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Preface
I became interested in bacterial toxins around 15 years ago, and was
immediately and increasingly fascinated as I learnt more about how
these ingenious bacterial poisons take over control of our cells.
Although toxins are made in bacteria, they are designed speciﬁcally to
work inside our cells. There each toxin can identify with precision a
key function that makes the cell work, and moreover interfere with its
normal function. Toxins therefore possess an intimate knowledge of
our cells, and this is the reason why bacteria are such lethal molecules
and cause disease. Toxins remain a signiﬁcant cause of disease today,
not just in the developing world, where they are a major cause of
death, but also in the west. New toxin-linked diseases are still appearing and we are still ﬁnding new ways that these poisons interact with
us.
The story of toxins and of the scientists who worked on them is one
of genius, endeavour, and personal squabbles. It is also entwined with
the birth of modern biology in the last two centuries. Inspirational
and eccentric characters fashioned the new science of microbiology
by the late nineteenth century and this in turn led to other new sciences, such as immunology and virology.
The potent action of bacterial toxins can be harnessed for good or
evil. Not surprisingly they have been used as weapons by unscrupulous regimes and terrorist groups. We can also use information about
their poisonous nature to ﬁght bacterial disease by making vaccines,
and we can even turn the toxic activity to beneﬁcial use in novel ways
to try to ﬁght cancer. In addition, as toxins interact so precisely with
our cells, they can be used to help us to understand cell function in
health and disease. What wonderfully interesting molecules they are!
Alistair Lax
April 2005
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1
TOXINS ARE EVERYWHERE
How toxins have affected history

The Bulgarian playwright and novelist Georgi Markov was a marked
man. He had defected to Britain in 1971 and was hated by the uncompromising communist junta that ruled his native country for his outspoken broadcasts against them. It was Thursday 7 September 1978,
the birthday of Todor Zhirkov, the Bulgarian leader, when the fatal
blow was struck. It was at least the third attempt to kill him, and after
the previous failed attack he had heard that the next attempt would be
‘special’. Markov was standing at his usual bus stop on Waterloo
Bridge on his way to the BBC for his afternoon broadcast. He felt a
sharp pain at the back of his right thigh. When he turned round, he
saw a man picking up an umbrella. The man muttered an apology
then hailed a taxi. He did this with some difﬁculty, because Markov
noted that the taxi driver did not appear to understand him, suggesting that he was not local. At work, Markov’s leg was now very painful,
and he showed a colleague what looked like a bee sting with a puncture mark. The next day he became very ill, with fever and vomiting.
That night he went to St James’s Hospital in Balham, in south London.
Within three days he was dead.
The doctors had been puzzled by his symptoms when he had
arrived at the hospital. Attempts to ﬁnd a bacterial infection failed,
and X-rays of his affected thigh did not reveal anything abnormal.
Over the next few days his white blood cell count rose dramatically,
suggesting that his body was trying to ﬁght some type of infection or
poison. On Saturday, just over two days after the attack, his blood
pressure collapsed and he began passing blood in his urine. He was
also vomiting blood and by this time was in intensive care. On Sunday morning his heart stopped. It was clear that something very
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unusual had killed him. A postmortem examination was carried out
the following day by Dr Rufus Crompton, the Home Ofﬁce Pathologist, and sections from each thigh were taken for more detailed
examination. Crompton said that many had initially thought that
Markov’s story of the attack on him was unlikely because of his
known paranoia about the Bulgarians.
The postmortem examination showed that Markov’s body had
suffered a devastating attack of some kind. The doctors immediately
thought of poisons, but were unsure what type could have been used.
The tissue removed from his leg was sent to the British scientiﬁc
defence laboratories at Porton Down and was examined by Dr David
Gall. There a small pellet, 1.53 mm in diameter (the precision of the
measurement turned out to be important), was found on the tissue.
The discovery of the pellet was serendipitous, as Gall initially thought
that a tiny metallic speck on the surface of the tissue was a pin that
had been pushed in during the postmortem examination. When he
idly touched it with his ﬁnger it moved across the tissue and he
realised that it might have some signiﬁcance. The pellet could be seen
on subsequent more careful analysis of the X-rays that had been taken
at Markov’s admission to hospital.
