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The cover shows the flower of the wall-cress 
(Arabidopsis thaliana) in front of a detail of its gene map. 
The life cycle of this plant lasts only 8 weeks. As 
Arabidopsis is easy to cultivate it has become the model 
plant of botanists and geneticists. Its genome with 
about 25 000 genes was decoded in the year 2000; the 
operating mode is still not known in large parts, though. 
A small, meanwhile understood part controls the devel-
opment of its petals. You can set up and simulate the cor-
responding network of its gene-connections with this 
LECTRON experimental kit (experiment 31).
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1. Introduction

What is life?

This is a question the physicist Erwin Schrödinger 
asked in 1944 in his book of the same title, 
subtitled: »The Physical Aspect of the Living Cell« 
[1], which sparked interest in the control processes 
of living cells. By then, physicists were known as 
experts in »dead matter« and in the properties of 
atoms and molecules, metals or building materials. 
But living matter? Skin and muscles? Those are 
quite unlike stone. Who hasn't fallen from a bicycle 
and ended up with a skinned knee? What happens 
then is both wonderful and mysterious: The blood 
dries and forms a protective layer. Some days later, 
the layer falls off and the injury below is repaired, 
brand-new skin shining in its place. What skin cells 
accomplish here is ordinary to us, but if it weren't, it 
could be from a clever science fiction novel. The 
way living cells do this, how their inner control 
circuits are built and why these lead to meaningful 
behavior are all part of a fascinating adventure. This 
is exactly what you can investigate with this 
LECTRON experimental kit.

Since Schrödinger's book, further advances have been 
made. Retrospectively, it marks the birth of modern mo-
lecular biology. Molecular biologists have figured out 
many details about the machinery of the living cell, the 
chemical gears characterizing cell control. Today we 
not only know that the blueprint of a creature is lo-
cated inside the nucleus of each of its cells, embodied 
by a DNA strand, but also know most of the DNA se-
quence of many organisms, including humans. How-
ever, beyond the chemical gears, it can be easy to not 
see the forest for the trees. Only recently, how this ge-
netic code is executed, how it controls the develop-
ment of a human, a plant or an animal, started being 
decrypted piece by piece.
Even how a single living cell controls itself is still 
mostly unknown and probably the most exciting ad-
venture in today's research. The new field of research 
called systems biology, which is virtually the think tank 
of molecular biology, addresses these questions and 
aims to understand the still incurable diseases being 
caused by faults in the control system inside the cell.
An important part of cell control consists of genes, a 
kind of chemical gear, working as switches and form-
ing giant networks of switches toggling each other. 

These networks ensure, for example, that during repro-
duction, the cell produces the required proteins, the 
blueprints for which are stored in its DNA, at the right 
time, in the right concentration and in the right order.

These gene networks form the starting point for the 
»Gene Regulation« experimental kit. Of course, we do 
not want to build in detail all of the chemical gears 
and molecules flitting around inside the cell; that 
would be far too complicated. With the key element of 
the experimental kit, the new gene module, we take a 
more relaxed view and do not worry about the chemi-
cal details. Instead, we are very strict about the impor-
tant switching and regulating properties of genes. As 
an electronic replica of a gene switch, the module also 
has buttons and switches, allowing us to set its prop-
erties as required, and two lamps telling us its inner 
state. Together with the lamps of other gene modules, 
this results in a blinking light pattern, by which we can 
observe how both a gene network and its genes oper-
ate. This is much to the delight of the experimenter, be-
cause the spectacle of light has a certain aesthetic 
charm. In addition to 13 gene modules, the kit con-
tains a power supply and lots of connection modules 
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ated by genes. Those who wish to know precise 
details will find profound material at every level in 
countless books and on the Internet. A classic is 
»Molecular Biology of the Cell« [2]. Instead we want 
to present in a figure how this saved information 
can lead to formation of a protein. The information 
flows from DNA through RNA to the protein by the 
major steps called transcription and translation.
Transcription begins with an enzyme, RNA poly-
merase, which stretches the DNA double strand to 
make it readable. During transcription, this en-
zyme uses the gene for the production of a mes-
senger RNA (mRNA). One of the DNA strands of the 
double helix serves as a template for the synthesis 
of an mRNA molecule with a complementary base 
sequence. Triplets composed of the four nucleotide 
molecules adenine, abbreviated A, thymine, T 
(which in RNA is replaced by uracil, U), guanine, G, 
and cytosine, C, are the code words with which all 
amino acids can be coded. A always corresponds 
with T (U in the RNA) and G with C. As an example, 
the sequence of bases AGT codes for the amino 
acid serine. In the mRNA, the triplet will be UCA.
In the following step of translation, the genetic 
information coded in the mRNA is translated into 
the specific sequence of amino acids that make up a 
polypeptide, or protein. This happens with another 

for setting up the experiments.
If you already have the LECTRON gene experimen-
tal kit, it is time to start! If you do not want to buy 
the complete, admittedly very big, experimental 
kit right away, there is another option to start. 
With the first four gene modules and a smaller 
number of connection modules, you can build ex-
periments 1 to 23 on a DIN A3 assembly board (the 
subset is marked in red on the component list). For 
further experiments, especially for the simulation 
of large biological networks, you need the addi-
tional genes and connection modules and, above 
all, the bigger (DIN A2) board (see component list). 
The overview at the end of the handbook tells you 
the necessary number of modules for each experi-
ment, which can be ordered individually if re-
quired.

A short introduction in gene regulation
Transcription and translation

We call our experimental kit »Gene Regulation«, but 
what do we actually want to model? Let’s take a 
look at the chemical machinery forming the heart 
of the cell's control. For the following experiments, 
we fortunately can forget the chemical details right 
away.
About 60 years ago, the scientists Watson and Crick 

discovered that the human blueprint is stored chem-
ically on a molecular chain, formed as a double 
helix structure of two DNA strands, a little like a 
twisted rope ladder. Both scientists have said that 
they decided to study genetics because they read 
Schrödinger's book. By now we know that the infor-
mation saved on the DNA strand is being read and 
used by machine-like giant molecules that copy 
and translate the information, or in the words of a 
molecular biologist: by »transcription« and »trans-
lation« (see figure, page 10). By these processes, cer-
tain proteins are derived from the DNA code, and 
these are the most important construction material 
of a cell. The DNA segment that codes for a protein 
is traditionally called a gene. Some of those pro-
teins affect the production of other proteins, for ex-
ample by activating or inactivating their genes, 
which is one control process. People often say a 
gene switches another one on or off, and that is 
what we should keep in mind for our experiments. 
By the way: For more than 90% of the total DNA in 
a cell, no such translation into proteins was found, 
so it was considered junk. But current research sug-
gests these apparently useless segments code for 
RNA molecules, which can complete various tasks.
Within the scope of this handbook, we cannot and 
will not explicitly describe all the processes initi-
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chemical machinery of the cell, the so-called ribo-
somes. Every codon of the mRNA results in incorpo-
ration of one of 20 amino acids into the right posi-
tion in the polypeptide chain. Start and stop codons 
mark the beginning and the end of the genetic mes-
sage. The start in the mRNA is always AUG; the stop 
codon is always  UAA, UAG or UGA.
The amino acids that are required for the setup are 
brought by transfer RNA (tRNA) molecules, which 
have an anticodon at one end and a particular 
amino acid at the other end.
However, the production of proteins is not the 
whole story. Some proteins can dock to specific seg-
ments of DNA, called promoter regions, of specific 
genes, and thus affect (activate or inhibit) tDNA 
transcription by the polymerase.
Let’s take a look at an example of gene regulation. 
The answer to the question of how switching genes 
on and off happens was found by the French scien-
tists Jacob and Monod in 1961. They found out 
how Escherichia coli  bacteria accommodate two 
kinds of sugar as nutrient sources. More precisely, 
they discovered that some genes form a »genetic 
switch« together, that switches its digestion be-
tween the different kinds of sugar. If it has a choice, 
E. coli  prefers glucose for its energy source. For the 
digestion of lactose, the bacterium needs addi-

tional enzymes, whose blueprints are stored in the 
genes A, B and C (figure page12). Depending on 
which sugar, lactose, glucose or both, is present, 
transcription will be activated. To the left of the 
genes, there is a promoter as a start signal for the 
copying machine (RNA polymerase) and a frag-
ment of DNA, called an operator, working as a 
switch. If a perfectly fitting protein binds here, it 
disables the copying machine.
The following situations can occur:
a) If there is no lactose in the nutrient medium, the 
enzymes involved in lactose metabolism are sup-
pressed by a repressor protein. The gene on the left 
is responsible for producing these. The repressor 
protein binds to the operator region and prevents 
the transcription of the enzyme genes A, B and C.
b) If there is lactose in the nutrient medium, it 
binds to the repressor protein. The repressor pro-
tein bends after binding lactose and does not fit 
the operator region any more. This initiates the 
transcription of the required genes for lactose me-
tabolism, and the cell can then subsist on lactose.
c) If there is no glucose for a while, the bacterium 
adapts itself longer-term to lactose by producing 
the »hunger signaling molecule« cAMP. cAMP 
forms a chemical compound with the gene activa-
tor protein CAP, which binds to the promoter and 

enables the permanent expression of the genes for 
these enzymes.
d) If both glucose and lactose are in the nutrient 
medium, cAMP is not produced, and E. coli  feeds 
on its favorite food source, glucose, using only a lit-
tle of the lactose.
So together we see two switching proteins work-
ing: The repressor as an off switch and the CAP pro-
tein as an on switch of the enzyme genes.
The transcription of gene A is therefore affected by 
the activity of other genes, which themselves 
codetermine the events as so-called transcrip-
tion factors of the proteins they produce. Since the 
genes affect each other, a net connecting the 
genes into a gene regulatory network arises. Tran-
scription factors can activate or inhibit the tran-
scription of genes; these are simple ways they can 
influence them. However, there are more complex 
ways containing combinations of transcription fac-
tors. For instance, gene A will be activated if factor 
1 is available and factor 2 is missing.
Through experiments, it is possible to find out the 
interaction of genes and proteins and arrange con-
nection diagrams, just like circuit diagrams. Still, it 
is extremely difficult to tell if a protein is a tran-
scription factor, and if it is, for what genes and how 
it controls their transcription. Every systems biolo-
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gist's dream is to hold the whole circuit diagram of 
a cell in hand, but we are still far away from that. 
There is too big of a lack of knowledge about the 
biochemical details of the cell. However, and we 
will profit from that in our experiments, some bio-
logical gene networks are completely known; not 
for the whole cell, but for some very well-known 
subprocesses of a cell like the control of prolifera-
tion, which has a central role in bread making and 
beer production. We will simulate such a network 
with our gene modules.
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Models and simulations

What is the connection between control processes in 
a living cell and electronics? At first sight, not much. 
If you want to simulate biochemical regulation, you 
can do so with electronic modules. This is an easy way 
to build circuit diagrams of genetic networks, and you 
learn something about the dynamics immediately, 
without an elaborate computer simulation.
You may wonder whether the outcome could be use-
ful without using serious mathematics like real scien-
tists and instead using toy building sets? We will see 
in the experiments described below that it is. Two at-
tributes of biological regulation networks will help us: 
First, the cell has major problems with its »hardware«, 
or should we say, »wetware«: Imagine building a clock 
out of a slippery soup of molecules. But this is exactly 
what the cell accomplishes. Recent studies detected 
how the cell is able to do that: It links the connections 

in a way that even inaccurate hardware can handle it 
[3,4]. That means we can be inaccurate with our mod-
els. It is enough if our genetic modules are »approxi-
mately« like real genes, and they certainly are. The 
character of chemical reactions and the chemical 
switches of cells also help us: The concentration of a 
certain molecule usually has to exceed a certain 
threshold before something happens. Such behavior 
is well-known in engineering and easy to rebuild with 
electronic components. The outcome is our new gene 
module: An all-around threshold switch with multi-
ple inputs.
If you are interested in the interior of the gene mod-
ule, here are some notes. Modules with a variable 
threshold, which we want to use for modeling genes, 
are called threshold gates. They work exactly like logi-
cal elements in digital technology, with binary input 
and output signals, so the signals are also described 
by 0 and 1 in the logical sense.

However, these binary signals are not processed with 
the NAND or NOR function (so-called Boolean func-
tions) in logical elements. They are simply added: An 
operational amplifier adds up the input-signal poten-
tials and a comparator compares the sum with the ad-
justed threshold. If the sum is the same as or less than 
the threshold, the output potential of the module is 1. 
If the sum is not large enough, the output is still 0, or 
it becomes 0 if the potential was 1 before.
Threshold gates or gene modules are very powerful; 
basically you can attach a specific weighting to the 
input signals (not necessarily positive integers), and 
the threshold is also adjustable. To keep the general 
view, all input signals are the same; they are +1, and 
the adjustable threshold can therefore just be an inte-
ger. On the one hand, these are restrictions, but on 
the other hand, the simulation of biological networks 
can be inaccurate, and therefore these are sufficient 
and make the experiments even easier.
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For all of this a toggle switch with three positions 
has to be in the center position C.
The brightness of a green LED (light emitting diode) 
shows the capacitor voltage. The moment the volt-
age reaches the turn-on threshold of the Schmitt 
trigger, it will generate a DC signal of +8V at the out-
put +A and another signal of -8V at the output -A. Si-
multaneously, the red LED will turn on. If the com-
parator detects at a later point in time that the sum 
of the potentials is less than the threshold potential, 
for example because the input signals were altered 
or the threshold was raised, the capacitor discharges 
and the green LED simultaneously becomes darker. 
However, the capacitor voltage needs to further drop 
below the turn off threshold of the Schmitt trigger 
now, before +A and -A return to 0V and the red LED 

turns off. The gap between turn-on and turn-off volt-
age of the Schmitt trigger, its hysteresis, can also be 
altered externally between 0% and 80% (0 and 0.8) 
when connected to a 9V (=100%) supply voltage. 0 
means that the turn-on and turn-off thresholds are 
identical and both are at 4.5V. If the setting is 0.8, 
than the turn-on threshold is at approximately 8V 
and the turn-off threshold at approximately 1V.
The capacitor can be abruptly charged to 9V (posi-
tion »max«) by the toggle switch or discharged to 0V 
(position »0«).
The scale of the turn switch for the comparator 
threshold is divided in two: In the »bistable« area, the 
output signal +A is added to the sum of the input sig-
nals E1 to E5, but it isn't in the other half of the scale. 
The reason for that will be given later.
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2. The gene module
Block diagram

Before we start the first experiment with the gene 
module, we want to look inside it. If you do not like 
technical explanations, just start with the first ex-
periment! The properties of the gene module are in-
tuitive and quickly learned while doing the first ex-
periments. You do not need to know the technical 
details. Nevertheless, if you want to know them, 
here they are:
On the block diagram, there are five inputs on the 
left, which lead to the summing unit . This unit 
adds up the incoming potentials, considering their 
signs, which are compared  with the threshold po-
tential by the comparator (the circuit symbol is the 
triangle with + and -). The threshold potential can 
be adjusted by a turnswitch from -2 to +5.
If the sum of the potential does not reach the 
threshold potential, nothing happens.
If it is the same or larger, a capacitor with an adjust-
able resistor begins to charge. The time constant RC 
is also externally adjustable between 0.25s and 4s. 

 -
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Experiment 1
Activation of the gene module

In the first experiment we want to put the module 
in operation. Therefore we do not connect anything 
to the inputs E1 to E5, the switch for the threshold 
is at position 0 (the outer scale is important, not the 
signs in the little window), the toggle switch with 
the three positions is in the central position C, 
RC = 4s and Hyst = 0.1. The current supply module 
should be set up in the following way: The positive 
(+) pole is set on the + symbol of the gene module 
(note: not on the outputs +A and -A!). The negative 

Lectron
pole is connected by the metal plate to the gene 
module. That is what the so-called ground module 
is for, which is connected to the pole of the current 
supply. After connecting the current supply, we see 
that the green LED C slowly becomes brighter, and 
after a few seconds, the red LED A begins to glow.
The behavior of the module can be imagined in the 
following way: All input signals are 0; therefore, the 
internal sum is 0. The threshold of 0 is reached and 
the charging of the capacitor begins. Or, expressed 
electronically: Immediately after the switch on the 
threshold of the internal Schmitt trigger is reached, 
the red LED turns on, the +A output gets +8V and 
the -A output gets -8V. This state is stable and re-
mains this way if nothing is changed.
If we raise the threshold by +1 with the red turning 
switch, then the internal comparator detects that 
the sum of input signals, which is still 0, does not 
add up to the threshold. It switches state and the ca-
pacitor starts to discharge, which is shown by the 
green LED becoming darker.
If the capacitor voltage falls below the turn-off 
threshold of the Schmitt trigger, the gene module 
turns both outputs +A and -A off to 0V and the red 
LED turns off, too.
Turning the threshold to 0 will cause the procedure 
to be repeated.
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Experiment 2
Oscillator with gene module

We can turn the gene module on and off by con-
stantly changing the threshold between 0 and 1. 
This procedure can be automated to create an oscil-
lator that works for a period of time without out-
side help. Here are some general comments:
When the comparator turns on the Schmitt trigger 
(threshold 0), after a certain period of time it 
activates the outputs. -A gives -8V, which counts as 
-1. If we link output -A to any input E1 to E5 of the 
gene module, the threshold 0 cannot be reached 
any longer because the sum of all input signals 
equals -1. As a result, the comparator turns off and 
the capacitor begins to discharge.
When its voltage gets below the turn-off threshold 
of the Schmitt trigger, both outputs of the gene 
module turn to 0, which stops the inhibiting signal, 
especially of the -A output.
Without this signal, the sum of input signals is 0, 
and once the input  reaches this threshold, the 
capacitor starts charging again. We have built an 
oscillator with a frequency that can be chosen by 

adjustments to the RC circuit and its hysteresis.
The module reflects the fundamental attributes of 
genes that operate in a living cell as biochemical 
switches: The slow charging properties and the 
delayed switching (hysteresis) of the gene module 
are typical of regulatory properties, among others. 
The charging of the capacitor imitates the slow 
synthesis of proteins from the code of the associ-
ated gene; transcription and translation take time, 
sometimes even several minutes. The hysteresis of 
our modules corresponds to the time between 
turning on and off. This simulates the delay 
between genetic switches and signal proteins that 
is always present.
Genes that oscillate, like our upper blinking circuit, 
are actually part of nature. Our feeling for day and 
night rhythm is an impressive example of this effect 
of genetic control. In fact, our biological clock 
consists of a little genetic regulatory circuit that is 
active in certain body cells and gets our body in the 
right mood for the wake and sleep phases by 
hormonal signals. The basis of this regulation 
circuit is a negative feedback loop that follows the 
principle of oscillators. The figure demonstrates an 
example of such a biological gene circuit, in this 
case, a prominent 2-hour clock, which is active in 
some somatic cells at certain steps in development.

Lectron

Gene X contains a blueprint for a protein named 
Hes1. However, this protein inhibits gene X and 
therefore its own production. This feedback leads to 
an oscillation of the protein concentration. The 
dynamic is shown in our experiment. The oscillating 
brightness of the green LED simulates the changes 
of protein concentration actually observed in real 
experiments with cellular clocks.

Hes1
Hes1

X Hes1 mRNAHes1 mRNA
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Experiment 3

Memory cell with gene modules

When genes work as switches inside a cell, that can 
mean not only turning on another gene but also 
turning it off. In biochemical control processes, 
these actions are called activation and inhibition, re-
spectively. To simulate this close to reality, a gene 
module would need additional inhibiting inputs 
next to the normal ones, having, for example, the 
weight -1. But then our gene module would need to 
be very big to have enough inputs. A better solution 
is weighting all inputs +1 and giving the module a 
+A and a -A output. The negative output will be con-

nected with the inputs of all the gene modules the 
gene should inhibit, just like the connection in ex-
periment 2.
Here is another example to show that. This time, we 
want to build a memory cell. We adjust the thresh-
old to +1 and send a set signal S via a push button 
and a diode to an input. The diode is for dropping 
the voltage of the battery from 9V to the high signal 
level of 8V, as if it were from a +A output. We 
choose RC = 0.25s and a small hysteresis (0.1) so we 
won't need to push the button for a long time. 
When pushing it, the red LED turns on. Sadly, it 
turns off immediately when we release the button. 
The circuit has to be self-sustaining. Therefore we 
connect +A with an input. With this connection, we 
can release the button and the LED keeps shining. 
Pressing the button now causes the light to stay on. 
To reset the memory, we connect -A via another (R-
) button with a second input. When pushing this 
one when the memory is set, the +1 threshold will 
not be reached any longer because of the inhibiting 
signal, and the memory will be reset.
So we can construct both an oscillator (no stable state) 
and a memory cell with two stable states.
This switching behavior of our gene module might 
remind you of logic modules in computer technol-
ogy. Our module is a kind of threshold module and 
can indeed behave like many logic gates. Since we 

Lectron
want to study this more profoundly, here is a pre-
liminary note about the notation of logic functions. 
To be able to distinguish a classical logical Boolean 
function, named after its inventor, and a threshold 
function at a glance, it became common to use a 
special notation that we want to use, too. Angle 
brackets <> replace the round ones () in these func-
tions, for which the familiar rules of multiplication 
and addition apply. The brackets enclose the input 
signals; the turn-on and turn-off thresholds follow 
> as an index (they differ by 1). [5] For instance, you 
can write that the LECTRON module works like this::

If the threshold is +5, it performs the Boolean AND 
function with five inputs, E1 to E5,

is the corresponding Boolean OR function,

Note: In threshold logic, AND and OR functions only 
differ in the thresholds; the brackets enclosing the 
sum of the signals are the same
By means of a threshold switch, we can change the 
function of the module between

Negative thresholds exist, too.

 A = <E1+E2+E3+E4+E5>  5:4

v v v v

A = E1  E2  E3  E4  E5
By the way

A = <E1+E2+E3+E4+E5>  1:0

A = E1 v E2 v E3 v E4 v E5 

.

A = <E1+E2+E3+E4+E5>  5:4

to A = <E1+E2+E3+E4+E5>  -2:-3

21



4

22

10k

S

R

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1 bistabil

00
55

99

44

88

33

77

22 6611 3

12V

1,25V

12V
~

12V
~

1,25V
÷12V

1,25V
÷12V

Experiment



Experiment 4
Memory cell (bistable option)

A memory cell with a gene module is actually easier 
to construct:
The block diagram on page 15 shows that you can 
also switch the +A output internally (over a 6th in-
put) with the threshold switch of a gene module to 
the summing unit if you use the part of the thresh-
old marked as bistable. The external connection is 
no longer needed, and we save modules.

Mechanical self-sustaining and self interruption
analog

If you have the LECTRON relay module or can get it 
(order no. 2504), we can construct the mechanical 
counterpart of this circuit. The lower button sets the 
relay, which turns the lamp on. The upper button re-

Lectron

sets the relay by interrupting the lock. If it were ar-
ranged just after the positive pole of the battery, it 
would be dominant (see next experiment).
The right circuit shows an oscillator with a relay (see 
experiment 2). It is called Wagner's hammer and is 
used for doorbells and buzzers when the relay arma-
ture works as a hammer.

12V

1,25V

12V
~

12V
~

1,25V
÷12V

1,25V
÷12V

12V

1,25V

12V
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Experiment 
Dominant set or reset function

The memory cell still has a little drawback: It is not 
allowed to push both buttons at once because the 
result depends on which button is randomly re-
leased a little later. You may think of this as pedan-
tic, since it is only a small thing, but there will be vis-
ible consequences! Indeed, the living cell prepares 
its own control circuits for possibilities like this by 
allowing single genes to dominate. These are called 
canalizing genes.
For our experiment, this means we just have to de-
termine the preceding dominant function, and we 
are done:
By connecting two inputs with a continuous -8V sig-
nal (for example, from a battery or a -A output of a 
second, permanently turned-on gene module), the 
R signal prevails when the lower button is pushed. 
Then the memory cell cannot be reset (left circuit).
The lower diode raises the -9V potential to about -
8V.
The opposite configuration is also possible. Just con-
nect the set signal with two inputs. When the upper 
button is pushed, the memory cannot be reset.

