA . However, the statistical resolution of inferences
from any one locus is poor, and power fades rapidly upon moving back
in time because there are few independent lineages probing deep time
depths (in humans, no information is available from mitochondrial
DNA beyond about 200 kyr ago, when all humans share a common
maternal ancestor ). In contrast, a diploid genome sequence contains
hundreds of thousands of independent loci, each with its own TMRCA
between the two alleles carried by an individual. In principle, it should
be possible to reconstruct the TMRCA distribution across the auto-
somes and the X chromosome by studying how the local density of
heterozygous sites changes across the genome, reflecting segments of
constant TMRCA separated by historical recombination events. To
explore whether we could use this idea to learn about the detailed
TMRCA distribution from a diploid whole-genome sequence, we pro-
posed the pairwise sequentially Markovian coalescent (PSMC) model,
which is a specialization to the case of two chromosomes of the sequen-
tially Markovian coalescent model14 (Fig. 1a). The free parameters of
this model include the scaled mutation rate, the recombination rate
and piecewise constant ancestral population sizes (see Methods). We
scaled results to real time, assuming 25 years per generation and a
neutral mutation rate of 2.5 . The con-
sequences of uncertainty in the two scaling parameters will be dis-
cussed later in the text.

To validate our model, we simulated one-hundred 30-megabase
(Mb) sequences with a sharp out-of-Africa bottleneck followed by a
population expansion, and inferred population-size history with
PSMC (Fig. 2a). PSMC was able to recover the parameters used in
the simulation and the variance of the estimate was small between
20 kyr ago and 3 Myr ago. More recently than 20 kyr ago or more
anciently than 3 Myr ago, few recombination events are left in the
present sequence, which reduces the power of PSMC. Therefore, the
estimated effective population size ( ) in these time intervals was not
as accurate and had large variance. To test the robustness of the model,
we introduced variable mutation rates and recombination hotspots in
the simulation (Supplementary Information). The inference was still
close to the true history (Fig. 2b) and a uniform rate of single nucleo-
tide polymorphism (SNP) ascertainment errors did not change our
qualitative results either (Supplementary Fig. 2). The simulations did,
however, reveal a limitation of PSMC in recovering sudden changes in
effective population size. For example, the instantaneous reduction from
12,000 to 1,200 at 100 kyr ago in the simulation was spread over several
preceding tens of thousands of years in the PSMC reconstruction.
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Figure 1 | Illustration of the PSMC model and its application to simulated
data. a, The PSMC infers the local time to the most recent common ancestor
(TMRCA) on the basis of the local density of heterozygotes, using a hidden
Markov model in which the observation is a diploid sequence, the hidden states
are discretized TMRCA and the transitions represent ancestral recombination
events.
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two models, we used a tolerance threshold

of dx0:037 and obtained an AIC value of

19.21 for the MEFE model, which allows

five parameters to vary (such d results in

a likelihood of 0.01 for the MEFE model).

Using the same acceptance threshold, we

thus required a log likelihood of at least

#5.6 (a likelihoodof~3.7310#3) formodel

MFE, which has four parameters, to be

selected. None of the 105 sampled points

were accepted with such a threshold,

leading us to choose the MEFE model. The

likelihoods of additional parameter values

estimated for the MEFE model with the

use of a wider grid are reported in Table S4.

Note that when sampling from Equa-

tion 17, we assumed independence of the

analyzed sharing length intervals Ri and of the pairs within

a data set, potentially underestimating the variance of randomly

sampled summaries of IBD. To account for the presence of small

correlations, we thus performed full coalescent simulations ac-

cording to the most likely set of parameters of each model by

only sampling a synthetic chromosome 1 for 500 diploid individ-

uals. We repeated the rejection-based comparison by using 10
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lations had very similar population-size histories before 10–20 kyr
ago. Both populations experienced a severe bottleneck 10–60 kyr
ago, whereas African populations experienced a milder bottleneck
from which they recovered earlier. All three populations have an
elevated effective population size between 60 and 250 kyr ago, pos-
sibly due to population substructure11. We also infer that the dif-
ferentiation of genetically modern humans may have started as early
as 100–120 kyr ago12, but considerable genetic exchanges may still
have occurred until 20–40 kyr ago.

