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A Human History of Infectious Agents and the Reality of Antimicrobial
Resistance

Aswin Sai Narain Seshasayee

With great confidence and supposed vision, we decided that infectious diseases were a done
deal, and research funding for these areas were curtailed. Unfortunately, we did not factor
in evolution.

A major challenge in medicine and the biomedical sciences today is the problem of antibiotic
resistance, the phenomenon by which agents of infectious diseases — bacteria being most
relevant to this article —no longer respond to treatment with the ‘miracle drugs’. Let’s
understand this phenomenon by tracing the roles of infectious diseases in human history; our
approaches to understanding and treating them over millennia; the recent use and abuse of
antibiotics and the resultant spread of antibiotic resistance; the antiquity of antibiotics in
natural environments and the inevitability of resistance; and the way forward.

Infectious diseases in human history

Infectious diseases have kept a check on humanity for many thousands of years. The
explosive increase in human population densities consequent to the development of
agriculture, and later the organisation of societies into city states, would have caused a rapid
spread of contagion. One might even go the distance of proposing that the ability to multiply
and spread within such highly dense populations by causing disease would have favoured the
evolution of virulence in some bacteria. The real picture is probably more complicated than
this simple-minded view, but we are probably not entirely off the mark.

There is evidence that a millennium before the year 0, the Egyptian pharaoh Rameses V
might have had smallpox, a deadly viral disease which has now been famously eradicated.
The Ayurvedic treatise Charaka samhita and the contemporaneous medical work attributed to
the Greek Hippocrates describe tuberculosis as sosa/rajayaksma and pthisis respectively
around 500 BCE to the first century CE; this is a bacterial disease of much interest today.
They also refer to leprosy, another bacterial disease caused by an organism that likely shared
a common ancestor with the bacterium that causes tuberculosis. Both these works also refer
to intermittent fevers, typical of different forms of malaria, which is neither of bacterial or
viral origin but caused by a protozoan.

The Roman Empire, with its unprecedented range and population, was repeatedly challenged
by the plague, another bacterial disease which attracted much attention in India after a highly
publicised outbreak in Surat in the 1990s. The plague wrecked Europe in the 14th century,
leaving traces of devastation from its origin in China through the major centres of civilisation
en route to Europe, leading to the moniker “The Black Death”. It has been suggested that this
plague might have played a role in introducing societal transformations that resulted in the
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Renaissance. It is believed in that “ring-a-ring-a roses”, the popular playful nursery rhyme,
was in fact motivated by the morbid symptoms of children afflicted with the plague, and we
all fall down ... dead. In more recent centuries, there have been cataclysmic epidemics and
pandemics of bacterial pneumonia and cholera. Today, we talk about the dangers posed by
various respiratory viruses and multi-drug resistant bacteria!

Despite being very selective in its cataloguing of historical epidemics, this list should serve to
highlight the long-standing coexistence of humans and infectious diseases, and the attendant
meeting of challenges posed to one by the other’s biological setup.

Understanding of infectious diseases over millennia

Though mankind has been beset by infectious diseases for long, an understanding of their
pathologies is recent. Hippocrates and the ayurvedic physicians of similar vintage were
pioneers in largely divorcing the cause of diseases from supernatural forces. However, their
theories of disease as manifestations of disturbances in certain fluid balances, which can be
influenced by external factors such as the weather and diet, while ahead of their times, are too
simple given what we know today. That said, irrespective of the validity of their theories of
pathology, these physicians must have practised effective control measures against infectious
diseases in light of the evidence that they could successfully perform surgeries. Nevertheless,
they did not anticipate the germ theory of disease, which was to flower 2,000 years after their
times.

The idea that germs cause disease was promulgated in Europe by an Italian called Girolamo
Fracastaro, who proposed in the middle of the 16th century that diseases are caused by
contact with certain particles that spread through the air. In the century that followed, the
theory of spontaneous generation of certain life forms from nothing was refuted by Francisco
Redi; and microscopes were used to observe and describe microorganisms as “animalcules”
by Antonie van Leuwenhoek, the father of microbiology.

