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We spoke with Jean-Philip Piquemal, a leading theoretical and computational chemist. He
is a Distinguished Professor of Theoretical Chemistry at Sorbonne University and a Research
Adjunct Professor at The University of Texas at Austin. He is one of the core developers of one of
the world’s leading molecular simulation packages, Tinker. Jean-Philip is also the CSO and cofounder of Qubit Pharmaceuticals, a Paris-based startup seeking to deploy molecular simulation
to accelerate drug discovery. Here is an excerpt of our long conversation.

Alvaro Veliz Osorio
			The
exponential growth
of computational resources has accelerated almost every industry, but the pharmaceutical and
chemical industries seem to be struggling with
this transformation. What is the reason for that?

Jean-Philip Piquemal
			
It is because these are complex systems involving an enormous number of
variables. So, we simplify things to make progress.
However, some problems just cannot be simplified. For example, you cannot model a nuclear reactor using simplified equations. You have to pay
the price for the physics. This is what happens with
chemistry and the life sciences. You can always
build approximate models that give you the big
picture, but in many cases, you want to understand
the small details. Details can be crucial. Imagine
trying to land on the moon without a detailed
map. The situation in drug discovery is very similar
to the moon landing example. If you don’t have a
detailed map of the target, it will be challenging to
land a drug accurately.

Alvaro
		
Yes, but hardware is evolving rapidly,
and the complexity of what they can handle keeps
expanding.
Jean-Philip
		
That’s precisely what is happening
and it will accelerate. Computers are getting bigger and bigger, faster and faster. Equations that
were intractable ten years ago are starting to be
tractable. Things are coming the way of mechanics and fluid dynamics 15 years ago. Chemistry and
some simple parts of biology will soon become
numerically solvable.
Alvaro
		
In 1929, Paul Dirac said: “the underlying physical laws necessary for the mathematical theory of [...] the whole of chemistry
are thus completely known, and the difficulty
is only that […] these laws lead to equations
much too complicated to be soluble.” Was he
right?
Jean-Philip
		
His claim was a bit premature, but
this is exactly what is happening. If you have a pow-
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erful enough computer and quantum mechanics,
you can model more or less everything. Nowadays, we rely on quantum-based models like force
fields that are easier to solve than the Schrödinger
equation but almost as accurate. This goes hand
in hand with the rise of machine learning and the
exascale transition. It is widely believed that China
already has two exascale supercomputers in operation and the Americans plan to launch three or
four in the coming months. The rest of the world
will follow suit. And it trickles down. Small setups
with petaflop capabilities are widely available. Now,
even mid-sized companies can have a supercomputer.

Alvaro
		
Another exciting trend is the
emergence of special-purpose computational
accelerators. It seems like there is a Cambrian
explosion in hardware ongoing. What impact
will this have on your space?
Jean-Philip
		
That is the crucial word: ‘accelerators’. Accelerators are a massive idea. The most
well-known are Graphics Processing Units (GPUs).
This type of hardware packs vast computing power
and consumes little energy relative to CPUs. GPUs
are great at doing lower precision computations,
known as decreased arithmetic. Mathematicians,
physicists, and chemists realised that you don’t
need high precision throughout the entire computation. The insight comes from the engineers
at Google, who noticed that double precision isn’t
required across the board. Besides GPUs, other
accelerators are coming to the market, like FPGAs
and TPUs. Even more exotic types of hardware are
emerging, such as optical processing units and
quantum computers. It seems like all these accelerators will help power better chemistry simulations. Quantum computing was more or less
conceived for this purpose. Many of the pioneers
of the field, like Richard Feynman, were dreaming
about these types of applications.
Alvaro
		
The rise of machine learning has
played an important role in spurring these developments. Still, I feel that data-driven approaches, such as machine learning, are rather
different from the physics-driven techniques
used for chemical simulations. How do you see
these two types of methods evolving?

If you have a
powerful enough
computer and
quantum mechanics,
you can
model more or
less everything.

Jean-Philip
		
Physics-based approaches have
dominated the field of chemical simulation for
ages. People in our area were sceptical about data-driven methods, but now we have strong proof
that data-driven technologies can deliver excellent results. AlphaFold is a great example. However,
it is important to remember that this is a technology among others and won’t replace everything.
Machine learning has important limitations. If you
want to deploy machine learning, you either have
a large set of carefully curated data—which are
rare—or run experiments or physics-based simulations first. When people talk about the speed
of machine learning for discovery, they often omit
that they spent two or three years doing heavy
computations at data centres.