The distribution of the time since the most recent common ancestor
(TMRCA) between two alleles in an individual provides information
about the history of change in population size over time. Existing
methods for reconstructing the detailed TMRCA distribution have
analysed large samples of individuals at non-recombining loci like
mitochondrial DNA13. However, the statistical resolution of inferences
from any one locus is poor, and power fades rapidly upon moving back
in time because there are few independent lineages probing deep time
depths (in humans, no information is available from mitochondrial
DNA beyond about 200 kyr ago, when all humans share a common
maternal ancestor11). In contrast, a diploid genome sequence contains
hundreds of thousands of independent loci, each with its own TMRCA
between the two alleles carried by an individual. In principle, it should
be possible to reconstruct the TMRCA distribution across the auto-
somes and the X chromosome by studying how the local density of
heterozygous sites changes across the genome, reflecting segments of
constant TMRCA separated by historical recombination events. To
explore whether we could use this idea to learn about the detailed
TMRCA distribution from a diploid whole-genome sequence, we pro-
posed the pairwise sequentially Markovian coalescent (PSMC) model,
which is a specialization to the case of two chromosomes of the sequen-
tially Markovian coalescent model14 (Fig. 1a). The free parameters of
this model include the scaled mutation rate, the recombination rate
and piecewise constant ancestral population sizes (see Methods). We
scaled results to real time, assuming 25 years per generation and a
neutral mutation rate of 2.5 . The con-
sequences of uncertainty in the two scaling parameters will be dis-
cussed later in the text.

To validate our model, we simulated one-hundred 30-megabase
(Mb) sequences with a sharp out-of-Africa bottleneck followed by a
population expansion, and inferred population-size history with
PSMC (Fig. 2a). PSMC was able to recover the parameters used in
the simulation and the variance of the estimate was small between
20 kyr ago and 3 Myr ago. More recently than 20 kyr ago or more
anciently than 3 Myr ago, few recombination events are left in the
present sequence, which reduces the power of PSMC. Therefore, the
estimated effective population size ( ) in these time intervals was not
as accurate and had large variance. To test the robustness of the model,
we introduced variable mutation rates and recombination hotspots in
the simulation (Supplementary Information). The inference was still
close to the true history (Fig. 2b) and a uniform rate of single nucleo-
tide polymorphism (SNP) ascertainment errors did not change our
qualitative results either (Supplementary Fig. 2). The simulations did,
however, reveal a limitation of PSMC in recovering sudden changes in
effective population size. For example, the instantaneous reduction from
12,000 to 1,200 at 100 kyr ago in the simulation was spread over several
preceding tens of thousands of years in the PSMC reconstruction.
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Figure 1 | Illustration of the PSMC model and its application to simulated
data. a, The PSMC infers the local time to the most recent common ancestor
(TMRCA) on the basis of the local density of heterozygotes, using a hidden
Markov model in which the observation is a diploid sequence, the hidden states
are discretized TMRCA and the transitions represent ancestral recombination
events. b, We used the ms software to simulate the TMRCA relating the two
alleles of an individual across a 200-kb region (the thick red line), and inferred
the local TMRCA at each locus using the PSMC (the heat map). The inference
usually includes the correct time, with the greatest errors at transition points.
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In the present treatment back mutations are ignored because of un- 
certainty of their probability and because accuracy of experimental points 
does not justify a refinement of the theory, 

Consider a type of protein such as the globins with practically all 
sites changeable. Table IX shows that  the mean difference between 
some mammalian hemoglobin chains and  the corresponding human 
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relation to the mean length of the a and chains ( 143.5 residues).  We 
assume the  mean epoch of separation 'of man and  that of each of the 
mammals listed  in  Table IX to be at -80 million years. Thereby is 
defined as on Fig. It is approximately equal  to million years. The 
average and change is 55%, On  the curve of Fig. 3 this gives the 
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A molekulárisóra-hipotézis globális sérülésének nem megfelelő modellezése 
nagy vitákhoz vezetett… 