In 1767, in a book/essay with an impressively long title (“*An account of the manner of
inoculating for Small Pox in the East Indies with some observations on the practice and mode
of treating that disease in those parts”) Holwell describes how certain Brahmins in Bengal
“inoculate” local residents with a mixture comprising the pus derived from individuals who
had suffered from smallpox the year before. This inoculation, a precursor to the present-day
vaccination, was performed before the onset of seasonal smallpox epidemics, and might have
been in practice in India from around 1,000 AD. It appears that these practitioners did have a
germ theory of disease in mind and argued that contagious diseases were caused by
“multitudes of imperceptible animalculae floating in the atmosphere ... (which) return at
particular seasons in greater or lesser numbers ... (and) pass and repass in and out of the
bodies of all animals in the act of respiration”.



In the mid-19th century, the works of Ignaz Semmelweis and John Snow identified material
sources of puerperal fever and of a cholera outbreak respectively. These findings helped
develop simple measures, such as disinfection of hospital workers’ hands with chlorine and
the sealing of water wells suspected to originate an infection, to contain these diseases.
Earlier, Agustino Bassi had identified a ‘vegetable parasite’ as the source of an infection that
was devastating the silkworm industry.

Despite these early studies, formal investigations of the link between “germs” and disease
came about in the late 19th century due to Louis Pasteur and Robert Koch. Koch’s postulates
on rigorously establishing a link between a germ and a disease is still relevant today, and has
recently (about 30 years ago) been expanded into the “molecular Koch’s postulates” by
Stanley Falkow at Stanford University. The book Microbe Hunters, written by Paul de Kruif
in 1926, is a must-read for anyone interested in human discoveries of infectious diseases.

Containment of infectious diseases in the pre-antibiotic era

Treatment of infectious diseases in the pre-germ theory age appears to have depended on
various herbal concoctions. In ancient Ayurveda and Hippocrates’ time, the idea that these
diseases were caused by disturbances in certain “humours” meant that interventions were
developed that were believed to reverse these disturbances.

In the Abbasid Caliphate’s (8th to 13th century) capital city of Baghdad, which was in an
intellectual ferment during this period, quarantine procedures were adopted for containing
infectious diseases. Several hundred drug formulations were described by lbn Sina in
Baghdad, the Latin translation of whose works were used as medical textbooks in Europe for
close to 500 years. The ninth century Anglo-Saxon text Leechbook of Bald describes recipes
for treating certain infectious diseases; we will return to this later.

Being an anti-malarial means artemisinin, whose discovery led to the 2015 Nobel Prize in
medicine, is not quite an antibiotic in the sense the term is used today to refer to anti-
bacterials. Nevertheless, the herb from which artemisinin is isolated has been in use in
traditional Chinese medicine since probably about 300-200 BCE.

Many of these therapies, as well as those from other civilisations and cultures, despite being
ignorant of the causes of infectious diseases, built on empirical observations, and thus might
have been effective.

It is curious that skeletal remains from the Nubians of Sudan from ~400CE and of Roman
Egypt show traces of the modern day antibiotic tetracycline; whether this was part of any
herbal medication or was an incidental component of these people’s diet is anybody’s guess.



At the end of the day, many antibiotics we have today are ancient, natural products, which as
we will see later in the article contributes to making antibiotic resistance inevitable.

Vaccination against infectious diseases has a long history, and its afore-mentioned
application in India 1,000 years ago seems to have had a relationship with the
acknowledgment of a germ theory of disease. Vaccinations were also performed in China in
the 14th century and in the Arab world in the 12th century. The practice was formalised in
Europe by Edward Jenner towards the end of the 18th century. Even today however,
vaccinations against bacterial infections have been rarely successful — a cursory glance at the
immunisation schedules of our children will immediately point to a preponderance of
vaccines against viral rather than bacterial diseases. To clarify, vaccines, unlike the
antibiotics that were to revolutionise medicine later, do not treat an infection; instead they
prime the immune system to provide protection against an infection.

The antibiotic era

The greatest success story of medicine in treating infectious diseases is the antibiotic
revolution, initiated by Paul Ehlrich’s introduction of the “magic bullet” Salvarsan, a toxic
arsenic-based agent, to counter syphilis in 1910. Not too long after, the first sulfonamide
antibiotics were introduced by Bayer. The turning point of course was the discovery — by
Alexander Fleming — and the mass production — by Howard Florey — of penicillin, which
played a major role in curing infections during and after the Second World war. Penicillin is a
natural compound produced by a type of fungus, referred to as a mold. It is notable that
among ancient people, eating certain molds was a practice for treating some infections.