Just see what happened with COVID, where data
wasn’t available. Not a single antiviral was discovered using machine learning. Speed was the
promise, and now the time has passed. Still, machine learning will undoubtedly complement other types of simulations. Machine learning is ideally
suited for parsing through large databases looking
for patterns. This is something you wouldn’t want to
do with physics-driven techniques. So you could
use machine learning, for instance, to evaluate the
potential toxicity of a compound.
Alvaro
		
So, just like the hardware will
have various types of accelerators, workflows
will invoke different techniques.
Jean-Philip
		
Exactly, nothing will be lost. We will
have heterogeneous workflows where some parts
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are experimental, others physics-driven computations or machine learning.
Alvaro
		
There is a proliferation of companies doing machine learning for drug discovery.
In contrast, there are only a handful of companies using physics-driven methods. Why is
that?
Jean-Philip
		
There are several reasons. First of all,
there is a lot of hype around artificial intelligence.
The number of players is clearly too large, and
many companies will fail. The game in chemistry
and pharma is to discover valuable molecules. The
market will decide in the end. The other reason is
that launching an AI company is relatively easy. You
can start with your laptop, order a GPU online and
rely on the excellent machine learning libraries for
Python that you can install for free like TensorFlow
or Keras. With these ingredients, you can build a
pipeline and do reasonable things. However, you
should keep in mind that the big players are working on this using more sophisticated models that
are not publicly available. Moreover, they are also
running complex physics-driven simulations and
have access to vast databases.

Alvaro
		
Now, talking about physics-driven approaches. I know you have been deeply involved in the development of Tinker, the
chemical simulation code. Could you tell us a
bit more about this package?
Jean-Philip
		
Developments in molecular simulation research can take very long. This led to the
emergence of community codes, which are projects involving hundreds of researchers and go on
for decades. These codes are generally open and
move forward thanks to the community’s contributions. There are several widely used community
codes for chemistry in the world, like GROMACS in
Europe, and AMBER and CHARMM in the US. Tinker
is one of such codes. The effort started in Harvard
with the work of Jay Ponder and others in the late
1980s. I come from another code-building tradition
in France. Fifteen years ago, we decided to merge
the US and French initiatives. I joined Tinker aiming
to incorporate more advanced mathematics into
the code. The code was far behind the state-ofthe-art in mathematics and relied on decade’s old
techniques. We also adapted the code to exploit
high-performance computers, which gave rise
to Tinker-HP. We are now starting to provide optimised versions for GPUs of different vendors like
Nvidia, Intel, and AMD.
Alvaro
		
You are involved in academic as
well as entrepreneurial pursuits. Could you talk
to us about the balance between open and proprietary research? I am mainly trying to understand this in the context of Tinker.
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Jean-Philip
		
Tinker is meant to be shared by design. In fact, it is one of the oldest open codes out
there. Every development in Tinker can be found
on the web and downloaded from GitHub. Openness helps academic projects, but it is crucial to
have some nuance. A fully open project comes
with some drawbacks. For instance, a General Public License (GPL) can sever your ties with industry.
This is because GPLs are contaminating, meaning
that if you plug anything into something with a GPL,
it becomes GPL too. So industry won’t come close
to your project, and industrial funding disappears.
Even worse, if they find your code interesting, they
can rebuild it in-house. We designed our own licence to balance openness and protection. Tinker’s licence is close to open source, except that
our universities hold redistribution control. We give
free access to all the executables and codes, but
you need to send it back to the universities if you
want to redistribute it.
Alvaro
		
So, while openness can foster reproducibility in research, it can hurt research if
it isn’t managed correctly.
Jean-Philip
		
Fortunately, people are thinking more
carefully about licences now. Not because you are an
academic, it means you should give everything away
for free. You should share with people interested in
understanding your work better. People should be
able to see your methodology and reproduce your
findings. Sharing datasets is also becoming a growing demand in the physics-driven world. We found a
model where everybody can check and contribute
without restraints, but where we keep some degree
of control.
Alvaro
		
As mentioned above, you are
both an academic and an entrepreneur. You are
a professor at Sorbonne and UT Austin, and the
CSO of Qubit Pharmaceuticals. How do you balance these two roles?
Jean-Philip
		
My primary focus will always be on
science. However, I firmly believe that industry
without science doesn’t have a bright future. That’s
why academics should participate in industry and
push new technologies to the market. I am always
pleased when one of my students takes up a role
in industry and brings cutting-edge knowledge.
This ties back to the licence discussion. One of the
reasons to protect research is that it can bring additional funding for research, e.g. by selling licences.

