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My long journey 





“Taenia spp (tapeworms) are simple animals”



Taenia spp (tapeworms) tegument is really complex



So, 
tapeworms 
are simple 
or complex 
animals?



The “slippery” concept 
of complexity in biology





The complex complexity

Trivial:  
life 3,2 billion years ago was 
simpler than life 300 mya



The complex complexity

…even without a definition 
or a way to measure it, isn’t 
it qualitatively obvious that 
biological complexity has 
increased? Do we really 
need to wait for a precise 
definition to think about 
complexity and its limits?

Trivial:  
life 3,2 billion years ago was 
simpler than life 300 mya

Charles Lineweaver



Simon Conway Morris

“First there were bacteria, now there is New York”



In some way complexity seems to increase in time



In some way complexity seems to increase in time



Mark A. Bedau

The evolution of complexity, 2009

It is useful to distinguish three things: 

(i) a trend, which is simply an observed directional 
change in some variable in some evolving system; 

(ii) a robust regularity, which is a generic or non-
accidental trend (perhaps with exceptions), a statistical 
“law” about the time dynamic of some variable; 

(iii) a mechanism or process, that explains a trend, 
whether accidental of robust 



Mark A. Bedau

The evolution of complexity, 2009

So far we have simply been observing that there is a trend of increasing 
complexity of the most complex organisms. This observation does not 

necessarily imply that the trend is a robust regularity; it might simply be an 
accident. Nor is any particular mechanism or process implicated as the 

explanation of that trend.  
Our starting point is merely the observation of a trend.

It is useful to distinguish three things: 

(i) a trend, which is simply an observed directional 
change in some variable in some evolving system; 

(ii) a robust regularity, which is a generic or non-
accidental trend (perhaps with exceptions), a statistical 
“law” about the time dynamic of some variable; 

(iii) a mechanism or process, that explains a trend, 
whether accidental of robust 



Arrow of time

Natural selection

Complexity



Arrow of time

Natural selection

Complexity

Natural selection 
during time…

…led to the increase of 
complexity in living beings

ASSUMPTION



is this true? 
is this a rule,  

not only a trend? 



is this true? 
is this a rule,  

not only a trend? 

Can you measure it?



. . .when you can measure what you are 
speaking about, and express it in numbers, 

you know something about it; but when 
you cannot measure it, when you cannot 
express it in numbers, your knowledge is 

of a meagre and unsatisfactory kind; it may 
be the beginning of knowledge, but you 
have scarcely in your thoughts advanced 

to the stage of science, whatever the 
matter may be.

William T. “Lord” Kelvin

The Six Gateways of Knowledge, 

Presidential Address to the Birmingham 
and Midland Institute, 


Birmingham, 3 oct 1883



If natural selection has forced complexity to increase, how 
then to explain the fact that the oldest living organisms of 
today (i.e. those having been exposed to natural selection 

for the longest time) are the most simpler?


Why haven’t all living things raised themselves

to the same level as man?


Bacteria, for example, are probably “no more complex” today 
than their ancestors 3.000 million years ago

Complexity and the arrow of time





Evolution of a species  
in complexity

Stephen Jay Gould

The drunkard’s walk



The “left wall” of 
minimal complexity

Stephen Jay Gould

S.J. Gould, The Evolution of Life on Earth, Scientific American, October, 1994.




Tendency towards 
diversity

Stephen Jay Gould



Test the arrow of  
complexity hypothesis 

“Replaying the tape of life”

Stephen Jay Gould
Wonderful life (1989)



Stephen Jay Gould
Wonderful life (1989)

Gould emphasizes that the evolution 
of life is a contingent historical 

process and is thus not law-like

Test the arrow of  
complexity hypothesis 

“Replaying the tape of life”



The arrow of  
complexity exists 

Daniel C. Dennett
Darwin’s dangerous idea (1995)

Dennett argues that complexities such as 
tools and language offer such obvious 
adaptive advantage that the stochastic 

process of natural selection would almost 
inevitably discover them



ok, ok, but what is 
complexity  

(in biology, at least!)?



Complexity 
Etymology: Lt, complexus, folded together, entangled or embracing 

A scientific theory which asserts that some systems display 
behavioral phenomena that are completely inexplicable by any 
conventional analysis of the systems’ constituent parts. These 

phenomena, commonly referred to as emergent behaviour, 
seem to occur in many complex systems involving living 
organisms, such as a stock market or the human brain.


Encyclopaedia Britannica



A scientific theory which asserts that some systems display 
behavioral phenomena that are completely inexplicable by any 
conventional analysis of the systems’ constituent parts. These 

phenomena, commonly referred to as emergent behaviour, 
seem to occur in many complex systems involving living 
organisms, such as a stock market or the human brain.