Penicillin is an antibiotic that acts by not allowing the bacterial cell to produce its own cell
surface, called the cell wall. Bacteria are single cells and nearly everything they contain, and
all that makes them a form of life are contained within a fragile detergent-like membrane,
which in turn is protected by a hard cell wall, made of tightly interlinked chains of sugars and
molecules called amino acids. If this protective cell wall can no longer be made, the fragile
membrane gets exposed, and its rapid collapse will essentially annihilate the bacterium. Our
cells do not have cell walls, and for us having just the membrane is more than sufficient. This
means that penicillin cannot do much wrong to our own cells, making it a safe drug that
specifically kills bacteria and leaving us unaffected. Of course, penicillin overdose causes
liver toxicity and so on, but that is a different story altogether.

Bacteria have many other Achilles’ heels, besides the cell wall: these are biochemical
functions essential for their survival, but evolved in such a way that the molecules
responsible for these functions are very different from their human counterparts. This means
that that drugs can be designed to specifically target these bacterial properties, leaving human
biochemicals alone. For example, several antibiotic types such as the tetracyclines,
aminoglycosides and macrolides inhibit the protein synthesising machinery of bacteria, but
not of human cells.



Many antibiotics were made that controlled infections across the world and increased life
expectancies significantly. All looked hunky-dory. Laden with irrepressible excitement, we
flooded ourselves and our environment with antibiotics: taking antibiotics for every little
sniffle, for the generic amoxicillin antibiotic in its yellow wrapping, and generously doled out
by our pharmacies without a doctor’s prescription, cost next to nothing; using antibiotics in
animal husbandry and poultry as growth-promoting agents and for prevention of infections;
industrial dumping of large volumes of these molecules into rivers and waterways; in
laboratories during for example genetic engineering experiments. In particular, the use of
antibiotics in poultry and animal husbandry represents a major shift in antibiotic usage from
treating to preventing bacterial infections, which has resulted in massive overuse of these
drugs.

With great confidence and supposed vision, we decided that infectious diseases were a done
deal, and research funding for these areas were curtailed in the US. After all what was the
point of studying things that were on their way out of this world. Unfortunately, we did not
factor in evolution.



Antibiotic Resistance is Inevitable But Not Insurmountable
Aswin Sai Narain Seshasayee

Resistance is here to stay but it needn’t be apocalyptic. The challenge for the human mind
is to keep pace with it and keep a continuing stream of new antibiotics with novel
properties flowing.

Even before penicillin was commercially introduced, resistance to it was described! All
organisms evolve at some rate, and bacteria with their large population sizes and fast
reproduction times can generate, by random chance, a humongous number of genetic
variants, some of which might carry the property of resistance to antibiotics. A bacterium
does not necessarily have to mutate its own chromosome to become resistant, even though
multi-drug resistant Mycobacterum tuberculosis evolved in this manner; bacteria can share
determinants of antibiotic resistance amongst each other by a phenomenon called horizontal
gene transfer.

Resistance is generally conferred by proteins that modify the antibiotic and convert them into
non-toxic forms; proteins that throw the antibiotic out of the cell; alterations that block access
of the antibiotic to its target locations inside the cell; modifications to the target of the
antibiotic such that the target is no longer affected by the antibiotic.

In an environment that is saturated with antibiotics, those variants which can survive the drug
onslaught outcompete their relatives and take over the population. Eventually, we end up
finding that a large number of bacteria that we have to deal with are impervious to the
weapons we use to tackle them. A bit like the fast-multiplying rakshasa on whom a helpless
minor deva throws ineffective arrows.

It is easy to see how antibiotic overuse can result in a more or less permanent selection of
antibiotic resistant bacteria: the bacteria rarely see an antibiotic-free environment and
therefore the less likely that there will be some that are sensitive to the antibiotic. Resistance
to drugs is not limited to bacteria. Variants of HIV are resistant to the protease inhibitors used
in therapy; we know of chloroquine-resistant malarial parasites; and cancer cells do become
recalcitrant to chemotherapy.

