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C R I T I C A L FOCUS
Brian J. Ford

When the Microbes Take Command
Scientists rarely realize that parasites can take over our brains and control our lives. Instead
of prescribing sedatives to keep us calm, perhaps doctors should treat these infections.
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with compromised immunity, like those with HIV, are
most likely to develop frank toxoplasmosis. Pregnant
women are also more at risk, so they should never
handle cat litter. Most people carrying T. gondii have
subclinical infections and show no clinical symptoms
of the infection — that is, they show no signs of being ill. However, studies carried out decades ago on
selected populations like the military, university students, blood donors, and pregnant women, have suggested that the parasite, even if it doesn’t make them
ill, changes their behavior. This work, spearheaded by
Jaroslav Flegr in Czechoslovakia, is controversial but
seems remarkably sound (Flegr, Jaroslav. “Influence of
Chronic Toxoplasmosis on Some Human Personality
Factors,” Folia Parasitologica (Prague), 41:2, pp 122–126,
1994). The personality tests used to compare personality profiles included Cattell’s 16PF, Cloninger’s TCI,
and the Five Factor model, which discloses openness,
conscientiousness, agreeability, extraversion, and
neuroticism. The longer the person has been infected,
the more pronounced are the changes. Toxoplasmosis causes patients to have longer reaction times, and
several large-scale investigations have shown that
these infected individuals are statistically more likely
to cause traffic accidents. Male students infected with
Toxoplasma are said to be, on average, more than an inch
taller than those without, and surveys even show these
infected young men were rated (by women) as looking
more masculine and dominant. There is a far higher
level of the infection in women whose babies are born
with Down’s syndrome than in those who have normal
children. More than 40 studies have confirmed that
there are higher levels of toxoplasmosis among schizophrenic individuals than in a healthy population. Even
the brain microanatomy is said to be modified. Subsequent research took human cells cultured in vitro and
infected them with Toxoplasma. Some of the drugs that
have been successfully used to treat schizophrenia interfered with the proliferation of the parasite.
Not everyone infected is equally affected by these
parasites; persons who test as RhD heterozygotes
seem to be protected against some of those side effects. Although the carriers of Toxoplasma show small
long-term changes in personality, these minor differences can become significant across an entire population, and they are statistically significant. Women
were claimed to become more intelligent, social, affectionate, and more likely to obey rules. Infected men,
by comparison, even if handsome, seem to become
somewhat less intelligent, but are more frugal, show
raised loyalty and become relatively mild-tempered.
Both sexes show a raised level of neuroticism, and
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become increasingly prone to guilt and self-doubt.
Toxoplasma infection makes people more insecure and,
across an entire population, these trends can significantly modify the culture of the community (Lafferty,
Kevin D. “Can the Common Brain Parasite, Toxoplasma
gondii, Influence Human Culture?” Proceedings of the
Royal Society Biological Sciences, 2006; doi.org/10.1098/
rspb.2006.3641). There can be significant differences
between the personalities of disparate communities
— all caused by a parasite. This is an extraordinary
revelation.
ALTERED STATES
We biologists immediately raise an eyebrow at all
this. Why would an obligate parasite waste its evolutionary endeavors by contriving to alter the cultural
behavior of its human host? The answer is that people
are not the intended carrier. The symptoms attached to
toxoplasmosis in humans are a curious manifestation
of an accidental infection by a parasite that meant to
go somewhere else. Toxoplasma evolved to infect members of the family Felidae (in modern society, domestic
cats) and is spread by rodents (typically, rats) as intermediate hosts. Its remarkable ability to modify the
behavior of the host has evolved in order to ensure its
onward transmission. The parasite changes the rat’s
personality and makes them indifferent to the presence of cats. In this way, whereas a normal rat would
run and hide from a nearby cat, an infected rat is more
likely to be caught and its parasites have a greater likelihood of being transferred to the cat, its new host.
Once it has infected a rat, Toxoplasma gondii does
not seem to influence general metabolic pathways
but it does become attached to the hypothalamus and
triggers an increase in the release of dopamine (possibly by the production of the amino acid L-3,4-dihydroxyphenylalanine, also known as L-dopa). The rat
becomes more outgoing and loses its instinctual aversion to the sight of an approaching cat. Ordinarily, the
slightest hint of scent from a cat will have a rat hide to
avoid being caught. Not one infected with Toxplasma:
now it regards cats as harmless, and its failure to run
makes it more likely to be caught and eaten, assuring
the parasite’s survival.
This is all very well in theory, but it needed demonstration in practice. It fell to a research team at the
University of Oxford to devise a simple but convincing, way to prove the point (Berdoy, Manuel, et al. Proceedings of the Royal Society Biological Sciences, 267:1452,
pp 1591–1594, 2002; doi: 10.1098/rspb.2000.1182). They
constructed an enclosed maze measuring 6 sq. ft. In
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each corner a nest-box was constructed, with a bowl of
water and with food pellets available to the rats. The
boxes were furnished with straw bedding, and a small
sample of urine was dripped onto the straw. The urine
in three of the next boxes came from creatures like rabbits, to which rats are indifferent; but to the bedding
in the fourth nest-box a few drops of cat urine were
added. And then, in went the Lister black-hooded
rats, a strain bred for laboratory purposes, and with
proven freedom from parasites. The rats explored the
maze, as rats like to do, but none of them went near
the nest box with the trace of cat urine. Even the attraction of the food pellets made no difference. This
is how it should be. Rats avoid the scent of a cat with
a deep-seated aversion (indeed, when laboratory rats
have been used to test drugs that lessen anxiety, they
are initially given a brief exposure to cat urine to create an anxiety state). If one rat in a group picks up
cat scent, they will all try to hide. Even when they reemerge, they check repeatedly to make sure there is
no cat nearby.
The maze experiment was then repeated with rats
infected with Toxoplasma gondii, this time with very
different results. The parasitized rats were ostensibly the same as the others: they were as healthy, as
active, and just as successful in mating and feeding.
However, their reaction to the scent of cat urine was
radically altered. These rats visited the four nest boxes
unconcernedly, and had clearly lost all their innate
aversion to the scent. In several cases, they seemed to
prefer the corner with cat urine and visited it repeatedly. In real world conditions, this would make them
conspicuously liable to predation, which would greatly increase their chances of transmission to cats, their
primary host. Human neurotransmitters are the same
as those in rats, and their brain microanatomy is similar too, so we cannot be surprised that there are behavioral changes when people become infected with
T. gondii. The way that Toxoplasma causes rats to shed
their fear of cats also causes the personality of infected
people subtly to change.
The first time I became aware that a parasite
could produce more wide-ranging alterations in the
host was in the 1960s, when Alan Woodruff, then the
world’s foremost authority on tropical diseases, introduced me to the long-term effects of infection with another protozoan, Toxocara. He was deeply concerned
that toxocariasis contracted from domestic pets can
result in blindness, and he showed how the effects
of the parasite on the host’s immunity could trigger
serious attacks of asthma. I wrote one of my newspaper articles about it 55 years ago (Ford, Brian J. “Your