Two holes had been drilled at right angles in the pellet and each
was 0.34 mm in diameter (Figure 1.1). The pellet was sent to the
Metropolitan Police Forensic Science Laboratory where Dr Robin
Keeley looked at it. He found out that it was made of platinum and
iridium, an extremely hard alloy that would not have deformed on
passing through Markov’s clothing. It was so hard that special equipment must have been used to drill the holes. In addition, this alloy is
biologically inert, so it would not have announced its presence by
irritating the body where it had lodged. Keeley also stated that there
was no evidence of the pellet being delivered by an explosive device,
so it is thought likely that it had been delivered by a gas gun in the
adapted umbrella.
Porton Down could not ﬁnd any poison in Markov’s body, so
the scientists had to work on the symptoms of his illness, and the
miniscule pellet that had delivered its deadly cargo. The volume of
the two holes drilled in the pellet was in the order of 0.3 mm3, or 3
ten-millionths of a litre. This tiny volume could contain about 0.5 mg
of material, less than a thousandth of a gram. It appeared unlikely
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1.1 The pellet that killed Georgi Markov—composite of photographs taken
with a scanning electron microscope.
(Provided by Robin Keeley of the Forensic Science Service, UK.)

that his death had been caused by an infectious agent—death was too
rapid and there was no evidence of a local infection. Few chemical
poisons were toxic enough to have killed with the tiny quantity that
the pellet could hold, and those that could did not ﬁt with the symptoms. It appeared likely that a much more deadly type of poison had
been used—a biological poison or toxin. Indeed few biological toxins
were toxic enough, so they considered whether any of the most
dangerous ones had been responsible. The symptoms did not suggest
the bacterial toxins diphtheria, tetanus, or botulinum, but they did ﬁt
with the plant toxin ricin. Porton Down had experience with ricin for
use as a biological weapon, but they had looked at its effects only on
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small animals. They decided to inject a pig with ricin and found that
the affected animal showed similar symptoms to Markov’s. Markov
had been attacked with one of Nature’s most deadly weapons, a biological toxin.
Toxins are powerful biological poisons that are released by bacteria
and some plants, as well as snakes and some marine life. This book is
the story of bacterial toxins, although I have included ricin because it
behaves exactly like a bacterial toxin. The concept that bacteria can
produce poisons is easy to understand. However, many of these
toxins display a surprising subtlety in their method of attack. They
are not crude weapons that mount an indiscriminate onslaught on
our bodies, but display an extraordinary intricacy. Toxins are cleverly
designed molecules that are manufactured in one type of life form for
use in another, and they act as if they have a detailed knowledge of
how our bodies work. In fact the smartest of them do not immediately kill the cell that they are attacking, but instead instruct it how to
behave for the beneﬁt of the bacterium that sent the toxin there in the
ﬁrst place.
Toxins cause the main symptoms of disease for many dangerous
bacteria. Numerous diseases caused by toxins are well known and still
feared. These include tetanus, diphtheria, cholera, typhoid, and the
plague. Children are immunised against the ﬁrst two, whereas cholera
and typhoid make their unwelcome appearance every year during
ﬂooding and famine in the developing world. The plague is part of
our history—‘Ring-a-ring o’ roses, a pocket full of posies, Atishoo
atishoo, we all fall down’ is not a sweet little nursery rhyme, but refers
to the symptoms of plague, a supposed remedy (carrying ﬂowers) and
the sneezing that was often the ﬁrst sign of deadly plague.
In the west, these diseases may seem historical, like a morbid roll
call of the appalling battles of the First World War. However, we
do not need to go back too far in our own history to ﬁnd these diseases as major killers. Although we now have means to combat many
toxin diseases, it is a disgrace that many of them remain killers in the
developing world. Yet no one in the relatively cosy position of the
western world should be complacent about the continuing ability of
these bacteria to cause harm or even kill us.
The widely hailed demise of bacterial infection in the 1960s, mainly
fuelled by the success of antibiotics, was a woefully extravagant and
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premature claim. It is widely alleged1 that the then US Surgeon
General, William H Stewart stated in 1969:
We can close the book on infectious diseases.

Certainly hindsight has shown this to be a remarkable viewpoint.
Even leaving aside the diseases caused by viruses that were not curable then or now, there were many bacterial diseases still causing
havoc then, and the simple and obvious fact is that bacterial diseases
never did disappear. They remain highly signiﬁcant, particularly in
the developing world. A few statistics from the World Health Organization (WHO) make this very clear. Diarrhoea caused by Shigella
species is estimated to kill 600,000 people each year, and the same
number die from typhoid. Whooping cough kills several hundred
thousand people, mainly young children, each year. Tetanus in newborn babies kills about a quarter of a million worldwide each year.