Reading the entrails of chickens:
molecular timescales of evolution and
the illusion of precision
Dan Graur1 and William Martin2

1Department of Biology and Biochemistry, University of Houston, Houston, TX 77204-5001, USA
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For almost a decade now, a team of molecular evolu-
tionists has produced a plethora of seemingly precise
molecular clock estimates for divergence events rang-
ing from the speciation of cats and dogs to lineage
separations that might have occurred ,4 billion years
ago. Because the appearance of accuracy has an irresis-
tible allure, non-specialists frequently treat these esti-
mates as factual. In this article, we show that all of
these divergence-time estimates were generated
through improper methodology on the basis of a single
calibration point that has been unjustly denuded of
error. The illusion of precision was achieved mainly
through the conversion of statistical estimates (which
by definition possess standard errors, ranges and confi-
dence intervals) into errorless numbers. By employing
such techniques successively, the time estimates of
even the most ancient divergence events were made to
look deceptively precise. For example, on the basis of
just 15 genes, the arthropod–nematode divergence
event was ‘calculated’ to have occurred 1167 6 83
million years ago (i.e. within a 95% confidence interval
of ,350 million years). Were calibration and derivation
uncertainties taken into proper consideration, the 95%
confidence interval would have turned out to be at least
40 times larger (,14.2 billion years).

‘We demand rigidly defined areas of doubt and
uncertainty.’ Douglas Adams

People have always been fascinated with dating the
past, particularly in the absence of historical records.
James Ussher (1581–1656), Archbishop of Armagh and
Primate of All Ireland, is considered the first scholar to
have employed internal (biblical) and external (astronom-
ical) evidence to date events that were considered undat-
able by his predecessors. In his Annales Veteris Testamenti

) published in 1650, Ussher
established the first day of creation as Sunday ‘upon the 23
day of the Julian October’ 4004 BC.With similar precision,
he dated Adam and Eve’s expulsion from Paradise, the
destruction of Sodom and Gomorra and the landing of
Noah’s ark onMount Ararat. Generations of scholars were

so captivated by the appearance of precision of these dates,
that hardly anyone questioned their veracity.

In a modern rendition of Ussher’s feat, a team of
molecular evolutionists has inferred ostensibly precise
molecular-clock dates for speciation events ranging from
the divergence between cats and dogs to the early
diversification of prokaryotes [1–12]. The findings were
summarized in a Trends in Genetics review [13]. With few
exceptions [14–24], it has escaped the notice of most
readers that all these divergence-time estimates are based
on a single calibration point and tenuous methodology.
In this article, we document the manner in which a
calibration point that is both inaccurate and inexact – and
in many instances inapplicable and irrelevant – has been
used to produce an exhaustive evolutionary timeline that
is enticing but totally imaginary. We will relate a dating
saga of ballooning inapplicability and snowballing error
through which molecular equivalents of the 23rd October
4004 BC date have been mass-produced in the most
prestigious biology journals.

Chapter 1: the origin of the primary 310 6 0 million-year
calibration
The saga starts with ‘an accurate calibration point’ for
obtaining ‘reliable estimates of divergence times from
molecular data’ [1]. From among the many calibration
points available in the paleontological literature, ‘the
relatively well-constrained fossil divergence time between
the ancestor of birds (diapsid reptiles) and mammals
(synapsid reptiles)’ was selected [1]. This divergence time
was said to be 310 million years ago (MYA). As a cali-
brating measurement, the 310-MYA value is treated as
extremely accurate and extremely precise. That is, the
divergence time estimate between diapsids and synapsids
is used as if it had neither directional nor random errors
around the mean (i.e. 310 ^ 0 MYA). We note that this
number is extremely important because all subsequent
divergence-time estimates are based on it.

