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Introduction
 

Are pandemics and infectious disease outbreaks comparable 

to natural disasters, such as earthquakes and hurricanes, for 

which little can be done other than preparing for the worst? 

Should our civilization resign to live under the looming 

possibility of highly pathogenic pandemics, and simply have 

plans in place to mitigate their effects when they happen? 

The enormous burden of these diseases in terms of human 

suffering and loss of lives, along with their major economic 

and social impacts, begs the question.

Fortunately, there are ways to reduce the chances that 

these events keep taking their toll on humanity. The large 

diversity of pathogens in the wild that are potentially har-

mful cannot easily find their way to human beings. Some 

special conditions are needed, particularly in increasingly 

urban societies, when we mingle in the wilderness only 

sporadically, with boots protecting us from the soil, bug 

repellents and our own food and water. In those brief visits 

to the natural world we, wisely so, come with what our 

distant ancestors would see as spacesuits. 

So, if most of us are not in direct contact with this wells-

pring of pathogens, why do they keep spilling over to us in 

deadly epidemics like Ebola and HIV, or in pandemics such 

as those of influenza and coronavirus? Here we focus on 

identifying the structural causes favoring the emergence of 

many pandemics and infectious diseases epidemics. These 

causes frequently overlap with those leading to the loss of 

millions of lives every year to common infectious diseases, 

and to the erosion of the power of antibiotics. Addressing 
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the drivers of these global health threats is essential if we 

are to have a shot at protecting lives, improving our well-

-being and making our economies and future safer. 

As we will see here, we can all have a positive role in this 

process: our choices as consumers are, fortunately, decisive 

in this regard. 

Direct contact  
with wild viruses 

Deep in the jungle
On July 20, 2014, a 40-year-old man collapsed on his arri-

val at the Lagos airport, in Nigeria, on his way to another 

Nigerian city where he was supposed to give a lecture. This 

little-known event is perhaps one of the luckiest strikes of 

our civilization in modern times 1,2. Had he made his way 

out of the airport, the world would probably be a different 

place now. The man, Patrick Sawyer, was coming from 

Liberia, after caring for a family member who had died 

from Ebola 12 days before. He had also been diagnosed 

with Ebola three days before the flight, and despite medical 

advice, left the hospital. And took the plane to Lagos, the 

largest city in Nigeria, with nearly 12 million people at the 

time. Nigeria recently overtook India as the country with 

the largest number of people living under extreme poverty 
3. There, at a place where millions of people use as a trans-

portation hub within Africa and to the rest of the world, 

but where infrastructure and the public health system are 

overstretched, Ebola would had found an ideal ground to 

replicate the calamitous scenario that was taking place at 



that very moment in Liberia, Sierra Leone, and Guinea, but 

at a continental - and perhaps global - scale. Fortunately, 

the swift actions of the Nigerian officers and international 

partners prevented it from happening 1,2,4.

The brutality of Ebola (its death rate and the dreadful cou-

rse of the illness on patients) is well known. Ebola is one 

among many other infectious diseases that find its way into 

humans when we expose ourselves to the large diversity 

of viruses that are tolerated by wild animals, but that can 

be harmful if they spill over to people. In the case of the 

Ebola outbreak in West Africa, such a jump was traced back 

to a two-year-old boy from Meliandou, a small village in 

Guinea. The boy used to play with other children in a hollow 

tree where  bats live. According to the villagers, children 

would sometimes catch them, and perhaps even roast their 

catches on sticks to fix a snack 5. 

Figure. In this illustration, we can see how a pathogen can “spillover” from wild animals  directly into people 
(pale pink to red), or first infect livestock (pale pink to green), which can then amplify its capacity of transmis-
sion to human beings (green to red) (reproduced with permission from the authors - Karesh et al, Lancet 2012).
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There are many ways through which pathogens can find 

their way to human beings. Drinking contaminated water, 

breathing dust from highly contaminated environments 

(such as caves), eating food chewed by infected animals 

or having close physical contact with those animals are 

among them. Another popular means of human infection 

is through a vector -such as a mosquito or a tick- through 

which the pathogen makes its way from one individual to 

another, belonging either to the same (or different) species. 

In this case, because every infection transaction requires the 

intermediation of a middle-man (the vector), the spread of 

the disease is restricted to the geographic distribution of the 

vector, it cannot go further 6. In contrast, diseases that find 

their way to a person, and from that single human case (the 

‘patient zero’) can be transmitted from human-to-human 

in a sustained way are more likely to become pandemic, 

especially if transmission occurs through behaviours that 

are common (such as physical greetings, sharing of objects, 

close proximity and sex). And here we find a route that has 

been particularly important in recent pandemics: the use 

of wild animal species as food 7. 

The origin of most Ebola outbreaks - which still happen, 

mainly in Central Africa - is believed to be associated with 

the consumption of bushmeat 8. It is not so much the con-

sumption of a cooked animal that is risky, but the process 

of hunting and butchering the animal. In this (literally) 

bloody affair, plenty of opportunities exist for the direct 

exposure of vulnerable human tissues (skin wounds, mu-

cosa) to the pathogens and cross-contamination of other 
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food items with the bodily fluids of the infected animal. 

Humans were most likely infected with precursors of the 

human immunodeficiency virus (HIV) in this way, when 

hunting chimpanzees for meat 9. Interestingly, chimps got 

infected in the same way, when hunting two other smaller 

species of primates 10. HIV infection, which  leads to the 

acquired immunodeficiency syndrome (AIDS), has spread 

to all corners of the globe since the 1980s, with 39 million 

people killed of  HIV/AIDS-related complications as of 2018 11 . 

Based on those accounts, one could hope that the prevention 

of infectious diseases imported from wildlife would be just 

a matter  of addressing these practices and the standards 

of life of populations on the fringes of urban societies. 

Unfortunately, the influenza pandemics, the outbreaks of 

SARS in 2002-03 and the 2019 pandemic remind us that 

the problem is much wider.

In the heart of the big cities
The outbreak of the new coronavirus (SARS-CoV-2) is giving 

the world a taste of what a respiratory virus pandemic is 

capable of. If in the age of steam engines the 1918 flu virus 

spread quickly around the world, it is not surprising that at 

a time of massive global travel this respiratory virus made 

its way to all corners of the world in a few weeks. To slow 

down the infection rate and avoid widespread illness and 

the collapse of health systems, measures previously only 

imagined in science fiction movies have been announced 
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in multiple countries. At the time of writing (March-April 

2020), one third of the human population is now under 

quarantine, imposed by restrictive lockdown measures 12. 

If on the one hand the number of direct victims that this 

virus will make is still unknown, on the other there is less 

doubt about the economic disaster that is likely to unfold 

in the most vulnerable nations.

Fortunately, the case-fatality rate of SARS-CoV-2 (the pro-

portion of deaths compared to the total number of people 

who were infected) is not as high as that of some prior coro-

navirus outbreaks. For example, in the case of the 2002-03 

Severe Acute Respiratory Syndrome (SARS) epidemic, the 

overall case fatality rate was around 10%, reaching more 

than 50% in the elderly population. Swift action and scien-

tific collaboration at an unprecedented level across the globe 

were decisive factors to stop it 13,14. It is difficult to imagine 

the consequences that such a high lethality would have if 

combined with the high transmissibility of SARS-CoV-2. 