This money will then help generate new science.
This model is slowly taking off in France, but it is
widely adopted in Germany, the US, Japan, etc. It is
a delicate balance. And you need to maintain it. So
what is happening is you have an agreement between industry and academia, not to block the flow
and generate benefits in both directions.

I firmly believe that
industry without
science doesn’t
have a bright
future.That’s why
academics should
participate in
industry and push
new technologies
to the market.

Alvaro
		
Tell us a bit more about Qubit
Pharmaceuticals.
Jean-Philip
		
Qubit Pharmaceuticals is based on
the developments of Tinker. The idea is to deploy
all the molecular simulation capabilities we developed to discover new drugs quickly. Pharma
faces serious troubles because they spend a lot of
money in synthesis and trial and error cycles. They
have tried several things to solve this problem: assembling teams of theoretical chemists, deploying robots for combinatorial chemistry, and now
trying artificial intelligence. But they keep coming
back to the conclusion that rational design is the
key. This is exactly what we are trying to support.
Other companies are doing interesting work in this
space, like Schrödinger in the US. They started the
market and are the global leaders. But we are deploying more physics and more advanced hardware, both HPC and quantum. Deeper physics and
more powerful hardware are necessary to simulate
challenging targets with complicated dynamics,
charged atoms and quantum effects. We want to
become hard problem breakers for pharma.
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Alvaro
		
You have the capabilities to model
difficult-to-model targets. But are these targets
clinically relevant?
Jean-Philip
		
Many of these targets are well known,
but people cannot model them. This means that
we are entering a territory with relatively little competition. COVID-19 has showcased the limitations
of current approaches. Experimentalists soon discovered that the proteins in the virus are incredibly
complex. This is one of the reasons this virus is so
aggressive. The interactions taking place in these
proteins are very novel and energetic. For example, the spike protein appeared so tightly linked to
your cells that people even doubted experimental
results. Everything we threw at it was failing. In line
with our approach, we deployed more physics and
GPU power. We used our best model and saw that
it was really predictive. Incidentally, we observed
that our results were very different from those
coming from state-of-the-art models. We built
detailed maps of the target based on our simulation. Then, we had the crazy idea to try to develop
a drug. We designed two chemical families and
found the drugs were active. These are radically
new compounds with novel scaffolds. Then we
brought together collaborators with expertise in
biological assays and medicinal chemistry to test
our predictions. And they were confirmed!
Alvaro
		
This is very impressive! How long
was the process?

she was a student. Now, we can run a simulation of
the same size in under two minutes. So you can fail
millions of times in the computer without spending
a single dollar in the lab. This way, we can launch
experiments only once we get close to a promising result. But this isn’t just about speed and cost.
Physics-based simulations give you a very deep
understanding of what is going on at the atomic
level. This is very different from experiments where
the reasons behind a result are sometimes hard to
interpret.
Alvaro
		
Which is also an important limitation of machine learning techniques. You get
an answer but the mechanisms remain under
wraps. What is the output of your workflows?
Jean-Philip
		
In our case, the output is an interactive movie. You can see exactly what the molecules
are doing and how they interact. You can analyse
and visualise the movies from different perspectives. You can also change the conditions and see
what happens in detail. This is a powerful new tool
for medicinal chemists.
Alvaro
		
Do you see further applications
of this technology?
Jean-Philip
		
Yes because molecules are everywhere. I have big hopes for molecular science in
the coming years.		

Jean-Philip
		
It took only six months—three for
computations and three for experiments. And this
was done with relatively little resources by fewer
than forty people. We are continuing experimental work to improve these candidates. These results
confirm the advantages of having detailed maps
of the target. Using these high-resolution methodologies, you can scan the surface of a protein and
pinpoint the spots where you think— aha, here I can
develop a drug!
Alvaro
		
Working in silico has important
advantages. You can iterate rapidly and don’t
need to undergo synthesis.
Jean-Philip
		
Indeed, you can iterate in silico very
quickly. With the recent improvements in HPC
hardware, you can do it several times per day. A
former PhD student recently reminded me that
computations could take up to six months when
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Logic from matter
Imagine you are tasked with building a flawless
machine using components that you know to be
unreliable. Is such a feat even possible? The founders of information technology grappled with this
question during the first half of the twentieth century.

von Neumann, it took a whopping 60,000 physical bits to make a good logical one. Shannon later
brought this ratio down to 100 to 1.