In an article by Hedges
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through which molecular equivalents of the 23rd October
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obtaining ‘reliable estimates of divergence times from
molecular data’ [1]. From among the many calibration
points available in the paleontological literature, ‘the
relatively well-constrained fossil divergence time between
the ancestor of birds (diapsid reptiles) and mammals
(synapsid reptiles)’ was selected [1]. This divergence time
was said to be 310 million years ago (MYA). As a cali-
brating measurement, the 310-MYA value is treated as
extremely accurate and extremely precise. That is, the
divergence time estimate between diapsids and synapsids
is used as if it had neither directional nor random errors
around the mean (i.e. 310 ^ 0 MYA). We note that this
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divergence-time estimates are based on it.

In an article by Hedges et al. [1], the 310 ^ 0 MYA date
was said to be derived from Volume 2 of The Fossil Record
edited byM. J. Benton. BecauseThe Fossil Record is a one-
volume publication, we assume that the authors intended
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A molekuláris óra hipotézis globális sérülésének nem megfelelő 
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részét lezárták, fosszíliák által lehorgonyzott lokális 
szekvencia alapú molekuláris órák segítségével.  
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Honnan tudjuk, hogy mi hány éve élt?
A fosszíliák az egyedüli közvetlen információforrásunk az abszolút korról  

2. A brief outline of Proterozoic palaeobiology
Historically, palaeontologists were sceptical of the idea that
bacteria could preserve as fossils, even rejecting reports
that later proved to be correct [4]. High-resolution imaging
has more recently demonstrated that bacteria can be found in
Phanerozoic sedimentary rocks, preserved as films on carbon-
aceous plant remains, inclusions in precipitated minerals and
carbonate rinds templated by cyanobacterial sheaths [5].
Most of these microfossils are simple rods and filaments,
whose metabolic or phylogenetic relationships can be inferred,
if at all, only by sedimentary association. The Proterozoic
Eon (2500–541 Ma; figure 1)—Earth’s middle age—is quali-
tatively distinct. A confluence of ecological circumstance and
unique preservational mode provides a micropalaeontological
window through which we can view, among other things,
aspects of the diversity and environmental distribution of
early cyanobacteria and eukaryotes.

A key aspect of Proterozoic microfossil preservation lies in
the fact that before the radiations of sponges, radiolarians and,
later, diatoms, the marine silica cycle worked differently than it
does today. Silica commonly left the oceans as an early stage
evaporitic precipitate, redistributing locally within coastal
carbonate sediments to form chert concretions that preserve
micrometre-scale textures, including microbiological features
(figure 2

species that live as endoliths within ooids [8].
Thus, while chemoautotrophic and heterotrophic bacteria

may occur among preserved populations (for example,

simple filaments containing sulfur-rich inclusions that appear
to record sulfur-oxidizing bacteria along an oxic–anoxic inter-
face [9]), many Proterozoic bacteria are reasonably, if broadly,
interpreted in terms of cyanobacteria, based on a combination
of morphology, orientation within sediments and environ-
mental distribution. This does not mean that all Proterozoic
cyanobacteria were fully modern in terms of their molecu-
lar biology, but rather that the phylogenetic and functional
framework built through research on living cyanobacteria
can be applied fruitfully to the interpretation of Proterozoic
remains [7]. Proterozoic sedimentary rocks also contain
evidence of early eukaryotes (e.g. [10–12]) and microfossils
preserved in Upper Paleoproterozoic iron formations may
preserve a record of iron-loving bacteria (figure 2
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Figure 1. A time table for Earth’s early history, showing the major eons (Hadean, Archean, Proterozoic and Phanerozoic), an estimate of atmospheric oxygen history
constructed from geochemical proxy data [1 – 3] and key environmental (above) and biological (below) events discussed in the text. Oxygen partial pressure in per
cent of PAL. (Online version in colour.)
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ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