These outbreaks can be also traced back to the consump-

tion of wild animals, but not only in small villages from 

poor rural areas of developing countries: both SARS and 

SARS-CoV-2 emerged in the wet markets of vibrant urban 

centers in China 4,13,15–17. In the case of SARS-CoV-2, the ori-

gin has been pinpointed to Wuhan, the most populous city 

in Central China, with approximately 11 million people*. 

* As an interesting sidenote, it has been estimated that around five tonnes of bushmeat per 
week is smuggled from Africa to Europe in personal baggage through the Roissy-Charles de 
Gaulle airport in Paris.18
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Wet markets are places where animals are sold for con-

sumption, along with other perishable goods. Described 

this way, they would not be different from countless other 

grocery stores or street markets around the globe. What 

makes some of those places different is not only the large 

diversity of animal species that are sold, but also the way 

in which many are kept on display, to be butchered on site 

on the customers’ request. Cages and stand spaces are so 

limited that animals are mostly crammed into tight spa-

ces, piles and shelves, where lower levels are constantly 

flooded with the droppings of upper ones. Wild animals 

(such as turtles, bamboo rats, badgers, hedgehogs, otters, 

civet cats, snakes, bats, pangolins) might have been taken 

directly from the wild, but more often they are raised in 

the numerous farms run by family enterprises. Many pa-

thologists and virologists have warned authorities of the 

public health dangers that these conditions represent 4,13,19. 

The regular mixing of a high diversity of pathogens, from 

wild and domestic species, in an environment of acute stress 

for the animals and poor sanitary conditions, and where 

hosts from all species meet, creates the perfect conditions 

for the emergence of novel pathogens that can make their 

way to humans, be it through a wound, the cross-conta-

mination of food or by the air, through the aerosolization 

of organic material.

China had already banned the trade and consumption of 

wildlife following the 2002-03 SARS outbreak, but the prohi-

bition was short-lived, and while lasting led to the explosion 

of the illegal market, as it did when the ban was attempted 
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in 2013-14, in response to avian influenza H7N9 (paradoxi-

cally, in parallel with the ban of the trade of wild animals 

due to the SARS-CoV-2 pandemic, the Chinese government 

also recommended the use of bear bile for its treatment 20).

Although more prominent in China and Southeast Asia, wet 

markets are present in many parts of the world, and in many 

cases have drivers other than tradition. In Bangladesh, for 

example, live-bird markets are the main hub for poultry 

sales 21, as refrigeration in the production, transport and 

selling facilities is limited. This is not surprising, consi-

dering that a fraction of humanity - 13% in 2016 22 - still 

had no or very unreliable access to energy (lack of energy 

also plays a role in rural areas and poor urban centers in 

China 23). In these Bangladeshi markets, birds come from 

multiple places, from backyard producers to industrial 

poultry farmers. 

Backyard poultry breeding is a common practice in rural Bangladesh (a), but industrial facilities 
are also present (b: laying hens are confined in so-called battery cages). Birds are transported 
on boats, trucks, and rickshaws (c, d) to wet markets, still the most common method of poultry 
commercialization, where they are sold, slaughtered and processed (e). The remains are recycled 
by the poor (f). Processing and consumption of the meat at home (g,h) (artwork: Leandro Lopes)
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Back in 2014, when one of us went to Dhaka, the capital of 

Bangladesh, to work on a research collaboration, we con-

ducted a study to identify “epidemiological hotspots” in 

the population where highly-pathogenic avian influenza 

(HPAI) strains had a higher risk of spilling over to humans. 

One of these strains, influenza A (subtype H5N1), was first 

reported in humans in 1997 (killing six people out of 18 

infected 24), and then re-emerged in 2003. Since then, HPAI 

(or ‘bird flu’) infections have been reported in millions of 

birds from more than sixty countries. In Bangladesh, more 

than 500 outbreaks were reported in poultry from 2007 

until 2013 25. It was clear that the opportunities for human 

transmission are many, but the risk seemed particularly 

high during the slaughter and processing of chickens, as 

well as the recycling of leftovers by the poor population  

(figure above). Compliance with protective measures such 

as the use of gloves and other devices 26 was not realistic, 

so we proposed the vaccination of wet market workers 

against various influenza strains,  including of course H5N1 

(together with other beneficial vaccines, like the one for 

tetanus) as a short-term solution to reduce the risks of of 

HPAI crossing the bird-human barrier once more and, at 

some point, achieving sustained human-to-human trans-

mission. This type of immunization is not yet implemented 

and remains as an important gap in this area 4. 

Another emerging viral disease that has made the headlines 

in many Asian countries since its emergence in 1998 is that 

caused by the Nipah virus. In September 1998, an outbreak 

of an unusual disease was reported in some pig-farmers in 

the Perak state of Malaysia. Soon later, two other outbreaks 
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were reported, one in the town of Sikamat, and another 

in the area of Bukit Pelandok 27. Many of those who suc-

cumbed to the virus were adult males directly associated 

with pig farming - overall, Nipah killed about 40% of 

the people who got infected. In this case, pigs functioned 

as an intermediate host for the transmission of Nipah to 

humans, enabling the ‘aerosolization’ of viruses that are 

usually transmitted in other ways in the wild. In Malaysia, 

flying foxes (a type of fruit bat) that arrive at the mango 

plantations in the flowering and fruit seasons can infect 

pigs that are bred in the region with their saliva and faeces. 

Once pigs are infected, they can transmit the virus among 

themselves (particularly in places with a high density of 

pig farms) and to humans, like any respiratory disease 
28. The Nipah virus disease is an important public health 

threat “owing to its broad host and geographical range, high case 
fatality, potential for human-to-human transmission and lack of 
effective prevention or therapies” 28. Fortunately, the outbreak 

was contained before spreading further.

The work performed by public health workers in Bangladesh 
25, Malaysia, and similar settings around the world is truly 

remarkable, along with that of  field and lab researchers who 

conduct the surveillance of pathogens in wildlife, livestock 

and humans 29,30. We all depend on them. But as we will see 

in the next section, the global threat posed by a pandemic 

and major epidemics is not restricted to the wet markets 

of the world. It is much closer to us.
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Cooking up highly  
pathogenic bugs

La Gloria is a small town in the province of Veracruz, Me-

xico. The afflicted landscape that surrounds the village, the 

bell tower of the church that attends to the spiritual needs 

of what are mostly poor farmers and the stoic resignation 

that transpires the broken walls of its buildings all seem 

to have come from the mexican writer Juan Rulfo’s “The 

Plain in Flames” stories. In one of the town’s squares there 

is a bronze statue of a five-year-old boy, Edgar Hernandez, 

holding a frog, a symbol of victory over one of the deadly 

plagues of Egypt. Edgar, now a student in a technical agri-

culture school, was an ephemeral worldwide celebrity back 

in 2009. An outbreak of a respiratory syndrome that caused 

120,000 to 250,000 deaths around the globe in one year 31 

was traced back to him as “patient zero”. That syndrome 

was later called (H1N1)2009 pdm or simply “swine flu”, 

for reasons that will become clear (though they probably 

already are) to the reader in this section. 