John von Neumann was one of the first to realise the
centrality of this problem. The components used
to build computers at that time—such as valves
and relays— were notoriously unreliable. In a seminal work, von Neumann demonstrated that it was
possible to make an ideal logical component out
of imperfect ones under certain conditions. Before
his untimely passing, he started pondering how
to extend this understanding to the brain’s functioning. Following von Neumann, Claude Shannon
tackled this problem from a different perspective. Working at Bell Labs, Shannon was naturally
concerned with the issue of communication. The
challenge for him was how to communicate over
noisy channels reliably. His answer to this question
was closely related to von Neumann’s. The reason
why their solutions are similar is clear in hindsight.
A computer’s memory is just like a communication
channel, but instead of connecting Alice and Bob
through space, it connects them through time.

Computation is physics

The key to solving both challenges was to encode
information redundantly. In essence, their methods consist of making several copies of each bit
of information and comparing the copies periodically. If one of the bits doesn’t match, the computer (or channel) can correct the error and move on.
Bits were precious little things in the early days, so
knowing how many unreliable bits were needed
to make a good one was essential. I will resist the
temptation to call these bits Aristotelian and Platonic, respectively. Instead, let’s call them physical
and logical. In one of the examples considered by

Readers keeping track of progress in quantum error correction will hear the rhymes of history.

Computing flourished over the following decades,
and present-day machines run so smoothly that
we don’t even distinguish between physical and
logical bits. This was possible thanks to the increased reliability of physical bits and our ability to
produce them in colossal quantities. Deep physics
(quantum mechanics) was critical to developing
transistors—the reliable components that power
our computers. Interestingly, these components
were so good that they allowed us to put the physics of computing aside. You can write excellent
code without the slightest knowledge of Maxwell’s
equations. If computers were philosophers, they
would undoubtedly be cartesian dualists.

But not everyone forgot that computation is physics after all. Rolf Landauer deserves much credit for
reminding us that information is always physical,
no matter how fungible it appears. It was Landauer
who discovered, in the 1960s, that erasing information always requires the dissipation of energy. In-

6

Reliable computers

fluenced by Landauer, several physicists and computer scientists began to rethink the connection
between computation and physics. Then, an interesting question began to take shape. For decades,
we knew that quantum mechanics described the
physical substrate of nature, including computers.
Yet, our computers are essentially classical, and
quantum mechanics is used only indirectly as a
tool to make transistors and other components.
It isn’t classical, dammit
These ideas were in the air for several years until 1981,
when MIT and IBM organised the now legendary
Physics of Computation conference. It was there
where Richard Feynman uttered his famous “Nature isn’t classical, dammit.” The notion of exploiting
uniquely quantum phenomena as computational
resources started taking shape during this event. If
the strangeness of quantum mechanics had been
so critical to understanding nature—from atoms
to stars—perhaps it could lead to a new computing paradigm. This idea, however, remained pretty
much in the space of theoretical speculation un-