5
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Experiment 6
Realizable threshold functions

The red turnswitch makes our gene module versatile; 
its threshold function can be used for a number of dif-
ferent logic functions. Let’s take another small digres-
sion to computer technology to compare our module 
with Boolean circuits. The first column in the table on 
page 29 shows the threshold functions that are realiz-
able with the LECTRON module and thresholds larger 
than zero. You will find the corresponding Boolean ex-
pression in the second column. To improve compre-
hensibility, the input names E1 to E5 of the gene mod-
ule have deliberately not been used, but instead the let-
ters A to E.
It is usually quite easy to write the Boolean expression 
with the threshold function in mind. But if necessary, 
another approach is to write the table of values and 
the so-called Karnaugh diagram and follow the well-

Experiment 
Coincidence memory

We can also build a memory cell known as a coincidence 
flip-flop with our gene module. Output +A will be used 
for summation with a bistable threshold position. We get 
both input signals of the flip-flop, as we already know, 
from the supply voltage by dropping it with a diode. They 
are connected again with the inputs via a push button.
Only if both signals are logical 1 at the same time will 
the gene module (threshold +2) be activated. It remains 
in this state because of internal feedback until both sig-
nals are logical 0 at the same time. Therefore, we choose 
a make-contact push button and another break-contact 
button; suitably, we do not need to push the button all 
the time to save a logic state. If neither button is pushed, 
there is no coincidence and the memory cell saves the 
last state.
According to this principle we can also increase the num-
ber of input signals to three; their coincidence will be 
checked, and if they're the same, they will be saved (right 
circuit). If we don't push any buttons, there should be no 
coincidence, so we have to use both kinds of buttons 
again. Additionally, for the summation, the output has to 
be double-weighted and the threshold increased to +3 bi-
stable. Therefore, we use both internal feedback and ex-
ternal feedback.

5A
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known synthesis processes in common textbooks.
The reverse direction requires a lot of experience and 
intuition. There are synthesis methods, but they are 
not very easy, so we do not want to present them. In 
synthesis, you first have to check if the function is real-
izable with only one threshold module. There are ta-
bles about all so-called »linearly separable« functions 
with a maximum of 7 variables [6,7]. If a function of a 
variable, for instance, is also dependent on its comple-
ment, it is not linearly separable.
As an example we want to show that the in comput-
ing very common XOR function is not realizable with 
only one threshold module. We often encounter this 
»either-or-function« in everyday life in the form of al-
ternate switching in lamps that can be turned on and 
off by several switches independently. Their Boolean 
expression is

For its realization we need two NAND modules, a 
NOR module and two inverters to generate the com-
plements because both variables appear originally 
and as their complements. So it is quite a bulky func-
tion, even in Boolean logic. In threshold logic you 
need two threshold modules (left circuit). The 
threshold of the upper one is +2; the lower one is +1. 
Both pushed buttons each set A and B to logic 1. 
You will get X at the +A output of the lower module. 

X = A B v A B

Lectron
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Threshold function   Boolean function

<A+B+C+D+E>  AvBvCvDvE OR1:0

<A+B+C+D+E>  A(BvCvDvE)vB(CvDvE)v2:1

C(DvE)vDE

<A+B+C+D+E>  AB(CvDvE)vAC(DvE)v3:2

ADEvBC(DvE)v(BvC)DE

= m(A,B,C,D,E)     majority

<A+B+C+D+E>  ABC(DvE)vABDEv(AvB)CDE4:3

<A+B+C+D+E>  ABCDE AND5:4

<2A+B+C+D>  A v m(B,C,D)2:1

<A+B+C>  ABvACvBC = m(A,B,C)2:1

<2A+B+C>  AvBC2:1

<2A+B+C+D>  A(BvCvD)vBCD3:2

<2A+B+C>  A(BvC)3:2

<A+2B+2C>  A(BvC)vBC3:2

On the right, there is a similar circuit for three input 
signals. X is logic 1, if an odd number of inputs is 1 
(odd parity):

In the left circuit we can send signal A instead of B 
to the configuration but now delayed. The delay oc-
curs by an additional gene module, so we get the 
middle circuit. Now something remarkable hap-
pens:
Every time we use only the left button A, no matter 
if pushed or released, signal X appears for a moment. 
Its duration of activity is almost equal to the delay 
adjusted with the additional module. We have to 
push the button at least until signal X disappears.
This circuit has a biological counterpart that is re-
markable. It is often observed in biological pro-
cesses that just after the activation of a first gene, a 
second gene begins activity but is immediately re-
pressed by a third gene that has also been activated 
by the first one. The opposite happens, too. An in-
hibiting gene releases a second one, which is active 
for just a short time until being inhibited by a third 
gene. Our circuit combines both behavior patterns. 
These circuits are called »feed forward loops«; We’ 
ll refer to them later.

X = A B C v A B C v A B C v A B C
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Experiment 7



-/tU (t) = 9V(1 - e )c

   

Time constant and hysteresis

In this experiment we want to carefully examine 
the function of the two rotary knobs on top of the 
gene module, and therefore we reconstruct experi-
ment 2 (page 18). We already noticed that the in-
ternal signal processing needs some time. That is 
why the delayed output signal only had to be con-
nected to an input as feedback to build a flashing 
light. With the two rotary knobs, we can adjust the 
exact properties of the inner signal dynamic.
Using the big button, we adjust the time constant 
»RC«; that is, the speed of the internal charging, 
which here adapts the dynamics of the synthesis of 
a protein encoded by a gene in the cell by charging 
a capacitor electronically; it is visualized by the 
green LED. If the sum of the input signals exceeds 
the adjusted threshold inside the module, the 
charging of the capacitor begins with the time con-
stant ?  = RC, adjustable between 0.25s and 4s. The 
voltage at the capacitor increases over time by the 
well-known exponential function:

In the diagram above, there are the charging curves 
for some values of . After t = 4 98.2% of the final 
value is always reached, so the capacitor is in fact 

Lectron
charged to its maximum.
Using the small rotary knob, we can additionally af-
fect »hysteresis«, when a particular concentration 
of proteins should occur. At a hysteresis of 0, the 
output of the gene module is activated at a half-
charged capacitor. It is deactivated again when the 
charge falls below 50%. Biochemical compounds 
often have the property of occupying binding sites 
longer, even if the concentration of the binding pro-
tein has already decreased. We simulate this by hys-
teresis. At the same time, this has the pleasant side 
effect of creating something like a time delay of the 
gene module, and the oscillator does not blink with 
insane speed, but slowly and clearly. Living cells do 
have delays like this. In nature, a gene switch often 
requires a few minutes to achieve full impact.
Now, briefly for the specialists among us, this is 
how the technology inside the module works: De-
pending on the adjustable hysteresis between 0 and 
0.8, the Schmitt trigger following the capacitor 
may switch on before the capacitor is fully charged, 
and output +A becomes logic 1 (8V). If the hyster-
esis is 0, the turn on and off-thresholds are at the 
same level of 4.5V.
With a hysteresis greater than 0, the turn-on 
threshold is at a higher voltage than 4.5V. You can 
find it in the diagram on the right. The turn-off 

0
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threshold moves to smaller values symmetrically. 
The hysteresis can be calculated by:

We find that the hysteresis scale at the rotary knob 
is nonlinear. We can best see the effect of changes 
of the time constant and the hysteresis at the oscil-
lator circuit in experiment 2 (page 31 right), when 
U (t) runs through the charging (red) and discharg-C

ing curves (green)

periodically. Both curves are displayed in the figure 
above, too. They illustrate when the capacitor volt-
age reaches the upper and the lower thresholds of 
the Schmitt trigger and the influence of the chosen 
hysteresis (0.2 or 0.6) on the frequency. So the 
choice of both RC and hysteresis affects the fre-
quency.

Hyst = (U -U )/9VEIN AUS

or Hyst = R/(25k+R)

with 0  R  100k

-/tU (t) = 9V·ec

Lectron

3. Small Gene Circuits

Experiment 8
 (++)Two coupled gene modules

Now that we have gotten to know the properties 
and adjustments of the gene module, we want to 
see what combinations are possible if we connect 
two of them.
We already used two modules in experiment 6 to 
construct an XOR; they were, in terms of signal flow, 
just switched in series, so it was clear what would 
happen.
In gene regulation, where these modules are used 
for modeling, this easy configuration does of course 
happen, too. But there are much more interesting 
and surprising possibilities if the output signals of 
the modules influence each other; that is, if there is 
positive and negative feedback.
We start with connecting the output A of the genes 
with the input of the other. Since we use activating 
signals, we call the coupling (++). The RC and hys-

teresis rotary knobs should be in the middle of their 
scales.
A preliminary consideration on the adjustments of 
the thresholds: Bigger thresholds than +1 do not 
make any sense because a single input signal cannot 
reach it. It cannot fall below -1, either. In the first 
case, the modules would immediately turn off again 
if we started them with the toggle switch (the switch 
knob put for a moment in the »max« position). In the 
second case we do not need to do anything after ap-
plying the power supply. Both thresholds are ex-
ceeded and the modules turn on after a short delay 
and remain in this state. We see the same behavior 
with both thresholds at 0 or one threshold at 0 and 
one at +1. The one with the threshold of 0 turns on 
first and activates the other one.
If we put both thresholds to +1 and put both 
switches to »max« for a moment, the modules re-
main active because they activate each other. They 
remain inactive if both start in the »0« position. In 
conclusion, there is nothing exciting about this cir-
cuit.
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Lectron
Experiment 9

 (--)Two coupled gene modules

The behavior of the connection becomes a little 
more interesting if we couple both threshold mod-
ules by their inhibiting outputs (coupling (-)).
Both thresholds should be 0. We move both toggle 
switches to the »0« position at the same time. Since 
both thresholds are reached, both capacitors 
charge and the green LEDs shine brighter and 
brighter. Even if we try adjusting the hysteresis and 
time constant RC, we will not be able to turn on 
both modules exactly at the same time. The one 
turned on first will immediately turn the other one 
off by its inhibiting output. The same happens if we 
start in the »max« position. Both capacitors dis-
charge, shown by the green LEDs becoming darker. 
But one module will win the race, turn off first and 
thereby stop the inhibition of the other one. That 
one will remain on and inhibit its partner perma-
nently.
The result: The (--) coupling gives us a stable state 
after a short time. One module will remain in the on 
state and the other one in the off state.
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Lectron

Experiment 10
 (+-)

 (+-).

Two coupled gene modules

The third possibility is mixed coupling
We set the thresholds of both modules to +1 and 
start by putting the toggle switch on only for a brief 
moment in the »max« position. The modules will 
turn off one after the other and remain in the stable 
state, turned off.
In the second part of the experiment we change the 
thresholds to 0. The start is in the »0« position. We 
do not have to do anything; the capacitor charges it-
self because both modules reach the threshold and 
the inhibiting signal is inactive in the beginning.
No matter what the start position is, after a short 
time, one module, in our circuit the left one, whose 
inhibiting -A signal is connected to the other mod-
ule, will stay turned on and the other one will stay 
off.
In the third part of the experiment we increase the 

threshold of the left module to +1. Thus its green 
LED becomes slowly darker. Its threshold is no lon-
ger reached and the capacitor starts to discharge. 
After a moment the module turns off. So the inhib-
iting signal to the other module stops and it reaches 
its threshold. Therefore it turns on after a while and 
activates the left one again with its +A output. 
When it turns on, the inhibiting signal will make the 
capacitor of the right one discharge, and the game 
starts again. So we built an oscillator, as in experi-
ment 2, but this time a little more complicated; not 
with one module, but with two modules. By the two 
red LEDs we can see that the oscillator has four 
phases: Both turned on, only one on, both off, only 
the other one on.
Independently of how we start, »max« or »0« or 
mixed, when both toggle switches are in position 
»C«, an oscillation will occur. For gene regulation, 
this means that one gene activates the production 
of a protein. When the concentration of the protein 
exceeds a critical level, a second gene will be acti-
vated to produce another protein which itself in-
hibits the production of the first protein; now the 
concentration of the protein produced by the first 
gene sinks and the activation of the second gene is 
stopped, so there is no inhibition of the first gene 
any longer, and so on.
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Lectron
Experiment 11
Two master-slave coupled gene modules

It is possible to couple two modules with the mas-
ter-slave principle: The right module works as an os-
cillator with threshold 0, as we know from former ex-
periments. Its oscillation depends on the adjust-
ment of RC and the hysteresis, and it is constant. 
Both adjustments should be in the middle area. This 
one is the master. Its +A output leads to the input of 
the left module, the slave.
The setting of the threshold of the slave is +1; it has 
to follow the master when the master gives the acti-
vation signal. However, this only works if the slave's 
further adjustments fit the master's. If RC and hys-
teresis are too high, its state doesn't change, de-
pending on how it was started: If we start from »0«, 
we can find out from its green LED how the capaci-
tor is charging and discharging, but it is not able to 
reach the on threshold of its Schmitt trigger, be-
cause the red module turned off in the meantime.
If we start from »max«, the capacitor discharges in 
the time-offs of the right module, but it doesn't 
reach the off threshold of its Schmitt trigger, be-
cause meanwhile the right module has already 
turned on again. If the left has to follow the right, its 
adjustments must be adapted.
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Lectron
Experiment 12
Two singly coupled oscillators

A very interesting configuration comes into being if 
we add three angled connection blocks and thus 
make the left gene module oscillating, too.
After adding the modules we at first cut the connec-
tion from the +A output of the right module to the 
input of the left module and then we adjust its 
threshold to 0 ,too, so it can work as an oscillator.
We try having both modules oscillating with the same 
frequency, which doesn't work well. Sooner or later 
the phase shift will change, caused by a little un-
avoidable frequency difference.
Therefore we change the adjustments of the left os-
cillator in such a way that it oscillates just a little 
quicker. With some intuition and careful observing of 
the frequencies, it should work.
When we couple the modules again, the right one os-
cillates with its constant frequency, while we find out 
that the left module is »disturbed« in its constant os-
cillation. Sometimes its turn-off times become longer. 
If we change the threshold to +1, something remark-
able happens: After a short period of time the right 
module synchronizes the left one. Both are oscillating 
with the same frequency, but phase shifted.
We should be able to change the phase shift by gently 

changing the RC adjustment of the left module with-
out losing the synchronization. It is possible to get al-
most opposite phases with little overlaps of the turn-
on times.
There is an adjustment of the oscillation at which the 
red LEDs turn on at different points of time but turn 
off simultaneously. When this state is stable, we can 
lower the threshold of the left module for testing rea-
sons from +1 to 0; then surprisingly the process re-
verses: The LEDs turn on simultaneously, but turn off 
at different points of time. The frequency of both os-
cillations is the same. Only the duty cycle is different.
We change the threshold back to +1. If we also lower 
the RC values, we can even double the frequency of 
the left module and it will still oscillate synchronously.
Otherwise, if we raise the RC value, we reach an area 
where the frequency of the left module is just half of 
the other.
Thus we are able to synchronize two independently os-
cillating modules with »similar« frequencies by only 
one link from the output of one to the input of the 
other.
However, if the frequency adjustments are too differ-
ent, the left module doesn‘t make it turn on again if 
f  < f ; but if f  > f , the right module releases the left right left right

oscillation for a short period of time and then turns it 
off.
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Experiment 13
Two reciprocally coupled oscillators

Now we want to go one step further, so we connect 
the output of the left module with the input of the 
right. The threshold of the left one is +1 and that of 
the right is 0. Even when the oscillators in the last 
experiment nicely oscillated at similar frequencies, 
this experimental setup behaves totally different 
with this little adjustment: It seems that you can 
recognize a certain complex pattern (for example, 
the right LED turns on and the left blinks four times, 
the right blinks and the same recurs again and 
again), but suddenly everything changes.
If you wait for another moment, it seems that this 
complex pattern is repeating but then it changes 
again. It is insane: Although the green LEDs offer 
support, it is difficult to predict when the red LED 
turns on and off. Furthermore, tiny changes (prefer-
ably the RC adjustment) alter the pattern.
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Lectron
adjustment at both modules should be 0.1s and the 
hysteresis 0.1, so they switch fast.
As long as we don't touch the buttons, this experi-
ment is the same as experiment 9: After applying 
the supply voltage, one module turns on, one re-
mains off. Which one is on and which is off cannot 
be predicted.
If we now push the button connected with the -A 
output of the module whose LED is on, that LED 
turns off and the LED of the other module turns on. 
The inhibiting signal is deactivated.
Afterward we can do the same with the other push 
button, and the converse happens. The starting situ-
ation is re-created. With two switches that must 
not be pushed at the same time, we have built a sort 
of a toggle switch. That such a toggle switch actu-
ally works in a living cell was shown genetically by 
three US scientists in the year 2000 [8]: Without 
much difficulty, they took two genes with known 
protein and binding sides, combined them like the 
connection pattern above and introduced the 
whole construction into E. coli bacteria. By chemi-
cal signaling substances, they were able to turn the 
toggle switch in the bacterium back and forth and 
to observe the process by means of a green 
florescent protein, similar to the flashing green LED 
in our experiment.

Experiment 14
Toggle switch

At the end of the experimental setups with two 
gene modules we step back to the (–-) coupling of 
experiment 9. However, this time we add a normally 
closed push button (nc) to both connections. The RC 
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Experiment 15
 (---)Coupling of three modules

To this point we have examined a lot of combina-
tions of two gene modules, and by doing this we ob-
served surprisingly different circuit dynamics. What 
will happen now if we add to our two-part combi-
nation of gene modules a third? We will see that 
some new properties will appear that are also inter-
esting from the biological point of view. Before we 
dash into real-world biological gene networks, we 
want to examine how configurations of three gene 
modules act. So we start with a ring connection. 
There is always a connection from the -A output of 
one module to an input of the next. All thresholds 
are 0. Hysteresis and RC adjustments of the three 
modules are in the middle area.
After turning on the power supply, the capacitor 
starts charging immediately in the three modules, 
because all 0 thresholds are reached and an inhibit-
ing signal is not being sent yet.

Even if we try, it is not possible to turn on the three 
modules at exactly the same time; one will be the 
first. That means it sends the inhibiting signal first 
and therefore the next in the ring (no. 2) cannot 
keep charging its capacitor. So this one is not able 
to send its inhibiting signal, and its capacitor dis-
charges.
As a result the capacitor of the third module will 
charge completely until its output turns on and 
sends an inhibiting signal to the first, which causes 
the discharging of this one. After a short period of 
time the inhibiting signal of number 1 turns off and 
the second module can start the charging of its ca-
pacitor. The oscillation begins, which is recogniz-
able by a dark LED (sometimes even two at the same 
time) »circulating« in the opposite direction.
Although at the start of the experiment we thought 
that nothing would happen because of the mutual 
inhibition, the opposite occurred.
It is exciting to ask if this type of circuit works in a 
living cell. That question was also discussed by the 
two scientists M. Elowitz and S. Leibler, who con-
structed such a circuit inside E. coli  [9]. As a matter 
of fact, using a fluorescent protein, they observed a 
circulating signal and they called this successful cir-
cuit a »repressilator«. We will assemble it in the 
next experiment.
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Experiment 16
Repressilator

The repressilator in E. coli is made of a genetically 
built ring oscillator with three genes and at least 
one additional gene that generates a signaling pro-
tein so that it is possible to observe the oscillation. 
The ring contains three genes, TetR, LacI, and cI, 
which inhibit each other, generating an oscillation. 
This oscillator produces the dye GFP (green fluores-
cent protein), which leads to a blinking of the bac-
terium with a 3-hour period. The uncoupling from 
this »triple circle« happens by another gene module. 
TetR doesn't just inhibit the production of cI; it 
also inhibits the production of GFP by the fourth 
module.
This circuit is quickly assembled with our gene mod-
ules; it simulates the observed dynamics of the mu-
tual gene activities. The green LEDs C simulate the 
constant change in concentration of the single pro-
tein by their brightness. The extra LED, which is con-
nected to the fourth gene module, blinks with the 
same period as the red LED of the module and simu-
lates the GFP. However, the period of oscillation in 
our experimental setup doesn't take 3 hours. Fortu-
nately for us it is approximately 30 seconds.

Lectron

Repressilator

TetR mRNA
P lacO1L

Lac

TetR

c mRNA

P tetO1L

c

Lac mRNA
PR

P tetO1L
GFP mRNA GFP

TetR

GFP

E.coli bacteria
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Lectron

Experiment 17

(++-)Coupling of three modules 

We continue our examination and change the cir-
cuit of experiment 15 by sending only one inhibit-
ing signal to the lower module and letting the other 
two connections start from the activating outputs. 

In order to see anything interesting, the threshold 
of the modules that receive the activating signals 
must be +1. The threshold of the third (lower) mod-
ule remains 0.
If we apply the supply voltage, only this module 
starts to charge its capacitor because it is the only 
one with a threshold exceeding 0. After a moment, 
it activates partner no. 2, so this one starts charging 
its capacitor, too. Its threshold of +1 is reached.
It will soon turn the red LED on and send an activat-
ing signal to no. 1, whose threshold will be reached 
as well, and finally all modules are turned on.
This, however, means module no. 1 sends an inhibit-
ing signal to no. 2, beginning the discharging of the 
capacitor. As a consequence it turns off. One by one, 
the activating signals of the others disappear and fi-
nally all modules turn off. This is the initial situation 
and the game starts again.
This configuration shows a circulating pattern as 
well. It resembles a ring shift register in data pro-
cessing assembled with three D flip-flops, where 
the  output of one of the three cells is connected 
to the D input of the following cell. There is a big dif-
ference though. All the cells of the shift register get 
a central clock. In our experimental setup, however, 
the time adjustments of the modules determine the 
time of the circulation.

Q

51
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Lectron

Experiment 18
 (+--) & (+++)Coupling of three modules

If we change the active coupling of module one to 
module two into an inhibiting signal, we observe 
something surprising: The circulating pattern is 
gone (see left circuit)! Depending on the adjusted 
time conditions and on which module we decide to 
start, we get a stable LED picture after a short pe-
riod of time that doesn't change: Either module 
number one is turned on permanently or modules 
two and three are active.
Now try changing the time adjustments to increase 
the time at which the state is unstable. Are you able 

to get a whole circulation of the signal?
Likewise, you can change the threshold to +1 at the 
(+++) coupling with all three modules to get a sta-
ble pattern (see right circuit). If we turn on the 
power supply, nothing happens at first; all three 
modules remain turned off because there is no ac-
tive signal. This state is stable.
There is another state that ensues after a short pe-
riod of time if you use the toggle switch (briefly turn 
on ) to start the process. At first, you observe 
a circulating pattern, but after another short period 
of time, the second stable state appears. All three 
modules are turned off and remain stable. However, 
it is worth finding some adjustments to increase 
the time until this second state becomes stable.
If we compare the different ring circuits set up with 
the gene modules , we notice 
something else: We will get a full oscillation only if 
the number of inhibiting connections is odd. Other-
wise the blinking dies out and the state becomes sta-
ble. Theoretically this is valid for ring circuits of any 
size. If you like, try it with some more gene modules!
By the way, this rule applies especially to biological 
regulatory circuits because every gene has its own 
pace and quirks, which is very different from com-
puter technology, where logical circuits get their 
clock from a central timer.

»max«

(---, ++-, +--, +++)
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Lectron

Experiment 19
 ()Double coupling of three modules

There are more possibilities for connecting three 
modules than for two. We want to continue the ex-
periments with three modules and a setup of iden-
tical couplings. Every module in the ring will acti-

vate its successor and inhibit its predecessor. Then 
we get a sort of double coupling. All three modules 
are equal.
If all modules have about the same time constant 
and the threshold +1, nothing will happen when we 
apply the supply voltage. All of them remain turned 
off. Even if we start all of them in the max posi-
tion and switch them to C at the same time as far 
as we can, they all turn off after a while.
If we start only one of the modules, at first there is 
something like a circulating pattern, but it dies
after a few steps. We can extend its lifetime by care-
fully changing the time constants, but we cannot 
make it last indefinitely.
If we instead change the threshold of one of the 
modules from +1 to 0, this one turns on after a 
short time and soon the next one in a clockwise di-
rection, while the first turns off. A pattern of one 
(sometimes two) turned-off modules rotates in 
the ring counterclockwise.
The lowering of the threshold of another module 
from +1 to 0 and maybe some fine-tuning do not 
change the picture. The fine-tuning might be nec-
essary for a module not to be turned on perma-
nently. The circuit does not show a stable state until 
all thresholds are 0. Then, all three modules are 
turned on permanently.