The young, free-swimming Toxocara canis and an ovum show clearly
under phase-contrast microscopy. Adult nematode worms take up
residence in the intestinal tract and can grow to 7 in. in length. Human
infection is usually of short duration, but Toxocara can persist in the
brain and eye.

Pet Could Send You Blind,” South Wales Echo, May 28,
1964). Ten years would pass before anything would
be done. In 1978, New York Mayor Ed Koch had his
“pooper scooper law” passed, and the dangers of dog
excrement became more widely understood. There
are two species of Toxocara, identified by their hosts:
T. canis and the conveniently named T. cati. Adult
worms are up to 4 in. (10 cm) long and live in the intestines of pets. The eggs they produce pass out in the
feces and readily infect dogs, cats — sometimes rats,
mice, monkeys — and also humans. The eggs hatch in
the gut and the larvae burrow through the intestinal
wall in the manner of Ascaris lumbricoides in humans.
In puppies aged under five weeks, the larvae migrate
to the lung or liver, and then travel along the bronchial
blood vessels until they re-enter the intestinal tract. In
older dogs, the hatchling larvae migrate into the tissues (notably around the perineum) and mature more
slowly there. Puppies are often more actively infectious than adult dogs. In cats, the life cycle is simpler;
T. cati eggs hatch in the intestine and there develop
through to maturity. It is different when humans ingest Toxocara ova. The emergent larvae penetrate the
bowel and are taken to the liver by the hepatic portal
circulation from which site they invade the lungs and
other organs, including the brain. They can penetrate
further than the larvae of Ascaris, because they are half
the size. As the larvae travel on through the tissues,
they cause hemorrhage and areas of necrosis, which
(after the worms die) become granulomatous foci.
Children have been blinded by these parasites, and
Woodruff showed that the incidence of epilepsy was
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CYCLES OF INFECTION

Like other trematode flukes, the motile phase of Euhaplorchis is a
cercaria, which develops inside the intermediate host, a snail, and later
swims to attach itself to the gills of a fish, the next host in the cycle. It
changes the way the fish behaves, making it more easily caught by birds.

over three times greater in patients who had a dog or
a cat in the family, compared with those who did not
keep them as pets. Observations in laboratory mice
have shown that Toxocara infection alters their behavior in subtle ways: parasitized individuals walk more
than those free of infection, and they also groom more
frequently. The infected mice were slower to respond
to perturbations and took significantly longer to find
their food. Here too, their personalities had been
changed by the parasite. Toxocarosis is now regarded
as a priority for public health action by the Centers
for Disease Control and Prevention (CDC) who claim
that over one-fifth of African-Americans are currently
infected and show neurologic and cognitive impairment, epilepsy, poor eyesight, and diminished pulmonary function.
We are familiar with the malaria parasite Plasmodium falciparum, which is transmitted by the mosquito
Anopheles gambiae, and it is well known that it is the
female mosquito that does the damage. Recently, it
has been shown that the female anopheline mosquito’s
behavior is controlled by the malaria parasite, which
makes the host increasingly attracted to fruit juice
and nectar. In this way, the level of sugar intake is
increased, which is precisely what the parasite needs
to reproduce in large numbers. At the same time, the
parasitized mosquito manifests relative aversion to human blood. Once the parasites are mature and ready
to be passed on, however, all this reverses. Now the
mosquito develops an urge to take blood and seeks out
a new host. In this way, the parasite ensures an abundant energy source during its reproductive phase,
while changing its behavior to facilitate transmission
to a new human host only when the time is right.
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In multicellular parasites, the ability to change the