til another breakthrough came from Bell Labs. In
1994, Bell Labs’ mathematician Peter Shor demonstrated that a quantum computer could factor a
number into primes exponentially faster than a
classical machine. Why is this important? Several
public-key cryptography schemes, including RSA,
are based on the fact that factoring large numbers
into primes is computationally hard.
Shor’s result created much excitement in the community, but sceptics swiftly pointed out that quantum systems are far too delicate to make reliable
units of information. Quantum bits (qubits) simply
cannot be trusted. You might be thinking: that
didn’t stop von Neumann and Shannon. But there
is a catch. Recall that building logical bits involved
two actions—making copies and checking them
once in a while. The problem is that these two operations cannot be used in quantum systems. The
no-cloning theorem of quantum mechanics forbids making identical copies of quantum states,
and the act of measuring inevitably changes the
state.
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If the strangeness of
quantum mechanics
had been so critical
to understanding nature—from atoms to
stars—perhaps it could
lead to a new computing paradigm.
Fortunately, just a year later, Shor himself came
back with an elegant solution to this problem. Explaining Shor’s method in full is beyond the scope
of The Codex, but let me share an old riddle that
captures the gist of the argument:
You come to a fork in the road and there are two
twin brothers at the junction. They tell you that one
path leads to heaven and the other surely leads to
hell. On top of that, one of them always tells the
truth and the other one always lies. Unfortunately,
you don’t know who is who and you’re only allowed
to ask them one question. What question should
you ask?
If you find the answer to this riddle, you will be closer to understanding Shor’s argument. In Part II of
this essay to appear in the forthcoming issue, we
will give you the answer and explain how it relates
to correcting quantum errors. Also, we will tell you
how European research groups (TU Delft and ETH
Zürich) and startups (AQT and Alice&Bob) are getting every day closer to building reliable quantum
computers using unreliable components.
Alvaro Véliz Osorio
Learn more:
J. von Neumann (1956) Probabilistic Logic and the Synthesis of Reliable Organisms from Unreliable Components
E.F.Moore and C.E. Shannon (1956) Reliable circuits using less reliable
relays
MIT & Qskit (2021) The Story of Shor’s Algorithm, Straight From the
Source | Peter Shor
J. Preskill (2021) Quantum computing 40 years later

8

In 1912 bees at the Isle of Wight were decimated by a mysterious disease. The symptoms were abandoned
hives and massive bee family losses. The causes of this cataclysm eluded beekeepers for decades. Finally
it was pinpointed to a combination of virus disease and an infection with the parasite Acarapis woodi. But
knowing the causes, often is not enough to solve the issue. What averted the crisis was the dedication and
ingenuity of one man.
Karl Kehrle, a German national known as brother Adam, was a Benedictine monk and a passionate beekeeper. He faced the problem head on, trying to create a new species of bees with an increased resistance
to viruses and parasites. He managed to create a new hybrid bee, named Buckfast bee, that was able to
withstand infections and averted the bee apocalypse 100 years ago. What’s more this bee strain had a
much more mellow character and was much more effective in honey production. Thus, Buckfast bees
remained popular. And thanks to their resilience, there has not been a mass dying out event for bees until
almost a hundred years later.
In 2005 news outlets reported that a mysterious affliction has hit bees and is spreading rapidly. Many of
the commercially kept bee hives have been abandoned by working bees overnight. Bees abandoned a
perfectly stocked honey ‘pantry’, the Queen Bee, and a full nursery. Why did they leave? Why would they
abandon a perfectly good and stocked house? And what happened to the bees that left?
The condition was named colony collapse disorder. And researchers and beekeepers started a search to
find clues that could explain this strange phenomenon.

(Mono)culture club
In the last 100 years, our society made great strides in
technological development. These achievements
helped to double human life expectancy from
around 30 years in 1900 to the current 70+ years.
This progress was achieved through designing and
discovering new drugs, but also through advances
in the food industry. The invention of artificial fertilisers enabling farmers to produce enough food
to feed the world. Together with collectivisation
efforts, their invention also spearheaded adoption
of novel ways of field cultivation—abandoning the
mixed crop small farming practices in favour of
large scale mono-crop industrialised farming.
The latter system relied heavily on novel technologies from farm machinery and fertilisers. It
promised a much larger yield for the farmer, but at
a cost for the environment. It further limited bio-

diversity in agriculture rich lands, placing a strain
on animal and plant ecosystems. It also impacted a critical niche in the animal kingdom: pollinator insects and animals that feed off the nectar
produced blooming plants. With just one type of
plant available for them on a given field their food
choices are very limited and in short supply: plums
or blueberries are in bloom only for around a couple of weeks. The kept bees will be moved to a
new location, but the local wild pollinators would
stay behind, likely without readily available other
sources of food.
It’s not only honey, Honey
Reading about unfortunate dietary restrictions for
some insects might give some readers a pause.
Yet, others might dismiss this as a necessary sacrifice for the fact that such a farming system provides food for society. There is a bigger issue here.
Around 35% of crops and fruits eaten today rely
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on outside pollination—requiring animals, most
commonly an insect such as a bee, butterfly or
moth to carry the pollen from a flower to flower
to guarantee pollination. Only then, crops such as
apples, broccoli, cucumbers, blueberries, almonds,
or cherries will be able to form. These insects are
also crucial for commodity crops such as rapeseed used to produce canola oil, a key resource
for food and biofuel industries.