Partial hetR genes were amplified and sequenced from the 13
heterocystous cyanobacteria among our 20 experimental strains.
Interestingly, genes homologous to hetR have been detected
from some nonheterocystous nitrogen-fixing filamentous cya-
nobacteria (subsection III), although the function of those genes
is not yet certain (24). The obtained sequences were aligned with
hetR sequences of two nostocalean cyanobacteria whose ge-
nomes are completely sequenced and hetR-like genes of the
oscillatorialeans Leptolyngbya (formerly described as Plec-
tonema) PCC 73110 and Trichodesmium IMS 101. No gene
known so far has significant similarity to hetR, and so an
outgroup was not included in the calculation. Overall topology
is similar among trees constructed by the NJ, MP, and ML
methods. The members of subsection V form a monophyletic
clade in the hetR tree constructed by ML (Fig. 1C). Monophyly
of subsection V is also supported by the NJ and MP methods,
with bootstrap values of 99% and 96%, respectively. Two
cyanobacteria of subsection III fall outside of a cluster of
heterocyst-producing species. The differences in topology
among the trees constructed by the three methods are (

Our 16S rRNA analyses support the monophyly of heterocyst-
and akinete-bearing cyanobacteria (subsections IV and V; Fig.

1 A). This finding is consistent with previous 16S rRNA phylog-
enies (14–16) as well as analyses of

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)
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Az élet diverzitásának többségére és történetének nagyobb részére nincs elegendő 
fosszília, hogy a lokális órákat kalibráljuk. 

Knoll et al. 2016

2. A brief outline of Proterozoic palaeobiology
Historically, palaeontologists were sceptical of the idea that
bacteria could preserve as fossils, even rejecting reports
that later proved to be correct [4]. High-resolution imaging
has more recently demonstrated that bacteria can be found in
Phanerozoic sedimentary rocks, preserved as films on carbon-
aceous plant remains, inclusions in precipitated minerals and
carbonate rinds templated by cyanobacterial sheaths [5].
Most of these microfossils are simple rods and filaments,
whose metabolic or phylogenetic relationships can be inferred,
if at all, only by sedimentary association. The Proterozoic
Eon (2500–541 Ma; figure 1)—Earth’s middle age—is quali-
tatively distinct. A confluence of ecological circumstance and
unique preservational mode provides a micropalaeontological
window through which we can view, among other things,
aspects of the diversity and environmental distribution of
early cyanobacteria and eukaryotes.

A key aspect of Proterozoic microfossil preservation lies in
the fact that before the radiations of sponges, radiolarians and,
later, diatoms, the marine silica cycle worked differently than it
does today. Silica commonly left the oceans as an early stage
evaporitic precipitate, redistributing locally within coastal
carbonate sediments to form chert concretions that preserve
micrometre-scale textures, including microbiological features
(figure 2

species that live as endoliths within ooids [8].
Thus, while chemoautotrophic and heterotrophic bacteria

may occur among preserved populations (for example,

simple filaments containing sulfur-rich inclusions that appear
to record sulfur-oxidizing bacteria along an oxic–anoxic inter-
face [9]), many Proterozoic bacteria are reasonably, if broadly,
interpreted in terms of cyanobacteria, based on a combination
of morphology, orientation within sediments and environ-
mental distribution. This does not mean that all Proterozoic
cyanobacteria were fully modern in terms of their molecu-
lar biology, but rather that the phylogenetic and functional
framework built through research on living cyanobacteria
can be applied fruitfully to the interpretation of Proterozoic
remains [7]. Proterozoic sedimentary rocks also contain
evidence of early eukaryotes (e.g. [10–12]) and microfossils
preserved in Upper Paleoproterozoic iron formations may
preserve a record of iron-loving bacteria (figure 2
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ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