host’s behavior to suit the microbe is even more ingenious. The trematode fluke Euhaplorchis californiensis
is a parasite whose life cycle involves three successive
hosts: shorebirds, horn snails, and finally killifish. The
mature fluke lives in the birds, shedding eggs in its
droppings. Many of the eggs are consumed by browsing snails and, after a few generations inside the snails,
which have now become little more than incubators
for the invaders, the parasites emerge as cercariae that
swim from the marsh vegetation where the snails live,
and attach themselves to the gills of the fish. And now
the process needs to complete; only when the fish are
caught and consumed by birds can the life cycle begin
again. This is where the Euhaplorchis parasites set out
to change the way the fish behaves, making them easy
prey for birds. The parasites travel along the nerves to
the brain, where they coat the cerebral hemispheres
and change the way the fish behaves. Instead of darting about and taking evasive action, the infected fish
swim near the surface, flashing as they twist and turn,
now easy prey for any passing bird. Thirty fish infected with Euhaplorchis will be caught and eaten compared with just one healthy individual. The control of
behavior has been taken over by the parasite, which
makes the host available to a passing predator — and
thus helps to perpetuate the cycle of infection.
The eye fluke Diplostomum pseudospathaceum
seems to control the behavior of its host from inside
the lens of its eye. Once again, its life cycle involves
birds, in which the parasites mate and produce ova,
freshwater snails in which they can progress to the
next stage of development, and fish in which they nature, ready to infect a piscivorous bird and so to recommence the cycle. The ova hatch in water and seek
out snails that they can infect. Inside the parasitized
snail, the next stage of the life cycle continues until
the cercariae are released and swim to infect fish as
the primary host. Like any pathogen, the parasite is
liable to be attacked by the host’s immunity and so
seeks refuge in the inert surroundings of the lens
of the eye, which has no blood supply and thus no
immune mechanism. Research in Moscow recently
showed how the behavior of the fish was altered by
the parasite hiding inside the eye. They stayed closer
to the surface and swam more conspicuously than
uninfected fish. Birds were far more likely to catch
these infected fish and close the circle of life (Gopko,
Mikhail. “Deterioration of Basic Components of the
Anti-predator Behavior in Fish Harboring Eye Fluke
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Larvae,” Behavioral Ecology and Sociobiology, 74:4, p 68,
2017; doi: 10.1007/s00265-017-2300-x).
The foraging behavior of the freshwater snail
Potamopyrgus antipodarum is similarly commandeered
by the trematode parasite Microphallus sp., which
forces it into a routine to maximize the host’s chance
of being eaten by the alternate host, birds. When the
snails are infected, they abandon their instinct to hide
and instead they graze across the top of rocks during
the time when birds are out searching for snails to eat.
This greatly increases their chances of being caught
and consumed, thus carrying the infection into a new
host. When the birds’ feeding time is over, the snails
feel impelled to hide under rocks, out of the way of
other predators like fish. The parasite knows this,
even if the hapless host does not.
On land we find the lancet fluke Dicrocoelium dendriticum, which has a life cycle that circulates around
ruminants (like sheep and cows), thence to snails, and
finally to ants. The trick is for the infected ants to be
consumed by the herbivorous mammals, which rarely
happens in everyday life. The ruse adopted by Dicrocoelium is to commandeer the ant’s brain, conferring
on the host a strong desire to move upwards, and to
stay there. Thus, the ant controlled by its parasites becomes marooned at the top of a blade of grass, ready
to be eaten by a grazing cow. It is in the fluke’s interest
to be ingested, because only by getting into the gut of a
sheep or some other grazing herbivore can it complete
its life cycle.