There are many types of influenza viruses circulating in 

wild animal species, mainly waterbirds. The spillover from 

those species to humans is not a trivial task. Several key 

mutations are needed so that viruses that replicate in the 

digestive system of birds and are carried by the water can 

effectively infect the human lung and be transmitted instead 

through the air. The perfect conditions for the selection and 

spread of mutations that have made the transmission of 

Representation of antigenic shift. Image credit: Giulio Frigieri & Paul Scruton, 
courtesy the National Institute of Allergy and Infectious Diseases



influenza so effective among humans have been achieved 

instead in the intermediate hosts between aquatic animals 

and humans: the birds and pigs we breed for consumption 
15. The high densities and sheer number of animals kept in 

intensive animal farming systems, where most of the pig 

and chicken meat sold to the population is produced, has 

enabled different strains of avian influenza to mix up in the 

same cells and combine their genetic material (a process 

called antigenic shift), which time and again has led to the 

emergence of viruses that can also infect humans. Pigs are 

particularly fit for this purpose, since their upper respiratory 

tract contains receptors for both avian (SA-alpha-2,3) and 

swine/human (SA-alpha-2,6) influenza viruses 32.
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Intensive animal farming systems, also known as factory 

farms, have indeed created the perfect breeding ground for 

the emergence of highly pathogenic viral strains, along with 

the ideal conduit for the infection of human beings 33. As put 

forward by a group of virologists from the Netherlands and 

Italy “The unprecedented crowd conditions are undoubtedly major 
drivers of the emergence and spread of pathogens in domestic 
animal populations, allowing their increasingly more frequent 
cross-species transmission to humans” 34. The cramming of 

large populations of animals at high stocking densities in 

barren and closed environments promotes the development 

of high levels of pathogenicity in multiple ways. First, by 

facilitating the rapid animal-to-animal movement of multi-

ple viral strains and the mixing and recombination of their 

genetic material. Additionally, viruses are faced with hosts 

that are incredibly susceptible to infection, where patho-

gens can multiply rapidly to high levels. For example, high 

levels of aerial pollutants such as ammonia and fecal dust, 

which naturally result from the presence of high volumes 

of animal waste, are often found in these closed facilities. 

Not surprisingly, the respiratory function of animals and 

their first barriers of defense against infection are often 

compromised 33. Moreover, immunosuppression induced 

by chronic stress, whereby individuals lose partially the 

immune response that protects them against infection, is 

a reality in these systems (see next section). 

Importantly, in these farming systems, viruses that become 

so pathogenic to the point of quickly killing their hosts can 

still spread: given the high density and close proximity of 
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animals, the transmission from severely sick or dead animals 

to live animals is possible. In contrast, under extensive, 

outdoor conditions, high virulence is more likely to be costly 

to the virus, which may stop spreading as soon as its host 

dies 33. In such cases, contact with other animals may be 

interrupted. Also, viral survival in an outdoor environment 

tends to be lower. For example, influenza viruses are rapidly 

inactivated by sunlight and desiccation, impairing their 

ability to spread efficiently. Under such circumstances, the 

development of high virulence levels is less likely 33.

Interestingly, it has been hypothesized that it was in fact the 

concentration of a high number of stressed and immuno-

suppressed soldiers of the First World War under the filthy 

conditions experienced in the war camps and trenches (i.e. 

conditions to a large extent akin to those experienced by 

animals raised in intensive production systems) that pro-

vided the breeding ground for the emergence of the 1918 

Spanish Flu, the deadliest pandemic in human history in 

absolute numbers 35. The 1918 Spanish flu killed around 

50 million people of the estimated 500 million who got 

infected 36. 

That’s why so many people are worried about the pande-

mic potential of influenza viruses, such as the H5N1 bird 

flu, which so far has killed more than half of the people 

infected with it 37. One of the scenarios that takes the sleep 

of virologists and public health officials everywhere is the 

possibility of a combination of the genes of the H5N1 strain 

(or similar) with another that enables rapid and sustained 



24

human-to-human transmission 4,15,34,35,38. Fortunately, this 

hasn’t happened yet, but it might be a matter of time. The 

number of birds involved in HPAI outbreaks has increased 

many-fold in the last decades. As we saw in the case of 

Bangladesh, avian influenza viruses have become entren-

ched in poultry populations in several Asian and northern 

African countries. The H5N1 strain, specifically, has been one 

the most geographically widespread and costly, resulting in 

the loss of hundreds of millions of poultry in 68 countries 
39. Ideally, vaccinating workers from factory farms would 

also be highly advisable 40 , for the same reasons that the 

vaccination of wet market workers described before was 

suggested as a short-term solution to reduce the risk of 

human infection.Of course, as with any influenza vaccine, 

vaccination programs must be periodical given the high 

rates of viral mutation, and efficacy is not guaranteed.

As a sparsely populated and economically depressed region, 

the land near La Gloria was one among countless similar 

landscapes where intensive animal production facilities have 

been established in the world. A few kilometers from the 

town there was a massive complex of animal production 

plants belonging to one of the large North American com-

panies installed there following the free-trade Nafta treaty. 

Local inhabitants complain of the strong stench that the 

wind brings to their homes, which often causes them nausea 

and vomit and gives, for many, a reason to emigrate 41. But 

when the breeze turns into wind storms, more than just 

the stench can be carried to the town. Aerosolized matter 

from open slurry pits, that is, liquid manure reduced into 
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tiny droplets by the wind, can travel miles (as can the flies 

from the pits where dead bodies of sick or injured pigs are 

left to decompose 41). That’s the same manure frequently 

sprayed onto crops as fertilizer. This may have been how 

the boy Edgar Hernandez got infected, sparking a pandemic 

that only ten years ago killed a quarter of a million people, 

mostly young adults.

Fragile meat-making machines:  
making life easy for pathogens

After World War II a dramatic shift in the way domesticated 

animals are raised started taking place. Rapid population 

growth, rising income levels and a large appetite for meat 

created the ideal incentives for the expansion and inten-

sification of animal agriculture, while new technologies in 

animal breeding and nutrition unlocked the potential for 

tinkering with the biology of farm animals, a process that 

had dramatic effects on their well-being. Gains in produc-

tivity stemmed mostly from the selection of fast-growing 

and highly productive breeds, helped by the development 

of diets designed to maximize the conversion of animal 

feed into meat, milk and eggs. 

The welfare and health costs that this process imposed 

on farm animals can be grasped by looking at how their 

physiologies were transformed in a few decades. In the 

pork industry, sows (female breeders) can start breeding 

with less than six months of age and have two to three 

pregnancies per year. In each pregnancy, they give birth 
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to more than 12 piglets, which are then weaned at only 21 

days, in some cases earlier. Sows are culled at less than 3 

years of age, when reproductive, locomotory and metabolic 

problems make her unfit to keep breeding. The biological 

limits of farm animals were stretched even further in the 

poultry industry. Broiler chickens (those used for meat) 

gain on average more than 400 grams (around 20 percent 

of their final body weight) per week. They are slaughtered 

at 40 days of age. Laying hens were not spared either: they 

now lay eggs nearly every day, compared to a frequency 

of about one egg per week not so long ago or one egg per 

month in the case of its ancestral, the red jungle fowl. 

This intensification process  took a heavy toll on the health 

of animals, who now suffer routinely from multiple ailments. 