» « 
» « 

 

» « 
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Lectron
Experiment 20

 ()Double coupling of three modules

»C«

It is possible to couple three modules in a way that 
every module inhibits the other two, and again, all 
modules are equal.
If all modules have the same time constant and the 
threshold +1, nothing happens when we apply the 
supply voltage; all three remain turned off, which isn't 
surprising in this circle of very grumpy neighbors. 
Even if we turn all of them on as close to the same 
time as possible and release them simultaneously 
back to , they are turned off in a little while.
If we decrease the threshold to 0 for all modules, we 
observe after applying the power that all green LEDs 
become brighter, but only one module is activated 
and turns off the other two.
This is very interesting! The circuit chooses a winner. 
And there is always only one. As we will see in further 
experiments in the biological area, this motif is used 
in real biology quite often: For example, it always 
happens when a cell determines its type and is fixed 
by a genetic circuit. We do appreciate that a nerve cell 
in our brain remains a nerve cell and does not ran-
domly change to a muscle cell. Stabilizing such a 
state is really no problem for a circuit because of its 
multiple inhibiting couplings.
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Lectron

Experiment 21
Coupling of three oscillators

In experiments 12 and 13, we already coupled two 
oscillators in different ways and found out they syn-

chronize to a certain extent. Before we apply the 
supply voltage to the present setup, we rotate the 
three T-connection modules  so the coupling of 
the oscillators is not yet active.
If we try to adjust the frequency of all oscillators 
with the time constants (RC) and hysteresis rotary 
knobs to the same value, we already know we won't 
succeed. If we watch the circuit for a while, we see 
that the phases of the oscillators drift apart, which 
is an inevitable effect of the slightly different fre-
quencies of the oscillators.
Now, if we rotate the T-connection modules as 
shown in the circuit diagram and watch the oscilla-
tion picture after a few minutes, we will most likely 
find that all of them oscillate with the same fre-
quency. One turned-on module circles and some-
times (maybe periodically?) small overlaps might be 
seen of two active modules (one LED lights before 
the previous one has turned off). It looks as if a fun-
damental oscillation and a superimposed oscilla-
tion attempt to change the phase shift. But it will al-
ways become stable again. In this experiment the os-
cillation picture depends a lot on the adjustments, 
and we can try lots of possibilities by cautious 
changes of the time constants. After every change 
we should wait a few minutes before trying to find a 
continuous new pattern.

90°

» « 

» » 
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Experiment 22

 (++++) 

 (+++-) 

Ring circuit with four gene modules

A permanent oscillation results if three 
modules are at the threshold +1 and the fourth at 
0. This is the module connected to the -A output 
of the predecessor.

If we raise the number of threshold modules in our 
setup to four, there are even more possible coupling 
options, which are presented below in abbreviated 
form. Some configurations are predictable because 
of former experiments; others are surprising.

This extension to experiment 18 gives a 
stable result: all four modules are turned off (all 
thresholds are +1). If we start a process with the 
toggle switch and the modules have the right 
setup (see experiment 28), we will observe a pat-
tern for a few cycles. But we can notice a change: 
Either more and more modules turn on, which 
leads to a second stable state, or fewer do, and 
the starting state will result.

Lectron

 (-+-+) 

 (--++) 

 (---+) 

 (----) 

Two modules are at the threshold +1 and 
the other ones, which are connected with the -A 
output of their predecessor, are at 0. This leads to 
a temporary oscillation; one of the two stable 
states is reached if one pair is turned on and the 
other one is off or the other way round. The set of 
pairs is predetermined because of the setup; 
therefore there are just two stable states.

The thresholds are set up like before. One 
of the two stable states is reached if three mod-
ules are turned on and the last one is off. At the 
second state it is the other way around: The one 
that was turned off is now on and the other three 
are turned off. This depends, like in other experi-
ments, on the time-settings. The same three mod-
ules are turned on or off; therefore, there are only 
two stable states.

The threshold of one module connected to 
the +A output of its predecessor is +1; the other 
ones are at 0. This results in a permanent oscilla-
tion.

Beforehand you may consider that this is 
just an extension of experiment 15 with four ele-

ments, and there will be an oscillation if all 
thresholds are adjusted to 0; however, that does 
not occur. Even with a careful time adjustment, 
the modules become stable. A stable state is 
reached if every second module is turned on. The 
other two are off. There are two stable states; 
which modules are turned on and which are 
turned off depends on the previous time adjust-
ment and the starting conditions. In general, an 
oscillation only occurs if you have an odd number 
of modules coupled in this way.

There are a lot of threshold adjustments besides the 
ones shown. Still, it should be clear that it is sense-
less in this ring circuit to choose a threshold such as 
+2 or higher, which can never be reached. It is the 
same if a threshold cannot be undershot. The same 
holds for the time adjustments: The number of pos-
sibilities is endless. We will arrive at interesting os-
cillations, even if they 

 (see experiment 
29). However, one thing is for sure: If there is any 
stable state, the circuit will arrive at it sooner or 
later.

» « 
are not persistent, if we set 

the time values to similar values
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Lectron

Experiment 23

 ()

Ring connection with four gene modules and dou-

ble coupling

In some tries of experiment 22, you might have seen 

a stable state after some oscillation in the begin-

ning. It isn’t possible to adjust the times so perfectly 

that a module turned off just when its successor 

turned on. Therefore the circulating pattern be-
comes longer or shorter and eventually reaches a 
stable state.
If we couple four modules in a ring (++++), but at 
the same time make sure that little time shifts can-
not be added randomly, we should be able to keep 
an oscillation alive. For this purpose we ensure that 
the predecessor in the ring will turn off in time by 
use of the -A output. This gives us the setup shown. 
All modules are equal and have a threshold of +1. 
The times of all four of them should be similar.
After applying the supply voltage, the oscillation 
doesn't start automatically; we have to launch it by 
a random toggle switch. Then a continuous, clock-
wise oscillation occurs, with two LEDs of adjacent 
modules lighting and the other two being dark. Our 
plan worked.
As the light advances from one module to another, 
it is possible that three LEDs light for an instant. It 
happens that only one LED lights, too. The counter-
clockwise coupling to turn off the predecessor 
seems to stabilize the oscillation.
Now we are even able to change the time constant 
of a module quite a bit without bringing the oscilla-
tion to a standstill. So by this trick we can manage a 
stable oscillation in a ring connection with an even 
number of inhibiting couplings.
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Experiment 24
Orbital circuit with eight gene modules and dou-
ble-coupling
We can extend the pattern that we found in experi-
ment 23 to five, six or seven modules without 
changing it in principle. It is possible with some skill 
to add another circulating pattern to the already ex-
isting one, but not before we have installed an 
eighth module. To do this, we have to activate the 
module that has the biggest distance from the ex-
isting pattern by briefly operating its toggle switch.
This will probably require some trial and error, but if 
you succeed, there will be two identical patterns cir-
culating in the ring that keep the same temporal dis-
tance and therefore keep the oscillation alive. Four 
modules in the ring per circulating pattern are al-
ways enough to keep the needed distance between 
the adjacent patterns.
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Experiment 26
Coupled oscillators

»max« »C«

» « state 

The behavior of both oscillators changes funda-
mentally if we couple them. Therefore the +A out-
put of C has to be connected to the E4 input of B 
and accordingly the +A output of D with the E4 
input of A. Furthermore the thresholds of A and B 
have to be increased to +1. We must start the oscil-
lators now manually (preferably inversely phased) 
by using the toggle switch. It is sufficient if we put 
one switch for just long enough to the position 

and then back again to .
After a short observation period we find that both 
oscillators run simultaneously and are inversely 
phased. The phase opposition results from the ac-
tive output signal of one oscillator inhibiting itself 
but activating the other. When for example gene C 
is active, gene D always turns off and the other way 
around (see diagram). This active circulates 
clockwise in our experimental setup.
If we observe closely long enough, we notice that 
the phase of genes C and D is not constant but 
slowly fluctuates. For example, it is possible that 
both red lights are shining or both are off, and in the 
next cycle they are likewise on or off together. You 
may get the impression that the reason for this be-
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bined with a coherent structure. Gene A activates 
gene C directly and indirectly via gene X. When gene 
C is active it inhibits gene A. With thresholds of +1 
for X and C and 0 for A, an oscillation occurs. The sec-
ond, laterally reversed oscillator with genes B 
(threshold 0), Y and D (thresholds +1) does the same. 
The hysteresis of all modules is 0.4, with an RC of A, 
X, B and Y of 2s, and 1s for C and D.
After applying the supply voltage both oscillators vi-
brate with about the same frequency and a random 
phase shift.

Experiment 25
Feed-forward loops

It was already noted in experiment 6 that in gene 
regulatory networks you will find small recurring 
structures in which gene X directly influences gene 
Z and indirectly influences it via gene Y. In analogy 
with musical compositions where subjects or motifs 
appear repeatedly, these structures are called motifs 
[10]. Since they are so frequent we can conclude 
that they have useful biological properties even 
though they are not obvious at first glance.
The influence of X on Z by two parallel pathways can 
be similar or dissimilar; so we call similar pathways 
coherent feed-forward loops  and dissimilar path-

ways incoherent feed-forward loops  (see figure). 
The effect of dissimilar pathways is easy to find out: 
Gene X activates gene Z and inhibits it again a little 
time later via Y, so gene Z was active only for a short 
time.
But coherent structures occur a lot more fre-
quently than incoherent ones (85% compared with 
15% for the well-known bacterium E.coli ) and sci-
entists have studied their possible use [11]. We 
want to comprehend this with an experiment using 
oscillators.
Our setup consists of two identical oscillators com-

» «
» «
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havior is the small tolerance of both signals causing 

a small drift away from each other, but they always 

get synchronized.

Now we go a step further and turn genes X and Y off 

manually with the help of their toggle switches, be-

cause it was probably not clear what they were ac-

tually good for. The turning off occurs best consec-

utively and when they are off anyway.

As expected, the pattern keeps on circulating 

clockwise, and therefore we may consider these 

genes dispensable. Curiously, in the previous ex-

Lectron

periment, we detected that a ring structure of this 

kind must have an odd number of cells; otherwise 

the oscillation won't be stabilized. And this is still 

true, because after some time it happens: All genes 

are turned off and nothing oscillates any longer. 

Transferred to the biological field, it is true that 

this type of coherent feed-forward loop is crucial 

for stability of coupling and for safety of informa-

tion transfer. Therefore, it is no surprise when stud-

ies show that this is the most common 

.

network 

motif in biological regulatory networks
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4. 

Parenthesis

Gene networks of living cells

»
« 

» « 

In the past experiments we got to know the proper-
ties of the gene module and investigated the inter-
action of a number of modules. But where is the bi-
ology? you might ask. Fine, there has been a little 
circuit or two that worked to mimic something in a 
bacterium. But this LECTRON experimental kit is 
after all named Gene Regulation and hints at the 
regulation of vital processes.
Therefore we want to make a journey along gene 
networks of living cells and organisms in the fol-
lowing experiments. More precisely we will try to 
do something quite crazy with our modules: We will 
rebuild real regulatory networks molecular biolo-

gists have found in living cells! Of course, we do not 
expect our simulation to come to life. Our lack of 
knowledge about living matter is far too big, and 
matters and questions related to artificial life 
largely belong to philosophy, anyway. The whole reg-
ulatory network of cells is enormous and still 
mostly unknown: Only very small portions of it are 
thoroughly known. However, these small, well-
known portions are indeed excellent for studying 
the characteristics of how the functions of cells are 
controlled. For this experimental kit we chose real 
treasures of these small networks that are known in 
detail. They control very different phenomena of 
life like cell division, the early embryonic develop-
ment of a multicellular organism, even metamor-
phosis of different cell types, in addition to differ-
entiation of stem cells and the recently discovered 

possibility of reprogramming differentiated cells 
into stem cells.
Our first example will be a gene circuit control-
ling the cell division of the common baker's or 
brewer's yeast, so it is not an insignificant pro-
cess. The control task is more complicated than 
the previously built circuits and is about as com-
plex as the program of a modern washing ma-
chine or a dishwasher. Therefore, yeast cells at 
least have to have the intelligence of a washing 
machine to reproduce themselves. 

 we do want to see 
the information processing in a yeast cell in ac-
tion and therefore construct our first yeast net-
work in the following experiment with gene mod-
ules.

Well, we don't 
want to discuss whether the actions of a cell can 
be called intelligent. However,

Lectron
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Experiment 27

Simulation model of baker’s yeast

(Saccharomyces cerevisiae) 

[12]

» «

In this experiment we want to build part of the bio-
chemical regulation network of baker's (also known 
as brewer's) yeast that 
is responsible for the control of cell division, and 
thus the reproduction of the cell . Yeast live all 
around us. Wherever there are fermentable, sugar-
rich juices, you can find many different kinds of 
yeast. They belong to the family of fungi, and their 
cells have a nucleus, so they are called eukaryotes . 
Due to their small genome, their small number of 
chromosomes and the short period for cell duplica-
tion, baker's yeast has become a model organism for 
scientists doing research in molecular genetics. 
Yeast was the first eukaryote whose genome was 

completely decoded within the scope of the Human 
Genome Project. The propagation cycle of baker's 
yeast is very well known and often serves as a text-
book example of cell division.
Its control process is well-known, too; it is a small 
network of chemical reactions playing the role of 
the clock signal for the different phases of cell divi-
sion. This biochemical network of proteins and their 
genes can even be modeled mathematically very 
precisely by coupled differential equations predict-
ing the time course of the concentrations of the bio-
chemical players. These academic depths, however, 
are not what we want to explore with our model. On 
the contrary, we take advantage of the knowledge 
that a protein's concentrations usually are very 
high or close to zero and that the change between 
these states happens quickly. This sounds like we 
could express these states as binary states, 0 or 1, 
doesn't it? If we then confine our attention to the 
most important proteins and combine those with 
similar dynamics into one node, we get a network 
consisting of eleven proteins and the corresponding 
genes modeled as binary nodes with either of two 
states, 0 or 1. The state of each gene depends on the 

input signals it receives from the proteins of other 
genes. We neglect the details of the biochemical 
strength of reaction (because of the protein's con-
centrations often being at extreme levels) and only 
distinguish between activating (+) and inhibiting 
signals (-) that can at best be weighted with small 
integers like 1 or 2. The signals are sent in a defined 
direction of signals illustrated by an arrow.
The dynamic behavior of the network, meaning the 
blinking pattern of the gene activities, is deter-
mined for every gene; the chronological next step is 
a result of the signals it receives from other genes. 
The dynamic rules can be summarized as follows: 
Every node has two different possible states, 

(inactive) or (active). When a node is active it 
can affect the nodes that are connected to it. These 
connections can be activating (a  > 0) or inhibiting ij

(a  < 0). Every target node j adds the weights with ij

the correct sign and reacts after a little delay with 
either activity or inactivity, depending on if the sum 

reaches its adjustable threshold or remains 
below it. This might sound a little complicated, but 
it is actually easy, as you can see in this example 
(sketch on the following page):

S  S  = i i

0 S  = 1i

a  ij

a  Th  ij j
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At time t, the target node S  (j = 5) with threshold 5

Th  = +1 that is connected to nodes S  to S  (i = 1, 2, 5 1 4

3, 4), receives the following weighted input signals: 
a  = 0, a  = +2, a  = -1, a  = +1. If the sum (i=1...4)15 25 35 45

is larger than Th  = +1, the tar-5 5

get node S  will be activated (or remains activated, 5

if it was) and sends itself the output signal S  = 1 5

after delay at time which can be 

weighted to activate or inactivate other nodes.
If the threshold Th  had not been reached because 5

it was, for example, a  = 0, the node S  would have 25 5

been deactivated at time (S  = 0) and could 5

not have influenced other nodes for the time be-
ing.
The current states (time t) of all nodes sending sig-
nals to node S  determine its state in the next time 5

step, .

Concerning genes, there are two different types 
that differ in how they react if they do not get an 
input signal anymore, so the sum of their input sig-
nals is 0. One type keeps sending its signal; the 
other is inactivated. The first behavior is regarded 
in our gene modules by using bistable thresholds, 
the second by normal thresholds.
Note that there is no central clock signal; the be-
havior of the whole network depends only on the 

a  = 0 + 2 -1 +1 = 2 i

t t + t, 

t + t 

t + t

activating and inhibiting connections between 
genes, the thresholds and the chosen time delay 

(RC and hysteresis).
Our yeast model at first consists of, as we already 
said, 11 nodes representing about 20 key genes of 
the baker's yeast network. By this, we display the 

Dt 

Lectron

For the description for this example, see text.
Only the  lines and numerals are
important.
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heart of the gene regulatory network. Every node is 
connected to certain other nodes to express possi-
ble effects between the corresponding genes and 
proteins. In the following table the genes are listed 
with their names, like Cln3, SBF and MBF, on the 
left and the top, and their connections below.
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Admittedly hundreds of genes are involved in cell 
division, but only these 11 are responsible for the 
central regulation and control. In the table there 
is an additional listed, named Start, whose 
only purpose is to start a new run automatically 
after a complete run of the simulation is finished. 
We don't have to initiate it manually; it runs 
periodically. In nature, this start signal is 
triggered when the cell has reached a sufficient 
size.
In the table, -1 in a column means an inhibiting 
signal with the weight 1, and +1 is an activating 
signal with the weight 1. At first there are no other 
weights than 1 in this example. The last column, 
threshold , lists the corresponding threshold of the 

gene that has to be reached by the sum of all input 
signals to activate the gene. Except for the Start 
gene, all thresholds are +1; the additional b means 
bistable.

»gene« 

» «

 tofrom Start Cln3 SBF MBF Cln1,2 Sic1 Clb5,6 Cdh1 Clb1,2 Mcm1 Cdc20/14 Swi5 Threshold

Start 0 -1 0 -1 0 0 0 0 -1 0 0 -1 0

Cln3 +1 0 0 0 0 0 0 0 0 0 0 0 +1

SBF 0 +1 +1 0 0 0 0 0 -1 0 0 0 +1b

MBF 0 +1 0 +1 0 0 0 0 -1 0 0 0 +1b

Cln1,2 0 0 +1 0 0 0 0 0 0 0 0 0 +1

Sic1 0 0 0 0 -1 +1 -1 0 -1 0 +1 +1 +1b

Clb5,6 0 0 0 +1 0 -1 +1 0 0 0 -1 0 +1b

Cdh1 0 0 0 0 -1 0 -1 +1 -1 0 +1 0 +1b

Clb1,2 0 0 0 0 0 -1 +1 -1 +1 +1 -1 0 +1b

Mcm1 0 0 0 0 0 0 +1 0 +1 0 0 0 +1

Cdc20/14 0 0 0 0 0 0 0 0 +1 +1 0 0 +1

Swi5 0 0 0 0 0 0 0 0 -1 +1 +1 0 +1



We find the list of connections of the setup in the 
table above. In order to make it easier to view, it is 
displayed in a figure on the right.
The circles are the single genes and their names; the 
number in the circle is their threshold. The direction 
of signals is marked with an arrow for activating 
signals. Inhibiting signals have a crossbar at the 
recipient's side instead of the arrowhead. Bistable 
genes have an additional loop and are marked in 
black; normal ones are displayed in blue.

Swi5 has the threshold +1, so it has a blue circle 
with a +1; it receives an inhibiting signal from 
Clb1,2 and an activating signal from both Mcm1 
and Cdc20/14. It itself sends an inhibiting signal to 
Start and an activating signal to Sic1. Both signals 
are listed in the next-to-last column with -1 and +1 
below Swi5.
A possible compact setup with gene modules 
already adjusted to the same time delays 
(hysteresis = 0.8, RC = 4.5s) and correct thresholds 
based on this figure is displayed on the next page.

An example for the connections, last one Swi5 of 
the table, goes like this:

Lectron

SBF

Start
Cell Size

Cln3

MBF
Sic1

Clb1,2

Clb5,6

Mcm1/SFF

Swi5Cdc20/14

Cdh1

Cln1,2+1

+1

+1

+1+1

+1

0

+1

+1

+1

+1

+1

Dashed lines are only necessary
for a periodical start

Saccharomyces cerevisiae
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Before we apply the supply voltage module, we 
double-check that our setup is correct. Under no 
circumstances can the outputs +A and -A be con-
nected to the supply voltage or to each other; oth-
erwise irreparable damage will occur to the gene 
modules. Also, it is good to check that all toggle 
switches are in position ; otherwise the desired 
process probably won't work. And here is a last pre-
liminary remark: In a big setup like this, the magnet 

»C«

Lectron
at the bottom of the supply voltage module that is 
also used as a heat sink becomes quite warm. After 
applying the supply voltage, the simulation of the 
cell division cycle should start itself. First, the green 
LED of the Start gene module turns on, a little later 
its red one, and as a consequence Cln3 will be acti-
vated. We can also see this easily in the connection 
diagram. There we find that next SBF and MBF are 
activated while Start will be turned off. After this it 

becomes difficult to predict what will happening 
only by looking at the connection diagram. The 
table on the left will help us along. It indicates with 
1, which genes are active, and with 0, which are 
inactive. Changes in a time step are marked in red.
The additional gene module Start is in the table, too, 
but distinguished from the others by the use of thin 
letters.
In the very first run Cdh1 and Sic1 are not yet 1, so 
are inactive. We can change that by switching the 
three-position toggle switch to for a 
moment and then back to , but we don't have to. 
The simulation starts anyway and in the second run, 
everything acts like the table predicts.
At this point, a tip: If the simulation runs differ-
ently or not at all, debugging is inevitable. Probably 
the wiring is incorrect and has to be carefully 
checked. We can see whether all modules are con-
nected with the supply voltage if we switch to the 

position. All red LEDs should light. Don't for-
get to switch back to the position. In this table 
we do not see how long the gene module remains in 
its active or passive phase. We find that out if we, 
for instance, film it with a digital camera and at the 
end, note the times when the red LED of each gene 
module started or stopped being lit. Then we get a 
diagram like the one on the next page.

»max« 
»C«

»max« 
»C« 

Step Start Cln3 MBF SBF Cln1,2 Cdh1 Swi5 Cdc20/14 Clb5,6 Sic1 Clb1,2 Mcm1 Phase
0 0 0 0 0 1 0 0 0 1 0 0 Start
1 1 0 0 0 1 0 0 0 1 0 0 Start
2 0 0 1 0 0 0 1 0 0 G1
3 0 0 1 1 1 0 0 0 1 0 0 G1
4 0 0 1 1 1 0 0 0 0 0 G1
5 0 0 1 1 1 0 0 0 0 0 0 S
6 0 0 1 1 1 0 0 0 1 0 G2
7 0 0 1 0 0 1 0 1 1 M
8 0 0 0 0 0 1 0 1 1 M
9 0 0 0 0 0 0 1 1 0 1 1 M
10 0 0 0 0 0 0 1 1 0 1 1 M
11 0 0 0 0 0 1 1 0 1 0 M
12 0 0 0 0 0 1 1 0 1 0 0 G1
13 0 0 0 0 0 1 0 0 1 0 0 G1

1
1

0 1 1
1

0 0
1

1 1
0 0 1

0 1 0
1

0
1 0

0
0

77



The diagram on the right shows a possible temporal 
progression of the simulation with the periodic 
start. As the time scale on the upper side shows, a 
complete run takes 138 seconds. The time steps 
from the table are marked with red bars. They have 
different widths because in our first RC adjustment 
of our modules, some don't change their activity at 
the same time. Especially in step 8, when this hap-
pens, a transition area results. By a new fine-tuning 
(careful changing of RC and hysteresis) we can try 
to minimize these areas.
The last column of the table above tells us four 
phases, G1, S, G2, and M, which run in this order in 
the cell cycle of all eukaryotic cells:
The doubling of the DNA in the synthesis or S-phase 
is temporally separated from the distribution of the 
DNA to the daughter cells, which happens in the 
mitosis or M-phase. These two phases of the cycle 
are separated from each other by interposed 
intermediate phases called gap phases. The gap 
phases G1 and G2 enable a control to ensure the 
previous phase of the cell cycle has been completed 
correctly and that the genetic information has not 
been damaged. Additionally the cell decides in the 
first gap phase G1 if it begins another cell division.
We can see from the time diagram which gene is 
active in which phase. To make the connection 
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blue self-reducing
black bistable
all thresholds +1(except Start = 0); Hyst = 0.8 ; RC = 4.5s
period 138s

Cln3
MBF
SBF

Cln1,2
Cdh1
Swi5

Cdc14/20
Clb5,6

Sic1
Clb1,2
Mcm1

140120100806040t/s 1600 20

7654 982 3 10 11 12 131 21 3 4

(Start)

0

0

40

48

1 49

6111

15-8

21

21

29 58

88

57 107

48 97

69

38 79

38 89

-18 6 120 144

159

159

153130

138

139

149

Start G1 S G2 M G1 Start

G1: The cell is growing and starts its division.
S: DNA is produced and the chromosomes are copied.
G2: Gap phase.
M Chromosomes are separated and the cell divides,
    the process of mitosis takes place.
    At the end of the M phase the cell starts the G1 phase
    and the cycle is completed.
G1, S, G2 form the so-called intermediate phase.



G1

G2

SM

= cell nucleus

between simulation and reality clear, there are 
sketches and photos of the cell in the four phases.
When the simulation runs as desired and we are 
familiarized with the usual course, we can make 
modifications to the simulation model. Changing 
the time adjustments usually causes longer 
transition areas, but they can disturb the course 
seriously, too.
But we can interfere even more and turn single 
genes off; in a real cell this would be a mutation. If 
we switch the corresponding three-position switch 

Lectron

to this is equivalent to a so-called knockout 
mutant. Transferred to the biological process, this 
means that the protein is no longer produced. We 
can also simulate the opposite, the permanent 
production of a protein. Just switch one of the 
genes to the position.
Mutants like this and even multiple mutants are 
well-studied, and it is known which mutants survive 
and which mutations stop cell division, resulting in 
a cell that is unable to reproduce itself. In our setup 
it is easy to find examples for each of these.