Ants are liable to infection by a large variety of nematode parasites
that modify their behavior to suit themselves. The half-inch-long gliding
ant Cephalotes atratus is host to a tetradonematid worm which, when
mature, changes the abdomen to look like a ripe berry — so it is then
consumed by birds.

GUT REACTIONS
The tetradonematid worm Myrmeconema neotropicum is a more recent discovery whose life cycle
alternates between tropical birds and ants. The adult
nematodes live in the gut of birds, which excrete the
mature ova, where they are picked up by the foraging ant Cephalotes atratus. The insects take these to
back the ants’ nest, where they are fed to their larvae,
whereupon the eggs burst open inside the grub and
the tiny parasites migrate to the abdomen. When the
larva pupates, the nematodes reproduce inside the
host’s body and turn red as they mature. Once the
fully grown ant has hatched from its pupa, its swollen
abdomen becomes transparent, making the brightly
colored nematodes easily visible. The ant, instead of
scurrying about as ordinary ants do, lolls around with
its rounded body, bursting with red parasites within,
giving the appearance of a bright, ripe berry which eager frugivore birds fly down and snatch up as food.
Thus, the young nematodes find themselves back in-

Carpenter ants can grow to an inch in length, and they are vulnerable to
infection by fungi that change their behavior. The sporangia of the fungus
Ophiocordyceps burst from the back of the ant’s head only after it has felt
impelled to climb into the best position for the spores to infect more ants.