Many of these are referred to as ‘production diseases’, that 

is, diseases that become more prevalent, or severe, in pro-

portion to the productivity of the animal 42. For example, 

most laying hens are found to suffer from osteoporosis and 

bone fractures by the end of their lives: their physiologies 

were pushed so hard to produce more eggs (and egg shells) 

that a large proportion of calcium is removed from their 

bones 43. Meat chickens suffer from leg abnormalities and 

lameness. Because they gain weight so rapidly, the growth 

of bones and internal organs cannot keep pace with it; heart 

failure and respiratory insufficiency are thus also common.

Over-selection for productivity, poor welfare and both 

chronic and acute stress have made factory farmed ani-

mals incredibly susceptible to infection 44,45. Like humans, 

animals can succumb to disease more easily when living 
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under constant stress 46. That is why in periods of stress 

we are more prone to respiratory infections 47 and Herpes 

blisters. Believe it or not, wounds also take longer to heal 
48. The outcome of stress on the immune system is most 

commonly suppressive, weakening the defenses against 

external threats like virus and bacteria 44,45.  In the case of 

viruses, for example, an impoverished immune function 

not only facilitates their replication, but also increases the 

likelihood that vaccines used to prevent important diseases 

will not work properly 49. 

Typical life phases of market pigs (those used for their meat) and sows (females who give birth 
to market pigs) in conventional intensive systems. The suckling, postweaning and growing/
fattening phases (upper part) are similar to market pigs and sows, lasting together about 6 
months. The prepuberty, gestation and farrowing phases (lower part) are exclusive of sows. As 
shown in the pie chart, following pre-puberty, sows spend all of their remaining  lives (about 
two years) in crates where they cannot move (artwork: Wladimir J Alonso).

gestation
farrowing
fattening
postweaning
suckling

FarrowingGestationPrepuberty

Fattening
Suckling

Postweaning

Phases of life of market pigs and sows in conventional intensive systems

Proportion of life spent 
by a sow in each phase 
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Genetic selection for productivity adds to the problem, as 

energy that would otherwise be used for defense is diverted 

to growth and reproduction 33,50. The association between 

higher productivity, immune dysfunction and susceptibi-

lity to disease has been indeed shown in multiple species, 

including chickens, pigs, cattle and dairy cows 33. Such an 

increased susceptibility to infection is not only a risk for 

the emergence of highly pathogenic strains but, as we will 

see, represents a major risk for food security, increasing the 

likelihood of food-borne illnesses caused by enteric patho-

gens like Escherichia coli, Salmonella, and Campylobacter 51.

Biosecurity
Although large animal production facilities can rely on 

various biosecurity protocols and sanitary standards to 

prevent and control the transmission of infectious diseases, 

the sheer scale of the outputs of these systems (excrements, 

feed, animals, their bodily fluids), the dependence on mul-

tiple players in the production chain, the transport of live 

animals nationally and across borders, and the possibility of 

contamination of the final animal products during slaughter 

and processing makes it unlikely that those measures are 

sufficient, even if they were strictly implemented. 

And they aren’t. Poor compliance with biosecurity is an 

endemic problem in the livestock industry. Whenever sur-

veyed, flaws in biosecurity practices are found to be wi-

despread, even in countries where compliance is expected 

to be higher, such as Sweden, Canada, the United States 

and Australia 52–55. This is even more concerning since the 
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level of implementation of biosecurity measures is often 

overestimated in surveys, with a large gap between the 

levels of compliance reported by farmers and the actions 

actually implemented at the farms and abattoirs 56. 

The situation is worse in resource-limited settings, where 

a large proportion of farms fails to meet even minimal 

standards. Not only is biosecurity expensive, it also requires 

producers and stock personnel to clearly understand strict 

technical guidelines and behavioral protocols. Serious risk 

practices, such as the unsafe disposal of carcasses of dead 

animals, are common in many places. For example, amidst 

a series of outbreaks of highly pathogenic avian influenza in 

Egypt, an investigation conducted by researchers from the 

Food and Agricultural Organization of the United Nations 

found that the usual means for the disposal of poultry car-

casses included feeding them to dogs and the throwing of 

dead birds into watercourses. Some growers even reported 

the selling of diseased poultry for human consumption 56. 

These practices are unlikely to be exceptions, particularly 

in light of the sheer number of animals that die prior to 

slaughter in every nation. For example, nearly 1.5 billion 

pigs are slaughtered for food in the world every year, or 

about 4 million per day. Pre-slaughter mortality rates in 

the industry are about 5-10% during the suckling phase, 3% 

following weaning and an extra 3% during growing 57. This 

translates into about half a million carcasses of dead pigs 

per day that must be disposed of. In the broiler industry, 

the numbers are more impressive: over 60 billion broiler 

chickens are killed annually for food. Assuming a mortality 

rate of 5%, this means that over 8 million birds per day die 
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before being sent to slaughter. Not every farm will have the 

proper means of ensuring that dead carcasses (often of sick 

animals) are disposed of following the proper biosecurity 

standards. The situation gets even worse during infectious 

disease outbreaks, when the number of animals that must 

be culled often exceeds the capacity of proper disposal and 

recycling facilities. In these cases, it is not uncommon for 

hundreds of animals to be hauled to landfills.

Food-borne infections
Prof. David Rogers, head of the TALA (Trypanosomiasis And 

Land-use in Africa) research group in Oxford, pioneered 

the use of a technique widely used by engineers (Fourier 

analysis) to analyse the seasonality of infectious diseases 

such as malaria and the African sleeping sickness. The 

group was applying this technique  to find the environ-

mental causes for the temporal changes in the number of 

cases and deaths from  many of these diseases, using sa-

tellite imagery and meteorological data. Interested in this 

technique,  a team from the Department of Epidemiology 

of the University of Wales sought the help of this resear-

ch group in 2003, at the time one of us was finishing his 

doctoral thesis at TALA. They had data collected  from 85 

health authorities in England and Wales on human cases of 

infection by Campylobacter for several years, and wanted 

to understand why the number of infections peaked during 

spring and summer, as this could lead to better prevention.

Campylobacter is the main cause of foodborne illness in the 

United Kingdom, causing sickness in more than 300,000 Bri-
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tish people each year 58. It is also the most common bacterial 

cause of human gastroenteritis in the world 59. Although in 

most episodes of this disease symptoms are restricted to 

intestinal inconvenience and abdominal cramps, in some 

cases the illness can involve life-threatening complica-

tions. Also, because the cell surface proteins (proteins in 

the cell wall that enable their adhesion to the body tissues 

of their hosts) of this bacteria are very similar to those in 

cartilaginous tissues, in some cases the immune system of 

infected patients turns against them, attacking their joints 

and leading to chronic arthritis. Similar surface proteins 

are on the myelin sheath of the nerves (an insulating layer 

around the nerves). If they are attacked by the immune 

system, patients develop the Guillain-Barré syndrome, a 

progressive paralysis of the body and of respiratory capacity.