»0«, 

»max« 
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The attractor in the simulation model

»0«

For the simulation, we used 11 gene modules if we 
don't count the Start module. That one came into 
play only because we wanted the simulation to be 
periodic. If we shut it down (switch it to ), the 
simulation can be started with the Cln3 module 

manually. Switch it to the position for a mo-
ment. The usual simulation runs once. But we can 
also start the simulation with different initial con-
ditions.
Since we used 11 modules and each of them has 
two states (active and inactive), we could display 

112  = 2048 different states with the modules of our 
setup. The red LED shows if a module is active or 
not.
In a usual run of the simulation we find only 13 of 
these states, as listed in the table. If we set all 
modules by hand and quickly switch all of them 
back to position, the simulation starts from 
this randomly chosen initial situation. If we did 
this with all of the possible 2048 initial situations 
and noted the respective time courses in detail, 
we would find a very interesting result: 1764 
(86%) of them lead over intermediate states to 
one of the 13 states we saw in the usual sequence.
In the figure on the previous page, this sequence 
tree is displayed [12]. Each circle is one of the 
1764 states; the 13 small blue circles are con-
nected by blue arrows forming the so-called at-
tractor. Once the attractor is reached, it runs to 
the end, so to G1 phase (blue point on the bottom). 
If we bring it back to the automatic start, it will be 
almost irrelevant in which state the network 

»max« 

»C« 

Lectron
starts. After one run, the sequence of states will 
follow the attractor, and it will not be left again in 
the following runs. So if the network jumps to a 
state outside the attractor due to a disturbance, 
the chance will be high that its course leads back 
to it and the next cycle is the usual again.
With regard to the modeled biological process, 
this means that the division's cell cycle is robust 
against disturbances.
Of course you will wonder if the appearance of 
such a strong attractor in a network of this size 
might be a coincidence or perhaps, for example, a 
result of evolution. Simulations with 1000 ran-
dom networks of the same complexity, same num-
ber of connections, and same gene module ad-
justments showed that the typical attractor is 
smaller. The average size is about 40% (compared 
with 86%). This could be an indication that the 
size of the biological attractor is optimized to get 
additional dynamic robustness.
Here, our considerations about the simulation net-
work of baker's yeast come to an end and we con-
tinue with a 

useful way of fine-tuning 
our modules before building the network of another 
yeast.

small comment on how to control our 
circuits with light and a 
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Experiment 28
Light-dependent division of baker’s yeast

Using the example of yeast we would like to show a 
simple way to simulate light-dependent processes. 
By insertion of a photoresistor to the setup, we can 
ensure that the cyclic restart only occurs with suffi-
cient light. The photoresistor, made of cadmium sul-
fide, has a resistance of about 100 to 500 in 
strong light, and is in fact conductive when connect-
ing an output of one gene module with the input of 
another. In the dark, the resistance increases to 
10M, which acts like an interruption of the line.

If we connect the +A output of Sic1 via the 
photoresistor to an input of Cln3 (the setup of the 
yeast network is changed a little to enable this) and 
increase its threshold to +2, the cycle can only be 
started if the photoresistor detects enough light.
The picture on the right containing part of the setup 
shows that the opposite can be done by a little 
change in the circuit. Now the division will only be 
started if it is dark. The threshold has to be +1 again. 
This also works with other circuits like the oscillator 
(right picture).
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Experiment 29
Fine adjustment of the delay

In the schematic dia-
gram a standard RC value

The big yeast network in our next-to-last experiment 
has shown us the activation pattern of a real yeast cell, 
if correctly built, without a lot of meticulous adjust-
ments. That is surprising, isn't it? 

 of the simulation model,  is 
given for its base adjustment, which is equal for every 
gene module. It appeared to work well enough. Actu-
ally, this is a basic feature for biological networks. We 
will observe that they are really modest in their imple-
mentation: They don't need vernier adjustments; the 
opposite is the case. It is sufficient if every gene is ap-
proximately simulated. After all, this is simply logical, 
because in the soup of signals in a cell, the process is 
even less finicky. Last but not least, this also forms the 
basis for the secret of this LECTRON construction kit: 
Our simulations take advantage of this extreme ro-
bustness (reliability in the presence of a lot of inaccu-
racies) of biological circuits.

Lectron
However, in some experiments it is important that 
gene modules are equal to each other. For example, if 
we want to get a precise time history of the previous 
yeast simulation, or study the dynamics of the net-
works in slow motion.
The tolerances of the internal capacitors of the gene 
modules are quite big (20%), which results in a differ-
ent rate of charging and discharging of the capacitors, 
although the adjustments are identical. However, we 
can equalize the modules with a fine adjustment by 
the following approach: We set the claimed delay and 
the right hysteresis and start them simultaneously by 
applying the power supply module. All modules are set 
as oscillators, so after a short period of time all the red 
LEDs will flash, but not at the same time because of 
the tolerances. We choose one module whose LED 
flashes in a timely middle area as a reference and 
carefully alter the time constants (RC) of the modules 
that flash sooner or later in the right way. Afterward 
we remove the power supply module, wait 10 seconds 
or so (the capacitors have to discharge) and then add it 
back to our setup. The time differences between the 
LEDs turning on should now be less, or even zero; they 
can be further minimized if we allow the modules to os-
cillate more often, because the tolerances add up and 
then can better be observed. This way we construct a 
basic setup with all gene modules identically adjusted.

» « 
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Experiment 30
Simulation model of fission yeast

The fission yeast Schizosaccharomyces pombe, 
whose propagation cycle we want to simulate next, 
is another type of fungus that reproduces itself, but 
in this case, not by budding of daughter cells, but by 
division of the cell into two halves (see figure) [13]. 
It is an elongated single-celled eukaryote that is 
also used as a model organism in molecular and cell 
biology. The genomic DNA sequence of this yeast 
was published in 2002.
The table shows that its division can be simulated 
with nine gene modules. In addition to that, we will 
again use a Start module to make the network run 
periodically. Just as for the first yeast, the weights 
of the signals are only +1 or -1. The thresholds are 
similar, too.
To make the setup with the gene and connection 
modules easier, we have transformed the matrix in 
the table to a graphic. It is displayed on the next 
page.

 tofrom Start SK RUM1 Wee1 Ste9 Cdc2/13 Cdc25 Cdc2/13* Slp1 PP threshold

Start 0 -1 0 0 +1 0 0 0 0 -1 +1

SK +1 0 0 0 0 0 0 0 0 0 +1

RUM1 0 -1 +1 0 0 0 0 -1 0 +1 +1b

Wee1 0 0 0 +1 0 -1 0 0 0 +1 +1b

Ste9 0 -1 0 0 +1 0 0 -1 0 +1 +1b

Cdc2/13 0 0 -1 0 -1 0 0 0 -1 0 0

Cdc25 0 0 0 0 0 +1 +1 0 0 -1 +1b

Cdc2/13* 0 0 -1 -1 -1 0 +1 0 -1 0 +1

Slp1 0 0 0 0 0 0 0 +1 0 0 +1

PP 0 0 0 0 0 0 0 0 +1 0 +1

Fission
yeast

Baker‘s
yeast
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Saccharomyces pombe

Ste9

Start
Cell Size

Sk Rum1

Cdc2/Cdc13

Cdc25

Wee1/Mik1

Cdc2/Cdc13*

Slp1

PP +1

+1

+1

+1

+1

+1

+1

+1

0

+1

Dashed lines are only necessary
for a periodical start
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One possible setup for the simulation resulting 
from the connection diagram is displayed on the 
next page. Since we need one gene module less, the 
setup is a little easier than it was for the first yeast. 
There is a specific feature noted in the setup dia-
gram. Aside from that, all controls and precautions 
about setting up the operation of the first yeast 
cycle simulation apply.
If the simulation runs without errors, the sequence 
of activity and inactivity in the table should occur. 
The time diagram shows a possible run that is 
already optimized concerning small transition 
areas. The period is 87 seconds.
Here we can also be quite sure that changing 
thresholds or permanently activating or inactivat-
ing gene modules have a biological counterpart 
that leads to viable or nonviable mutations.

We take the fission yeast as an example to take a 
look at how we can simulate mutations with gene 
modules [14]. Thus we deactivate single genes in 
the correctly working model (which represents the 
so-called wild type of fission yeast) by switching 
them to the »0« position and restarting the cycle. 
The most exciting question is whether a mutant will 

Mutations
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compensated for by the connection
from -A Rum1 to E5 Wee1.
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be viable and, in particular, capable of replication or 
if the cell cycle gets stuck in an intermediate state 
(or fixed point).
Let’s take a close look at some special mutants. If 
you deactivate Wee1, the cell cycle seems to run 
without problems. You can see the same things 
happening as without the mutation, so this system 
is viable. Real mutants of fission yeast that are 
created by a knockout of the Wee1 gene act as 
predicted: they divide and are viable!
If we deactivate the three genes Ste9, Rum1, and 
Wee1 at once, an oscillation between the other 
genes (except for SK and Start) occurs. This is 
equivalent to a permanent M phase. The cell should 
divide without going through the other phases in 
which the cell grows and replicates its DNA. The 
mutation forms diseased tissue and therefore is not 
viable. In fact, real fission yeast with this triple 
knockout won't divide.
If Wee1 and Cdc25 are deactivated in a double 
knockout, there will soon be a fixed point where 
only Cdc2/13 is active. Because Cdc2/13* is not 
activated, the M phase cannot start, so the system 
is stuck in G2 phase. This means it keeps growing 
without dividing. This mutant isn't viable, either. 
The same happens when only Cdc25 is deactivated. blue self-reducing     black bistable      all thresholds +1, except Cdc2/13 (0)     Hyst = 0.8;     RC  4.5s, except Start (0.1s)    period 87s

Sk
Rum1
Ste9
Wee1

Cdc2/13
Cdc25

Slp1
PP

Start

706050403020100t/s 9080

7  M654  G2/M3  G22  G1/S1    G10  Start 98 (0  Start)

101
Cdc2/13*

Step Start Sk Rum1 Ste9 Wee1 Cdc2/13 Cdc25 Cdc2/13* Slp1 PP Phase
0 0 1 1 1 0 0 0 0 0 Start
1 1 1 1 0 0 0 0 0 G1
2 0 1 0 0 0 0 0 G1/S
3 0 0 0 0 1 0 0 0 0 G2
4 0 0 0 0 1 0 0 0 G2
5 0 0 0 0 0 1 1 0 0 G2/M
6 0 0 0 0 0 1 1 1 0 G2/M
7 0 0 0 0 0 1 1 M
8 0 0 0 0 1 M
9 0 0 1 1 1 0 0 0 0 G1

1
0 1

0 0 0
1

1
1

1
0 0 1

1 1 1 0 0
0

0
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Attractor of fission yeast

Just like baker's yeast, there is a graphically impres-
sive attractor. It is displayed above and contains, 

10taking into account the Start gene, 2  = 1024 
states. This time all of them are displayed. The usual 
path is marked clearly with blue arrows; those are 
the states we find in the table. The attractor is not 
quite as dominant as in baker's yeast. Still, 73% of 
the possible states lead to the same final state of 
the cell cycle.

91

This indicates that Cdc25 is the most important 
gene to enter the M phase. This is consistent with 
the interaction matrix because Cdc25 activates 
gene Cdc2/13*, which is important for the M phase. 
If you deactivate Cdc2/13, there will also soon be a 
fixed point with only Wee1 activated, because 
Cdc2/13 will activate Cdc25, so the M phase can 
start. Since this does not happen, the cell is not 
viable.
If you now deactivate Ste9, the cell cycle runs once 
and then remains in a fixed point with only Rum1 
and Wee1 activated. Because it is Ste9 that 
reactivates Start in our model, the cell cycle can't 
be restarted without help. So the model remains in 
G1 phase. But the mutation is viable because it runs 
through the whole cycle, and in real cells, the start 
signal is made by the growth of the cell.
Experiments show that the real Ste9 knockout 
mutant is capable of replication. If only Rum1 is 
deactivated, an oscillation between all genes 
except for Start, Ste9, and SK occurs.
Theoretically a cell cycle with only Rum1 deacti-
vated should be no problem, and indeed this is what 
the real Rum1 mutant does. Finally, we deactivate 
SIP. A fixed point occurs with Cdc2/13, Cdc2/13*, 
and Cdc25 active. SIP is responsible for activating 

PP, which activates Wee1, Rum1, and Ste9, so it 
restores the steady state. Without this gene the G1 
phase cannot start, and the system is not viable. 
This has been observed in nature, too.
These mutations show that interference with 
certain parts of the network has a more or less 
heavy impact on the cell cycle, and we can compre-
hend this with our model. We are even able to 
predict if a certain mutant will be viable or not. It 
surely is amazing what this little experimental kit 
can do, isn't it?
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Experiment 31

»

«

Simulation of Arabidopsis

» « 

Arabidopsis thaliana (thale or wall cress) is a plant in 
the cabbage family. According to an online 
encyclopaedia, Arabidopsis is native to Europe, Asia, and 
northwestern Africa. It also appears to be native in tropical 
afroalpine ecosystems. It is an annual (rarely biennial) plant, 
usually growing to 20-25 cm tall. The leaves form a rosette at 
the base of the plant with a few leaves also on the flowering 
stem. The flowers are 3 mm in diameter, arranged in a corymb 
[a cluster with all the flowers at the same level]; their structure is 
that of the typical Brassicaceae [cabbage family].
We want to deal with the plant and simulate the de-
velopment of its blossoms. Why this plant in particu-
lar? Well, in the 1940s it was chosen as a genetic 
model organism and by now it is the house plant of 
molecular geneticists. With its short life cycle, it is 
well suited for experiments on mutations. From our 
perspective, no other plant is studied more than A. 
thaliana.
The development of the different petals is regulated 
by the interaction of a few genes. To simulate this, we 
want to use the ABC model. This model contains three 
groups: A, B and C. For the sake of convenience, the A 
group just contains the gene AP1. Normally the gene 
AP2 is also included, but it is not as important, so we 
will ignore it.

Group B contains the genes AP3 and PI. The last 
group, C, only contains AG. A and C inhibit each 
other; therefore, if C is active, A is not and vice versa. 
The genes in A and both of the genes in group B 
control how the blossoms develop. To simulate this, 
we choose a model that was published in 1998 by 
Luis Mendoza and Elena R. Alvarez-Buylla [15].

When the A genes are activated, the sepals grow.
When the B genes are also activated later on, the 

combination of both groups ensures the develop-
ment of the blossoms.

If C is active, A is inhibited. At that point, B and C 
are able to develop the stamens.

When B becomes inactive, C is responsible for 
developing the carpels.
The published model which we want to use for our 
simulation has to be adapted to the circumstances 
because some attributes will not be implemented 
off-hand. The gene modules just have five inputs; 
however, LFY and AG need six input signals, PI and 
AP3 need seven, and AP3 needs eight. The corre-
sponding matrix of all genes and their interconnec-
tions, which still needs to be adapted, is shown in 
the usual way.
With some consideration it is possible to change 
the matrix in a way that our gene modules can 
handle the situation.

1. 
2. 

3. 

4. 

1. To turn off TFL1, a -2 signal is not needed; -1 is 
enough. TFL1 is activated when the gene EMF1 is 
activated. TFL1 is not activated when LFY gives 
only a -1 signal (instead of -2). This process doesn't 
depend on EMF1! Therefore, we save one input.
2. The gene LFY needs the signal +4; however, its 
maximal input is +3 (+2 from AP1 and +1 CAL). The 
missing signal has to be generated manually by 
switching the toggle switch to max . The LFY 
module turns off shortly after switching back to C .
3. The threshold of AP1 is 0. The gene modules 
EMF1 and AG each deliver a -1 signal (this adds up 
to -2). To turn AP1 on, the +2 signal from LFY is 
enough, which normally provides a +5 signal.
4. CAL just gets a +1 signal from LFY, instead of +2. 
We decrease the threshold from +2 to +1, so it fits 
again.
5. AG actually gets six input signals. That is one too 
many. TFL1 and AP1 separately turn off AG with 
their -2 signals. In an OR operation, an additional 
gene module (OR) generates a single signal from 
these two signals that sends the -2 signal to AG if 
at least one of its input signals (AP1, TFL1 or both) 
= 1.
6. Eventually it is possible to decrease the weights 
of the signals that activate AP3 and PI without 

» «
» «
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changing anything essential. These two signals are 
weighted +3 and +4, respectively, from LFY. They 
are now decreased to +2.
In fact, UFO gives a +2 signal to AP3; however, a +1 
signal is sufficient, and finally the -2 output signal 
from SUP to AP3 is changed from -2 to -1.
Unfortunately we had to use a gene module for the 
OR connection; therefore, one module is missing for 
the setup. We need 13 modules, but some genes do 
not influence the dynamic as strongly as others, so 
therefore we can omit them. These are LFY and UFO. 
We have decided to omit UFO.
We will mention that it is possible, too, to build the 
OR operation with two Schottky diodes instead of a 
gene module. In that case, this module would be 
free to use. We will get back to this special setup 
later ( though. That circuit 
should only be built by people with basic knowledge 
of electronic engineering. A reverse connection of 
the diodes can lead to destruction of the circuit, 
because then both outputs work against each other.
The modified matrix for simulating the blossom 
development of A. thaliana then looks as shown, 
with the modifications marked in red. The connec-
tion diagram is illustrated on the next page to help 
manage the setup without errors. 

without using UFO), 

The illustration of 
a possible compact setup then follows.

correct function of what is being set up. That is why 
both modules CAL and SUB can be closely spaced.

Note: The construction of the gene module allows 
us to connect unused inputs of different modules 
(in contrast to their outputs) without affecting the 

 tofromEMF1 TFL1 LFY AP1 CAL LUG UFO BFU AG AP3 PI SUP Threshold

EFM1 0 0 0 0 0 0 0 0 0 0 0 0 +1

TFL1 +1 0 -2 0 0 0 0 0 0 0 0 0 +1

LFY -2 -1 0 +2 +1 0 0 0 0 0 0 0 +4

AP1 -1 0 +5 0 0 0 0 0 -1 0 0 0 0

CAL 0 0 +2 0 0 0 0 0 0 0 0 0 +2

LUG 0 0 0 0 0 0 0 0 0 0 0 0 +1

UFO 0 0 0 0 0 0 0 0 0 0 0 0 +1

BFU 0 0 0 0 0 0 0 0 0 +1 +1 0 +2

AG 0 -2 +1 -2 0 -1 0 0 0 0 0 0 0

AP3 0 0 +3 0 0 0 +2 +1 0 0 0 -2 +1

PI 0 0 +4 0 0 0 +1 +1 0 0 0 -1 +1

SUP 0 0 0 0 0 0 0 0 0 0 0 0 +1

12193
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 tofrom EMF1 TFL1 LFY AP1 CAL LUG UFO BFU AG AP3 PI SUP Threshold

EFM1 0 0 0 0 0 0 0 0 0 0 0 0 +1

TFL1 +1 0 0 0 0 0 0 0 0 0 0 +1

LFY -2 -1 0 +1 0 0 0 0 0 0 0

AP1 -1 0 0 0 0 0 0 -1 0 0 0 0

CAL 0 0 0 0 0 0 0 0 0 0 0

LUG 0 0 0 0 0 0 0 0 0 0 0 0 +1

UFO 0 0 0 0 0 0 0 0 0 0 0 0 +1

BFU 0 0 0 0 0 0 0 0 0 +1 +1 0 +2

AG 0 -2 +1 -2 0 -1 0 0 0 0 0 0 0

AP3 0 0 0 0 0 +1 0 0 0 +1

PI 0 0 0 0 0 +1 +1 0 0 0 -1 +1

SUP 0 0 0 0 0 0 0 0 0 0 0 0 +1

-1

+1 +3

+2

+1 +1

+2 +1 -1

+2

The simulation of flower development, or morpho-
genesis, consists of six more-or-less independent 
steps that have to occur individually. These single 
steps are:

The following shows how to handle the single steps 
in morphogenesis.
At the beginning of flower morphogenesis, gene 
EMF1 is activated by adjusting the toggle switch to 

. Thus gene AP1 in A is inhibited. But EMF1 
also activates TFL1, which again activates the OR 
gene and thereby inhibits AG in C.

1. Activation of gene A (AP1).
2. Activation of genes B (AP3 and PI).
3. Inhibition of gene A (AP1).
4. Activation of gene C (AG).
5. Inhibition of genes B (AP3 and PI).
6. Inhibition of gene C (AG).

»max«
»

« 
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Arabidopsis thaliana

AG 0

CAL +1

AP3
+1

EMF1 +1

OR
+1

AP1 0

SUP
+1

PI
+1

BFU
+2

LFY
+3

TFL1+1

LUG +1

UFO +1

petal

sepal
short
stamen

carpellong stamen
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Activation of genes in group B

The next table shows in the same manner the development of the dynamics with respect to the B genes.

LFY1 has to be activated manually. AP3 and PI are still turned off.
LFY1 activates both B genes AP3 and PI
These two offer BFU the incoming signal to become activated
LFY1 can get switched off while BFU keeps the two B genes active

t LFY PI AP3 BFU
0 1 0 0 0
1 1 1 1 0
2 1 1 1 1
3 0 1 1 1 .

To this point, both B genes are activated and build petals together with A.

ferent states of all genes; 1 means activated gene, 
and 0 means that the gene is either deactivated or 
inhibited. At the end, gene A, (AP1) remains acti-
vated, and the development of the sepals occurs.

t EMF1 TFL1 AP1 LUG AG OR
0 1 1 0 1 0 1
1 0 1 0 1 0 1
2 0 0 0 1 0 1
3 0 0 0 1 0 0
4 0 0 1 1 0 0
5 0 0 1 - 0 1

97

Activation of gene AP1

First the toggle switch of gene-modul LUG has to 
be switched to , so gene AG in C gets inhib-
ited. Otherwise, C would inhibit A constantly. To ac-
tivate gene AP1 EMF1 has to be deactivated manu-
ally. This also deactivates TFL1 and OR. Gene AP1 in 
A starts activating due to EMF1 being turned off. 
Gene A enables OR which inhibits C. This happens 
quite slowly because the RC-time is set to > 1.5s. 
Later LUG can be set arbitrarily because OR will in-
hibit C . The table represents the dif-

 in A

»max«

continuously
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Inhibition of genes in group 

When A gets deactivated it does not inhibit gene C (AG) anymore.
The table shows the sequence. In this case it is quite easy to inhibit A

This is still the initial state: AP1 and OR are still on; EMF1 is still off
EMF1 gets activated manually
TFL1 is activated by EMF1
TFL1 activates OR and inhibits gene A directly

Activation of gene C

Now A is deactivated. Usually C would not be inhibited anymore. But in this case EMF1 has to be turned off 
again. Then TFL1 and later OR get deactivated as well. Although A is not inhibited anymore, it cannot activate 
OR fast enough, so this building block does not inhibit C. This happens because the RC time of A is higher than 
the RC times of other blocks. C gets activated due to its threshold of 0 and the missing signal from LUG. When 
C is active A has no chance to remain on and provide an inhibiting signal to OR. C remains active.

EMF1 gets deactivated once
Thus TFL1 turns on as well
As a result, there is no incoming signal for OR
At the end C activates itself while inhibiting A

Together, gene C and genes B build stamens.

A

t EMF1 TFL1 OR AP1
0 0 0 1 1
1 1 0 1 1
2 1 1 1 1
3 1 1 1 0

t EMF1 TFL1 OR AP1 AG
0 0 1 1 0 0
1 0 0 1 0 0
2 0 0 0 0 0
3 0 0 0 0 1
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Inhibition of the B genes

To inhibit the B genes, it is necessary to activate SUP manually. This inhibits both B genes, PI and AP3.
These genes cannot offer BFU the needed signals, and therefore BFU cannot keep both B genes active.
At the end, SUP can be set arbitrarily.

First the two genes AP3 and PI (group B)and BFU are still active
SUP has to be activated manually
The signal will inhibit both B genes, AP3 and PI
BFU does not get signals anymore and becomes deactivated
SUP can be turned off again; the B genes will not get activated anymore

Due to missing B, gene C starts to build carpels.

Inhibition of gene

To complete flower morphogenesis, C has to be enabled again. Afterward, the sequence can repeat itself.
Manual activation of EMF1 leads to the activation of TFL1 and OR. The last electronic gene building block, OR, 
inhibits C. In the end, all genes that affect the formation of flowers (flower morphogenesis) are enabled.

t SUP PI AP3 BFU
0 0 1 1 1
1 1 1 1 1
2 1 0 0 1
3 1 0 0 0
4 - 0 0 0

 C

t EMF1 TFL1 OR AG
0 0 0 0 1 AG (group C) is the only active gene.
1 1 0 0 1 EMF1 is activated manually.
2 1 1 0 1 TFL1 is activated by EMF1.
3 1 1 1 1 TFL1 activates OR.
4 1 1 1 0 OR turns off AG (group C).