The problem is compounded by the fact that most antibiotics are “broad-spectrum”, in that
they are not specific to a small variety of bacteria but in fact target vast swathes of their
range. There are good reasons for having broad spectrum antibiotics: it is not always practical
for a doctor to specifically diagnose the bacterial variety causing an infection and in these
situations a generalist antibiotic works. There are commercial reasons for the goodness of
broad-spectrum drugs as well. On the flip side, having broad-spectrum drugs means that
evolution of resistance need not necessarily arise in the specific bacterium that needs to be
targeted but could evolve in any of the zillion other harmless bacterial species that the
antibiotic affects, and then eventually find its way to a bacterium of our concern by horizontal
gene transfer.
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Resistance is futie inevitable

Let us take the case of cell wall-targeting antibiotics and track the emergence of resistance.
The first source of resistance to penicillin was the presence of certain enzymes in target
bacteria. These enzymes, called beta-lactamases, break down penicillin into harmless
compounds. Bacteria may evolve a lot faster than humans but humans with their big brains do
not have to evolve to come up with new ideas. So the scientists hit back and came up with
penicillin variants that can do the originally intended function of penicillin, but be impervious
to the action of the beta-lactamases. Excellent! The problem is that bacteria evolve and do
it rapidly. The new strategy that the bacteria came up with was to find a mutation in the
protein that penicillin targets, thus making the protein insensitive to penicillin and its
variants. Take that and that — a one-two punch.

The bacteria even found other variants of beta-lactamases that could breakdown the wide-
range of penicillin variants that humans could come up with. There are probably only two
types of antibiotics today that can target what are called extended spectrum beta-lactamase
producing E. coli, which cause infections in the urinary tract. There is hardly any pathogenic
bacterium (with the possible exception of Treponema pallidum, the thing that causes syphilis)
that is not resistant to the original penicillin today.

British scientists working with the company Beecham discovered that we could inhibit beta-
lactamases themselves using something called clavulanic acid — the famous Augmentin (or
Clavam) that doctors often give as a first-line antibiotic today is a combination of amoxicillin
(a penicillin variant) and clavulanic acid. But well, all that bacteria have to do was find beta-
lactamase variants that are resistant to clavulanic acid, and they did just that. And the story is
endless. Even with last-resort antibiotics like vancomycin, whose structure and activity in
affecting cell wall assembly are so complex that bacteria had to evolve entirely new systems
of proteins (not one protein) to develop resistance, bacteria have found ways out.

We now realise that resistance is inevitable. As Julian and Dorothy Davies say in their article
‘Origins and Evolution of Antibiotic Resistance’, “if resistance is biochemically possible, it
will occur”. Of course, it is not always clear that resistance is biochemically possible, at least
within a few decades or even centuries. But as we will see below, there are good reasons why
it is not just biochemically possible, but has been primed to be possible for millions of years!

The beginning was a few million of years ago

Most antibiotics are variants of natural compounds, and many produced by varieties of
bacteria and fungi. Now you see, there lies a problem. Someone who throws out a noxious
fume to destroy much of life around him, will try to make sure he does not succumb to the
fume and will wear a mask, unless of course he is being suicidal. Similarly, if a bacterium
had to produce antibiotics to keep its competition in check, it itself had to be resistant to the
antibiotics. That means antibiotic production in nature, which has been happening for
millions of years, should be associated with resistance. In fact, the afore-mentioned last resort



vancomycin is produced in nature by a bacterium, which carries the entire set of proteins it
needs to ensure that vancomyecin production is not suicidal.

And bacteria targeted for killing by these antibiotic producing bacteria and fungi themselves
would have evolved resistance, completely independent of human excesses. The arms race
between microbial killers and their targets is fascinating. In fact, clavulanic acid seems to be
an old strategy used by a microorganism to counter resistance among its competitors to the
penicillin-like antibiotics it produces. It is not surprising that we now find antibiotic
resistance in random bacteria isolated from natural environments; we have even found
bacteria that eat antibiotics for breakfast, lunch and dinner, like an Indian movie hero would
threaten to do to the villain and his minions.

It’s been argued that resistance involves a tradeoff — a bacterium that is resistant to an
antibiotic might lose out to a sensitive competitor if the antibiotic is removed from the
environment, resulting in a cost of antibiotic resistance. Thus, would it be possible to “reverse
resistance”? Probably not. Why? Even though high levels of antibiotics in the environment
are definitely of anthropogenic origins, low levels of antibiotics should have always been
there in the soils, in the waters, thanks to their production by bacteria themselves. Even with
humans dumping antibiotics everywhere, the concentration of these molecules in the
environment is probably less than what would be needed to be lethal to a bacterial population.
As has been shown by Diarmaid Hughes and Dan Andersson, very low levels of antibiotics,
even if insufficient to wipe out a population of bacteria, can still select for variants that are
resistant to the antibiotic.