These crops come to bloom at different times.
That’s why professional beekeepers move their
apiaries from field to field following the blooming
patterns of the plants. And often the large globalised ecosystem of agriculture requires the bees
to be shifted by hundreds or thousands of kilometers from one place to the other in just matters
of days.

Source: Why are Bees important?
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Shipping and exchanging bees around, inadvertently helped to spread viral diseases and dangerous parasites, such as Varroa mites. This ‘bee tick’,
feeds off bee larvae, and similarly to actual ticks,
it can act as a vector for viruses. One of them is
Deformed Wing Virus, which causes a series of developmental deformities that prevent adult bees
from flying. If left unchecked the mite together with
viruses can decimate a bee colony in the span of
just one summer. While there are available treatments against mite infection, they are slowly losing
effectiveness as varroa builds up resistance to the
treatment. Additionally, the most popular commercial treatment—amitraz—has been reported to
be possibly carcinogenic and residual amounts
were found in honey produced by treated bees.
But it’s not just commercial bees that are suffering,
wild bees, such as bumble bees, or solitary or mason bees have been reported to suffer from the
infliction as well.
These factors create a perfect storm scenario for
wild and commercial bees. Shifting agriculture
methods, loss of natural habitat, pesticide use and

widespread diseases and bee parasites are most
often named as the causes of the mass extinction
of bees. Currently, more than 1 in 3 bee families is
expected to die every year. Yet, in the US, these
numbers are as high as 1 in 2.
Innovating to save the bees
The creation of Buckfast bees helped to avert
the last crisis, new innovations will be needed for
this one. Innovators and researchers are currently
developing and testing many new solutions that
can help. Some researchers are closely following
in Brother Adam’s footsteps to create new strains
of bees that will be able to fight off the parasite
and viral infections. While there are early signs that
bees are evolving a resistance to the mite, this natural process might take more time than we have
before too many bees are affected.
Another approach is to use monitoring tools for
hives, collecting data that can be analysed to tailor the treatments to the needs of each bee family. Companies, such as Ireland-based ApisProtect,
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Israeli BeeWise Technologies, Bulgarian Pollenity,
and Italian Arnia are leading this field developing
internet-connected beehive sensors that offer a
sneak peak to the inner workings of the bee family
and later extract information using AI.
A different solution can be use of natural remedies that can help control parasite populations
and limit diseases. For example, Paul Stamets, a famous mycologist, confirmed that polypore mushrooms can be used to treat viral diseases in bees.
His patent pending innovation is BeeMushroomed
Feeder that can be filled with sugar-mushroom infusion by gardeners—allowing both cultivated and
wild bees to collect the treatment. Another great
innovation is by an Austrian company called Vatorex. They constructed a hive that can be heated
to 42° for a short time: such a temperature rise is
harmless for bees, but kills off varroa mites. Lastly, a
US start-up GreenLight Bio is currently working on
repurposing an RNA technology to create a safe,
targeted pesticide that kills off only bee parasites.
Are we out of the woods yet?
While we still don’t have a silver bullet solution,
there are promising new avenues that can help to
preserve bees and their natural habitat. And a new
wave of innovation in the area of bee protection
is definitely a step in the right direction. But even
now there is a lot that can be done to improve pollinators chances of survival. Starting from high level
policies promoting biodiversity and banning pesticides which are known to be dangerous to bees
and pollinators, to the level of individual choices.
Why not buy local, sustainable foods, grow bee &
insect friendly plants in your garden/balcony, put
up an insect house, and maybe skip lawn mowing
once in a while.
Adela Staszowska
Learn more:
Rachel Carson, Silent Spring, Penguin
Dave Goulson, The Garden Jungle or Gardening to save the planet,
Penguin
Dave Goulson, A Sting in the Tale: My Adventures with Bumblebees,
Penguin
Paul Stamets, Extracts of Polypore Mushroom Mycelia Reduce Viruses
in Honey Bees, Scientific Reports
Sam Droege, Laurence Packer, Bees: An Up-Close Look at Pollinators
Around the World, Voyageur Press
Netflix, Rotten: Season 1 Episode 1: Lawyers, Guns & Honey
Laline Paull, The Bees, Harper Collins
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Nature conceals her secrets because she is
sublime, not because she is a trickster.
Albert Einstein
“Don’t eat fresh mushrooms; many households have remained desolate because of them,” – warns Kataklon
Kekaumenos, an eleventh-century Byzantine author in a handbook written for his sons. A military manual
might seem like an odd place to leave dietary guidelines for one’s offspring. Yet, a more profound historical
truth lies behind Kekaumenos’ words. For countless generations of humans, fungi have stirred awe, that complex emotion that combines the greatest dread and the most extraordinary veneration: a specious mix of
profane terror and sublime wonder.
Pliny the Elder, the famous Roman naturalist from the 1st century AD, recorded how poisonous fungi have
“carried off whole households and all the guests at the banquet.” Simultaneously, he was utterly intrigued
by the strange ethereal glow produced by fungi that grew out of decaying logs of wood. Earlier, “magical”
properties of fungi were studied and used by Ancient Greeks. Like his Roman successor, Aristotle led the first
scientific investigation of fungal luminescence, calling it a “cold fire of decaying wood.”
More interestingly, ancient Athenians were the first ones on the record who consciously used hallucinogenic
properties of ergot fungi during the festivities of goddess Demeter at the mystery cult at Eleusis. Centuries
later, in 1938, a Swiss chemist, Albert Hoffman, synthesized LSD from ergotamine, proving that Athenians pioneered using the substance that became the symbol of the hippie movement in the 1960s.

