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Dangerous Models

• ‘mitotic expansion during spermatogenesis follows a bifurcating 
process with n rounds of cell division, leading to the production of 
2n first spermatocytes, and 2n+2 spermatids and sperm’
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Dangerous Models

• ‘mitotic expansion during spermatogenesis follows a bifurcating 
process with n rounds of cell division, leading to the production of 
2n first spermatocytes, and 2n+2 spermatids and sperm’
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15% of Drosophila 
species do not 

match the model!

Dangerous Models

• some species of Drosophila clearly do not match this model
• for example, in D. fulvimacula the most frequent number of first spermatocytes is 

13 (left panel), but there are also cysts with 9-14 first spermatocytes

• in a cross section of the testis one can clearly see that this leads to bundles with 
matching numbers (i.e. 4-fold) of elongating spermatids (right panel)
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Dangerous Models

• in a recent review paper by Demarco et al. (2014) on ‘Investigating 
spermatogenesis in Drosophila melanogaster’ they write that “In D. 
melanogaster, four rounds of mitotic divisions and two meiotic 
divisions yield a total of 64 haploid spermatids”

5
image from Schärer et al. 2008 redrawn from Liebrich et al. 1982
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• models are essential in biology (and science in general)

• models are only models

• models can be dangerous

• evolved chips behaving oddly

• adaptive mutability 

• making errors may help to find fitness peaks

Summary: Dangerous Models
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• there are many different types of models
• verbal models

• graphical models

• mathematical models

• models force us to be explicit about how we think about the world
• we have to state our assumptions and formulate causal (and often quantitative) 

functional relationships between different factors of interest

• if the model does not explain the world well, then it is likely wrong
• either because some of its assumptions are wrong or incomplete

• or because the functional relationships we describe are wrong or incomplete

Models are essential in biology
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• models always require simplifying assumptions
• “All models are wrong but some are useful” is often attributed to George Box

• models are clearly abstractions of reality, and they indeed should be
• we are hoping to uncover essential aspects of reality

Models are only models
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• when we forget that a model is an abstraction of reality and that 
reality is much more complex, then a model can be very misleading

• the experts that developed a model have often thought carefully 
about the assumptions and simplifications, and they are usually quite 
aware of the model’s shortcomings

• it is the ‘general users’ of such models who often tend to gloss over 
the drastic simplifications and abstractions, and who are therefore 
easily misled (and/or quite willing to mislead themselves)

• reviews and textbooks often present a simplified synthesis of very 
detailed research, and the models that are presented in them are 
then often interpreted as representing the truth

Models can be dangerous
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• computer scientists use so-called 
field-programmable gate arrays 
(FPGA) to evolve circuitry that 
can perform certain tasks

• FPGAs are integrated circuits 
that contain an array of 
programmable logic blocks

• the logic can be determined by 
loading a specific program into 
the ‘configuration memory’

• so the function of the chip can be 
naturally selected by evolving that 
program, using a ‘fitness’ estimate, 
mutation and recombination

Evolved chips behaving oddly

from Thompson 1996b
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• the function that the scientists 
tried to evolve was

• output a zero (0V) when the input 
signal switches between 0 and 10V 
at 1kHz (i.e. a ‘long’ square wave)

• output a one (5V) when the input 
signal switches between 0 and 10V 
at 10kHz (i.e. a ‘short’ square wave)

• 

Evolved chips behaving oddly

from Thompson 1996bfrom Thompson 1996a
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• once the chip was able to perform this task reliably, the researchers 
tried to understand how it was doing it

• they were not actually sure if it could be done with only 10x10 gates

• however, the researchers could not understand the logic and they 
realised that much of the circuit was not being used

• but some parts that were not used (grey squares) were still needed

Evolved chips behaving oddly

from Harvey & Thompson 1997
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• it turned out that the chip was not really behaving as a digital logic 
machine, as had been the intention by the designers of the chip

• some gates appeared to store values that were intermediate between 0 and 1

• instead, the chip was functioning as a complex analog machine, 
which is of course what it actually is

• “Evolution has been free to explore the full repertoire of behaviours available 
from the silicon resources provided even being able to exploit the subtle 
interactions between adjacent components that are not directly connected”

• this was then further supported when the researchers realised that 
the function of the chip was temperature-dependent (and different 
chips of the same model also did not perform consistently)

• the take home message here is that our model of how a system 
works does not mean that the system actually has to work that way 

Evolved chips behaving oddly

from Thompson 1996b
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• mutations are generally assumed to occur essentially at random

• but the mutation rate can vary between species, conditions, and 
genomic locations

• organisms may live in differently mutagenic environments and they have very 
different cell numbers

• under conditions of stress or starvation the DNA maintenance and repair might 
be compromised