side a new host bird and the cycle continues.
There are even fungi can modify their host’s behavior to suit themselves. For slime-molds in a tropical rainforest, life is simple; the environment is wet
and warm, and ideally suited to their needs. But for
fungi that produce airborne spores, the humid jungle
environment poses particular problems. For spores to
survive distribution across the widest possible area,
they benefit from being released under conditions
that maximize their chances of finding a new host.
To achieve this unlikely aim, the ascomycete fungus
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Ophiocordyceps unilateralis commandeers its ant host
Camponotus leonardi to make the arrangements. These
species are found in the jungles of South America and
Southeast Asia, and the fungus demands precise conditions of temperature and humidity for successful
distribution. When the temperature is in the seventies
and the humidity about 90%, the parasitized ant —
driven by the impulses that its fungus master invisibly
generates — finds a plant stem and climbs it to a height
of 9 in. There, it clamps its mandibles firmly onto the
stem of the plant and remains in position while Ophiocordyceps grows through the ant’s tissues, destroying
the sarcomere connections of striated muscle fibers
so that the jaws cannot release their grip and remain
locked in position. As the fungus matures, the entire
contents of the host’s body are consumed. Nothing is
left but the ant’s exoskeleton. Then the final stage of
this remarkable saga ensues. The fungus develops a
fruiting body that bursts out from behind the host’s
head, and over the space of a couple of days extends
up into the free air and, when ripe and ready, liberates
its spores. All this is timed to occur when nearby ants
are most abundant, and when the conditions are ideal
for spores to rain down upon their new hosts.
Recent research has revealed that Ophiocordyceps
unilateralis is not a single species, but a range of related,
but discrete, fungi (Evans, Harry C. “A Keystone Species for Unraveling Ecosystem Functioning and Biodiversity of Fungi in Tropical Forests?” Communicative &
Integrative Biology, 4:5, pp 598–602, 2011; doi: 10.4161/
cib.4.5.16721). And, although the life cycle paints a remarkable picture of the way microbes can take control
of larger creatures, it is far from unique. There must
be thousands of similar examples, most of which we
have yet to unravel, and the related genus Cordyceps
— even if this fungus does not so dramatically modify
the behavior of its host — reproduces exclusively by
infecting arthropods and using them as a food source
from which fruiting bodies later emerge. Some of these
mature fungi are used in traditional Chinese medicine.
Cordyceps sinensis infects caterpillars found in the Himalayas at an altitude between 10,000–16,000 ft. and
is known as yartsa gunbu (དབྱར་རྩ་ྭ དགུན་འབུ་) in the Tibetan
language and dōng chóng xià cǎo (冬蟲夏草) in Chinese,
meaning “summer grass, winter worm.” The mature
fruiting bodies have long been used as a topic and aphrodisiac. In 1993, there was an international scandal
when Chinese athletes broke several world records after claiming to have used this as a stimulant. Although
we tend to be skeptical about such claims in the West,
recently published research suggests that it may work
(Hirsch, Katie R. “Cordyceps militaris Improves Tol80

For many Tibetan people, gathering dried caterpillars parasitized by
Cordyceps fungi is their main source of income. Chinese medicine has
long celebrated these as a stimulant, and (after they were taken by
record-breaking athletes) some scientific evidence has been found to
support the idea that bodily functions can be stimulated by taking this
fungus as a dietary supplement.
We no longer have to
rely on Tibetan mountaindwellers to collect the
fungus-infected caterpillars
high up in the Himalayas.
Cordyceps is now being
cultured commercially and
is becoming accepted as a
stimulating food supplement.
Tablets made from the dried
fungus can now be bought
over the counter in most
American drugstores.