Mycorrhizal Webs
It is only now that we slowly start to gather first
glimpses into the fundamental importance of fungi within both the global ecosystem and the history of humanity. Merlin Sheldrake, one of the most
prominent mycologists of our times, has recently
shown how fungi are entangled in every life form
on the Earth. They are everywhere: they eat rocks,
producing soil; they decay dead tissue, fertilizing
the ground; they reside in our gut. They make the
most remarkable drugs and interconnect every
living organism.
Fungi are indispensable for all living plants: mycorrhizal fungi that grow out of plant roots link forests

into what Sheldrake calls nature’s “wood wide web”:
enormous intelligent ecosystems that communicate with each other and self-regulate themselves.
We now know that no plant that lives in nature can
thrive without these fungi. And all forms of life, directly or indirectly, depend on these networks. We
might brag about living in the age of interconnectedness enabled through the Internet of Things, but
surely nature outwitted us already.
How is that possible? When it comes to fungi, we
are most familiar with their fruits – amazing mushrooms that sprout out of mulch and trunks. But
mushrooms only allow fungi to produce spores.
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Uncovering Nature’s Secrets
What renders fungi destined to be an ecosystem-interconnecting element are the hyphae
(from ancient Greek word huphai, that is, webs).
Networks of thread-like tubular hyphae build the
vegetative part of almost all fungi, mycelium, a fungal connective tissue. These tubular cells are used
by fungi to transport water, essential nutrients and
even conduct electrical impulses. To fungi and the
plants that they interconnect, these hyphae are
like gut, veins, and neurons to us simultaneously.
Brainless Problem Solvers
The ability of mycelial hyphae to conduct electrical impulses is not a trivial fact. In our brains and
computers, information is represented by spikes
of electrical activity. Electric impulses thus enable
communication and learning.
Indeed, fungi are fantastic “brainless problem
solvers” that excel in solving complex mazes and
routing problems. Researchers at the Unconventional Computing Laboratory at the University
of the West of England have used slime molds
to calculate efficient fire evacuation routes from
buildings. Similarly, Lynne Boddy, a professor of
microbial ecology at Cardiff University, showed
in a series of experiments that the sulfur tuft (Hypholoma fasciculare) collected in the UK grew on
a patch of soil formed in a Britain-like shape mimicking the main roads that connect Britain’s largest