As predicted by Hughes and Andersson some years ago, and more recently shown
experimentally by Aalap Mogre, a PhD student in my laboratory, bacteria growing in low
concentrations of antibiotics can quickly find low-cost mechanisms of resistance. In other
words, evolving resistance under low concentrations of antibiotic rapidly remove the above-
mentioned tradeoff from the equation, cruelly shutting out the dim ray of hope that might
have otherwise emerged. Low levels of antibiotics are likely within the body of the human
who fails to adhere to the antibiotic dose regimen prescribed by her physician; so do think
twice about buying an antibiotic from a pharmacy without a prescription, and do think twice
before you decide to deviate from an antibiotic regime prescribed by your doctor.

A final problem with antibiotic resistance is that most proteins that confer resistance to an
antibiotic are very closely related to ancient proteins that perform core functions in the
bacterial cell. For example, beta-lactamases are related to the enzymes that help assemble the
cell wall in normal bacteria. Thus, a bacterium does not necessarily have to create an entirely
“new” resistance determinant; it can find something that it already has, make a few changes
to it and get the job done. End of story!



A new beginning

With antibiotic resistance being recognised as a serious problem, there has been significant
research activity in this field. We are trying to discover novel ways and means by which
bacteria go about doing their daily routine; how antibiotics affect these processes; how the
bacteria counter antibiotics. For example, the laboratory of J.J. Collins has argued that many
antibiotics, despite having widely different direct targets in the bacterial cell, commonly
affect certain other physiologies of the bacterium, and a level of resistance could evolve in
the bacterium by altering these physiologies.

Novel antibiotic treatment strategies are being developed by academic laboratories. The
laboratory of Roy Kishony has systematically shown that certain combination regimens of
different antibiotics — not all given together, but in some alternating or cycling fashion —
could delay resistance. Drugs that target the ability of the bacterium to cause disease, but not
quite Kill the bug, is an idea that has been floated and being tested. The problem with this
approach of course will be if the disease process itself is necessary for survival; then selection
would result in resistance. Treating bacteria with viruses that feast on them can be traced
back to Félix d’Herelle in the 1910s, and remains an experimental therapy in certain Eastern
European countries. May be the time is ripe to open our eyes to these approaches.

My colleague Varadharajan Sundaramurthy has worked on mechanisms of
countering Mycobacterium tuberculosis not by directly hitting the bacterium but by resetting
host physiologies that are upset by the bacterium. This may sound at one level like the ideas
of our ancients but we must note that this operates at a significantly higher level of
sophistication at the molecular level. This can be considered as a class of experimental
therapies that can be based on the idea that virulence evolved as a result of immune system
over-response, and targeting the latter would be a strategy to counter the former.

Finally, a group of laboratories, including biologists and researchers in the humanities, have
reconstructed an anti-microbial recipe described in the Anglo-Saxon Leechbook of Bald, and
after a systematic investigation showed that it could kill multi-drug-resistant MRSA bacteria.
While on this subject, it is also prudent to remember the antimalarial artemisinin. With regard
to reviving herbal remedies, one needs to consider the logistical problems of scaling up
production to levels that are socially relevant.

At the end of the day, resistance is here to stay. But it need not be apocalyptic. The challenge
for the human mind is to keep pace with it and keep a continuing stream of new antibiotics
with novel properties flowing, and also finding ways by which resistance can be slowed
down, including tight regulatory controls for ensuring their prudent use especially in
countries like our own. It is doable, as long as we do not let our guard down.

The author thanks Dr. Savitha Kamalesh at the St. John’s hospital, Bangalore, and Dr.
Varadharajan Sundaramurthy at the National Centre for Biological Sciences, Bangalore, for
their critical comments on this article.



The Beauty and Intrigue of Seeing Evolution in Action

Aswin Sai Narain Seshasayee

A tool used by biologists to study evolution is called phylogenetics, in which the scientist
attempts to make connections among extant species based on a set of measurable
properties.

The debate over the origin of life between the creationist school and evolutionary biology is
often portrayed as an ultimate challenge to biology and to the faith of the common man in the
life sciences. In reality however, this appears to be an issue in a few countries, such as the
USA. In England, a majority of people believe in evolution. And in India, according to a
survey of about a 1,000 individuals, nearly 80% believed in evolution, including 85% of
those who believed in God.