Chickens are a natural host for Campylobacter species. When 

the chicken is slaughtered, it is very difficult to prevent 

the contamination of muscles, blood and bones with its 

gut content and fecal matter. So to prevent the cross-con-

tamination of cooking surfaces and other foods a rather 

counterintuitive recommendation is often given: to avoid 

washing chicken meat before cooking it, so Campylobacter 

(and other pathogens present in the chicken’s gut) does not 

spread further in the meat and to other parts of the kitchen 
60,61. But if the consumption and handling of chickens is 

associated with most cases 58 (though contamination can 

also occur through red meat and milk consumption), why 

was the number of cases peaking during certain months 

of the year, when the demand for fresh poultry meat was 

not particularly high? 
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Despite all the analyses and close inspection of meteorolo-

gical and satellite data, we were puzzled and could not find 

an answer. The likely answer came from an elegant study 

using the same dataset, which showed that the increase in 

the fly population during spring and summer was enabling 

the cross-contamination of foods 62. By visiting contami-

nated food items (mainly in warmer months, when people 

open their windows and prepare barbecues), those insects 

carry the bacteria to other food products (many eaten in 

raw form) in the same way contamination occurs when 

salad is prepared with the same kitchen utensils used to 

cut raw chicken meat. It has been also suggested that flies 

were also a source of contamination of chicken production 

houses 63. As Dr. Gordon Nichols recently told us, “Sadly fly 
transmission (non-biting ones) has been an area that has been 
somewhat neglected by microbiologists and epidemiologists over 
recent decades, despite being an area of interest to environmental 
health experts”.  

Virtually every food, when spoiled, contains toxins and/

or pathogens that can cause illness. There are also some 

products that need careful processing to be suitable for 

consumption (cassava, the third most important source of 

calories in the tropics, releases the deadly poison cyanide 

unless properly processed) 64. But when we are talking 

about human infections caused by the consumption and 

handling of food, animal-sourced products vastly dominate 

the landscape 65.

Before the discovery of the ubiquitous existence of micro-

organisms, and the implementation of the sanitation and 
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hygiene standards most of us enjoy today, food of virtually 

any kind were certain carriers of many pathogens. There 

were plenty of opportunities for pathogens to make their 

way onto the surfaces of fruits, vegetables, meat and seafood 

during their farming, transport, delivery, sale and proces-

sing. We were left with little more than natural selection 

to keep us going: many people died (mostly children) from 

food-borne infections. It was only with the adoption of 

personal and kitchen hygiene practices (propelled by know-

ledge of the existence of microorganisms and advancements 

such as indoor plumbing), that pathogens catching a ride 

on food surfaces could be washed away (no doubt, a great 

leap forward in terms of public health).

But what about those pathogens that live further down, 

within the body cavities or tissues of the organisms we use 

as food? Things then get trickier. As we saw with chicken 

meat contaminated with Campylobacter, washing might be 

exactly what we are advised against. To overcome the inner 

defenses of organisms, those pathogens use sophisticated 

molecular processes to infect them. As a general rule, the 

closer we are to another organism in evolutionary terms, the 

easier it is for a pathogen to infect us. And here lies a simple 

reason why food-borne infections are mostly relegated to 

products of animal origin: humans are evolutionarily much 

closer to animals than to plants. It is extremely difficult for 

a virus, bacteria or any other pathogen adapted to infect 

the cells and structures of plants to attack human cells 

and tissues. Of course, among the fantastic diversity of life 

forms we can find all sorts of exceptions. 
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One of them is Salmonella, a genus of bacteria that can infect 

nearly any organism with an intestinal tract. Salmonella is 

responsible for over 50 thousands of deaths every year 66 

following the consumption of contaminated chicken, eggs 

and pork. However, some species of Salmonella can, under 

very specific circumstances, find a way to infect plants 67. 

But fear not: when you watch the news about the discovery 

of Salmonella in peanut butter, fruits or vegetables, or an 

E. coli outbreak on romaine lettuce, they can certainly 

be traced back to the intestines of animals, for example 

through the use of manure as fertilizer, the contamination 

of water bodies with animal waste or the contact (direct or 

indirect) with animal products. 

The decomposition process that inevitably follows death 

(when the organisms’ defenses are switched off, allowing 

the colonization of opportunistic microbes) is another reason 

for why it is generally much easier for an animal product 

to be infected with pathogens. The grains, leaves, fruits, 

roots, tuberculae and stems that we consume are mostly still 

alive, as their cells and tissues depend less on the integrity 

of the whole organism to keep functioning. In many cases, 

we could even start a new viable plant with these foods if 

we tried. Conversely, a struggle to artificially slow down 

the decomposition of an animal’s body starts at the very 

moment the animal dies. So it does not come as a surprise 

that most of the food preservation techniques developed 

throughout our history - salting, smoking, pickling, cooking, 

sun-drying, ashing, peppering, fermentation, pasteuriza-

tion, refrigeration - were developed mainly for products 

of animal origin. 
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Of course, a major source of contamination of meat is 

through the process of evisceration at the slaughter plants, 

through which internal organs, especially those in the ab-

dominal cavity, are removed. Needless to say, meat comes 

from animals who once had a gut, and it has proved not so 

easy to ensure that fecal matter does not contaminate the 

animal carcass (internally or externally) 68,69 .

Even animal products that are not directly derived from 

the meat of slaughtered animals, such as milk and eggs, 

need special attention to avoid contamination due to decay. 

Milk is a bodily fluid not meant to be lingering around in 

the external environment for too long, but to be delivered 

directly from mother to offspring. So different cultures found 

ways of extending its life through different processes, such 

as its coagulation and dehydration in the form of cheese. 

Other animal species packed the nutrients needed for their 

offspring to grow in a capsule (we call this arrangement egg), 

enabling their development in the external environment. 

However, as soon as its content is released, the spoiling 

process is even quicker than for most other foods of animal 

origin (that is why homemade mayonnaise must be eaten 

immediately, unless prepared with pasteurized, irradiated 

or cooked eggs - or, of course, without eggs).

The impact of foodborne illnesses on global health is far 

from negligible. It has been estimated that, only in 2010, 

food contamination episodes of all types caused 600 million 

cases of illness, resulting in 420,000 deaths worldwide. So 

even though these illnesses are not the cause of pandemics, 

they have a cost in terms of human lives affected in the 
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same order as that of major infectious diseases such as HIV/

AIDS, malaria, and tuberculosis 70.

Transport of Live Animals
Over the last decades, the number of live animals exports 

rose sharply. In 2017, nearly two billion animals were loa-

ded onto ships or lorries and sent on journeys lasting from 

hours to weeks 71. As the reader can imagine, the crowding of 

animals from multiple origins into poorly ventilated, small 

and stressful environments for long periods of time creates 

the ideal conditions for the spread of infectious diseases 72. 

Not only do pathogens travel with the animals, but ani-

mal-to-animal infection is facilitated by the immunosu-

ppressive effects of the stress: as we discussed before, acute 

and chronic stress weaken the immune defenses of hosts, 

facilitating the multiplication of pathogens. Additionally, in 

these journeys animals are in constant contact with their 

own waste and that of journey companions, increasing even 

further the likelihood of infection. To make matters worse, 

long-distance transport can increase the ‘fecal shedding’ of 

pathogens (such as Salmonella and Escherichia coli) pre-

sent in the gut of animals 72, that is, their release into the 

stool. In general, the more pronounced the stress to which 

an animal is exposed, the higher the likelihood that high 

levels of pathogens will be found in their feces 51,73. 

Predictably, animal trade has long been an effective way 

of introducing and spreading infectious diseases of animal 

origin. For example, the movement of live animals and 



their products is a primary driver of the spread of foot and 

mouth disease across borders 74, a highly infectious disease 

affecting non-avian livestock species, particularly cattle. 

Similarly, some reports mention the introduction of bovine 

spongiform encephalopathy, the ‘mad-cow disease’, into 

Canada through the introduction of infected cattle into 

that country 75.