Unfortunately the simulation of flower morphogenesis is not self-releasing due to the missing inputs of the blocks.
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Digression
Automatic processing of the sequence of 
flowering

Of course it is not very elegant to use manual switches 
to continue a simulation. During the blossom's emer-
gence in the real flower, external signals ensure that 
the next step starts when the previous one was prop-
erly executed. We have to simulate these signals in 
our model manually.
Another possibility would be to generate these exter-
nal signals artificially each time from the previous 
step, as we did in the yeast network with the Start 
module when a complete round of cell growth started 
the next cycle. In a little digression, we will implement 

such a procedure with the following experiments.
Those who are more interested in modeling other fea-
tures in biology can skip this part and continue with 
the next biological example, the larva of the flour bee-
tle in experiment 39.
Those who want to follow this digression and learn 
something about the dynamics of autonomous net-
works will be rewarded with an aesthetically pleasing 
blinking Arabidopsis network. We will need additional 
logical connections, which we will simulate in the 
manner of electrical engineering by diodes and resis-
tors.
To do this, we need to rebuild the setup (see next 
page). It looks full of holes, but we will fill the holes 
soon.

Lectron
Experiment 32
Signal combination by diodes

First we replace the gene module OR, which simply 
combines two signals, with a diode OR logic element 
that is often used in digital technology. We get the 
circuit shown and free up a gene module for further 
application. Schottky diodes qualify best for this 
purpose due to their low threshold voltage (U  th

0.2V). When we test the modified circuit, we will 
see that it processes similarly to the original one.
Now on to how the OR operation works. When at least 
one of the -A signals of AP1 OR TFL1 is active, e.g., 
when one signal output has -8V, we want AG to get an 
inhibiting signal with weight -2. Connecting the diodes 
as shown, a negative output potential at one of the 
involved gene modules dictates the potential of the 
diode OR logic element. The possible 0V potential of 
the other gene module doesn't interfere: The corre-
sponding diode blocks and decouples the outputs. The 
resulting signal has to be connected to two inputs of 
the AG module because the weight is -2. This circuit 
can be extended to more signals if a receiving module 
doesn't have enough inputs. But before that we have 
to take a closer look: It is ideal if the signals that have 

≈?
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to be combined are active at different times. Then they 
use one input together. Being active at the same time 
gives them a lower weight, and we will have to check 
whether it's possible to compensate for this by 
changing the threshold.
If you want to combine two or more +A signals with an 
OR conjunction, the diodes have to be rotated 180 . 
Then the high potential always determines the result 
without being influenced by a possible 0V output 
signal at the other module (see the middle figure).

°

It becomes a little more complex if we want to 
combine two or more +A signals in an AND operation. 
A resistor and one diode per signal are required. The 
circuit works like this: Only if all output signals are 
active (8V) is the combined signal 8V, too. As long as 
there is at least one 0V output, this one determines the 
combined signal.
If all involved signals are active (8V), all diodes are 
blocked; the connected module now gets its high 
potential from the resistor, which therefore may not be 

Lectron

too large since its value will be added to the 100k 
input resistance. However, it may not be too small 
either, since otherwise the cross-current that a 0V 
output has to cope with becomes too strong. Suitable 
values are 5.6k or 10k.
The AND operation of -A signals again requires 180
rotated diodes and a resistor, this time connected to a -
8V potential, which usually isn't available and 

° 

would 
have to be produced by an additional electronic circuit.
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Lectron
to the U  potential; the LED flashes, DISCH becomes H

high resistance and everything starts again.
With the exception of the starting after connecting 
the power supply, the capacitor voltage moves back 
and forth between 2/3 and 1/3 of the power supply 
voltage, and both of the connected comparators 
alternately generate reset and set signals. The flip-
flop therefore delivers a nearly square-wave signal 
with a duty cycle t /T of about 0.5. With the chosen on

components, T is 1.4s.
The diode is important: Without it, a duty cycle of 
0.5 is impossible to reach, because the capacitor 
would charge via R1 + R2 but discharge only via R2. 
In general (without the diode), the turn-on time t  on

and the turn-off time t  areoff

To drive our network simulation, and especially to 
actuate EMF1, we increase the values of the 
components
R1 = (100+20)k, R2 = (470+100)k and C = 
therefore, we need space for extra resistors to vary the 
time.
Then we have enough time to operate the following 
output of the switches. We get the setup shown on the 
next page (experiment 34).

. .t  = 0,69  (R1 + R2)  Con

. .t  = 0,69  R2  Coff

With the diode R2 is equal to 0 in the first formula.

100µF; 
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Experiments 33 & 34
Clock generator with timer

» « 
for » « for 

When simulating the development of different 
flower leaves of A. thaliana, we notice quickly that 
the switch at the EMF1 gene module is often used 
manually and almost always when a new round of 
development of the four floral organs should begin. 
This is what we want to change and therefore auto-
mate.
The leftover OR gene module can be used as an os-
cillator, as we know from before. It would generate 
a signal that has a duty cycle t /T = 0.5, dependent on

on its RC adjustments, but that would not be opti-
mal. It would be better to have a signal that is on

a short period of time and off a long time, 
e.g., with a smaller duty cycle of 0.1 or even less.
For this purpose, the LECTRON timer module, which 
contains the well-known integrated circuit 555, is 

ideally suited.
In the setup with this module, the values of the 
capacitor and the resistor for the time determining 
RC part of the circuit are chosen as C = 
R1 = R2 = 10k; so after connecting the power 
supply, the operation of the circuit can be observed 
from the blinking of the LED. The output Q gives a 
square-wave signal with the desired properties.
If you are interested in electronic engineering, 
briefly, this is how this is achieved: At the starting 
point, the capacitor is empty and therefore the 
signal TRGG = U . The lower operational amplifier, L

working as a comparator, therefore generates a set 
signal for the flip-flop; Q gives the U  potential and H

the LED flashes. DISCH has high resistance. The 
capacitor charges slowly by an exponential func-
tion via R1 and the Schottky diode, which bypasses 
R2.
When the voltage is 2/3 of the power supply voltage, 
the upper comparator generates a reset signal for 
the flip-flop. Therefore, Q = U , the LED turns off and L

an internal MOSFET conducts current. Conse-
quently DISCH has almost the ground potential, 
and the capacitor discharges via R2.
When the voltage of the capacitor is less than 1/3 of 
the supply voltage, the lower comparator 
becomes active and its signal turns on the output Q 

100µF and 

» « 

» « 

 » « 
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Experiment 36
Turning on LFY automatically

The following change is more extensive. We will au-
tomate the switching of the LFY module. Therefore 
we need the OR gene module, which we will set as 
an auxiliary gene and therefore call AUX1. 
Previously we noticed in an experiment that the 
weight of the EMF1 signal given to LFY just needs 
to be -1 (instead of -2). By changing the wiring, we 
free one input of the LFY module.
The manual turning on overcomes the threshold +3 
of the module LFY. The automatically generated sig-
nal of the AUX1 module has to be connected three-
fold to the LFY module. We connect it directly to 
the input that just opened and get the other two by 
combining it with the +A signals of AP1 and CAL in 
an OR conjunction. The needed space is already pro-
vided in the setup. The AUX1 module is started with 
the +A signal of AP1. After adjusting the delay time, 
it becomes active and then starts LFY.
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Experiment 35
Switching LUG automatically

Next we consider how to save the manual switch-
ing of the LUG gene module by turning it on auto-
matically. LUG turns itself on if its threshold is low-
ered from +1 to 0.
It may turn off when AP1 is active. Therefore we 
connect -A of AG with one of LUG's inputs. Since 
when AP1 is no longer active later in the simulation, 
LUG would restart at an inappropriate time, we pre-
vent this by an additional inhibition with the -A sig-
nal of AP3. The changed circuit is displayed on the 
next page. We check that everything runs as desired.
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Experiment 37
Switching SUP automatically

Finally we have to replace the manual switching of 
SUP. An appropriate signal is the +A signal of the 
AG gene module. When it is active, it activates the 
SUP gene module, too, which turns off PI and AP3 
and then BFU. With the next clock signal of the 555 
timer module ENF1 becomes active, turns on AG 
(via TFL1) and therefore SUP is turned off and the 
cycle restarts.
It should be clear that the timer's frequency has to 
match the rest of the cycle, which depends on the 
RC times of each gene module. If something doesn't 
work properly, we can correct it by adjusting the RC 
times. The time determining electrolytic capacitor 
has an especially high tolerance of 20%, so the re-
sistor values written in the circuit diagram can vary 
a little. Before we show a time diagram of all signals, 
here is an overview with the additional (dashed) 
connections as they are used in the circuit.

AG 0

CAL +1

AP3
+1

EMF1 +1 Timer

AP1 0

SUP +1

PI
+1

BFU
+2

LFY
+3

TFL1+1

LUG 0

AUX1 +1

o
i tem
t

d

changed
threshold

OR combination
see p. 103
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Time diagram of the simulation of Arabidopsis 
flowering

 It 
was calculated as

so it matches very well.
The approximate RC value of each module is listed 
in the second column of the diagram, the hysteresis 
is in the third. They are chosen more or less ran-
domly and not optimized so they are only examples 
of values. We can change them cautiously and see 
how the time course responds. You certainly will  be 

The diagram shows how the single gene modules 
turn on and off, one after another, controlled by the 
timer. It is clear that first the timer signal activates 
EMF1, which is followed by turning the other gene 
modules on and off. The period of the timer is 49s.

. .t  = 0.69  100µF  120k = 8.2son

. .t = 0.69  100µF  570k = 39.3soff 

T = 47.5s,

Lectron
able to optimize them.

.

.

AG should be smaller than AP1, because by watch-
ing the green LED, we can observe that the capaci-
tor of AP1 starts charging, but is not quite fast 
enough to turn it on in a timely fashion, because AG 
becomes active in time to inhibit AP1. This critical 
point is marked with a green triangle in the diagram. 
Furthermore, you can find from the diagram that a 
full run takes two timer periods. Of course, we knew 
that before, because we had to turn EMF1 on 
manually twice
There is a relationship between the timer period and 
more or less the sum of the number of times the 
gene modules are active. The first should not be too 
short; otherwise the simulation gets out of step, 
because the timer doesn't receive feedback on how 
far the rest of the sequence of switching operations 
has run through the course. Instead, it persistently 
sends its clock signals and only takes on the switch-
ing that would have to be done manually.
Even though this is very nice, we might ask if it is 
possible to let the cycle start itself without the 
timer. If we manage to create a signal starting 
EMF1 in the otherwise unchanged and satisfacto-
rily running circuit, and it has a similar timing to the 
current one, the rest of the course should run as 
before undisturbed

113



38

114

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1bista
bil

00

55

99

44

88

33

77

2266 11B

CAL

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1 bistabil

00

55

99

44

88

33

77

22 6611 B

PI

A
C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1
bistabil

00

55

99 4488 33

77

22

66

11C

BFU

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1 bistabil

00

55

99

44

88

33

77

22 6611 B

AP3

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1bista
bil

00

55

99

44

88

33

77

2266 11B

TFL1

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1 bistabil

00

55

99

44

88

33

77

22 6611D

LFY

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6
,5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 B

LUG

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1bista
bil

00

55

99

44

88

33

77

2266 11

A

AG

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1 bistabil

00

55

99

44

88

33

77

22 6611 B

AUX1

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1 bistabil

00

55

99

44

88

33

77

22 6611

A AP1

12V

1,25V

12V~

12V~

1,25V
÷12V

1,25V
÷12V

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1bista
bil

00

55

99

44

88

33

77

2266 113

AUX2

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1bista
bil

00

55

99

44

88

33

77

2266 11

A

EMF1

A
C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1
bistabil

00

55

99 4488 33

77

22

66

11B

SUP

12
V

1,2
5V 12

V~

12
V~

1,2
5V

÷1
2V

1,2
5V

÷1
2V

Experiment



Experiment 38
Simulation of Arabidopsis flowering without a 
timer

We interrupt the connection between the timer and 
the EMF1 module and consider how to activate the 
last one. The simplest way is to set its threshold to 0, 
so it is activated without a trigger. That works with-
out trouble.
Afterward, it has to be turned off after 10 seconds 
or so. We need a signal from the remaining circuit 
that is able to perform that. We could use the -A sig-
nals from TFL and LUG. Unfortunately they do not 
last long enough, so EMF1 quickly becomes active 
again. The same is true for AG and SUP.
So we are reduced to adding another gene module 
(the 13th): AUX2. This module will be activated by 
TFL1 and turn off EMF1 with its -A signal. So it will 
not be not turned off itself in the sequence EMF1 

® TFL1 ® AUX2, releasing EMF1 again, we set its 
threshold to +1 bipolar; without an incoming signal, 

Lectron
it remains turned on and keeps on inhibiting EMF1.
We have to look for a -A signal that turns off AUX2 
and consequently turns on EMF1 for a second time, 
because a full simulation cycle needs an active 
EMF1 signal twice. The time diagram shows that 
AP3 can do it. It turns off AUX2 and turns on EMF1. 
Thus the second half of the cycle can begin.
To carry out a process like this, EMF1 would have to 
be turned off again by an active signal of AUX2 
shortly afterward. The reactivation of AUX2 is done 
by the +A signal of BFU. When BFU and AP3 are de-
activated, the -A signal of the SUP gene module is fi-
nally able to turn off AUX2, which leads to the acti-
vation of EMF1 again so the cycle can start again.
We have to do some reconstructing in the right part 
of the setup. Otherwise, we can't lay in connections 
to the AUX2 gene module. The amended connec-
tion diagram supports the alterations. We now 
must provide 13 gene modules with electrical 
power, but the power supply module is at its limit. If 
it overheats, it might turn off (reversibly). A second 
power supply module in the setup would do no 
harm, and would share the burden. Before it is put 
into the setup, don't forget to omit the con-
nection module!

pink 
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The above time diagram (note the changed set-
tings!) shows in detail how the switching opera-
tions work in a cyclic way. We recognize that the 
actual period in comparison to the circuit with the 
timer has become shorter. That means we could 
have alternatively adjusted a shorter period for the 
experiment with the timer. Additionally, both EMF1 
signals, which occur in one simulation cycle, do not 
have exactly the same length.
Besides the critical time adjustment of AP1 and AG, 
which still remains, a second one occurs at the 
AUX2 module. We recognize by its green LED that 
from second 68, the capacitor starts discharging, 
because two signals, SUP and AP3, are inhibiting 
AUX2. AP3 just turns off in time so AUX2 remains 
active in between. By changing the times carefully, 
we can optimize the whole thing. The circuit has no 
stable state; in principle it is a complex oscillator 

13that runs cyclically through a few of its 2  possible 
states.
Compared to the yeast circuit we need many 
additional (dashed) interference connections. A 
cycle requires two with very similar start 
conditions; however, the circuit must memorize 
these little differences.

»triggers« 

AG 0

CAL +1

AP3
+1

EMF1
0

AP1 0

SUP +1

PI
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BFU
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TFL1
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LUG 0

AUX1 +1

changed
threshold

AUX2
+1
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Tribolium castaneum

Grub Beetle

from: Choe et al. [16]



This beetle is about to become an important genetic 
model organism. On March 24, 2008, it became the 
first beetle with a sequenced genome; it contains 
16,000 genes, several hundred of which have not 
been found in another model animal, the fruit fly. 
Scientists hope to find insights in embryonic devel-
opment, metamorphosis, evolution of body diver-
sity, and control of harmful organisms using the 
flour beetle as a model system.
Within the analysis of the examined gene network of 
this prominent beetle, neither weights of input sig-
nals nor thresholds of the gene modules have been 
noted yet; we first notice that the genes h and eve 
are coupled ++. That means they are either both 
turned on or off after a short time. If they are active, 
they inhibit all genes in the middle of the network. 
None of these genes, run, slp or prd, receive activat-
ing signals from other genes. To become active, their 
thresholds must not exceed 0. The two lower genes 
En(odd#) and En(even#) don't emit signals. In the 
end, they are only responsible for a larva to develop a 
segment with an even or odd ordinal number. We ex-

Lectron

Just like in the previous simulations, we want it to 
run periodically, even though this doesn't happen in 
reality. The larva, of course, can't form legs forever. 
Therefore it is easiest to connect an external clock 
with the network to periodically turn h and eve on 
and off since they will not do spontaneously. 
Because we have gene modules left this time, we 
use an oscillator circuit with two modules AUX1 
and AUX2, whose on and off times can be adjusted 
separately. On the following page, a possible com-
pact setup is displayed. Because unused inputs of 
different gene modules can be connected to each 
other, run, slp and En(odd#) are close neighbors. 
The unwanted connection between En(odd#)'s -A 
output to run's E1 is compensated for by the con-
nection between En(odd#)'s +A output to its E3. To 
simplify matters, the thresholds of eve, ftz, odd, 
En(odd#), En(even#), and AUX1 will be +1 at first. 
To make the oscillator work, AUX2's threshold must 
be 0. The external clock can only switch effectively 
if it affects h with weight 3, which will then have a 
threshold +2. The detailed circuit is shown above.
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Experiment 39
Simulation of segment development of the red 
flour beetle larvae

»

«

Now we turn to an example in developmental biol-
ogy, because the interaction of cells during the de-
velopment of a multicellular organism is often con-
trolled by a rhythmic clock inside the cells. The fol-
lowing example is such a clock that takes part in the 
segmentation of insect embryos [16]. It requires 
nine gene modules and describes how pairs of seg-
ments are formed in the development of the larvae 
of the red brown flour beetle (Tribolium castaneum). 
According to Wikipedia,
the red flour beetle attacks stored grain and other food prod-

ucts, including flour, cereals, pasta, biscuits, beans, and nuts, 
causing loss and damage. It may cause an allergic response 
but is not known to spread disease or cause damage to struc-
tures or furniture. The United Nations, in a recent 
postharvest compendium, estimated that Tribolium 
castaneum and Tribolium confusum, the confused flour bee-
tle, are the two most common secondary pests of all plant 
commodities in store throughout the world.
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vated by slp. Similar considerations apply to 
En(even#): ftz activates; odd inactivates. Since 
AUX1 and h always switch at the same time, we can 

Lectron

omit the AUX1 module and build the oscillator with 
h and AUX2. We then get the simpler setup shown 
on the next page.
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When the setup is complete and checked, even 
with the thresholds determined by the initial con-
siderations, you have a vast number of possibilities 
for adjusting the time constants and hysteresis of 
each module. To avoid having the whole thing 
proceeding completely without a plan, there is a 
time diagram on the right showing successful acti-
vation of En(even#) and En(odd#) one after the 
other, even though it is only for a short time. This 
at least proves that our thresholds can't be com-
pletely wrong. The adjustments of RC and hyster-
esis on the left of the diagram are only reference 
values, though. We can't expect to get exactly this 
time diagram with those adjustments. You will see 
that this network requires a lot of patience and a 
great deal of sensitivity to get the desired course. 
Because of the strong networking, even tiny 
changes to a time constant, you shouldn't change 
more of them at a time anyway, since this often 
changes things unexpectedly in very different 
corners of the network. For additional help with 
the adjustments, the most important dependen-
cies of the signals are noted in the diagram. For 
instance, En(odd#) is activated by prd and deacti-
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Experiment 39A
Segment development of the red beetle grubs
Alternative setup

Like before, we have to be patient and careful with 
the time adjustment of RC and the hysteresis to get 
the time diagram shown to the right. The adjust-
ment values in the columns are just estimates; we 
take them as prior settings and try step by step to 
get better results by gently altering single adjust-
ments of the modules. You will be surprised at the 
strange signal sequences you get when trying to op-
timize the process. This more or less randomly cho-
sen example of a gene network simulating a process 
in developmental biology may already be too com-
plicated to get a good immediate understanding of 
its control.
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Drosophila melanogaster [17]. The complete ~3mm 
long insect is particularly known for being attracted 
to overripe fruit. Nevertheless, for almost a century, 
it has been a model organism for developmental biol-
ogists and geneticists.  Why, of all insects, the com-
mon fruit fly?
This is mainly because of its short life cycle of less 
than two weeks and the simple and cheap mainte-
nance of the organism; even if you need a lot of flies 
for experiments, that's no problem. In addition, 
there are thousands of Drosophila mutants, and the 
sequence of its genome has been known since the 
year 2000.
By now, D. melanogaster is so well-known that a bi-
ology class that doesn't mention it is hardly imagin-
able. This fly is used as an example of the rules of he-
redity in genetics and 

Drosophila can very precisely be used to examine 
how a complex organism arises out of a simply fer-
tilized egg through an embryo and an organic pro-
cess of development. That's what the regulation net-
work is all about. The left panel of the figure on the 
left side of the previous page allows us to recognize 
how structures in the early embryo of the 
Drosophila are controlled by genes in time and 
space. The right figure shows the detected gene reg-

to explain the basic genetic 
control mechanisms in embryonic development.

Lectron
ulation network that produces this structure.
All in all, 14 genes (we already know some) that are 
activated on five levels of hierarchy are responsible. 
Since we only have 13 gene modules, we must de-
cide which one we can omit if we do not want to 
buy another one.
At a glance, we recognize three genes, Nos, hkb, 
and odd that receive no input signals but emit only 
inhibiting signals. These gene modules may get a 
threshold 0 at the most; otherwise nothing will hap-
pen when we turn on the power supply. Thus they 
get active and interfere with the course by their in-
hibiting signals. Then nothing will happen anymore. 
The most obvious one to omit is odd. When odd is ac-
tive, only en is inhibited. In the first instance, hkb 
and Nos should be turned off manually by moving 
their toggle switches to 0, or even better, don't get 
any power. As these very modules are situated at 
the corners of the setup, we can easily contrive this. 
The power supply has to power a lot of modules and 
is therefore working at its limit anyway; this way, it 
will not get as hot.
We know the activating and inhibiting signals of 
this network, but the thresholds of the gene mod-
ules are not stated. Generally they should be ad-
justed with low numbers so the input signals can ex-
ceed the thresholds and activate them.
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Experiment 40
Simulation of segment development of the com-
mon fruit fly, Drosophila melanogaster

After the example of the exotic red beetle grub, we 
want to go through the regulation network of the 
grub of the small but well-known common fruit fly 
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A possible space-saving circuit is shown above with 
14 gene modules; as mentioned, if required, we can 
turn off or even omit Nos, hkb or odd.
When looking at the interacting relations of the net 
more closely, you probably see that there are some 
pairs of genes that inhibit each other as toggle 
switches (see experiments 9 and 14). Such pairs are 

hb Kr, eve runt, runt hairy, and indirectly (via 

Kr) hb kni. That a gene like runt is in more than 
one toggle relationship and that the toggle 
switches are coupled doesn't make it easy to 
recognize how the process will work.
If we apply the power supply to the setup as shown 
on the previous page (Nos, hbk, and odd are 
deactivated), it is surprising how the network 
behaves with the chosen thresholds and with more 
or less random RC and hysteresis adjustments. First, 
all gene modules become active; 40 seconds or so 
later, four genes (Bcd, hb, eve, and hairy) are 
permanently turned on. You will find the process 
diagram with all the information about thresholds 
and hysteresis as well as the RC adjustments on the 
next page.
If we turn on the power supply and set the Nos 
module switch to C and its threshold to 0 , we 
get a shorter run in which hb isn't even active, and 

↔ ↔ ↔

↔

» « » «

Lectron
in the end, Cas, gt, and Kr remain active.
If in the beginning the switch of the hbk module is 
at C (with its threshold at 0 ), there is again a 
shorter but different run in which runt isn't active 
and finally Bcd and Kr remain active.
The combination of both (Nos and hbk switches at 
C ) leads to a run where neither hb nor runt 

become active at all, but in the end Cad and Kr 
remain active.
Let's return to the first run where Nos and hbk were 
turned off, so the stable state is reached after ~40 
seconds. If we now turn the Kr switch manually to 
max and after ~12 seconds to C , we get another 

new run with a time diagram that is also given. It is 
very similar to the first, even if there are some 
differences; the stable state is reached after about 
40 seconds, and at the end, Bcd, hb, eve, and hairy 
remain active again.
Manual operation of the Kr switch is not necessary 
to start the process; the hairy module is able to do 
that automatically with its +A signal: We connect 
the output with the input of the Kr module (see the 
other circuit on page 130) and now it runs cyclically. 
However, this connection doesn't exist in nature; it 
is just introduced to demonstrate its effects.

» « » «

» «

» « » «

127

We choose the threshold 0 for Bcd, the highest mod-
ule without an input signal in the hierarchy; there-
fore, it activates itself without any help from other 
modules. The same applies to Cad. Moreover, it 
needs a smaller RC value than Bcd, so it can be 
active just for a short period of time before it gets 
inhibited by Bcd.
At the next level, gt and hb can get the threshold +1 
because they get an activating signal. In contrast, 
Kr and kni only get inhibiting signals, so a threshold 
of 0 is a good choice.
The threshold is not at all important for the manu-
ally controlled Nos module and the hkb module one 
level lower; eve and hairy mostly get inhibiting 
signals. Therefore, we choose the threshold 0; runt 
may be able to reach the threshold +1. After all, 
there are ftz and en left over. As a start, we try the 
threshold +1 and see if an activation will take place.