This is a truly shocking situation because many of these deaths could
be prevented by vaccine programmes and/or improved hygiene.
There have been major cholera epidemics in Asia within the last 50
years. Indeed, cholera continues to cause alarm when famine, war, or
natural disasters lead to contaminated water supplies. Thousands
died of cholera in the civil war in Bangladesh in 1971 and thousands
more in the refugee camps of Rwanda in 1994.
Immunisation and antibiotics may have slowed the infectious carnage in the west, but bacterial diseases caused by toxin-producing
bacteria are still a justiﬁable cause for public concern. Many infectious illnesses have only been recently recognised, such as Legionnaire’s disease and Escherichia coli O157. A surprise for many was the
infectious nature of stomach ulcers and stomach cancers—linked to
infection with the bacterium Helicobacter pylori. Moreover there has
been a rapid and worrying rise in antibiotic resistance, most prominently underlined by the concern about MRSA (methicillin-resistant
Staphylococcus aureus). Gastroenteritis induced by Salmonella species
remains a perennial problem. That deadly disease, diphtheria, caused
alarm in the 1990s when immunisation programmes began to fall
apart as the newly independent states formed from the former Soviet
Union.
This on-going slaughter by these clever poisons is reason enough
to promote research that can lead to effective therapy against their
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action. This is particularly so in the developing world where there are
real constraints on the types of vaccine that can be delivered: for
example, cost, the need for special storage in fridges or deep freezers,
and an obvious preference for vaccines that can be taken orally, thus
avoiding the use of needles. The case for work on bacterial infections
is as strong as it ever was.
It is not just through the shadowy world of espionage and assassinations that toxins have affected history. That terrible trinity of famine,
warfare, and disease has been linked since antiquity. Plagues of one
sort or another contributed to both the fall of Athens and the death
throes of the Roman Empire, although it is not clear what the diseases
were. Many infectious diseases come from animals, initially linked to
early man’s decision to associate with animals, exposing him to a
new range of bacteria and viruses. Such diseases include anthrax from
animal skins, plague from rats, Salmonella food poisoning from cattle
and poultry, and more recently E. coli O157 from cattle. Although
these microbes often coexisted harmlessly in their animal host, they
were able to take advantage of a new human host that was not
equipped to deal with them, and thus offered new opportunities. This
feature, coupled with the close and unhygienic living that is a result of
urbanisation and compounded by increased travel, has been responsible for most plagues during the centuries. Moreover, the succession
of pestilences shortly after the life of Christ is thought to have led to
the rise in the power of the Christian Church. The Church promised
salvation from disease and death, at the price of linking disease as
a punishment for sin. This also gave the Church a stranglehold on
Science and Medicine, which it was to wield with varying degrees of
malevolent domination for about 1000 years.
In recorded history one disease stands out that wrought havoc
and terror on an unprecedented scale and drastically affected history
more than any other—the plague. It is not of course the only infectious disease to have killed millions. The pandemic* caused by Spanish
ﬂu (a viral disease) in 1918, which resulted in a death toll estimated
to be at least 20 million, did not greatly affect history. The bacterial
disease typhus, not a toxin-linked disease, was linked to warfare for
*A pandemic is a disease that spreads to affect the world. An epidemic is more
localised.
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centuries and helped to defeat Napoleon in 1812. It also killed millions in Russia after the First World War. The long-term effects of
AIDS (acquired immune deﬁciency syndrome), which is caused by the
human immunodeﬁciency virus (HIV), are currently impossible to
predict, although of course the devastating effect on several African
societies is already becoming obvious. However, none of these dreadful diseases can yet be put in the same category as the plague. It was
known as the ‘Black Death’ in the fourteenth century, and in its earlier appearance in the sixth century as the ‘plague of Justinian’. Much
has been written about the Black Death. The plague of Justinian is so
far less widely discussed, although it appears to have been as dreadful
as the Black Death. After the plague of Justinian the known world
moved into the Dark Ages, while the Black Death led on to the
Renaissance, and it is thought by many that these terrible pandemics
played a signiﬁcant part in the direction of world history at these
times.