Livestock carrier with live cattle exported from Brazil, at an intermediate port on its way to 
the Middle East (photos: Cynthia Schuck)



38

Still, the most concerning risks of live animal movements 

relate to the spread of highly pathogenic strains. For exam-

ple, extensive analysis of genetic data has also shown that 

the global trade of live pigs strongly predicts the spatial 

dissemination of influenza A viruses in these animals 76.

Losing the battle to infections: 
antibiotic resistance

In intensive pig farms, piglets are separated from their 

mothers, or foster mothers, with only three weeks of age, 

much earlier than their natural weaning age, approximately 

three and half months 77. This is very stressful for these 

young animals for many reasons, such as the transfer to a 

new enclosure, the exposure to new pathogens, the stress 

and fights due to the sudden mixing of many litters, and 

the rapid change to a new diet at a time when their immune 

and digestive systems are still immature 78. Consequently, 

many pigs at this phase suffer from severe diarrhoea, in 

some cases fatal. In an effort to prevent this from happening 

(or reduce the damage), farmers routinely add antibiotics 

prophylactically to the diets of all animals. Antibiotics 

such as amoxicillin, tetracyclines and colistin have been 

common choices 79.

The sudden weaning process described above is one of many 

practices employed at intensive pig rearing facilities that put 

the animals at higher risk of infections. The circumstances 

are different and the risk fluctuates, but it is present along 
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the entire production process. Of course, the same can be 

said about all intensively bred species - from farmed fish to 

cows, from rabbits to chickens 80. So antibiotics, a treasure 

for medicine, are used daily on billions of animals to prevent 

infections resulting from conditions of poor welfare and 

sanitation. What is wrong with that? Let’s see. 

Before the development of antibiotics, humanity lived in 

a very different world. The painting in the figure below is 

from the Venezuelan artist Cristobal Rojas, a man who had 

his life surrounded by the loss of loved ones to tuberculosis. 

Cristobal himself succumbed to the disease in 1890, at the 

age of 32. At the time, the only treatment available was 

sunshine and fresh air. From as early as 5,000 years ago 

until the first half of the 20th century, tuberculosis claimed 

more victims than any other pathogen 81. In the turn of 

the twentieth century, tuberculosis was killing one out of 

every seven people in Europe and the United States. Other 

infectious diseases, such as pneumonia, added to that toll, 

attacking every home, the rich, the poor, the educated and 

the uneducated. Even something as simple as a paper-cut, 

if infected, could lead to a fatal septicemia. Surgeries were 

almost unthinkable. Giving birth was a Russian roulette, 

as perinatal infections could not be treated. Hospitals were 

charitable places to provide shelter, food and comfort to the 

lonely and poor, but little could be done to treat the critically 

ill. Premature death was a fact of life, affecting virtually 

every family, from peasants to kings (unfortunately, this 

is still a reality in some poor regions of the world, where 

the population does not yet have access to antibiotics 82).
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All this changed with the discovery of penicillin in 1928, 

the first antibiotic, by Alexander Fleming. The treatment 

of wounds and infections, surgeries, transplants and pro-

cedures such as chemotherapy became possible. Coupled 

with other advancements such as vaccines and sanitation, 

antibiotics opened the gates to the world as we know today. 

But the power of antibiotics to fight infections is eroding 

at an alarming rate. The emergence of antimicrobial-re-

sistant bacteria is currently deemed as one of the biggest 

threats to global health 4,80,83. Pathogens that cause serious 

‘The Misery’ (1886) by Cristóbal Rojas Poleo shows a husband losing his wife 
to tuberculosis (image: public domain)
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medical problems, or complications from these conditions 

- such as tuberculosis, many sexually transmitted dise-

ases, urinary tract infections, pneumonia, and hospital 

infections - have now become resistant to a wide range of 

antibiotics. According to WHO, “the world is heading towards 
a post-antibiotic era in which common infections could once 
again kill”. In this unfolding scenario, about 700 thousand 

deaths per year already occur due to antibiotic-resistant 

infections, with an estimated 10 million deaths per year 

due to antibiotic-resistant infections in 2050 (more than 

cancer or diabetes) if trends continue unchanged 84. As with 

pandemics and infectious disease outbreaks, antimicrobial 

resistance is also a major threat to the global economy. A 

review commissioned by the United Kingdom estimated 

this cost at 100 trillion dollars 85. Our ongoing experience 

with the 2019 pandemic suggests that dramatic economic 

downturns due to biosecurity risks should no longer be 

taken lightly.

How do bacteria become resistant?
Bacteria have been on this planet for nearly 3.5 billion ye-

ars, and can evolve and adapt to different conditions at an 

alarmingly rapid rate. They reproduce by a process known 

as ‘binary fission’, whereby the bacterial cell divides into 

two identical daughter cells. Under favorable conditions, 

some bacteria can divide every 20 minutes. If we do the 

maths, it means that one bacteria could in theory multiply 

into 2,097,152 bacteria in 7 hours! 



42

But it is not only by passing their genetic inheritance (and 

occasional mutations) to their offspring that bacteria evolve. 

These invisible organisms are also capable of incorporating 

genetic material from fellow bacteria and from the environ-

ment into their genetic makeup. One of the most efficient 

ways through which this occurs is by the direct transfer of 

genetic information through small circular pieces of DNA 

(called plasmids) outside chromosomes that can be trans-

ferred from a donor to a recipient bacteria when they are 

in contact. This confers bacteria with a sort of super power 

that enables them to adapt to many conditions very rapidly. 

Not surprisingly, we find bacteria where no one else dares 

to live, under extreme heat, cold, acidity and radiation. The 

total weight of bacteria on Earth is in fact greater than the 

weight of all animals and plants combined 86. In our own 

body we have more bacteria than human cells 86, most of 

which are essential to keep us healthy. 

Antibiotics then come into play to treat diseases caused by 

harmful (pathogenic) bacteria. They act by either killing 

bacteria directly or reducing their ability to reproduce. 

However, they can stop working if bacteria find ways of 

countering their actions, for example by changing their 

structure so that the antibiotic no longer recognizes them, 

or by directly neutralizing (e.g. digesting) the antibiotic. 

These abilities can be acquired fortuitously by mutation, or 

by the incorporation of genes from other bacteria possessing 

such abilities. The greater the exposure to antibiotics, the 

greater the chances that the abilities that confer ‘resistance’ 

to antibiotics will spread.
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Figure. How development of antimicrobial resistance happens (illustration from the Centers 
for Disease Control and Prevention, United States; public domain).

Why is multi-drug resistance  
spreading so quickly?

Because bacteria can rapidly adapt to threatening conditions, 

antimicrobial resistance - the ability of bacteria to survive 

in the presence of antibiotics - is expected to emerge natu-

rally when bacteria are exposed to antibiotics. The problem 

is that we accelerated this process a lot through the misuse 

and overuse of antibiotics. In the United States, for example, 

the Centers for Disease Control and Prevention estimated 

that 30 percent of the prescriptions for antibiotics written 

in doctor’s offices and emergency departments each year 

are unnecessary 87. 