112

434Lectron
124

434Lectron
112

434Lectron
118

434Lectron
112

434Lectron
118

434Lectron
112

434Lectron
118

434Lectron
112

434Lectron
128

434Lectron
RC

gt

Cad

Bcd

Nos

hb

Kr

kni

hkb

eve

Hy
st 0 5 15 20 25 30 35

2,5 9,5

6,5 22

8,5

0,5

16

0,5

28

3.2
5

0.7
/

2.0 0.4
0.7

5
0.4

0.4
0.5

0.4
0.44.0

2.5
2.2

5
/

1.5
3.2

5
0.7

5

Th
re

s
+1

0
0

+1

1.5 0.7
5

0

10

26

38

20 24

8

12 20,5

28,5

24 34

36

runt

hairy

ftz 4 80.5
0.61.7

5
/

2.5

0
+1

27,5 38,5

odd

en

+1
0

0
0

+1
0

0

/
/

/
/

6 

18,5 

17,5

24 

15,5

4,5

5,5 14 34,5 

7,5 11 31,5 41,5

40 t/s



Lectron

129

5 15 20

5

16

3,5

10

20

0 max

12 20

18

15

3,5

8,5

1

 on C      12manual 

25 30 35

24 34

27,5 38,5





24 

35,5 

32,5 42

40

22





12,5 28,5



40A

130

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99

44

88

33

77

22 6611

A
Cad

A
C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1 bistabil

00

55

99 4488 33

77

22

66

11A

kni

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99
44

88
33

77
22 6611 B hb

A
C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1 bistabil

00

55

99 4488 33

77

22

66

11B

gt

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1
bista

bil

00

55

99

44

88

33

77

2266 11

A

hkb

12V

1,25V

12V~

12V~

1,25V
÷12V

1,25V
÷12V

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99

44

88

33

77

22 6611 B ftz

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6
,5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 A

odd

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99
44

88
33

77
22 6611 B runt

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,

5

0,6

-2
+5

+4+3+2+1

-1
bis

tab
il

00

55

9944 8833

77

22

66

11 B

en

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99

44

88

33

77

22 6611

A
eve

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,

5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 A

Bcd

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,

5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 A

Kr

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99

44

88

33

77

22 6611

A
hairy

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6
,5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 A

Nos

Experiment



Lectron

131

RC

gt

Cad

Bcd

Nos

hb

Kr

kni

hkb

eve

Hy
st

t/s0 7030 60

2,5 9,5

6 23

8

0,5

16

0,5

47

3.
25 0.
7

/
2.

0 0.
4

0.
75

0.
4

0.
4

0.
5

0.
4

0.
44.
0

2.
5

2.
25

/
1.

5
3.

25
0.

75

Th
re

s
+1

0
0

+1

1.
5

0.
75

0

10

26

60

7,5

11,5 21

29,5

36

runt

hairy

ftz 4 80.
5

0.
6

1.
75

/
2.

5

0
+1

28,5 39,5

odd

en

+1
0

0
0

+1
0

0

/
/

/
/

19

17,5

16,5

3,5

5 13,5 36,5

7 11 33

40 80 100 120

83

90

49

130

96

54

20 110

5,5

43 56 79

40,5 53,5 76,5 89,5

45 57,5 81,5 94,5

25,5 45 61 81,5 98,5 118

t/s

66,5 90 102,5

73 85,5

65 76

43 70 80



112

434Lectron
124

434Lectron
112

434Lectron
118

434Lectron
112

434Lectron
118

434Lectron
112

434Lectron
118

434Lectron
112

434Lectron
132

434Lectron
from: J. Krumsiek et al. [18]



normal blood clotting.
Monocytes are the largest white blood cells 
(leukocytes). They are part of the immune system of 
vertebrates. 

Granulocytes are a category of white blood cells 
characterized by the presence of granules in their 
cytoplasm. They are normally found in the blood-
stream. Once they have received the appropriate 
signals, it takes them a short time to leave the 
bloodstream and reach the site of an infection, 
where they destroy pathogenic organisms by 
ingesting them.
The differentiation of these four blood cell types 
from  is controlled by a 
biochemical network, as we already know from cell 
division.

They are part of the innate immune 
system of vertebrates and can destroy foreign 
microbes and particles by digestion and destruction 
of this material.

hematopoietic stem cells

If we use the diagram in the usual way and try to 
build the circuit, we have our familiar problem 
again. We do not know either the thresholds of the 
modules or the weights of the signals. But luckily 
this time the additional table is very helpful. In it we 
find all the signals involved with their equivalent 
Boolean expression from one time step to the next. 
These are definite, but we must transform them 

Lectron
into expressions of threshold logic to be able to 
construct the network and the setup with the gene 
modules. At this point, you probably recognize that 
the diagram shown is just an overview of the 
activating and inhibiting signals. So let's start the 
sophisticated work!

However, there exists a 
very important relationship which we can use as a 
bridge between Boolean and threshold expressions 
to help us to proceed:

A Boolean term like is simply 
identifiable as an AND function of both signals 
GATA1 and the inverse PU.1, and leads to the 
threshold-function (see exp. 6, page 27) with the 
representation:

, the needed inverse of PU.1, is unfortunately 
not available in our system. 

SCL = GATA1 ^ PU.1 

SCL = <GATA1  PU.1>  2:1

PU.1

PU.1 v PU.1 = 1
PU.1 + PU.1 = 1

This is always true in both realms no matter which 
variable we take, each variable OR its complement 
(e.g., inverse) always  equal 1. By transposing we 
get

PU.1 = 1 PU.1
We replace PU.1 in the threshold equation and now 
we have with PU.1, a signal our gene module can 
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Experiment 41
Simulation of the differentiation of hemato-
poietic stem cells

Erythrocytes, also called red blood cells, are the 
most common type of blood cells and are the 
vertebrates' principal means of delivering oxygen 
to their body tissues — via blood flow through the 
circulatory system. They lack a cell nucleus and are 
dented in the middle. Red blood cells take up 
oxygen in the lungs or gills and release it into 
tissues while squeezing through the body's capil-
laries.
Megakaryocytes (large-nucleus cells) are large 
bone marrow cells with a multilobed nucleus that 
are responsible for the production of blood 
thrombocytes (platelets), which are necessary for 

In our next experiment, we examine the so-called 
hematopoietic stem cells [18]. They exist mainly in 
the bone marrow and are also called blood stem 
cells.
They are the basis for regeneration of all cells in the 
blood and the immune system (hematopoiesis); as 
shown in the figure, a hematopoietic stem cell 
(HSC) generates four different cell types by activa-
tion or inhibition of eleven genes in the associated 
regulatory network.
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Fli1 +1 SCL
+1

EKLF
+1

+1b
GATA2

+1bGATA1

FOG1 +1

+1b
PU.1

C/EBP
+1b

cJun
+1

Gfi1
+1

+2EgrNab

Transformation of the Boolean expressions into threshold expressions

 GATA2 := GATA2 ^ (GATA ^ FOG1) ^ PU.1
:= GATA2  (GATA1  FOG1)  PU.1
:= <2GATA2  2PU.1  GATA1  FOG1>  5:4

:= <2GATA2  2(1  PU.1)  (1  GATA1)  (1  FOG1)>  5:4

:= <2GATA2  2  2PU.1  1  GATA1  1  FOG1>  5:4

:= <2GATA2  2 PU.1 GATA1  FOG1  4>  5:4

:= <2GATA2  2PU.1  GATA1  FOG1>  1:0

GATA1 := (GATA1? GATA2 ? Fli1) ^ PU.1
:= <GATA1  GATA2  Fli1  3PU.1>  4:3

:= <GATA1  GATA2 Fli1  3(1  PU.1)>  4:3

:=<GATA1  GATA2  Fli1  3 3PU.1>  4:3

:=<GATA1  GATA2  Fli1  3PU.1>  1:0

FOG1 := GATA1        (For transformation, see SCL)

:= <GATA1>  1:0

EKFL := GATA1 ^ Fli1    (For transformation, see SCL)

:=<GATA1 - Fli1>  1:0

Fli1 := GATA1 ^ EKFL   (For transformation, see SCL)

:=<GATA1 - EKFL>  1:0

SCL :=GATA1 ^ PU.1    (For transformation, see text)

:=<GATA1 - PU.1>  1:0

C/EBP :=C/EBP ^ (GATA1 ^ FOG1 ^ SCL)    For transformation, s. text)

:=<3C/EBP  GATA1  FOG1  SCL>  1:0

PU.1 := (C/EBP ? PU.1)  (GATA1 ? GATA2) 
:= (C/EBP  PU.1) ( GATA1  GATA2) 
:= <C/EBP  PU.1  2GATA1  2GATA2>  5:4

:=<C/EBP  PU.1  2(1  GATA1)  2(1  GATA2)>  5:4

:=<C/EBP  PU.1 2GATA1  2GATA2  4>  5:4

:=<C/EBP  PU.1  2GATA1  2GATA2>  1:0

cJun :=PU.1 ^ Gfi1    (For transformation, see SCL)

:=<PU.1  Gfi>1:0

EgrNab := (PU.1 ^ cJun) ^ Gfi1 
:= <PU.1 cJun  Gfi1>  3:2

:= <PU.1  cJun  (1 Gfi1)>  3:2

:=<PU.1  cJun  Gfi1>2:1

 Gfi1 :=C/EBP ^ EgrNab    (For transformation, see SCL)

:=<C/EBP  EgrNab>  1:0



the thresholds we finally get:
C/EBPL = <3C/EBPL GATA1  FOG1  SCL>   1:0

All other signals in the circuit are transformed in a simi-
lar way to threshold terms. The results are listed above 
with the Boolean expression in the figure. An exami-
nation shows that our gene modules luckily have 
enough inputs so they can get all needed signals. Just 
as in the last transforming example, the output of 
C/EBPL? has to give a threefold signal to the same in-
puts. We can use the »bistable« function of the module. 
Therefore, the signal has been connected externally 
only twice to the inputs and there are still inputs 
available for the three leftover signals.
The connection diagram with all the gene modules 
and their thresholds is also shown. A possible setup 
can be found on the next page.
It is readily identifiable in a rough overview that there 
are several genes forming pairs of antagonists: There-
fore either PU.1 or GATA1 can be active because they 
inhibit each other. The same applies to PU.1 and 
GATA2, Gfi1 and EgrNab, and EKLF and Fli1.

RC and hysteresis at all modules are in the middle 
position. After applying the power supply, nothing 

Before we apply the current supply, we verify that 
the power supply is not connected to an output and 
that two outputs do not work directly against each 
other.

Lectron
happens. This model is similar to that for Arabi-
dopsis; we have to start it manually. The two models 
resemble each other in another way, too: The 
activities of the Arabidopsis genes developed four 
different flower leaves; in this model, four different 
blood cell types develop (see figure on page 137).
The best way to start is by turning the toggle switch 
for the C/EBPL-gene module briefly from »C« to 

»max« and back again. Consequently, PU.1 and Gfi1 
become active and remain in this state. We are now 
in the right branch of the diagram, so granulocytes 
would be produced.
If we activate EgrNab with its toggle switch (turn it 
a little bit longer on »max« before turning it back to 
»C«), Gfi1 becomes inactive; however, EgrNab and 

also cJun remain active. Monocytes are produced.
To get to the other two branches of the diagram, we 
activate GATA2 manually (moving it briefly to 
»max« and back again).
We can observe that first PU.1 becomes inactive, 

followed by cJun and EgrNab. Simultaneously, 

GATA1, SCL, FOG1, EKFL, Fli1 (and for a moment 

Gfi1 again) become active. SCL finally turns off 

C/EBPL? and therefore Gfi1, too. GATA2 doesn't 

remain active, either.
Since EKLF and Fli1 are antagonists, the precise 
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provide.
SCL = <GATA1 + 1 PU.1>   2:1

For simplifying we subtract the constant 1 in the ex-
pression and in the thresholds and finally get some-
thing that is realizable with our modules

SCL = <GATA1 PU.1>   1:0

C/EBPL = C/EBPL ^ (GATA1^FOG1^SCL)
We first convert the Boolean expression

C/EBPL = C/EBPL ^ (GATA1 ? FOG1 ? SCL)
The »most important« signal is C/EBPL and it gets 
the weight 3; the threshold expression for the AND-
function between C/EBPL and the bracketed term 
with the OR-function of three signals becomes
C/EBPL = <3C/EBPL GATA1  FOG1  SCL>   4:3

The threshold must be +4 so that C/EBPL will be ac-
tivated in the next time step if at least one of the in-
verted signals is active besides C/EBPL itself.
As in the first example we must now substitute the 
three inverted signals that are not available:

 GATA1 = 1 GATA1 etc.
C/EBPL = <3C/EBPL GATA1  FOG1  SCL  3>   4:3

After subtracting the constant 3 in the expression and in 

We verify and find that SCL only gets activated if 
GATA1 is active and PU.1 is inactive.
As an exercise, here is another more complicated 
transformation from the table:
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time adjustment and the hysteresis are crucial for 
which module becomes first active and inhibits the 
other. If it is Fli1, megakaryocytes will be produced; 
if EKLF is first, erythrocytes will be produced. We 
can change between them by turning the active 
module off momentarily or by turning on the 
inactive module.
The starting state with all genes inactive appears to 
be best if we manually deactivate GATA1 for a 
moment. All genes in the left branch of the circuit 
turn off then.
We set aside an extension of the circuit with a 
periodic restart because this would need many 
extra connections, like the Arabidopsis setup.
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The internal mass of cells can differentiate to every 
conceivable cell in the human body, but it is no longer 
able to develop an organism because it can't form a 
placenta anymore. These cells' potential is no longer 
total but only pluripotent. These pluripotent cells can 
form into the three germ layers of the embryo, the 
inner, outer, and middle layers that further specialize 
into various organs and tissues.
Pluripotent stem cells specialize further to stem cells, 
from which certain cell lines can develop with a 
specific function. For instance, blood stem cells develop 
into red and white blood cells and 

experiment. These even more 
specialized stem cells are called multipotent.
It should be obvious that understanding the processes 
of cell division and differentiation into certain tissues or 
stem cells is of great interest for medical progress. At 
the center of the research are the factors that deter-
mine when and in which way certain genes are 
activated or inhibited. All this interest is driven by the 
hope of obtaining a better understanding of diseases 
based on malfunctions in gene regulation, such as 
cancer. An additional hope is that cell tissues could be 
created from pluripotent stem cells to repair or replace 
damaged organs.
The gene regulation network chosen for our 

thrombocytes as 
described in the previous 

experi-
ment is responsible for differentiation to endoderm, 

Lectron
ectoderm and mesoderm — the inner, outer, and middle 
germ cell layers. It shows how differentiation from 
pluripotent blastocyst cell clusters is managed by the 

control of three genes, OCT4, NANOG and SOX2 
(marked red in the figure) [19]. These three genes 
activate each other indirectly via two other genes 
marked in green and together form the inner core of 
the network. They also inhibit via the two green genes 

the outer genes marked in blue, SOX9,  and 

RUNX2. These each inhibit

» «   PPAR-
 the two others and the 

three genes of the core, OCT4, NANOG and SOX2, 

directly. The mutual inhibition of SOX9, PPAR- and 

RUNX2 is different from what we saw for the 
repressilator. There, one of the three genes involved 
inhibited only the following one, so an oscillation 

occurred. Here, one gene inhibits all the others; once it 
is active, it doesn't allow any other gene to be active 
anymore. We already met this type of network in 
experiment 20 in its pure form. So direct inhibition is 
very strong. This is how stabilization of a cell type 
should be! This is exactly why the different cells of our 
body keep their identity lifelong. Recent research has 
shown quite spectacularly that differentiated cells can 
be reprogrammed by use of a trick! Here, a little 
cocktail of a few proteins is injected into a cell in the 
laboratory, which becomes a pluripotent stem cell after 
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Experiment 42
Differentiation of stem cells

We want to end our simulations of biological gene 
regulation networks with an experiment on a highly 
topical subject, the differentiation of stem cells. Stem 
cells have the ability to divide themselves in cell cul-
tures arbitrarily often and then develop to more spe-
cialized cells. This is easy to explain by looking at the 
development of the human embryo: When a sperm 
fertilizes an egg cell, at first a single cell with the po-
tential to form a complete organism results. This fer-
tilized egg cell is totipotent, meaning its potential is 
total because it can differentiate into every other kind 
of cell. This cell divides into several identical cells 
within the next hours that are totipotent, too. If they 
had been implanted in a womb separately, a fetus 
would have grown from each of them. Monozygotic 
twins that are genetically identical emerge like this. 
After about four days, specialization starts, and two 
sets of cells develop; an external mass of cells form-
ing a hollow shell, and an internal mass called the 
blastocyst.
This internal mass of cells will develop into the different 
body tissues of the fetus, whereas the external mass of 
cells form structures including the placenta, which sup-
plies the fetus with nutrients during development.
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figure, a possible setup would be like the figure on 
the previous page. The RC times of the three 
mentioned gene modules have the same values, so 
after first applying the supply voltage, without 
manual intervention, at maximum all three of them 
will be activated. But it does not remain like this: 
Depending on the tolerance, one of the genes 
remains active and inhibits the others, which have 
possibly been active for a moment. This is every-
thing that happens.
Only by manual activation of one of the other genes 
(preferably OCT4-SOX2 or OCT4-SOX2-NANOG) 
will the activated outer gene be inactivated and, 
one after another, all inner genes be activated. This 
corresponds to a further differentiation in biologi-
cal reality that cannot be undone. The mutual 
activation of these now turned-on genes is so 
strong that it can only be deactivated by either 
manual activation of all outer genes or by manual 
deactivation of OCT4S-OX2 and OCT4-SOX2-
NANOG. If we then switch all outer genes back to 
the »C« position again as in the beginning, only one 
of them remains active.
In our model, the activated inner genes represent dif-
ferentiated cells. Now, what about the Nobel prize-
winning induced pluripotent stem cells of Yamanaka? 
Let’s consider how it might be possible to undo the dy-

Lectron
namics of differentiation. Reprogramming in labora-
tories indeed uses the essential proteins such as OCT4, 
SOX2 and NANOG or related proteins in their cock-
tails, for a reprogramming similar to our experiment 
here.  Which combination works best is the topic of 
this very active research into pluripotent stem cells.
Let's conclude this experiment by attaching a setup 
to show the effect when differentiation and 
redifferentiation alternate automatically. By trial and 
error with the model, you can find out that the inner 
gene modules can be activated by an activating sig-
nal (weight 1) at one of the three free inputs of 
OCT4-SOX2. This enables an elegant toggling be-
tween the active inner and active outer genes for dem-
onstration purposes. But it has to be emphasized that 
this is exactly what does not happen in reality, be-
cause otherwise the development of the organism 
won't proceed properly.
OCT4-SOX2 and subsequently the whole inner net-
work can be turned on by an activating +A signal of ei-
ther SOX9, PPAR- or RUNX2; one of these genes is 

always active and the OCT4-SOX2 module has three 
free inputs left (an OR operation would also be possi-
ble if the number of inputs were insufficient). If the 
inner network is active, the activating outer gene will 
be deactivated.
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a while. This was once thought impossible, and thus 
John B. Gurdon and Shinya Yamanaka were awarded 
the Nobel Prize in Medicine in 2012 for demonstrating 
that mature cells can indeed be reprogrammed to a 
pluripotent cell state. This approach has even suc-
ceeded in creating stem cells from typical skin cells of a 
mouse, thereby producing a clone of the mouse! 
Turning back to our example that we want to set up 
next, sadly, there are again no thresholds given in the 
illustration of the regulation network. A short reflection 
will show that they can be at maximum +1 for the core 
and 0 for the outer modules (whether bistable or not 
doesn't matter) if we want that anything to happen 
when we turn on the supply voltage. If we raise the 
thresholds of the outer ones to +1, everything would 
remain inactive and it would only be possible to 
activate one module manually with the switch, which 
would inhibit the other ones. Then those modules could 
not even be activated manually. Transposed into 
biological processes, this means that once it is deter-
mined which germ layer — inner, outer or middle — the 
cell will develop into, its fate cannot be reversed.
On page 138 is a gene network on the left as 
displayed from MacArthur et al. [19] and on the 
right the corresponding connection diagram we are 
used to, including thresholds. For SOX9, PPAR- 

and RUNX2, the thresholds are 0. Based on this 
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Backspacing, meaning turning off the inner network, 
is most easily done by a large RC value of SOX2; 
SOX2 will then be the last active gene, and its 
inhibiting -A signal can deactivate all inner genes 
when connected to OCT4-SOX2-NANOG and 
OCT4-SOX2, so at least one of the outer genes turns 
on. But we have to intervene heavily: The inhibiting 
SOX2 signal has to be connected to both gene 
modules with weight 2 to have any effect.
Simplifications in the setup result from the fact that 
at first SOX2 sends an activating signal to both 
OCT4-SOX2 and OCT4-SOX2-NANOG (weight 1), 
but now an inhibiting signal of weight 2 is added, so 
as a sum, an inhibiting signal with weight 1 is left; 
plus the threshold of OCT4 has to be increased to +2.
The changed connection diagram is displayed on the 
right. On the previous page is a possible setup in 
which, for cost reasons, the +A signals of RUNX2 and 
OKT4 are connected in an OR operation.
The following page shows the time course of this 
setup. In 270 seconds, almost seven runs are 
displayed, with every run lasting between 41 and 45 
seconds, depending on what outer genes have been 
activated. It is interesting to see that not only is one 
outer gene always active, but temporarily two or 
sometimes three, until one of them prevails and 
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In the next image, showing 104 successive 
runs, we see that this is usually PPAR- 
(shown with a red circle), probably 
because of inevitable tolerances, but 
sometimes SOX9 or RUNX2 prevail, too. 
The pink circles show which genes are also 
activated at first before one of them, 
namely the red one, dominates. No peri-
odic pattern can be observed. Isn't this 
amazing? Up to now, we were only 
concerned with very reliable networks like 
the cell cycle, where a periodic pattern 
blinks like clockwork. In developmental 
biology, situations occur by chance. Before 
the cell differentiates and finds its final 
identity, signals from outside often have 
some influence on what kind of cell type it 
will become — for instance, the signals of 
surrounding cells inside a multicellular 
organism, or due to chance, when several 
cell types are required at the same time. 
Our blinking network for demonstration 
purposes gives a taste of the effects of 
chance in cell differentiation and scrat-
ches the surface of chaos theory's pheno-
mena.
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Your own experiments

We have now arrived at the end of our small excur-
sion to biological regulation networks. Now it's your 
turn! To those who want to build more simulations 
about gene regulatory networks but don't have ex-
amples, it isn't a bad idea to check the Internet. 
Under the keyword »gene regulatory networks« or 
something similar in a search engine, you will cer-
tainly find some other interesting ones. If you search 
for images, you will see several examples of regula-
tory networks, and it is obvious at first glance 
whether the complexity of these networks is worth 
a setup. Some are too complex, so you will lack mod-
ules and space to build them; some are too easy.

Will you join us?

The question is: How will you go on? You have be-
come familiar with all aspects of the LECTRON gene 
module; you know how it works and how in particu-
lar different tasks can be solved with circuits of sev-
eral gene modules. You are an expert now. We are 
sure you will now try your own circuits.