erance to High Intensity Exercise After Acute and
Chronic Supplementation,” Journal of Dietary Supplements, 14:1, pp 42–53, 2017; doi: 10.1080/19390211.
2016.1203386).
MOOD ELEVATION
The idea that bacteria can influence our mood is
next. A relationship between the human microbiome
and the brain is beginning to attract the attention of
research microbiologists. Research at the University of
Leuven, Belgium, sets out to identify chemical indicators of the state of mind. Bacteria like Faecalibacterium
and Coprococcus in the intestinal tract secrete butyrate,
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and this is consistently associated with indicators of a
higher quality of life. Conversely, these bacteria and
others like Dialister were found to be depleted in patients suffering from depressive illness. The research
shows that microbes can synthesize the dopamine
metabolite 3,4-dihydroxyphenylacetic acid, which is
positively correlated with quality of life indicators.
Similarly, they demonstrated a potential role in depression for γ -aminobutyric acid synthesized by the
gut microbiome (Valles-Colomer, Mireia; et al. “The
Neuroactive Potential of the Human Gut Microbiota
in Quality of Life and Depression,” Nature Microbiology, 4, pp 623–632, 2019). In these cases, it seems that
chemical complexes produced by bacteria can imitate
the effect of pharmaceuticals. Instead of giving drugs
to raise the mood, perhaps people need to be inoculated with the relevant microbes.
And it doesn’t stop there. Even viruses can control the behavior of their infected host. When rabies
infects dogs, for example, the animal can become
fearlessly aggressive — its tendency to bite anyone
nearby clearly assists spread of the virus. It is little
known that infected dogs can also change their behavior to become unusually docile and friendly, before suddenly biting. More remarkable examples
have been found of the family Baculoviridae, for
these viruses infect caterpillars and radically change
the way they behave to solely suit the transmission of
the virus. A normal, healthy caterpillar will browse
around vegetation, stopping from time to demolish a leaf as it feeds. Once infected by the virus, this
behavior abruptly changes and the caterpillar feeds
insatiably. You could argue that this is not behavior
modification, but is a natural consequence of the additional metabolic demands on a host that is replicating viruses on a vast scale. However, the change
in behavior that happens subsequently is certainly
to the sole benefit of the virus. Once the caterpillar
is large and mature, and full of virus, it is suddenly
impelled to climb high up a plant until it can go no
further. There it stays, as though rooted to the spot. At
this point, the caterpillar’s own somatic cells start to
secrete powerful lytic enzymes which break down its
internal organs into a semi-solid consistency until the
skin itself starts to burst. From then on, wet fragments
of disintegrating tissue, rich in newly replicated virus
particles contained in occlusion bodies that are large
enough to be resolved by the light microscope, spatter
down onto any caterpillar that happens to be grazing
beneath, thus spreading the virus to its new victims.
This takes us to the edge of life — when a virus can
take deliberate control of its host.

“The Last of Us,” a horror
video game developed
by Naughty Dog and
published by Sony
Computer Entertainment,
features a teenager fighting
cannibalistic creatures
infected by a mutated strain
of the Cordyceps fungus.
When released, the game
sold 1.3 million copies in its
first week.

These are remarkable accounts that remind us of
areas of science that are often overlooked or ignored.
Much of the scientific research that is being conducted
is already leading to important insights. The Baculoviruses are currently being investigated as a source of
recombinant glycoproteins with the aim of identifying
anti-cancer agents. Because these viruses cannot infect
mammalian or plant tissue, they are free from the potential problems associated with many other viruses.
Already these are being used in the biological control
of Plodia interpunctella, the Indian meal moth. Now
that there is scientific evidence that Cordyceps can benefit the body, it is being produced commercially. You
can even buy it at Walgreens. The gruesome notion of
a microscopic fungal spore taking over control of the
body has inspired a popular computer game called
“The Last of Us,” released by the Sony Corporation in
2013. It became particularly popular on PlayStation 3,
and has sold some 20 million copies, making it one of
the most popular computer games of all time.
Meanwhile, the parasites that accidentally infect
us may yet offer an answer to some of life’s most intractable problems. When you suffer from anxiety, it
is so often assumed that this is due to the pressures
and tribulations of the modern world, which is why
drugs like Xanax or Librium have been prescribed to
help you cope. Perhaps that’s wrong. You may need
a course of Daraprim instead. This is used as a treatment for malaria, but it also kills the toxoplasmosis
parasite. We may have been treating clinical symptoms when we should really be looking for a hidden
microbe — the microbe that has secretly taken control
of your life.
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