The plague, true plague, as opposed to the use of the word as a
general term for a widespread dreadful disease, has swept round the
world in three terrifying pandemics. There have been only three different types of the plague bacillus,* one linked to each of the three
vast world pandemics that began in the 540s, 1340s, and 1890s. Each
pandemic was followed by several smaller epidemics. The loss of life
exacted by each pandemic is impossible to calculate with any accuracy, but it was huge. One estimate puts the death toll caused by plague
at about 200 million over the centuries. Even the death toll in the last
pandemic at the end of the nineteenth century is not known precisely,
but is estimated at about 10 million. As a percentage of the population this is obviously less than the 40–50 per cent annihilation
caused by the earlier pandemics.
The plague of Justinian appeared in  541 and reappeared over
the next 50–100 years and perhaps longer. This plague took its name
from the Byzantine ruler of the Eastern Empire. Its origin may have
been African, but it clearly affected Egypt and spread through Palestine and into Constantinople, where it killed about 40 per cent of the
population. So many died that there was nowhere to bury them.
Roofs were taken off the city’s towers to pile the dead in and ships
*A bacterium (plural bacteria) that is rod shaped. Round bacteria are called cocci.
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ﬁlled with bodies were sent drifting out to sea. From Constantinople
the plague spread across Europe throughout the former Roman
Empire, possibly killing half the European population. It spread
through other parts of the civilised world, through North Africa and
India, and into China.
This catastrophe led to a move away from crowded city life and
temporarily halted trade. Social structure broke down and people
were terriﬁed and desperate. People abandoned husbands or wives
who showed the ﬁrst symptoms of plague in an attempt to escape its
clutches. It has been argued that this plague led, at least in part, to the
downfall of the whole structure of the Roman Empire and helped
precipitate its eventual end. It was viewed as further evidence of sin,
and the Church was still seen to offer the only hope of salvation, if not
in this life then in the next. In Britain the weakened social structure
allowed the Saxon invasion. In the Middle East and northern Africa,
it is possible that the destruction caused by the plague eased the way
for the Muslim advances there.
Almost exactly 800 years later the next wave of the plague, referred
to as the Black Death, came from China in the 1340s, ﬁrst to the
Crimean peninsula by 1346 and then it swept across Europe. The
Crimean city of Kaffa, now the city of Feodossia in the Ukraine, was
under siege from the Tartars. It is believed that the people of Kaffa
caught the plague from the infected corpses that were catapulted into
the city by the retreating Tartar troops, whose own army was being
ravaged by the plague. The Tartars carried the disease to Russia and
India. Traders from Genoa, who had been trapped in the city, then
carried the disease on to Italy. It ﬁrst reached England in June 1348. It
arrived in London in November, died down over the winter and then
began to increase again in the warmer spring, spreading to the rest
of England. The Scots might have escaped but for their ill-founded
decision to attack a weakened England in 1350. The Scottish army
became infected and spread the disease throughout Scotland on their
return home. The Black Death is estimated to have killed about a
third of the European population. Some calculations go as high as
45 per cent, although there are not any reliable ﬁgures. Certainly,
if the tolls from the successive waves of disease are added together,
a death rate of greater than 50 per cent is probably not an overestimate. Elsewhere death and destruction were as terrible: North
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Africa, the Middle East, India, and China all lost an unknown but vast
proportion of their population.
The onset of the Black Death ushered in a period of 300 years of
plague in Europe. Plague during these years showed varying degrees
of severity. Several successive waves hit Europe before the end of the
fourteenth century, of which the next most deadly was 13 years later
in 1361. This outbreak appeared particularly to affect children, perhaps not surprisingly because many of the adult population would
either be survivors from 1348 with immunity or people who were
naturally immune.
The Black Death affected the social and economic structure of the
remaining society. The portrayal of the plague by the Pope’s doctor,
Guy de Chauliac, again highlights the terrifying social implication of
the terror, where:
The father did not visit his son, nor the son his father.
Charity was dead and hope destroyed.2

Sienna in Italy was an important trading city at that time, with a population around 40,000—comparable to the then population of London.
The City Fathers had begun to build a vast cathedral when the plague
struck. One great wall had been completed, but work stopped. By the
time the epidemic had ravaged the city, the population had dwindled
to 15,000 and it has not returned to the pre-plague level in the next 650
years. Not only was there no longer much enthusiasm for cathedral
building, but there was no need for such a large one. When the city
eventually got round to building a cathedral a much smaller building
was constructed. The original wall still stands alone, perhaps, as Rino
Rappuoli* has suggested, as a monument to infectious diseases.
In England the plague had a big impact on society. Plague attacked
sporadically. It could wipe out all the labourers on one farm and
not kill any on the neighbouring estate. This led to higher wages to
tempt workers to move. Such mobility had been unheard of, because
peasants were tied by the feudal system to an individual landowner.