Maybe very different networks are possible: Are you 
able to simulate neuron networks? Or games and log-
ical puzzles? The only limit is your imagination! Do 
you want to tell us what you've invented? Take a 
photo with your cell phone and don't hesitate to 
send it with a short explanation to the authors at:

Maybe we can put it into the next edition of this 
handbook. Of course, LECTRON reserves the right to 
decide which of the programs sent in will be 
published. But everyone whose program is printed 
will receive a volume of the new, expanded edition 
of the LECTRON experimental handbook for free.

bornholdt@itp.uni-bremen.de 

http://bornholdt@itp.uni-bremen.de


Lectron

147



148

43

12V

1,25V

12V~

12V~

1,25V
÷12V

1,25V
÷12V

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99

44

88

33

77

22 6611 B A1
AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55
99

44

88

33

77

22 6611 B X1

A
C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1
bistabil

00

55

99 4488 33

77

22

66

11B

C1

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1
bista

bil

00

55

99

44

88

33

77

2266 11BB1

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1
bista

bil

00
55

99

44

88

33

77

2266 11BY1

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,

5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55
9944 8833

77

22

66

11 B

D1

A
C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1
bistabil

00

55

99 4488 33

77

22

66

11B

A2
A

C

RC/s

Hysterese

C
Schwelle

max

3,5

+

0

E1E2

E3E4
E5 +A-A

0
-2

-1
0

+1
+2 +3 +4 +5

0,5

1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,5

0,6

-2
+5 +4 +3 +2

+1

-1
bistabil

00

55

99 4488 33

77

22

66

11B

X2

A C

RC/s

Hysterese

C Schwelle

max

3,5

+

0

E1

E2

E3

E4E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

1 3
1,5 2,5

9

0,1

00,8

0,7

0,46,5

0,6

-2+5
+4

+3
+2

+1

-1
bista

bil

00

55

99

44

88

33

77

2266 11BC2

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,

5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 B

B2

A
C

RC
/s

Hy
ste

re
se

C
Sc

hw
ell

e

ma
x

3,5

+

0

E1 E2

E3 E4
E5

+A -A

0
-2

-1
0

+1+2+3+4
+5

0,5 1
3

1,5
2,5

9

0,1

0
0,8

0,7

0,4
6,

5

0,6

-2
+5

+4+3+2+1

-1
bis

tabil

00

55

9944 8833

77

22

66

11 B

Y2

AC

RC/s

Hysterese

CSchwelle

max

3,5

+

0

E1

E2

E3

E4 E5

+A

-A

0
-2

-1
0

+1
+2
+3

+4
+5

0,5

13
1,52,5

9

0,1

0 0,8

0,7

0,4 6,5

0,6

-2 +5
+4

+3
+2

+1

-1
bistabil

00

55

99

44

88

33

77

22 6611 B D2





omit this in the
second step

omit this in the
second step

Experiment



5. 

Experiment 43

Swarm behavior of microbes

After having learned about a number of examples 
of gene regulation of living cells and organisms in 
the previous experiments, we now widen our hori-
zons to ecological phenomena beyond single or-
ganisms for the last biological part of the experi-
mental kit. A particularly interesting dynamic phe-
nomenon of communities of organisms is the form-
ing of swarms, or more generally, the coordinate be-
havior of a group of organisms to gain a common ad-
vantage. We will get to know more about this phe-
nomenon with simple models for forming swarms 
or coordinating microbes. Swarms can be observed 
not only in groups of fish and birds, but also for 
smaller life forms like bacteria. Obviously this has 
some survival advantages compared with a disor-
dered number of individuals, for example when 
predators get confused by the synchronized behav-
ior of a large number of prey. This is expressed very 
well in the figure.

Forming of swarms

Often swarms are formed when the environmental 
conditions deteriorate, so many individuals come to-
gether, and this bond can increase their chances of 

Lectron

survival by differentiation of specialized substruc-
tures. For this to happen, an organized exchange of 
information is inevitable, and we can expect this to 
be predetermined in gene regulation [11].
Our initial point is a pair of coupled oscillators, as 
we have already built in experiment 26. So we build 
a second pair of oscillators and try to find an appro-
priate coupling (see figure). The assumption is that 
when a gene produces a protein, it may not only af-
fect its own cell or organism, but also affect cells or 
organism in its environment, and thus serve as a sig-
naling protein.
We connect the outputs of our first pair with the in-

puts of the second and vice versa: C1 B2, D1 A2, 

C2 B1, D2 A1. After applying the supply voltage, 
we have to start manually, but after a short time we 
find that all genes are active and don't oscillate any-
more. Increasing the thresholds of all input modules 
to +2 results in the opposite, and the oscillation dies 

as well. But if we couple a bit less, only C1 B2 and 

D2 A1 (remove two angle connections from the 
setup), we get the desired behavior. Both pairs oscil-
late synchronously with C1 and C2 in phase and al-
most in paraphase to D1 and D2. Again, as in experi-
ment 26, some kind of drifting can be observed, but 

→ →

→ →

→

→
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Experiment 44
Quorum sensing

We will get an impressive image of swarm formation 
if we remove the phase opposition of the synchro-
nous oscillators in our setup. Thus we return to the 
initial structure of our oscillator and build four of 
them. First, we try to adjust all frequencies to the 
same value. When the supply voltage is applied to 
the setup (first without module K or with module K 
shut down), the modules should oscillate as long as 
possible in phase, but independently. However, prior 
experiments showed that they will drift apart in the 
long run.
The coupling that prevents this and which we want 
to implement now is based on the observation in na-
ture that an active cell or organism (here our oscilla-
tor) produces a messenger molecule (called an 
autoinducer), which doesn't only affect itself but 
also, by diffusion, other similar structures in its imme-
diate surroundings. Since this applies for the other 

Lectron
structures, too, they influence each other. When a 
certain concentration of a substance is reached in 
the common environment, which can be considered 
a fluid, genes will be activated that produce the 
chemical messenger (the autoinducer) so that feed-
back starts. A well-known example of a protein 
driven by an autoinducer in bacteria is the enzyme lu-
ciferase, which is responsible for bioluminescence, 
as in fireflies. In our experiment, our oscillator will 
produce the autoinducer.
To model this fluid, our gene modules are perfect 
because they contain a summing unit and a com-
parator. The additional module K, which represents 
the surrounding fluid, therefore gets the signal +A 
from every oscillator. It adds them, and we can 
determine when it actively affects the oscillators by 
the threshold, hysteresis and RC adjustments. In our 
model, this happens by use of inhibiting connec-
tions: The active phase of the modules A1, A2, B1, 
and B2 can be shortened by the -A output signal of K. 
This ability for synchronization can be observed in 
unicellular organisms like E. coli and is called 
quorum sensing . It allows the cells to activate 

genes only to coordinate processes that would be 
inefficient if they were done only by single cells.
If we switch K to the 0 position, the oscillators 
vibrate independently and their phase drifts apart. 

» «

» « 

By adjustments of threshold and time of K, we can 
choose how strong the mutual coupling should be 
(and then switch K to the C position). Short times 
and a low threshold of +1 lead to fast synchroniza-
tion, whereas with threshold +4 and middle to long 
times, it feels like an eternity until all of them 
oscillate synchronously. This is because all of the 
signals have to be active at the same time for a 
sufficiently long time for the module to be able to 
send a synchronization signal. We can literally see 
how hard K tries to create synchronization by 
watching the brightness of the green LED. But it can 
never succeed if its time is longer than the oscilla-
tor times.

» « 
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Experiment 45
Improved model I for quorum sensing

The previous experiment shows nicely how synchro-
nization occurs without a central clock interfering. 
The correcting signal is gained from the four equal 
oscillators. The central module K is only used be-
cause it contains the required summing unit and 
comparator. Depending on the oscillator's activities, 
the summing unit calculates the input signals 0, +1, 
+2, +3 or +4, which are compared with our thresh-
old by the comparator and then result in further ac-
tivities or not. So there are five possible concentra-
tion levels in the fluid, and the correcting signal is a 

binary present or not present , and the length of 
the signal depends on the randomly active congru-
ence of these four signals.
Those who are annoyed that nature doesn't use levels 
can refine the model by rounding the output signals 
of the oscillators on their way to the central thresh-
old module K using an RC element ( ) for 
each. These modules will be implemented in the 
setup instead of a line connection. Four diodes must 
also be added. They ensure that the capacitor charges 
via the resistor but discharges only via the 
input resistance of the threshold module with 
each. The discharge, therefore, will be a lot slower, 
and the chance that all of the signals are active for a 
while is bigger.
In addition to that, we can connect the fifth free 
input of the threshold module to a voltage that is 
continuously adjustable with the potentiometer, so 
the threshold is, due to the bias, continuously ad-
justable, too. We can expect the synchronization to 
occur faster now.
Anyway, the threshold module still sends a binary 
synchronization signal, which is not quite a change 
in concentration in the biological example.
The next setup shows how we can improve this, too. 
We don't need the RC modules for that, but rather 
an operational amplifier.

» « » «
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Experiment 46
Improved model II for quorum sensing

100k 100µF 
 

250k 

100k 

We get another improvement of the model by sparing 
the threshold module K completely and instead let-
ting the concentration increase continuously. Thus, 
all four oscillators' output signals are connected via 
one resistor each to a common capaci-
tor, which charges and discharges slowly, depending
on the output signals, as if it follows an exponential 
function. The (continuously increasing or decreasing) 
voltage of the capacitor therefore is a measure of the 
concentration in the common fluid.
This voltage will be amplified non-invertingly by an 
operational amplifier used as an electrometer (the 
gain, e.g., amplification factor, is only 1, though) and 
shown by a light-strip indicator. Per active oscillator 
signal, two LEDs of the indicator light up, and at maxi-
mum, eight of them turn on, if first the poten-
tiometer module, including the ground module, is re-
moved. The operational amplifier is required as an im-
pedance converter. Here, a short explanation should 
suffice: We want the capacitor only to charge and dis-
charge via the resistors and its voltage should 
not be influenced by the quite low-impedance resis-
tors of the second connected operational amplifier. 
This is what we will get by using the operational am-

Lectron
plifier as an electrometer. The function and properties 
of operational amplifiers and the display module are 
explained in boxes on the following pages for those 
who are interested.
The second operational amplifier amplifies invertingly 
with gain factor so a negative signal re-
sults.
We can adjust the gain factor at the potenti-
ometer such that . Its output signal 
represents the capacitor's voltage and therefore is 
continuous without jumps, too. It is connected to the 
four oscillators, each of them comparing it with its 
threshold.
After applying the supply voltage, we turn on the 
modules C1, C2, D1 and D2 to the max position. 
All oscillators now send an output signal and the ca-
pacitor charges to its maximum. Eight LEDs light. 
Those who want to use the complete light strip can 
use the potentiometer and adjust it.
At the potentiometer, we can, as already men-
tioned, adjust the gain of the second operational 
amplifier. If the rotary knob is at its clockwise maxi-
mum, RN together with the fixed resistance equals 

, so our gain is

At the other end, we only have the fixed resistance, 
so we get 

 

v = -RN/R1 

10k 

» « 

10k 

13.9k
 v = -13.9k/10k = -1.39

v = -3.9k/10k = -0.39

-1.39  v  -0.39

If we release the oscillators after the last adjust-
ment by switching them one after another from 

to , the oscillations are in no way synchro-
nous and will not become synchronous. The correct-
ing signal for its amplitude is too weak to have an ef-
fect. The arrow in the setup marks the place where 
we can measure the (negative) correction voltage 
with an external instrument like the LECTRON mea-
suring instrument (not included in this experimental 
kit) in series with a  resistor.
It is very different from the previous one if we turn 
the rotary switch to the clockwise end. Now the sig-
nal has a sufficient amplitude, and the synchroni-
zation occurs a lot faster than in our first setup. This 
is because there is no threshold to be reached in the 
central module before a correction signal is sent; in-
stead the signal is always more or less present and 
therefore can take effect earlier. Intermediate ad-
justments allow observing at what point synchroni-
zation doesn't work anymore.
If we remove the ground connection of the capaci-
tor for a moment, it establishes similar conditions 
to those in the first setup; the capacitor is disabled. 
The light strip shows only five different possibili-
ties; this time, there is no summation, but by volt-
age separation, only 0%, 25%, 50%, 75% or 100% 
of the amplitude of an output signal is reached.

»max« »C«

100k
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Experiments 47 & 48
Repressilator and quorum sensing

Garcia-Ojalvo et al. and Hellen et al. 

100µF 

Experiments on quorum sensing are not limited to 
oscillators that work with the feed-forward princi-
ple. In [20,21] 
it is explained how multiple repressilators, which 
we know from experiment 16, can be coupled. The 
upper figure shows the improved circuit with oper-
ational amplifiers and LED display. The shared 

capacitor whose voltage symbolizes the con-
centration of the autoinducer is moved to the lower 
right. If needed, it is possible to display again the 
(negative) amplitude of the synchronizing signal 
with an external voltmeter or the LECTRON mea-
suring instrument (not part of the construction kit). 
For reasons of completeness, a similar circuit with 
an extra threshold module K (small picture on the 
next page) is given. The synchronization properties 
of this experiment are the same as in the other ex-
periments with oscillators.

If you are interested in electronic engineering and 
want to learn more about the new modules (opera-
tional amplifiers and LED display), you can read 
more about them starting in the box on the next 
page. But it is not essential to know all the details, 
either. Operational amplifiers were also used in [21].
The following experiments show how versatile the 
LECTRON threshold module is and demonstrate 
that typical digital circuits like a counter or a shift 
register can be built.
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Operational amplifiers in a nutshell

Operational amplifiers (also called op-amps) are the most com-
monly used modules in electronics.
The LECTRON op-amp module contains an operational ampli-
fier, which is the integrated circuit CA 3140. Both left connec-
tions are its inputs; the one above is the inverted (-), and the 
one below is the noninverted (+). The output of the amplifier 
(top of the triangle) is at the upper right connection.
Operational amplifiers usually need two current supplies, a pos-
itive and a negative one, so they can handle negative input volt-
ages, too. The LECTRON op-amp module only needs a positive 
one, which is connected to the narrow upper side; the negative 
one is produced internally by a charge pump (described two 
pages ahead). The voltage (-8V) on the narrow side on the bot-
tom can be used for certain applications; in our experiment, it 

+

+

-8V

_
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is

U = 0.1V
The input labeled with  , is the noninverting  input, and 
the one labeled with   is the inverting  input. Non-
inverting means that with a constant voltage U  a rising 

voltage at this input leads to a rising voltage at the output. 
Inverting means that the voltage at the output decreases if 

 not needed, nor is the bottom right contact. Both remain un-
used.
The operational amplifier is a differential amplifier that ampli-
fies the difference between the potentials U = (U  - U ) of both + -

input signals; they are labeled with + and -. This amplified volt-
age is available at the output (in the circuit, the output at the 
top of the triangle). Therefore it is not important if U  = 5.1V +

and U  =5.0V or if U  = 4.6V and U  = 4.5V; the operational am-- + -

plifier always amplifies the difference .
» « » «
» « » »

with a constant U+ voltage the voltage at this input is 
increasing. All in all, the operational amplifier executes the 
mathematic operation

U =[U -U ] × amplification-factoroutput +input -input

12T 1T = 10 
»

» 
410  to 

510 , U = 1V 
4 U  = 10  V; U  A A

U  A

8V ≤ U ≤ 7.5V.A

If  the output goes in positive saturation, and for exam-
ple produces +7,5V; if then  = -8V.

It subtracts the voltage at the inverting input from the voltage 
at the noninverting input and multiplies the result by the 
amplification factor (which is called the gain).
Modern operational amplifiers have extremely high input 
resistances in the  range. ; i.e., there is literally 
no input current into the module. Also, the so-called open 
loop gain factor of the operational amplifier (no feedback 
from its output to its input) is, with typical values from 

enormously high. That doesn't mean that with 

the amplifier produces an output voltage of is of 
course only able to swing between the two supply voltages. 
The positive voltage of the current supply cannot even be 
reached because of the circuit design. of the LECTRON 
module, which gets the supply voltage of 9V, is for example -

An operational amplifier with no feedback is qualified to be a so-
called comparator, which compares U  and U  with each other.+ -

The operational amplifier would not be such a commonly used 
module if it were used only as a comparator. In most applications 
it has (negative) feedback. In the previous experiment, we already 
used the extremely high resistance feature of its inputs. It worked 
as a so-called electrometer-amplifier in the noninverting mode.

 U  > U ,+ -

 U  < U U+ - A

To grasp the behavior of an operational amplifier with exter-
nal negative feedback, two golden rules suffice for almost 
everything you'll likely ever encounter. First, as we already 
mentioned, its voltage gain is so high that a fraction of a milli-
volt between the input terminals will swing the output over 
its full range, so we ignore that small voltage and state golden 
rule number 1:
The output attempts to do whatever is necessary to make the 
voltage difference between the inputs zero ( .
Of course, this doesn't mean that it changes the voltage at its 
inputs. It can't do that. What it does is look at its input 
terminals and swing its output terminal around so that the 
external feedback network brings the input differential to 
zero (if possible).

» « 

U =0)

» « 

Golden rule number 2: Operational amplifiers draw no input 
current.

-

+

UA
RN

R1

UE U

UN

noninverting amplifier

-

+ UA

RN
R1

UE U

inverting amplifier

Lectron
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These two rules get us quite far. So let’s begin with the 
inverting amplifier circuit (see the right figure on the 
preceding page). The analysis of such a tamed« operational 
amplifier is simple:
The noninverting input () is at ground, so rule number 1 
implies that the inverting () is also because . It is 
called a virtual ground« at the () input. This means that the 
voltage across RN is U  and the voltage across R1 is U . So A E

using the second rule and Kirchhoff‘s current law (the sum of 
all currents equals 0) we have

() virtual ground, is always at 0V. 

.
But U  comes from a voltage divider consisting of RN and R1. N

It works in no-load condition because there is no input-
current at an ideal operational amplifier.  So:

The voltage gain  is revealed as:

»

U = 0
»

U /R1 + U /RN = 0 orE A

.U  = -U  RN/R1A E 

In other words, the voltage gain of the inverting operational 
amplifier equals

v = U /U  = - RN/R1A E

The input resistance or impedance Z  is easily calculated. The in

inverting input , the So 
Z  = R1. We cannot figure out the output impedance for this in

circuit, but it’s a fraction of an ohm.
And now to the left figure on the preceding side. It shows the 
circuit of the noninverting amplifier. Again, the analysis is 
simplicity itself:

U  = U  because U = 0N E

U  = U R1/(R1 + RN)N A

U  = U (1 + RN / R1)A N

U  = U (1 + RN / R1)A E

v = U  / U  A E

v = 1 + RN / R1

This is the noninverting amplifier. In the approximation we are 
using (no input current), the input impedance is infinite. The 
output impedance is still a fraction of an ohm. The circuit is 
also called an »electrometer amplifier  because it is suitable to 
measure potentials of static electricity experiments with its 
high impedance sources.
With RN = 0 and R1 =  there is only a voltage gain of  v = 1 
and thus 

»

«

just a change in the impedance. This circuit is called 
then a voltage follower«.
Both basic circuits are expandable to more inputs, and the re-
sult is a summing amplifier like used inside the circuit of the 
gene module or a differential amplifier.

The charge pump

Inside the LECTRON op module, the negative supply volt-
age is generated with a so-called charge pump, an integrated 
circuit that is a switched-capacitor voltage converter. There-
fore, a capacitor C1 (see figure) is connected to the voltage of 
the positive current supply, charged, and then connected by 
the (electronic) switches S1 and S2, which are inversely phased 
by a free-running oscillator to the capacitor C2 at the output 
with reversed polarity. After a few cycles, UA = -UE. C2 filters 
the output ripples. There is a small voltage drop proportional to 
the load current at the electronic switches and a loss at the ca-
pacitors due to the charge reversals, so UA barely reaches UE, 
but is typically less than 1V. The loss can be kept small by using 
high capacitor values and switching frequencies.

-amp 
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The display module

The LECTRON LED-display module was developed as a low-cost 
alternative to the oscilloscope. Certainly it cannot replace the 
oscilloscope, but it displays fast signal changes better than a 
measuring instrument can. The module contains a bar display 
consisting of 10 LEDs. The higher the voltage at U  is, the more IN

LEDs are turned on. The measuring-range (the full-scale de-
flection , at which all 10 LED’s are turned on) is adjusted with 
the resistor from scale  to ground. The table shows the resis-
tors used for some common measuring ranges. With the scale-
input open (  the tenth LED is flashing if   7.5V. If 
we choose for example , this happens already at 
3V. For those who want to calculate on their own:

»
«

» «

R  =  Uscale IN

 R  = 3,9kscale

. .U  = 1,25V  [1 + 5 R /(10k + R )]full range scale scale

If the exact value is not of interest, it is recommended to use a 
potentiometer or a 10k adjustable resistor. 

We then can adjust the measuring range continuously. The sin-
gle pin mode changes the display from a moving dot to a bar 
graph. If it remains open, just one LED is turned on as a dot; 
connected to the power supply, we get a bar display.
The input current (maximal 100nA) doesn't much affect the 
potential of the circuit. Therefore we can directly display volt-
ages from high-impedance sources. If a display of only the AC 
parts of a signal is needed, it is recommended to use an RC 
combination 

owever, can only display positive voltages. 
Shifting the input signal in question to positive ranges is sim-

10k/250k  

» « 

(47nF/100k).
The module, h

ply done by adding a constant voltage. Due to the high imped-

ance inputs, we can also use high-impedance resistors to 

build up the voltage divider. The three linked U -inputs of the IN

module help save connection modules.

The sum of all currents in the crosspoint is zero (Kirchhoff’s 

law): 

(U1-U )/R1 + (U2-U )/R2 = U /RIN IN IN

transposing to U  we get the somewhat complicated equationIN

. .U  = (U1 R/R1 + U2 R/R2)/(1 + R/R1 + R/R2).IN

That becomes simpler with R1 = R2 :

U  = (U1 +U2)/(2 + R1/R)IN

and if we omit R completely : R = 
U  = (U1 + U2)/2IN

UIN

+

UIN

UINmode

scale

2
4
6
8
10

Lectron
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U /Vfull range

7,5

6

5

4

3

2

1,5

1,25

R /scale


33k

15k

7,5k

3,9k

1,4k

430

0

R  between scale and groundscale

R1

R2

R

U1

U2

UIN

R1
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6. 

Experiment 49

Digital circuits with the gene module

Counter with 5-input-majority modules

» «

You will surely have noticed that the setups we 
built with gene modules now sometimes look a lit-
tle like computer circuits. For those who are inter-
ested, we do not want to withhold further gadgets. 
We can assemble more real basic circuits from digi-
tal technology with the gene module. For all we 
know, the following setups have never been found 
in biological gene networks, but isn't it fascinating 
that gene modules are able to count?

There is a digital technological sister of the gene module 
in the repertoire of the LECTRON modules. That is the 
majority module with 5 inputs, which we want to intro-
duce for comparison: The five inputs receive a logical 1 
or 0 signal, and the signal forming the majority will be 
sent to the output of the module. In the guidebook of 
the experimental kit Threshold and Majority Logic , we 
find a counter built with this module, and it is interest-
ing to find out if this is possible with the gene module, 
too. Before we try, here is the description of the experi-
ment from the sister kit. The counter has the structure 
of a ring, as we know from previous experiments. Its 

Lectron

counting volume is the number of its cells, N; the com-
plexity of a ring counter is higher than that of a usual 
counter. The pattern of the setup only applies to coun-

ters with an even number N and N ≥4 [22].
One input of each module is fixed to 0. The second input 
is connected to the central clock signal C, and the out-
put A of each module is fed back to the third input of 
the same module. Both still available free inputs of each 
module are connected to the inverting outputs of pre-
vious cells. The following connection rule applies:

Finally, we have completed a ring structure

Ak 

The inverting output  of kth cell with  is 
connected to an input of the cell k+n and another 
one of the cell k+n+1whereby n = N/2 - 1. If there is 
no following cell, just start from the beginning. 

. Maybe 
the rule sounds like a mystery, but when you look at 
the figure for a counter with six cells we are quite 
sure you will grasp the blueprint.

Ak 1kN

The counter counts to 6, so N =6 and n = (6/2)-1 = 2.
The inverting output of (k=1)th the first cell, is 
connected to one input of the third and to one input 
of the fourth cell, and so on (see figure).

A1, 

With four 5-input-majority modules, we can count 
up to four. The inverting output of the first module 
is connected to an input of the next module and to 
an input of the module after the next, because ac-
cording to the formula, n = 1, and so on. If C = 0, n 
adjacent modules send a 1; if C = 1, another 1 is 
added, and when C = 0 again, one of the modules 
that sent a 1 before now becomes 0, so n 1's went a 
step/module forward. We don't have to build this 
counter; in particular, we are missing modules to 
do so (4x inverter no. 2450, 4x majority module no. 
2452). It is sufficient to understand its function be-
cause we want to translate it into a gene module 
circuit.

m m m m m m0 0 0 0 0 0

C
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Experiment 50
Counter with four gene modules

» « 

Our gene module with five or six inputs includes the 
majority function with five inputs (see experiment 
6). So it must be possible to transform the setup of 
experiment 49 to one with gene modules. Thus we 
look at a single module and the connections to its 
neighbors and translate it to threshold logic.

Lectron






»
«

 Now it gets a bit more 
A

A

logical0 logical1
+A 0V +8V
A +8V 0V

-A 0V -8V

A + A = 1 or A = 1 - A
A-

The threshold of a majority module with five  in-
puts is 5/2 = 2.5. Three logically identical vari-
ables determine the output. The gene module has 
the same function if its threshold is set to +3.
One input of the majority module is fixed to 0. So 
we simply leave one input of the gene module 
open.
The second input is connected to the module’s 
own output +A. We adjust the threshold to +3 bi-
stable  and save the external connection (see ex-
periment 4).

difficult with the other 
input signals coming from -outputs of two 
other modules. We don’t have -outputs in our 
threshold modules, we have got only -A output 
signals, which we already know is a big differ-
ence. The table clarifies it again.