However, the responsible use of antibiotics in human me-

dicine alone will not solve the problem. Over 70% of the 

antibiotics sold in the world are not used in humans, but 

in animals raised in intensive farming systems 88. In the-
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se systems, the primary goal of antimicrobials is not the 

treatment of sick animals. Instead, they are routinely used 

for two other purposes. First, to promote the growth of 

farm animals, by adding them to their feed or water in 

subtherapeutic (low) doses. The mechanisms by which they 

make animals grow more are not entirely clear, but evi-

dence suggests that they act by killing a fraction of the gut 

bacteria that competes for nutrients with the animals, as 

well as harmful gut bacteria that slows down their growth 

by causing subclinical disease (disease with no obvious 

symptoms) 80,89 90. The notion behind the use of antibiotics 

Illustration from the Centers for Disease Control and Prevention, United States (public domain)
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as growth promoters is to control the bacterial flora of 

animals to make digestion more efficient, and divert all 

possible energy towards growth.

Antibiotics are also used prophylactically, to prevent infec-

tions and ensure that animals survive until the slaughter 

age under the intensive conditions of modern animal pro-

duction systems 80,89. As discussed in the previous sections, 

the living conditions in factory farms create the ideal con-

ditions for infections to spread rapidly, thus an inherent 

need for disease prevention. Antibiotics are a cheap way to 

address this issue.

The use of colistin in pig farms is illustrative. After years of 

use of colistin on a large scale, a plasmid gene that makes 

bacteria resistant to colistin (the ‘mcr-1 gene’) has been 

found in pig farms in China 91, and since then in many other 

countries 92. This has raised alarm bells throughout the 

scientific community, due to the possible loss of effectiveness 

of colistin to treat multidrug-resistant human infections 

- colistin is one of the last lines of defence against many 

life-threatening conditions in humans 93. As we will see 

in the next section, there are many ways through which 

antibiotic-resistance can make their way from food animals 

to humans and, unfortunately, in the case of colistin it was 

not different. Since being traced back to pig farms in China 
94, the colistin-resistant (mcr-1) gene has been found in 

human populations in many places 95,96. 

As developing nations increasingly intensify the produc-

tion of animal-sourced foods, resistance to the antibiotics 

commonly used in animal production is rising rapidly too. 
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Countries such as China, India, Brazil and Kenya, whe-

re meat production increased dramatically over the last 

decades, are now hotspots of antimicrobial resistance in 

animals 88. In general, from 2000 to 2018, the proportion 

of antimicrobial compounds with resistance rates higher 

than 50% increased nearly three-fold in chickens and pigs 
88 - currently, one third of drugs fail 50% of the time in 

chicken and one quarter of drugs fail 50% of the time in 

pigs. Such high rates of resistance are now observed for 

the antibiotics most commonly used in livestock, many of 

which are used to treat people too 88. 

Antibiotics that are critical for human medicine are also 

widely used in the intensive rearing of fish (aquaculture), 

one of the fastest growing food industries on the planet. 

In these fish farms, where over 100 kilograms of fish per 

cubic meter of water can be cultivated 97, infectious illnesses 

triggered by the high stocking densities, poor water quality 

and chronic stress are fought by adding large amounts of 

antibiotics to the water. Similarly to other intensive far-

ming systems, intensive fish farming have been designated 

as “hotspots” for genetic transfer and bacterial resistance 
98. A review from 2015 99 has shown that most antibiotics 

commonly used in aquaculture are important in human 

medicine too.

How antibiotic-resistance  
makes its way from animals to humans

In 2014, the then Prime Minister of the United Kingdom, 
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Mr. David Cameron, commissioned a major review on an-

timicrobial resistance 84 to analyse existing evidence on the 

problem of rising drug resistance and propose actions to 

tackle it at a global level. Of the 139 academic studies the 

review found, the overwhelming majority reported evidence 

of a link between antibiotic consumption in animals and 

resistance in humans 85. 

Take the example of Escherichia coli ST131, which is res-

ponsible for millions of infections each year and sadly has 

become resistant to multiple drugs 100. Over the period of 

a year, a group of researchers collected samples of poul-

try and pork meat sold from all nine major grocery store 

chains in the city of Flagstaff, a small and relatively isolated 

town surrounded by mountains in the middle of Arizona. 

Simultaneously, they also collected bacterial isolates from 

urine and blood samples from patients diagnosed with 

extra-intestinal infections, and which had been sent to the 

Flagstaff Medical Center. They found that the same E.coli 

ST131 strains were present both in the patient samples and 

the fresh meat, a finding that was echoed by the media 

across the globe. A little earlier, in a much more populous 

city on the other side of the globe (Hyderabad, India) nearly 

half of the samples of chicken meat sold at retail stores had 

been found to be contaminated with a similar superbug 101. 

Another example comes from Brazil. Methicillin-resistant 

Staphylococcus aureus (MRSA) is a common cause of skin 

infections in athletes, school students and military person-

nel in barracks, and also underlies some cases of pneumonia 

in hospitalized patients 102. In Brazil, MRSA has been iden-

tified in milk samples from dairy cows with mastitis 103,104, 
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an inflammation of the mammary glands often triggered 

by infection. This means not only that cows suffering from 

mastitis do not respond to treatment with the antibiotic 

methicillin, but also that methicillin will be ineffective to 

treat people who get contaminated with MRSA (for example 

through the consumption of unpasteurized milk).

The presence of important antibiotic-resistant strains of 

bacteria in animal-sourced foods has been reported in 

nearly every published study that sought to investigate it. 

In general, these pathogens were found to be resistant to 

multiple antibiotics on the list of the World Health Orga-

nization. 99. To name a few more worrying examples, bac-

terial strains resistant to multiple drugs, including those 

triggering episodes of bronchopneumonia and the develo-

pment of kidney stones, have been identified in pork and 

chicken meat sold in seven traditional marketplaces in the 

state of Sao Paulo, in Brazil 105,106. In China, identical genes 

conferring antibiotic-resistance to E.coli were detected in 

retail meat samples and human patients in Guangzhou, the 

third largest city in China 107. In that same Chinese city, a 

gene with resistance to linezoid, the last treatment option 

for infections caused by MRSA, vancomycin-resistant En-

terococci and penicillin-resistant Streptococcus were all 

found in chicken and pork meat sold in the supermarkets 
108. In the United States, 75 percent of the bacteria the Food 

and Drug Administration found on grocery store meat was 

antibiotic resistant 109. 

Of course, this is also an occupational hazard to veterina-

rians, farmers, slaughterhouse workers and food handlers, 
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who can be contaminated by direct contact with food ani-

mals or their bodily fluids (such as blood, urine, feces and 

saliva) 80. For example, a strong direct association was 

found between livestock-associated MRSA (LA-MRSA) and 

veterinarians in contact with pigs 110. 

Environmental contamination is also another route of infec-

tion. Bacteria are excreted in the urine and stool of animals 

still in their active form 111,112. This creates an enormous 

problem, as both antimicrobial-resistant bacteria, active 

antibiotics and their residues make their way to water 

bodies and the soil and contaminate other agricultural 

produce through the use of animal waste as fertilizers 113. 

Unfortunately the three large bodies of the United Nations 

that should coordinate efforts on this front - the World 

Health Organization (WHO), the Food and Agriculture Or-

ganization (FAO) and the World Organisation for Animal 

Health (OIE) - have not ‘walked the talk’ effectively yet; 

their databases on antimicrobial resistance on animals 

and humans are still not integrated years after the launch 

of the Tripartite Alliance, preventing the swift transfer of 

information among those agencies and the rest of the world, 

hence effective action. Hopefully this will change now 114. 