Encyclopaedia Britannica

Complexity 
Something complex is characterized both by 

distinctions and by connections. 
Something becomes more complex the more 

distinctions and connections it has.



A scientific theory which asserts that some systems display 
behavioral phenomena that are completely inexplicable by any 
conventional analysis of the systems’ constituent parts. These 

phenomena, commonly referred to as emergent behaviour, 
seem to occur in many complex systems involving living 
organisms, such as a stock market or the human brain.


Encyclopaedia Britannica

Complexity 
Something complex is characterized both by 

distinctions and by connections. 
Something becomes more complex the more 

distinctions and connections it has.
Is it measurable?





https://www.wormbase.org

…if you are an animal model used in hundreds 
of labs worldwide, long 1 mm and you are 

constituted by 959 cells, things can be easier…

https://www.wormbase.org/


…in almost all the other cases you need proxy

https://www.wormbase.org/


Richard Dawkins
Human chauvinism (1997)

A crab is morphologically more complex than a 
millipede because, if you wrote a pair of books 

describing each animal down to the same level of 
detail, the crab book would have a higher word-

count than the millipede book. The millipede book 
would describe a typical segment then simply add 
that, with listed exceptions, the other segments are 
the same. The crab book would require a separate 

chapter for each segment and would therefore 
have a higher information content



Claude E. Shannon
Information Theory, 1948

Both theories aim at providing a 
means for measuring ‘information’. 
They use the same unit to do this: 
the bit. In both cases, the amount 
of information in an object may be 

interpreted as the length of a 
description of the object.

Andrej N. Kolmogorov
Complexity Theory, 1960-64



Claude E. Shannon
Information Theory, 1948

Both theories aim at providing a 
means for measuring ‘information’. 
They use the same unit to do this: 
the bit. In both cases, the amount 
of information in an object may be 

interpreted as the length of a 
description of the object.

Andrej N. Kolmogorov
Complexity Theory, 1960-64

In the Shannon approach we are 
interested in the minimum 
expected number of bits to 

transmit a message from a random 
source of known characteristics 

through an error-free channel

In Kolmogorov complexity we are 
interested in the minimum 

number of bits from which a 
particular message or file can 

effectively be reconstructed: the 
minimum number of bits that 

suffice to store the file in 
reproducible format



From here there is a lot of math to use these 
parameters, but I would like to avoid it now. 


We can focalize our attention “on the bit”

https://www.wormbase.org/


Proxy 1: size
For the first 2,500 million years of life on Earth, most species 

rarely exceeded 1 mm in size and were generally much smaller 
(on average 5 µm)



For the first 600-800 million years of eukaryotic life, while 
considerably larger, still ranged on average about 40-200 µm in size

Proxy 1: size



The increase in size is related to multicellularity, but it was 
significant after the Cambrian explosion (543 mya)

Proxy 1: size



But since the Cambrian explosion (543 mya) the body size does not 
increased regularly

Patagotitan mayorum

~ 100 mya


~ 40 m

Proxy 1: size



Proxy 1: size



Proxy 2: cell # and types

Trichoplax adherens,  
phylum Placozoa 

0,5 mm

103 cells, 6 types

Caenorhabditis elegans,  
phylum Nematoda 

1 mm

103 cells, 20 types

Macrostomum hystricinum,  
phylum Platelminta 

1-5 mm

104 cells, 30 types



Columba livia,  
phylum Cordata 

25 cm

1013 cells, is ~200 types

Pan troglodytes,   
phylum Chordata 

up to 1,5 m

1014 cells, is ~200 types

Proxy 2: cell # and types



Proxy 2: cell # and types



Proxy 3: organ complexity



Proxy 3: organ complexity



Proxy 3: organ complexity



Proxy 3: organ complexity

…but still



Proxy 4: diversity vs. disparity

10.356 species 5.852 species



Proxy 4: diversity vs. disparity

10.356 species 5.852 species

Birds are more diverse than mammals



Proxy 4: diversity vs. disparity

Eggs, similar morphology Eggs, placentas, 
more morphotypes

The disparity in mammals is higher than the disparity in birds



Proxy 4: diversity vs. disparity



Proxy 5: DNA - Genomes





genome of man 
(Homo sapiens)

genome of pufferfish 
(Takifugu rubripes)

genome of protist (Chaos chaos 
sometimes confused 
with Amoeba proteus)

Genomes - size



genome of man 
(Homo sapiens)

genome of pufferfish 
(Takifugu rubripes)

genome of protist (Chaos chaos 
sometimes confused 
with Amoeba proteus)

expected

BIG
SMALL

Genomes - size



genome of man 
(Homo sapiens)

genome of pufferfish 
(Takifugu rubripes)

genome of protist (Chaos chaos 
sometimes confused 
with Amoeba proteus)

Genomes - size

1X

10X

400X

realised

BIG

SMALL



Genomes - size



Genomes - size



Genomes - size

Homo 
sapiens



Genomes - chromosome #

Ophioglossum reticulatum, 
720 chromosomes (n). 