Partial hetR genes were amplified and sequenced from the 13
heterocystous cyanobacteria among our 20 experimental strains.
Interestingly, genes homologous to hetR have been detected
from some nonheterocystous nitrogen-fixing filamentous cya-
nobacteria (subsection III), although the function of those genes
is not yet certain (24). The obtained sequences were aligned with
hetR sequences of two nostocalean cyanobacteria whose ge-
nomes are completely sequenced and hetR-like genes of the
oscillatorialeans Leptolyngbya (formerly described as Plec-
tonema) PCC 73110 and Trichodesmium IMS 101. No gene
known so far has significant similarity to hetR, and so an
outgroup was not included in the calculation. Overall topology
is similar among trees constructed by the NJ, MP, and ML
methods. The members of subsection V form a monophyletic
clade in the hetR tree constructed by ML (Fig. 1C). Monophyly
of subsection V is also supported by the NJ and MP methods,
with bootstrap values of 99% and 96%, respectively. Two
cyanobacteria of subsection III fall outside of a cluster of
heterocyst-producing species. The differences in topology
among the trees constructed by the three methods are (i)
relationships within Fischerella strains and (ii) the position of a
cluster composed of Nodularia KAC17 and Anabaena. The outer
location of subsection III and the monophyly of subsection V
were also supported when the third nucleotide in each codon was
excluded from hetR analyses, although relationships within sub-
section IV varied depending on the analytical method used (data
not shown).

Our 16S rRNA analyses support the monophyly of heterocyst-
and akinete-bearing cyanobacteria (subsections IV and V; Fig.

1A). This finding is consistent with previous 16S rRNA phylog-
enies (14–16) as well as analyses of nifH (17) and nifD (18) and
that of 36 genes collected from 14 cyanobacterial genomes (29).
However, in the nifH tree, two nostocalean sequences did not
cluster with other heterocystous–cyanobacterial nifH genes and
thus were considered to be derived from gene duplication and!or
gene transfer (17). In the genome-based tree (29), available
sequences are still limited, and subsection V was not included.
The monophyly of heterocystous taxa is also supported by the
analyses of rbcL sequences (Fig. 1B). This clade is supported by
the analyses using the ML, NJ, and MP methods for both 16S
rRNA and

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)
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Horizontális géntranszfer mint zaj

LUCA

A géntranszfer ellentmondásos géntörténeteket produkál, a karotingének családjában a 
levéltetű-gén közeli rokona a gombáénak. A transzfer gyakoriságának fényében 
felmerült, hogy túl sok a zaj a fajfa rekonstrukciójához.  
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Molekuláris fosszíliák (… genes from other species?)

A fosszíliák közvetlen bizonyítékot nyújtanak a 
minimum korról, de csak közvetett bizonyítékot 
a maximum korról. 

A transzferek nem adnak információt az 
abszolút korról, de közvetlen bizonyítékot 
nyújtanak a relatív korokról. 
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Rocks, clocks and genes from other species
Transzferek segítségével datált fák. Mindhárom ábra 5000 minta alapján készült; 
mind kompatibilis a transzferekből számolt relatív korkényszerekkel.

ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

Partial hetR genes were amplified and sequenced from the 13
heterocystous cyanobacteria among our 20 experimental strains.
Interestingly, genes homologous to hetR have been detected
from some nonheterocystous nitrogen-fixing filamentous cya-
nobacteria (subsection III), although the function of those genes
is not yet certain (24). The obtained sequences were aligned with
hetR sequences of two nostocalean cyanobacteria whose ge-
nomes are completely sequenced and hetR-like genes of the
oscillatorialeans Leptolyngbya (formerly described as Plec-
tonema) PCC 73110 and Trichodesmium IMS 101. No gene
known so far has significant similarity to hetR, and so an
outgroup was not included in the calculation. Overall topology
is similar among trees constructed by the NJ, MP, and ML
methods. The members of subsection V form a monophyletic
clade in the hetR tree constructed by ML (Fig. 1C). Monophyly
of subsection V is also supported by the NJ and MP methods,
with bootstrap values of 99% and 96%, respectively. Two
cyanobacteria of subsection III fall outside of a cluster of
heterocyst-producing species. The differences in topology
among the trees constructed by the three methods are (i)
relationships within Fischerella strains and (ii) the position of a
cluster composed of Nodularia KAC17 and Anabaena. The outer
location of subsection III and the monophyly of subsection V
were also supported when the third nucleotide in each codon was
excluded from hetR analyses, although relationships within sub-
section IV varied depending on the analytical method used (data
not shown).