The idea of the origin of life in Indian philosophy and religion is clearly more complicated
than the Christian genesis. As argued by Radhakrishnan in his treatise on Indian philosophy,
the Rig Vedic canon transitioned from polytheism to monotheism and finally monism. Over
the course of this transition, the authors of these works express their puzzlement over the
origins of the universe in the following, beautiful verses (courtesy: Radhakrishnan, Indian
Philosophy, Vol. 1, Oxford University Press):

“Who then knows, who has described it here, from whence was born this creation?

The Gods came later than this creation, who then knows whence it arose?

He from whom this creation arose, whether he made it or did not make it, the highest seer in
the highest heaven, he forsooth knows, or does even he not know?”

The six systems of the later Indian philosophy encompass the overtly religious to the
rationalist Samkhya and unabashedly atheistic and hedonist Charvaka, in which there is little
space for a Creator. Given this panoply of thoughts and schools, it is probably not entirely
surprising that evolution rarely stokes the fires of dispute among Hindu Indians today.

Evolution as phylogenetics in modern science

Over to modern science, how is evolution studied? A tool used by biologists to study
evolution is called phylogenetics, in which the scientist attempts to make connections among
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extant species based on a set of measurable properties. Once these relationships are
established, logical arguments are used to infer the nature of the ancestor(s) of these extant
organisms. These measurable properties might be as simple as the morphology of the
organism or, as is more popular today, molecular composition.

DNA, being the genetic material, turns out to be the molecule of choice for phylogenetics
or molecular evolution. In the 1970s, Carl Woese exploited recent developments in DNA
sequencing to show that there are three major kingdoms of life. These
are bacteria, archaea (many of which are found in extreme habitats such as deep thermal
vents) and eukarya, which includes everything else from fungi, worms and flies to mice,
humans and plants.

A fundamental reference point for the study of evolution is what is called the modern
evolutionary synthesis, which reconciled the ideas of Charles Darwin and those of Gregor
Mendel, the fathers of evolution and of modern genetics respectively. The modern synthesis
states that evolution typically happens via mutations, each of which is of a small effect, and
that a genetic variant with greater fitness, as defined by its ability to produce progeny, will
dominate the laggards and become more numerous. The latter point is often referred to as
natural selection or ‘survival of the fittest’. In the words of Darwin (from his ‘Origin of
Species’), “One general law, leading to the advancement of all organic beings, namely,
multiply, vary, let the strongest live and the weakest die.”

Evolution is typically seen as something that happens over millions or billions of years. For
example, the last common ancestor of the eukarya must have existed two billion years ago,
and over these many epochs spawned the large variety of life forms that we see today. In
more recent times, the great apes emerged some 15 million years ago, and it took another 12-
13 million years for primitive humans to evolve from their ape ancestors.

But for now, let’s not investigate the ways in which scientists have attempted to understand
the organic origin of life from a confusion of primordial chemicals, but how they see
evolution playing out right in front of their eyes in their laboratories.

Observing evolution in real time

Studying the evolution of large animals in real-time in a laboratory is impractical, since these
organisms reproduce once every few decades, and the production of progeny with a genetic
makeup subtly different from their parents is critical for evolution. Instead, laboratory studies
of evolution deal with cells, and for convenience large populations of cells that reproduce
rapidly such as bacteria like E. coli and baker’s yeast.



Since bacteria and yeasts are single-celled organisms, these studies can be treated as
investigating the evolution of an organism. Viruses, whose deeds have been described earlier
in this series, are also excellent models for studying evolution. Here we will use bacteria to
illustrate examples of evolution being observed in real-time in the laboratory, and conclude
by saying how viruses contributed to this discourse in a historical experiment.

In a laboratory evolution experiment, a bacterium of choice is subjected to multiple rounds of
growth in an environment of choice, which may be defined by certain nutrients, or stresses
such as changes in temperature or acidity, or the concentration of toxic agents including
antibiotics.

Let us assume that the bacterial population we start with is sensitive to an antibiotic, but a
single mutation in its genome could result in resistance. Let us further assume that we have a
million bacteria in the growth pot, that the genome of each bacteria has a million units or
bases each of which can be mutated in principle, and that the probability of a mutation
occurring at random is one per ten generations. Thus, the chance of a mutation conferring a
single bacterium resistance to the antibiotic arising is 0.0000001 (one in ten million) per
generation, which is quite small.