One of the highest value 
for a living being

Escherichia coli,
1 chromosome and some plasmids.

Polyommatus atlanticus, 
223 chromosomes (n). 

One of the highest value 
among metazoans

Homo sapiens, 
23 chromosomes (n)

http://en.wikipedia.org/wiki/Ophioglossum


Genomes - chromosome #

Homo sapiens chromosomes

Pan trogoloytes chromosomes



Genomes - chromosome #

Homo sapiens chromosomes

Pan trogoloytes chromosomes

98.4% identity



Genome sizes vs gene #



Genome sizes vs gene #
“small genomes”

(viruses, bacteria, archaea)

Genomes with a strict 
proportionality between 

genome size and gene number

“large genomes”
(eukaryotes: multicellular 

and some unicellular)

Genomes in which the gene 
number and the genome size 

are decoupled



Genome sizes vs gene #
“prokaryotes”



Genome sizes vs gene #
“prokaryotes”

1997:
K-12 MG1655
the reference 

E. coli genome

4288 protein-
coding genes 

annotated



Genome sizes vs gene #
“prokaryotes”

Rather soon it 
was clear that 

bacterial strains 
can be very 

different in their 
“behaviour”, 
physiology, 

biochemistry and 
so on…

But, what about 
their genomes? 



Genome sizes vs gene #
“prokaryotes”

The genomes of 6 strains 
were completely sequenced 

(plus 2 already known).
Gene prediction: about 3.500

Tettelin et al, 2005. PNAS

Streptococcus agalactiae,
Gram Positive bacteria



Genome sizes vs gene #
“prokaryotes”

The genomes of 6 strains 
were completely sequenced 

(plus 2 already known).
Gene prediction: about 3.500

Tettelin et al, 2005. PNAS

Streptococcus agalactiae,
Gram Positive bacteria

80% of the genome 
conserved, but 20% varies 
among different genomes



Genome sizes vs gene #
“prokaryotes”



Genome sizes vs gene #
“prokaryotes”

Up to 2019 there are at least 
50 species of “prokaryotes” 

with a pangenome



Genome sizes vs gene #
“prokaryotes”

Up to 2019 there are at least 
50 species of “prokaryotes” 

with a pangenome



Genome sizes vs gene #
“prokaryotes”

co
m

pl
ex

ity
prokaryote
genomes

prokaryote
pangenomes



Genome sizes vs gene #
eukaryotes

“prokaryotic” genome 
with the lowest 

number of genes

eukaryote with the 
smaller genome

eukaryote with the 
larger genome

“prokaryotic” genome 
with the largest 

number of genes

100 times
(bacteria, less in archaea) 

80,000 times



Genome sizes vs gene #
eukaryotes

Amoeba dubia
“Protozoan”

Free living organism
Genome: 690 Gb

Homo sapiens
Chordata

Genome: 3,2 Gb



Genome sizes vs gene #
eukaryotes



Genome sizes vs gene #
eukaryotes



Genome sizes vs gene #
eukaryotes

(alternative) splicing gene network 



Complexity and 
evolutionary novelties



Novelties



Massimo Pigliucci pointed out that 
novelties are structures, functions or a 

combination of them not present before, 
but in any case their correct 

identification is not easy because a 
modification of precedent structures, 
functions or an exaptation is not an 

evolutionary novelty

Massimo Pigliucci





eyeless: master gene for 
compound eye in drosophila

Pax6: master gene for 
vertebrate eye in mouse

The genes can be switched 
and here mouse Pax6 is 

inducing ectopic compound 
eyes in Drosophila



third instarsecondfirstembryo pupa adult



Complexity and 
science



Thomas S. Kuhn Scientists

Scientific Method - 
reductionism

Normal science

Problem

Stakeholder

“Closed” 
solution 



Silvio Funtowicz

Jerome Ravez

Post-normal science



Silvio Funtowicz,

Jerome Ravez

Post-normal science

Normal Science



Silvio Funtowicz,

Jerome Ravez

Post-normal science

GMO, Climate change, 
Vaccination



Thanks