If we don’t have an inverter or don’t want to use it, 
the following basic relation will help us again; we re-
member that it is always true in Boolean and 
threshold logic, too:

We can create a  signal by fixing one of the gene 

module’s inputs to logic 1 (+8 V) and a second 
one to -A which fortunately exists. We would 
have to generate both constant signals of logi-
cal 1 with a combination of diodes and resis-
tors out of the supply voltage.

 
We choose the time constant RC = 0.1s and 
hysteresis 0.1 for all modules.

 But this is not 
necessary, because we can compensate for 
both constants by simply omitting them and 
decreasing the thresholds by 2.
We generate the central clock C from the sup-
ply voltage (which is decreased with a diode) 
with a push-button module.
The button doesn't have to be debounced, be-
cause we have to press it for a while anyway.

If we apply the supply voltage, nothing will hap-
pen. Only if we push the button two adjacent 
modules turn on. It is random which ones these 
are. After releasing the button, one of them (the 
one in the front, counterclockwise) remains 
turned on. When the button is pushed again, 
the next module, counterclockwise, turns on; 
we have to push the button until this happens. 
Two modules are now turned on, the previously 
active one turns off when the button is released. 
In this way, we can shift the active module one 
step counterclockwise in the ring.
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Experiment 51
Counter with four gene modules, alternative setup

If we use an additional gene module working as an 
oscillator, we can do without the manual clock func-
tion. The circuit works just like in the previous ex-
periment. We replace the button with the well-
known oscillator. For reasons of space, the E3 input 
is connected to the +A output of a cell, which of 
course would stop the oscillation. We compensate 
for this by connecting the -A output with another 
input (E1).
We remember another rule that can be useful some-
times, too: Unneeded inputs can remain uncon-
nected or be connected to unused inputs of differ-
ent gene modules. No unwanted couplings will oc-
cur.
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Experiment 52
Counter with six gene modules

Finally, on the matter of counters, we show the 
setup with six gene modules. This is a version in 
which the clock is generated manually with the 
press-button module.

For those who are interested in electronics

The MOSFET 

In the experiment after the next, we will generate a 
clock manually with the push-button module. We 
have to consider how to do it because we simulta-
neously need an inverted clock, too.
To get an inverted signal from a given one is pretty 
easy with a so-called MOSFET (metal oxide semi-
conductor field-effect transistor). This is a transis-
tor with three pins or electrodes called source S, 
gate G and drain D. The gate is isolated from both 
other electrodes and therefore has very high resis-
tance in the T range. We will use a so-called p-
channel MOSFET in the experiments. This device 
forms a well-conducting channel between source 
and drain if the gate potential is at least ~2V below 
the source potential. It blocks instead if the gate po-
tential is equal to the source potential.
Therefore the transistor behaves like a switch be-
tween the electrode source and drain, which can be 
controlled, e.g., opened and closed, only by the gate 
potential. Due to the extremely high impedance, 
there is no gate current if it is turned on or off.

G

D

S
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Experiment 52A
Counter stage

» « 

It isn't very common to choose a ring structure for 
counting rather than another one that is less com-
plex. If we succeed in designing a circuit that di-
vides the clock-controlled signal by 2 and provides 
this divided signal to its outputs, we already have 
the basic element of a binary counter.
From threshold logic [5], we know digital circuits of 
different types of flip-flops. For an asynchronous 
counter, we can use the T flip-flop (T stands for tog-
gle) and translate its circuit to a feasible one with 
our gene modules. The T flip-flop operates as a 
clock controlled by the principle of master and 
slave: The logical state of the slave's -A output, 

which is also the inverting output of the divider 
stage, is stored with the negative edge of the clock 
by the master of the following stage, and then 
shifted to its slave by the positive edge of the clock. 
Then the slaves send the inverted state to its out-
puts. This ultimately means a division of the clock 
signal by 2. Both output signals of the divider stage 
are used as clock signals for the next divider stage, 
and so on, and thus a binary counter results.
For a divider stage, we need four gene modules, two 
for the master part and two for the slave. Using 
gene modules that can't interpret edges but com-
pare sums of potentials with thresholds, we need 
two complementary clocks. It should be obvious 
that a single clock signal cannot first lift the sum of 
the potentials over the threshold and then drop it 
under the threshold.
Both clocks, T and -T, will be generated by the gene 
module on the left that works as an oscillator. Its -
A = -T output signal controls the master, and its 
+A = +T output signal controls the slave. For the 
storing function of the master, we use the bistable 
function of the gene module. The threshold is 0.
The -A outputs of the slave are connected to the 
master's inputs and, for latching, to two inputs of 
the other master gene module. The cross-
coupling of the gene modules of the slaves is 

»
« 

Lectron
weighted twice for the sums, which are each com-
pared with the threshold 0.
The oscillator frequency of the left gene module is 
adjusted with RC between 0.5s and 1s and a hyster-
esis of 0.1, so we can observe easily what is happen-
ing. The RC adjustment of the other four modules is 
0.1s and the hysteresis is 0.
After applying the supply voltage, we will see that 
when the oscillator's red LED is dark, one gene mod-
ule of the master is activated, while the other is not. 
When the red LED of the oscillator turns on after-
ward, this logical state is transferred to the slave, 
and both of the master gene modules are turned off. 
When the oscillator LED then turns off again, the 
other master module turns on, and this logical state 
is transferred to the slave as well when the oscilla-
tor's LED lights again.
If this is too fast for the eye, we can decrease the os-
cillator's frequency or even clock manually back 
and forth with the toggle switch between the 
max and 0 positions. Then again, the frequency 

should not be too high, so the divider stage can fol-
low.
With the output signals Q0 and -Q0 as the clock, we 
can add another divider/counter stage of four gene 
modules and already count from 0 to 3, which 
means dividing the clock frequency by 4.

» « » « 
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Experiment 52B
Extending the counter

T + T = 1
of experiment 50, we get after rearrangement

-T = T - 1

The built-up counter is easily expandable. The only 
limit is the space on the assembly board and the 
number of gene modules. Now we want to show 
that you can also control a clock manually with a 
button. But first, there is a problem to be solved. 
Until now, we used the clock signal T between 0V 
and 8V and a clock signal -T between 0V and -8V. To 
create the second one, we need a supply voltage of -
8V, which we don't have. We can easily create the 
clock signal +T and invert it with the MOSFET tran-
sistor. When the button is open, the gate connection 
G of the p-channel MOSFET is connected to the 
ground potential via the resistor. As a result, the tran-
sistor is highly conductive and the current flows 
from the supply voltage across the diode (dropping 
the voltage by 0.7V) to the inputs E2 and E4 of the 
master gene modules. But we only have and not -T. 
If we remember the basic rule

This means, instead of the required -T signal, we can 
use the signal, but will have to add an additional 
constant -1(= -8V) signal wherever it is connected 

T 

T 

Lectron
to a gene module. It seems like this doesn't help us 
because a negative voltage is not available without 
an additional battery module. But we can eliminate 
a constant minus signal by adding a constant +1 sig-
nal and, for compensation, raise the threshold by +1. 
In the sum, the constant signals remain 0 and don't 
need any further attention. Only the threshold has 
to be raised from bistable 0 to bistable +1, and only 
in the first divider stage receiving the signal. The 
following stages don't need this because the gene 
modules can produce the -A (= -Q) signal internally.
The button has to be pushed until the stages switch, 
so it cannot be released too early. In the setup of the 
stages, we avoided unneeded inputs of different 
gene modules being in contact with each other. The 
internal circuit is immune to these apparent cou-
plings. It can happen that the setup with three 
stages exceeds the size of the assembly board. Since 
the right column of connection modules doesn't 
have any ground connections, it should work, al-
though these modules are not completely on the 
board. It is important that the ground connection on 
the far left side is in contact with the assembly 
board. By pushing the button, we can observe how 
the setup counts from 0 to 7. The LEDs of the lower 
slaves are the (binary) counter reading.
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Experiments 52C & 52D
Counter stage (alternative set ups)

The setup figure above shows an arrangement with 
manual clock control that fits on the assembly 
board without overhang. By using the 13th gene 
module, we can again generate the clock with an 
oscillator. The figure on the right shows a possible 
setup. Don't forget to adjust the thresholds of the 
two left gene modules back to »0 bistable«. Because 
the supply voltage module is at its limit, its bottom 
magnet, which also works as a heat sink, gets quite 
hot (> 50°C) during long periods of operation. An 
internal performance monitor protects the module 
from being destroyed and might shut it off revers-
ibly. The bottom magnet should always be in good 
contact with the cooling assembly board.
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Experiment 53
Shift register

We want to finish the digital experiments with a circuit 
that plays an important role in digital electronics in 
addition to the counter stages: the shift register. In the 
beginning, we already had a setup with gene modules 
where a »1« was shifted in a ring. A shift register, even a 
simple one, does a little more. It can shift a binary pattern, 
and not only a single »1« from cell to cell! If we connect, 
as before, the end of the register with its beginning, we 
again have a ring shift register. Based on previous 
knowledge, we would expect that for the setup of a 
memory cell, at least two »cross-coupled« threshold 
modules are necessary.
If we set up the register with threshold modules that 
always sum signals, including the clock signal, we have to 
solve a general problem: When the shift clock is active, 
the data content of the cell may be shifted only to the 
next cell. Since all cells are controlled at the same time by 
the same clock to take the content of the previous cell, it 
can easily happen that not only the old content of the 
previous cell, but already its new content, is taken. Since 
the previous cell does the same action, the binary pattern 
could run, in a worst-case condition, in circles as long as 
the central clock has an active potential. This, of course, 
has nothing to do with organized shifting.

To put things right, we establish a temporary storage, 
again consisting of two threshold modules; it is 
controlled by a second (transfer) clock signal, which is 
phase-delayed relative to the first one. A memory stage, 
therefore, contains four threshold modules and 
operates with two clocks, which requires quite a bit of 
effort.
But luckily, there are clever people showing that it also 
works simply with only three modules and one clock. US 
patent No. 3458734 from 1969 gives two solutions at 
once that we can implement with our threshold 
modules (see figure) [23]. Both are set up with threshold 
modules from the company RCA, having three inputs 
with weight 1 and two inputs with weight 2 [5].
Fig. 1 shows the first implementation. The upper 
module has the threshold +3, the lower ones have the 
threshold +4. X and its complement  are the inputs of 
the shift register, Z and Z the outputs. The central clock 
is C, and the common reset signal is B.
In shift operation, B is 0; with B = 1, all cells should be 
reset according to the description. But we found that 
with B=1 all cells are set. Therefore we omit this 
rather useless function but, as we already know, have 
to convert it a little, because our modules don't 
provide the complements , but -X, -Y and -Z. 
We use the equation X+ = 1 and get = 1-X, and 
analogously for  and . Wherever we need the 

X

X, Y und Z
X X 

Y Z

Lectron
complement, we take the negative variable and a 
constant 1-signal. The latter immediately disappears 
if we decrease the threshold at the same time by 1. 
We also omit constant 0 signals, like the B signal, 
which is 0 at the shift operation, without further ado.
Feedback from outputs to inputs of the same module 
is realized with a »+1 bistable« adjustment, by which 
we get an additional free input. That is why Y has to 
be sent to the input at the lower left module only 
once externally, although it has the weight +2. After 
the transformation, we get the circuit in the upper 
right figure with the changed signals and thresholds.
The central clock is created manually with a button. 
The diode is used for dropping the supply voltage as 
usual. The setup shows a ring shift register with four 
stages, where number 14.n is the module with the 
actual content of the stage (red in timing chart), and 
10.n and 12.n are auxiliary modules that ensure that 
the content of the stage (pink) is shifted only to the 
next stage when the clock signal C = 1.
After applying the supply voltage, there are four ones 
in the register. This is easiest to change manually by 
using the toggle switch of the Y-register 12.n. This 
register is at C = 0, always complementary to the Z-
register 14.n. The following timing chart shows how 
the possible contents in the shift register are shifted 
by the clock.
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CLOCK 24.1 26.1 28.1 24.2 26.2 28.2 24.3 26.3 28.3 24.4 26.4 28.4 Remark

No 1's in
shift register

One 1 in
shift register

Two adjacent 
1's  in shift register

See page 181 for details of the timing chart, shift register (alternative version)

CLOCK 10.1 12.1 14.1 10.2 12.2 14.2 10.3 12.3 14.3 10.4 12.4 14.4 Remark
Four 1's in

shift register

No 1's in
shift register

One 1 in
shift register

Two adjacent
1's in shift register

Three 1's in
shift register
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Experiment 54

Shift register, alternative version

Fig. 2 (page 176) shows a simpler, alternative version 
of a stage. In this version, the B-signal has to be 1 
when shifting, because with B = 0 all stages are reset. 
We have to omit this function because our threshold 
modules don't have enough inputs. So B is replaced 
by two constant 1 signals that disappear with the 
threshold of the left upper module 24.n decreased by 
2. The two upper modules have a threshold of +4 in 
the original figure, and the lower one has a threshold 
of +2. The corresponding transformation, as in the 
first setup, gives us the cell structure on page 176 
down at the right edge.
It is easy to build it with our threshold modules. But 
we again have to use a trick in the setup: We lack 
space to connect the required -Z4 -signal of module 
28.4 to the input of module 26.1. We create the 
complement -Z4 from  with an inverter and, as 
compensation, increase the threshold of 26.1 by 1. 

Z

The right diagram on page 179 shows as usual how 
different contents are shifted by clock control in the 
register. The modules 26.n and 28.n have comple-
mentary contents when the button is released C = 0). 
When C = 1, all 24.n cells are set (Y = 1).

Lectron

The assembly board has enough space left to set up 
a fifth cell. Those who have purchased additional 
modules and want to build such a register can find 
a possible setup above. We strongly recommend 
using a second supply voltage module.
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Useful supplementary modules

There are setups in the biological part as well as in the 
digital part of our construction kit where we reached 
limits; either the number of inputs our gene module has 
was too small or we lacked space on the DIN A2 as-
sembly board, so we could not place all necessary con-
nections for the circuit. We found some tricks that 
helped.
In the first case, we could change some weights of the 
input signals by reconsideration or used a diode combi-
nation of signals to solve the problems. Lack of space 
could be overcome sometimes by using a MOSFET in-
verter to generate the necessary signal only at the spot 
where it was required. Thus, we saved connection mod-
ules and therefore space.
With two subsequently developed ad hoc modules for 
the gene construction kit, we are now able to solve 
problems in a very elegant way. Both modules contain a 
charge pump we introduce on page 160.

As we found out there, the charge pump is able to gen-
erate a negative voltage out of a positive one. The less 
current it has to deliver, the better it does its job. And 
this is exactly the case in our setups.
If a gene module has to provide different gene modules 
with both of its output signals, +A and -A, we must lay 
out two connections in separate ways from its outputs 
to the receiving modules. This costs a lot of space and 
modules (see figure above).
Here the »converter« module (order no. 2490) offers re-
lief. We only place the +A signal on the assembly board 
from the sender to the receiver and invert it at a suit-
able position. The longer the connection line, the more 
we can save modules and space. But it gets even better. 
The charge pump needs a rectangular signal to control 
the switches, and we can utilize this signal in a so-
called Villard circuit to double the voltage. Thus, the con-
verter module not only generates the negative -A volt-
age from the +A voltage, but also the doubled voltage 
+2A, precisely 2(+A -U ) due to the two diodes the cir-th

cuit is built of. As there are Schottky diodes used, the 
voltage only drops about 0.4V (= 2U ), which the gene th

modules cope with. If a signal requires the weight 2, we 
no longer need two inputs of the gene module, only 
one, and the other is freed for another signal. It might 
be odd to call the input of the converter module +A, but 
we always have to bear in mind that this input should 

only be connected to a +A output of a gene module or 
to the supply voltage. Moreover, the input is connected 
to two contacts, so we often save an additional T-
connection module.
It would be particularly good if we had such a converter 
module for a negative voltage, too. That would enlarge 
our flexibility. This desirable feature can also be fulfilled 
with the minus converter (order no. 2491). A similar cir-
cuit (like the one in the converter module) does its job 
inside this module. The only difference is that the con-
verter works between the potentials +A and ground, 
but the minus converter works between ground and -A. 
Internally there is no difference except the wiring; ex-
ternally all the potentials are 8V less. Thus, with the 
input -A (connected to two contacts again), it provides 
-2A and +A (-2U ). We are only allowed to connect -A th

to a -A output of a gene module; otherwise the module 
will get damaged. When using both converter modules 
in a setup, this should be done with reasonable care, as 
they look very similar (see again figure above).
As an example we will show the setup of the shift reg-
ister (experiment 54), in which we couldn't realize the 
central reset function due to lack of signal inputs. But 
now we can, as you will see on the following pages.
We are quite sure you will use both converters when 
you reach the previously existing limits in building up 
new gene networks.
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Shift register with reset function

A

In experiment 54 we had to use a trick to connect 
the outputs of the fourth cell to the inputs of the 
first and to form in this way a ring-shift register; 
there was simply a lack of vertical columns on the as-
sembly board. Moreover, we did the setup just from 
the first module, without a central reset signal, be-
cause the gene modules did not have enough inputs. 
We will now try to substitute the MOSFET inverter 
and to install the reset function.
Let's start with the MOSFET circuit, which trans-
forms the +A signal from module 28.4 into an  
input signal for module 26.1. As a matter of fact, this 
module needs a -A signal, but we compensated for 
this by adapting the threshold. If we now use the con-
verter module instead of the MOSFET circuit, the +A 
signal from module 28.4 still reaches input E5 of 
module 24.1; at the same time we have the con-
verter-generated -A signal for the E4 input of mod-
ule 26.1. We have to adapt the threshold of the latter 
to »-1 bistable« as it is at all 26.n modules. That was 

dead easy, wasn't it? All of the 24.n modules need 
the central reset signal (called B in the patent appli-
cation) with a weight of 2. But all inputs are already 
occupied. First we have to free one input at each of 
these modules. We can do so as follows: Doubled by 
a converter, the clock signal (called C) that comes 
from the push-button module is then connected to 
only one input of each of the 24.n modules. Since the 
clock signal C is needed at each 26.n module with 
weight 1, we do this near each 24.n module. So we re-
quire four converter modules. In principle it would 
be possible to generate the doubled signal centrally 
by only one converter module and to lead it to the 
four 24.n modules, but that needs additional space 
that we unfortunately don't have. We will come back 
later to the central clock generation, anyway.
At each 24.n module, we now have a free input, 
which has to be connected to the reset signal with 
weight 2.
The reset signal gets active with B = 0. Since we have 
not used it so far, we could set it mentally to B = 1, 
e.g., inactive, and by adapting the threshold, simply 
omit it entirely. We now do a similar thing. We gen-
erate the inactive doubled reset signal centrally with 
a converter out of the supply voltage and connect it 
to the free inputs of each of the 24.n modules.
We have to increase the thresholds of all these mod-

ules from +1b to +3b to guarantee B remains inac-
tive when it equals 1.
We achieve the active reset with B = 0 by using a 
push button with normally closed contacts. When 
we press it, all four 24.n modules no longer get the 
doubled reset signal, their internal sums don't reach 
the thresholds, and the cells are reset. Adding the 
centrally generated reset signal requires space on 
the assembly board that we don't have at first. Luck-
ily there is enough space on the left-hand side on the 
bottom of this board; by streamlining the fourth cell, 
we can use it. More converters are still necessary: 
One of them has to generate a -A signal for 26.2 
from +A signal 28.1, and the other one has to do the 
same with the +A signal 24.3 to get the needed dou-
ble -A signal for the 26.3 module. A minus converter 
is used, too. With its help, the -A signal from 24.4 
can be connected twice to module 26.4 in a space-
saving way.
The additional blue arrows illustrate which modules 
store the actual content of the cell (namely the 28.n 
ones). At the same time they show how the informa-
tion in the cells is shifted when the button is pressed. 
All gene modules are set to Hyst = 0 and RC = 0.1s 
for fast operation. Nevertheless, we should press the 
clock button for at least half a second to ensure a reli-
able shift of information.
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Shift register with reset function, second version

For those who do not want to use that many converter 
modules, here is the already announced solution: After 
centrally generating the clock C, its signal is doubled by 
a converter module and connected to all of the 24.n 
modules. Since all 26.n modules need it as well, but 
only with weight 1, we connect each of them via a 
100k resistor. Together with the internal 100k 
input resistance, the input current is halved by this 
measure and thus the doubling is reversed. We save 
space on the assembly board, which we can use for link-
ing the power supply lines.
The examples show very well in which ways we can fit 
additional functions into the setups with the help of 
the converter modules.
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Fractional thresholds

Finally, we would like to state explicitly a feature of the 
gene modules we avoided in experiment 45. For the 
time being, we can choose the threshold as an integer 
only in the range from -2 to +5. If a module has an un-
connected input, we can connect it to the center tap of 
a 10k potentiometer that works between the supply 
voltage and ground. With this device we are now able 
to adjust each value continuously, and thus the bias 
may assume fractional values.
If for example the tap is in the center position, the 
input gets 4.5V, expressed in threshold values of 
about +½. To reach a chosen threshold of +3, for ex-
ample, the sum of the other input signals has to be 
+2½ only to activate the module.
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...since there is a little bit of space left here, you get 
the derivation of both XOR setups from their 
Boolean expressions as a bonus. On page 28 (left 
and right) they appeared out of nowhere. Let's have 
a look at two variables first.

That was easy, too, wasn't it? And if you calculate with 
three variables, it's only a bit more complicated:

From  X = AB v AB
with A = 1 - A and B = 1 - B:
X = A(1-B) v (1-A)B
X = (A-AB) v (B-AB)
X = A v B v (-2)AB

we get X = <A + B -2<A + B> >2:1 1:0

X = AB C v ABC v A BC v ABC
with A = (1-A) ; B = (1-B) and C = (1-C)

X = [A(1-B)(1-C)] v [(1-A)B(1-C)] v [(1-A)(1-B)C] v [ABC]

X = [AvABCv(-AB)v(-AC)] v [Bv(1vAC)v(-AB)v(-BC)] v [C(1vAB)v(-AC)v(-BC)] v [ABC]
X = [A(1vBC)v(-AB)v(-AC)] v [B(1vAC)v(-AB)v(-BC)] v [C(1vAB)v(-AC)v(-BC)] v [ABC]

(  =1 ) (  =1 ) (  =1 )

X = A v B v C v (-2)(AB v AC v BC) v ABC
X = A(1vBC) v B v C v (-2)(AB v AC v BC)

(   =1    ) majority function; see page 28

X = A v B v C v (-2)(AB v AC v BC)
X = <A + B + C -2<A + B + C> >2:1 1:0

We get the same result with C = 0 as above.
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Exp - no. 1 2 3 4 5 5A 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
Component Order no./p. 16 18 20 22 24 25 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 72 82 84

Line connection 2103 1 2 2 2 13 2 4 3 1 1 2 2 4 4 2 3 9 7 4 6 13 13 33 18 20 21 22 12
Ground connection 2101 1 1 2 2 3 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 3 1 1 1 1 1 1
T-connection 2104 2 2 3 3 9 1 1 1 1 1 1 1 2 4 2 2 2 5 3 3 3 9 7 8 8 23 23 13
Angle connection 2105 3 7 4 6 6 7 3 2 2 2 4 7 8 2 3 5 3 3 11 12 10 3 16 16 28 8 8 25 21 42
Double angle connection 2130 5 7
Crossing non isolated 2106 1 1 1 2 2
Crossing isolated 2107 2 1 1 2 1 1 1 1 1 1 1 1 2 1 1 6 6 1 1 4 6 8 2 2 32 32
Triple crossing isolated 2131 6 6
Triple line connection 2108 1 2 1 2 4 4 8 4 6 6 5 1
Double crossing isolated 2109
Resistor 3,9kOhm 2208
Resistor 10kOhm 2211 1 1 1 1 1
Resistor 20kOhm 2212
Resistor 47kOhm 2213 1 1
Resistor 100kOhm 2214
Potentiometer 10kOhm 2219
Potentiometer 250kOhm 2221
Resistor 470kOhm 2230
Elektrolytkond. 100µF 2305
RC-circuit 10kOhm/10µF 2316
Photoresistor 2216 1
Diode 2402 1 1 2 1 1 2
Schottky diode 2406
p-channel MOSFET 2444
LED superbright 2474 1 1
Op-amp 2476
LED display 2477
Timer 555 2480
Gene module 2482 1 1 1 1 1 1 2 1 2 2 2 2 2 2 2 3 4 3 3 3 3 3 4 4 4 8 6 6 12 12 13
Converter 2490
Minusconverter 2491
normally off press button 2501 2 2 2 2 3 3
norm. closed press button 2502 1 2 2 1
Power supply module 2601 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Assembly board DIN A3 2961 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Assembly board DIN A2 2960 1 1
Sum 3 6 20 17 22 18 42 6 10 12 11 11 14 16 12 15 24 13 14 35 36 26 20 46 46 94 48 52 134 133 85
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