The English Government had to react to try to restore stability and
prevent economic recession. However, despite the failure of the
Peasants’ Revolt in 1381, the feudal system would never be the same
*Rino Rappuoli works in Sienna on vaccine development, particularly on typhoid,
and has championed the development of vaccines for developing countries.
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and it failed within about another 100 years, allowing England to
develop and expand its inﬂuence. In addition, the emphasis of farming changed to take account of the reduced labour force. There was a
move to tenant farms. There was also less labour-intensive arable
farming, and more animals were kept. The plague also had a brief
effect on women’s emancipation. The shortage of workers led to
women being brought into the workforce, and their capacity to earn
their own wages led naturally to greater independence. Although the
Black Death wrought havoc, its long-term effect on European society
was not as negative as the plague of Justinian, and in the aftermath
came a period of artistic and scientiﬁc rebirth—the Renaissance.
One noticeable effect of the Black Death was on the Christian
Church in Europe. Of course the Church still promoted the view, still
espoused by some religious people today, that illness was directly
linked to sin. An extreme expression of this stance was the growth in
the ﬂagellant movement who conducted both public and private ritualistic ﬂoggings as a means of purging sin. The ﬂagellants had been
around before the Black Death, but grew both in number and in the
extent of their organisation. Although they were initially welcomed
by the Church, the Pope later turned against the movement when it
threatened to challenge his established church. In addition, the need
to apportion blame led to the persecution of several groups, in particular the Jews. For some it appeared that the Jewish people suffered
less from the pestilence, although it is clear that their communities
suffered too. Despite edicts from the Pope, thousands of Jews were
killed in Switzerland and in many towns in central Europe. The Strasbourg massacre has been particularly well documented. Following
this pogrom, many Jewish people migrated to settle in high numbers
in Poland, where there was less persecution and less plague.
On the other hand, the Black Death also led to the diminution of
the power and inﬂuence of the established Christian Church. In part
this was because of the replacement of established priests killed by the
plague with untrained men who were not interested in their parishioners.* In part it reﬂected a growing lack of respect for the mighty
organisation that had proved impotent in dealing with this terrible
*The great shortage of priests also led to the founding of university colleges to
re-populate the clergy. Corpus Christi, Cambridge and New College, Oxford were
among those founded directly as a consequence of the Black Death.
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disease. The Church’s enthusiasm for connecting disease with moral
transgressions was becoming less acceptable. Furthermore, the great
likelihood of imminent death during the plague led to a general hopelessness, and thus to a more hedonistic live-for-the-day lifestyle.
Boccaccio’s great work, the Decameron, is a series of stories told by
different members of an imaginary cast. In the preface, Boccaccio
describes in some detail the effects of the plague on the breakdown of
society. Although some people avoided all excesses, others:
Maintained, that to drink freely, frequent places of public resort, and to take
pleasure with song and revel, sparing to satisfy no appetite, and to laugh and
mock at no event was the sovereign remedy for so great an evil …3

During the Black Death many thought that human civilisation might
end. It is hard for us, even as we hear of the ravages brought by AIDS
to African states, to imagine the fourteenth-century horror of dead
towns, rotting corpses, the breakdown of law and order, the ending
of civilisations, and the bleak despair of people who saw no future
for themselves, their children, their own people, or even the human
race. As the Italian poet Petrarch said at the time4:
Is it possible that posterity can believe these things? For we, who have seen
them, can hardly believe them.

The recurrence of the plague throughout the next three centuries
continued to terrify and shape society. The plague that hit London
in 1592–1593 led to many leaving the city. Although the theatres
closed, Shakespeare remained in London and turned his great talent
from writing plays to writing sonnets. In Spain, waves of plague
in the sixteenth and seventeenth centuries probably led to its reduction in world status. The Great Plague in the 1660s was chronicled
by well-known writers such as Samuel Pepys and Daniel Defoe.
Defoe’s book, A Journal of the Plague Year, details his personal memoirs of this time. Defoe recounts the horror and agony of plague
victims:
The swellings which were generally in the Neck, or Groin, when they grew
hard, and would not break, grew so painful, that it was equal to the most
exquisite Torture; and some not able to bear the Torture threw themselves
out of Windows, or shot themselves, … [some] vented their Pain by incessant Roarings, and such loud and lamentable Cries were to be heard as we
walk’d along the Streets, that would Pierce the very Heart to think of …