• highly transcribed genome regions could be more susceptible, since transcription 
requires unpacking DNA, unwinding the double helix, and rejoining base pairing

• but it would be surprising if an experiment showed that a specific 
adaptive mutation occurs more often than expected by chance

• and this would question the premise of Darwinian evolution by random 
mutation and natural selection

Adaptive mutability



15

• a possible example of such experiment is the back-mutation of a 
chain-terminating frameshift mutation in the bacterial lac operon

• this frameshift mutation breaks the function of the lacZ gene, which codes for 
the enzyme β-galactosidase

• in this frameshift mutation an insertion changes a CCC codon (coding for 
proline) into a CCCC motive, which then leads to a premature stop codon

• when bacteria with this Lac- mutation are plated on a medium with 
lactose as the only carbon source, they should not be able to grow

• lactose is a disaccharide composed of galactose and glucose subunits 

• but within a few days, these Lac- bacteria are found to reliably start 
growing again and to perform equally well as the Lac+ wild-type

• and this ‘reversion’ happens about 100 times more often than expected

Adaptive mutability
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• initially, it was thought that the Lac- bacteria simply have an elevated 
overall mutation rate, possibly due to the starvation conditions

• while this could increase the chance of having the correct back-mutation, it 
would also predict that the cells should also carry many other mutations

• but when the Lac+ revertants were checked genetically, they were 
found to have evolved (almost) exclusively the specific frameshift 
reversion mutation needed to restore lacZ function

• i.e. they had reverted from the CCCC motif back to the original CCC codon

• this observation was considered equivalent to the observation of a 
unicorn in the garden (Stahl 1988)

• how could these bacteria ‘know’ what the necessary mutation was?

• is our model of Darwinian evolution wrong, or are there any model 
assumptions that are broken?

Adaptive mutability
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• we assume that during translation in the 
ribosome the nucleotide sequence of the 
mRNA is faithfully translated into a 
matching amino acid sequence and protein

• but ribosomes make errors and there are 
well-known mutations that affect the 
ribosomal error rate

• one ‘error’ is spontaneous readthrough of 
the frameshift mutation during translation

• this leads to production of ~1% of the normal 
level of functional β-galactosidase, so the mutated 
Lac- operon has so-called ‘residual function’

Adaptive mutability

from Andersson et al. 1998

genotype phenotype
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• these Lac- bacteria grow slowly, but those 
that multiply the lac operon grow better

• each copy adds ~1% of β-galactosidase, leading to 
selection to amplify the whole lac operon!

• the more copies of the mutated region a 
cell carries, the higher the probability that 
one copy shows the back-mutation

• once one copy back-mutates, that cell 
grows much better, quickly overgrowing the 
Lac- bacteria

• if these bacteria are capable of performing 
recombination, then one can obtain stable 
haploid Lac+ revertants

Adaptive mutability

from Andersson et al. 1998

genotype phenotype
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• if this new model were correct, we would 
predict that the number of stable Lac+ 
revertants depends on:

• how much a cell gets out of a given amount of 
β-galactosidase

• the galKT mutation halves the energy, by preventing 
digestion of the galactose subunit

• the substance PETG inhibits β-galactosidase

• under experimentally anaerobic conditions lactose 
can only be fermented, which is even less efficient

• how high the ribosomal error rate is
• fewer Lac+ revertants are found when the ribosomes 

are more accurate (rpsL mutant), compared to wild 
type, or more error prone (rpsD mutant) ribosomes

• whether recombination is possible
• since the amplified lac operon arrays are unstable 

Adaptive mutability

from Andersson et al. 1998
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• the degree to which the actually realised 
phenotypes vary around a genetically 
determined value could influence an 
organism’s ability to ‘find’ fitness peaks

• and the amount and type of variation (i.e. the 
reaction norm) may have a genetic basis

• but it may not matter if that variance 
originates from simply error, from 
phenotypic plasticity or from learning

• in the context of learning, this phenomenon is 
sometimes called the ‘Baldwin effect’

Making errors may help to find fitness peaks

from Frank 2011
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• models are essential in biology (and science in general)

• models are only models

• models can be dangerous

• evolved chips behaving oddly

• adaptive mutability 

• making errors may help to find fitness peaks

Summary: Dangerous Models
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Literature

• Mandatory Reading
• none

• Suggested Reading
• https://en.wikipedia.org/wiki/All_models_are_wrong

• for an overview article on evolving chips see “Creatures from primordial silicon“ 
at https://www.swisswuff.ch/wordpress/?p=370

• Tawfik (2010). ‘Messy biology and the origins of evolutionary innovations’. Nature 
Chemical Biology 6: 692-696

• Books
• none
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