cities. By the same token, slime molds from different continents seem to have taught themselves to
feast on the food readily available to them.
Of course, as the discussion of AI shows, the concept of intelligence is not that easy to define. But if
intelligence is an ability to achieve complex goals
as physicist Max Tegmark postulates, then surely
something is going on here. Indeed, Sheldrake is
right to point out that anthropocentric definitions
of intelligence should be the things of the past.
Towards Mycelial Computing
Can there be more to it than a simple fact of the
brainless problem-solving capability of the oldest
evolved organism on Earth? These specious capabilities of fungi have attracted the attention of scientists for 80 years now. In the 1950s, Max Delbrück
pioneered the field by studying extremely sensitive
perceptual abilities of Phycomyces blakesleeanus
that can detect very low-intensity light. In the 1990s,
a Swedish mycologist, Stefan Olsson, researched
the intensity of electrical impulses transported
through the liquid in the hyphae of different species of fungi. He proved that these are used to
communicate facts about the fungi’s environment
(food sources, local conditions, harms) across the
hyphae networks.
Andrew Adamatzky, the director of the Unconven-
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tional Computing Laboratory, explores the potential of liquid computers built with fungi. Over the
past 20 years, Adamatzky and his team have built
over 40 prototypes of sensing and computing devices based on fungal mycelial networks treated
as living circuit boards and stimulated with heat or
chemical substances. In Adamatzky’s architecture,
mycelia are used as networks of processors, while
fruit bodies (mushrooms) work as an input/output interface for the processor. The information is
represented by spikes of the electrical potential of
signals transported across the mycelial networks.
When two spikes encounter at a network junction, they have the potential to annihilate, reflect,
or generate the third spike. This way, they produce
Boolean logic functions and become basic computational elements.
Interestingly enough, in fungal computers, electrical potential spikes aren’t the only way to implement information processing. Microfluidics in the
hyphae could be used as a source of additional
processing power; they can be used as auxiliary
logical circuits and memory devices of a fungal
computer.
Using fungal computing architecture based on
fruit bodies and mycelia of Basidiomycetes and
Physarum polycephalum (slime mold), Adamatzky’s team uncovered some of the biocomputers’
latent potential. These fungi seem to excel at solving complex geometric and routing puzzles such
as finding the shortest path (the traveling salesman
problem), Voronoi diagram, proximity graphs and
spanning tree, or concave hull.
Future Directions
While these seem promising, we are yet to see if
fungal biocomputers will steer the future path of
classical computers or be remembered as interesting but not practical laboratory experiments.
Whatever the case, significant roadblocks will have
to be crossed before constructing a full-scale
fungal computer. One of them is programming.
To program fungal computers, we must regulate
the shape of the mycelium network. Several experimental approaches have been tested, but
this issue will increase in complexity as the fungal
computers scale. The growth rate of mycelium is
relatively slow. Thus, adding a new set of nodes to
the mycelial network might prove difficult.

Nonetheless, the stakes are high. Bio-based computers have minimal energy requirements. With
the ongoing climate crisis and enormous energy costs of cloud computing, fungal computers
might offer an eco-friendly alternative. More importantly, however, fungi possess highly sophisticated sensing capabilities: after all, mycelial networks function primarily as webs of supersensitive
sensors that process vast amounts of data collected from large ecosystems. Not only do fungi
possess almost all human senses, but they vastly
outperform us. They sense changes in light, electric field, chemicals, gases, and even gravity. They
respond to the slightest changes in light, PH, toxic
chemicals, or CO2 levels.
Fungal-based devices such as computers or sensors could be extremely useful in collecting environmental data for soil pollution, the health of
ecosystems, or even buildings. Adamatzky’s team
received funding from the European Commission
to implement an experimental fungal sensory network that can sense changes in light, temperature,
pollutants, and gases in the building. Such sophisticated fungal sensors detect the slightest changes
in the building’s ecosystem, send data to computers, and help optimize the building’s environment.
Moreover, since fungi can easily absorb materials
such as metals, Adamatzky has shown that slime
molds that feast on particles of gold can be deployed in buildings for self-repairing parts, such as
intelligent wires.
Fungi can also sense chemical cues, such as stress
hormones from other species. In the most recent
study Adamatzky joined forces with Alessandro
Chiolerio of the Istituto Italiano di Tecnologia in Torino (Italy), and Mohammad Mahdi Dehshibi of the
Universitat Oberta de Catalunya. They constructed
a prototypical wearable fungal sensor that can detect the slightest chemical, electrical and olfactory
changes in the human body and send alarms of
early signs of diseases or for extremely sophisticated health monitoring.
Can fungal computing become a reality? Can they
be the future of ultra-sensitive sensitive sensors or
a new generation of bio wearables? At this point, it
is hard to tell. Yet, scientists estimate that there are
roughly 2 to 5 million species of fungi on our planet,
and so far we have documented only around 200
thousand of them, barely scratching a surface of
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their potential. True, fungi escape simplifications
and even scientific definitions. Yet, as Sheldrake
emphasizes, science can never be an exercise in
cold-blooded rationality. We still have a lot to learn
from these extraordinary organisms.
Tomasz Labuk
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