Fossil Akinetes. The genus Archaeoellipsoides consists of large
ellipsoidal or cylindrical microfossils, which mostly occur as
solitary individuals in rocks. They are preserved abundantly in
!1,500-Ma cherts from the Billyakh Group of Siberia (Fig. 2B).
Based on morphometric comparison with akinetes of the extant
nostocalean genus Anabaena (e.g., Fig. 2 A), Golubic et al. (25)
interpreted Archaeoellipsoides as fossilized akinetes. The Bil-
lyakh fossils show no evidence of cell division, expected in
vegetative cells, but do display features similar to those formed
during akinete germination. They also occur in close association
with short trichomes interpreted as the products of akinete
germination (25).

Silicified carbonates of the !1,650-Ma (26) Amelia Dolomite
of northern Australia also contain well preserved Archaeoellip-
soides (Fig. 2C), as do 1,631 " 5-Ma cherts from the Kheinjua
Formation in India (27), preserved with other fossils represent-
ing a broad cross section of cyanobacterial diversity. The oldest
fossils attributed to Archaeoellipsoides come from the

2,100-Ma Franceville Group of Gabon (28) (Fig. 2D). Al-
though relatively poorly preserved, these fossils exhibit the same
morphological features as those found in the more securely
interpreted mid-Proterozoic populations.

Our 16S rRNA analyses support the monophyly of heterocyst-
and akinete-bearing cyanobacteria (subsections IV and V; Fig.

1A). This finding is consistent with previous 16S rRNA phylog-
enies (14–16) as well as analyses of nifH (17) and nifD (18) and
that of 36 genes collected from 14 cyanobacterial genomes (29).
However, in the nifH tree, two nostocalean sequences did not
cluster with other heterocystous–cyanobacterial nifH genes and
thus were considered to be derived from gene duplication and!or
gene transfer (17). In the genome-based tree (29), available
sequences are still limited, and subsection V was not included.
The monophyly of heterocystous taxa is also supported by the
analyses of rbcL sequences (Fig. 1B). This clade is supported by
the analyses using the ML, NJ, and MP methods for both 16S
rRNA and rbcL (with and without the third nucleotide positions)
sequences, although the MP method showed lower bootstrap
support (66% and 64% for 16S rRNA and rbcL, respectively). In
the hetR tree, the two oscillatorialean cyanobacteria that contain
hetR-like genes lie outside of the heterocystous cluster (Fig. 1C),
consistent with the 16S rRNA and rbcL results.

Turner et al. (15) grouped cyanobacteria into 10 monophyletic
groups, including a group of plastid sequences, based on 16S
rRNA sequence analysis. Although the composition of sampled
organisms was not completely the same, some clusters in our 16S
rRNA phylogeny were almost identical to Turner’s groupings,
including the Nostoc (NOST), Pseudanabaena, Oscillatoria
(OSC), and Synechococcus sequence groups. However, statistical
support for the clade comparable to OSC was not high (bootstrap
value #50%) in our 16S rRNA tree. The Synechocystis!
Pleurocapsa!Microcystis sequence group identified by Turner et
al. did not appear as a stable grouping in our 16S rRNA analysis,
although part of its membership, Prochloron and the pleurocap-
salean cyanobacteria, formed a cluster. In the

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)

Tomitani et al. 2006
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Fig. 4 | The order of speciations according to LGTs calibrated to geological time. Five thousand chronograms with a 
.

m
speciation time order compatible 

with LGT-based constraints were sampled per dataset and calibrated to geological time for Cyanobacteria (a), Archaea (b) and Fungi (c) (for details see 
Methods). The black line corresponds to the consensus 

.

m
chronogram. Red shading represents the spread of node orders within the sample: nodes are in 

bright red if there is little or no uncertainty on their order according to LGT, in a light red smear if there is high uncertainty on their order. Dates in units 
of millions of years ago are provided for clades discussed in the text, which are labelled and shaded. Confidence intervals indicate 95% HPD of the time 
calibrated time orders with the exception of nodes, indicated with an asterisk, that had unambiguous calibrated time orders for which the 95% HPD of the 
corresponding node from Supplementary Figs.25–27 is given. Supplementary Figs.1–3 provide the same consensus chronograms with species names at 
the tips.
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