However, we start off with a million bacteria, which means that the probability of one
bacterium in the pot finding the mutation is one in ten, which is not quite small. If the
bacterium doubles in population size by reproducing every hour, then the chance of finding a
resistant bacterium within a day becomes fairly high. Compare this to large mammals, who
reproduce only once every few decades. Even a single resistant bacterium, once it emerges,
could quickly take over the population. With recent advances in genome sequencing
technologies, and the attendant cost reduction in performing such experiments, the process of
discovering mutations has become routine.

Laboratory evolution of bacteria: examples

It is not at all surprising that several laboratories (including mine) have used this strategy of
growing bacteria in small concentrations of antibiotics to discover the mutational trajectories
they take to acquire resistance to different antibiotics and to different regimes of antibiotic
treatments. This is literally observing bacterial evolution — and one of immediate relevance to
human health — in a matter of days.

These laboratory evolution studies have also given us new insight into fundamental bacterial
physiology. This includes the recent observation by William Navarre’s laboratory in Canada
that a single protein, which regulates the production of many proteins in Salmonella — the
agent of typhoid — is critical for the bacterium being able to cause disease. In the absence of
this protein, Salmonella finds it rather expensive to maintain the weapons it uses to cause
disease, and unable to bear the burden, throws down its arms and calls for a truce! Many



other studies have used such experiments to measure mutation rates, which is of fundamental
importance to studying evolution, including infectious disease epidemiology.

Our work has observed E. coli evolution in real-time to show how two opposing halves of its
chromosome “talk” to each other, resulting in questions on the molecular causes of this
conversation. The laboratory of my colleague Deepa Agashe has used laboratory evolution to
show how a class of mutations, which do not affect the nature of proteins produced by a cell,
can in fact have profound effects on cell physiology.

The most famous laboratory evolution experiment is the ongoing work of Richard Lenski, in
the US, who has been evolving E. coli in his laboratory for 30 years now, covering well over
50,000 generations of this bacterium. To evolve humans over 50,000 generations would
probably require a million years.

One often quoted finding from Lenski’s many studies is the discovery of a very curious series
of mutations, which enabled E. coli, normally unable to utilise citric acid (a major component
of citrus fruits as well as a crucial intermediate in cellular metabolism for energy production)
to suddenly do so. This appears to be a case of the survival of the fittest, with some subtle
arguments of course, for this mutation-enabled E. coli to make good use of the loads of citric
acid that had been added to the environment for purposes not directly related to nutrition.

Of course, the popular reach of Lenski’s studies have attracted the attention of the
propagandists of the theory of intelligent design, which has resulted in some entertaining
exchanges.

Evolution in the early years of molecular biology

It has been 100 years since bacteriophages — viruses that kill bacteria — were first discovered.
This was an epoch-defining moment in the history of molecular biology. It also enabled
definitive research on evolution, for these viruses multiply rather fast and generate mountains
of genetic diversity on which principles of natural selection can act.

Felix d’Herelle, one of the discoverers of the bacteriophage and the pioneer of phage therapy
that might soon see a second coming in light of antimicrobial resistance, showed that
bacteriophages are highly picky in choosing their prey — i.e. each bacteriophage can infect
and kill bacteria of a specific kind. However, he showed that a bacteriophage population
when exposed to a bacterium that is closely related to its favourite prey can rapidly evolve the
ability to make a meal of this new potential victim.



Later, in the 1940s, Salvador Luria and Max Delbriick performed a classic experiment using
bacteriophages and bacteria to address an important question in evolution. Let us assume that
a bacterial population, originally susceptible to predation by a bacteriophage, evolves to
become resistance to attack. Did these bacteria deterministically generate advantageous
mutations after being exposed to the bacteriophage, or did natural selection act on pre-
existing variations, generated by random chance, to enrich for a mutant(s) that could resist
predation by the bacteriophage? This is often referred to the adaptive evolution debate.

Using simple microbiology experiments in which several independent populations of bacteria
were exposed to bacteriophage, Luria and Delbriick counted the rate at which resistant
variants were produced. By comparing their experimental results to probabilistic models for
describing the two alternative scenarios, these researchers showed that the latter is more
likely. This experiment is called the “fluctuation test”.

It is a reflection of the strength of scientific discourse, that the results of these simple
experiments are still being analysed from new angles by mathematicians and theoretical
biologists. And for the molecular and evolutionary biologists, the question of adaptive
evolution is not yet settled.

Aswin Sai Narain Seshasayee runs a laboratory researching bacterial biology at the
National Centre for Biological Sciences, Bengaluru. Beyond science, his interests are in
classical art music and history.
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