In recent years, many countries have issued policies to 

regulate the use of antibiotics in livestock, for example 

by gradually banning their use as growth promoters 80,89. 

Although a welcomed policy, the extent to which it will 

address the problem is unclear, as the line between the use 

of antibiotics for growth promotion and disease prevention 

is blurred. Additionally, antibiotic-free animal products are 
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not necessarily free from antibiotic-resistant bacteria. For 

example, the prevalence of the dangerous MRSA has been 

found to be similar in products from pigs conventionally 

raised (in intensive farms) and labeled “raised without 

antibiotics” in retail stores in Iowa, Minnesota, and New 

Jersey, in the United States 115. Although decreases in anti-

biotic resistance are likely to follow reductions in the use 

of antibiotics in livestock, this is unlikely to entirely solve 

the problem.

Economic Impact
The impact of pandemics and epidemics in terms of human 

suffering and loss of lives does not only stem from their 

direct effects on the health of infected people. They also 

hurt economies. Unemployment follows, along with further 

loss of health and lives, although more slowly and silently 

than the losses caused directly by these events. The most 

vulnerable and poor are bound to suffer disproportionately 

more the economic consequences of these episodes. For 

example, a study from the World Bank has shown that eco-

nomic shocks in the developing world lead to more infant 

deaths, especially when these shocks are severe and occur 

in poorer regions 116. 

The World Bank had estimated that a global influenza pan-

demic akin to the 1918 Spanish flu could cost the global 

economy 3 trillion dollars, or up to 4.8% of the gross do-

mestic product. For a virus of lower pathogenicity, the costs 

would be approximately half of those figures 117. And yet, 

these estimates have been dwarfed by the costs that the 
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2020 coronavirus pandemic is likely to incur. According to 

a preliminary assessment by the International Labour Or-

ganization 118, the global workforce could lose $3.4 trillion 

dollars in income in 2020 due to the current coronavirus 

outbreak (a value corresponding to the sum of the GDP 

of large countries such as Brazil and Canada 119), with the 

increase in global unemployment surpassing that caused 

by the 2008-9 global financial crisis on some simulated 

scenarios. 

In this equation, the global economic damage already cau-

sed by antimicrobial resistance, food-borne illnesses and 

existing zoonotic diseases should also be considered. For 

example, in the United States only, antibiotic resistance 

costs Americans $20 billion dollars in medical costs and 

over $35 billion dollars in lost productivity each year 120.

A brief account of our history 
with animals 

Animals have served modern humans and our lineage an-

cestors for hundreds of thousands of years. Cut marks on 

bones point the scavenging of flesh scraps and marrow from 

leftovers of kills by other animals to as early as 3 million 

years ago 121, and more recently (about 200-500 thousand 

years ago) to the more deliberate hunting of animals as an 

occasional part of an opportunistic omnivorous diet.

More recently, about 15,000 years ago, some animals started 

following our hunter-gatherer groups (mostly the ancestors 
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of dogs) and became our companions. Then soon later, about 

10,000 years ago, a new chapter in the association between 

humans and animals took place with the domestication of 

the first species of animals along with the emergence of the 

early agricultural practices. Goats, sheep, chickens, horses 

and oxen were among the first species used by humans as 

a predictable source of meat and secondary products (eggs, 

milk, wool, fur), as well as muscle power for tasks such as 

plowing and transportation. Uninvited guests (commensals 

such as rodents) that benefited from human settlements, 

for example by feeding on refuse around us, also joined 

the party. 

In our interactions with wild animals, companions, livestock 

and commensals, pathogens commonly known to us were 

imported: scavenging and hunting gave us tapeworms, and 

probably hepatitis and poliomyelitis through the hunting of 

our close relatives, primates; companion animals, rabies; 

livestock gave us measles, Salmonella, smallpox (one of the 

world’s most feared diseases that fortunately was eradicated 

40 years ago) and anthrax (a disease that became famous 

for its potential use as a biological weapon); commensals, 

the plague, hantavirus and typhus 34. Of course, the reverse 

is also true: many human infectious diseases can also be 

transmitted to animals 122.

In the late 19th century industrial development overtook 

agricultural expansion following the industrial revolution. 

Many advances brought about at this time, such as vacci-

nes, antimicrobials, sanitation and general improvements 

in life-standards and health care, enabled the control of 
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many of the infectious diseases that had haunted us until 

then, granting modern populations with (overall) longer 

and healthier lives. At some point in the late 1960s, the 

belief that infectious diseases would be soon conquered 

was widespread 123.

But the advancements in technology and the rapidly growing 

population were also catalysts of a massive increase of 

human-animal interactions in a way completely different 

than those seen in the past. As we discussed here, these 

conditions created novel efficient routes for the transmission 

of pathogens that gained, or re-gained, access to human 

populations, along with the conditions that are paradoxically 

eroding many of the medical advances achieved so far. We 

are now in what scientists call the ‘third epidemiological 

transition’, characterized by a resurgence of familiar in-

fections along with the emergence of new ones. 4,13,15,65

In this scenario, new challenges are bound to happen that 

will test not only our ability to react to these events appro-

priately, but also to identify (and rectify) the elements that 

most contribute to their emergence.

 

A commitment to this  
and future generations 

We tend to approach each new epidemic and public health 

crisis independently, rather than recognizing their com-

mon drivers. Domesticated animals have served humanity 

for millenia, but in today’s modern societies we must be 
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honest and admit that the way we commonly raise animals 

is a major threat for global health and the well-being of 

human populations. Moreover, the extensive human and 

financial losses associated with infectious disease outbreaks 

and drug resistance make this an enormous economic and 

social problem too. As global meat consumption continues 

to rise even further (it has doubled in the last 50 years, 

from a global average of 20 kilograms per person in 1961 

to around 43 kilograms in 2014 124), these risks and costs 

are expected to increase even further. 

The world spends billions every year in the design and im-

plementation of measures to protect us against infectious 

diseases. In 2015, funding for the investigation of emerging 

and zoonotic diseases in a single US institution, the Centers 

for Disease Control, was nearly half a billion dollars 120. The 

annual cost of pandemic preparedness alone is estimated 

to lie somewhere within $ 3 billion to $ 5 billion 125. Yet it 

is disturbing that many of the most basic control policies 

supposed to be well established have failed when tested, 

even in high income countries such as the United States 
120. Should we insist on making public health safety an 

exclusively reactive endeavor?

While large investments are currently being poured into 

the development of vaccines and treatments to control 

the damage of the 2019 coronavirus outbreak, these (most 

needed and welcomed) developments are unlikely to shield 

us from a future epidemic. We must have this same sense 

of urgency to accelerate the development of modern me-

thods of food production, which include the development 

of substitutes of animal protein. In fact, this is a revolution 



55

in the food sector that has already started, with a diverse 

range of products on that menu that include meat-like 

products made from plants or even grown in vats 126,127. 

Ultimately, however, the demand for alternative protein 

sources must come from the population, and the market will 

respond appropriately. Just as we exercise our citizenship by 

adopting the necessary measures to curb the advancement 

of COVID-19 and protect our communities, we must also 

exercise it with our wallets at the supermarket, and think 

how best our purchasing and dietary choices can build a 

safer future for generations to come.

Personal choices and societal risks
It is widely accepted that we need to consider the societal 

risks of each energy source. Convenience and price alone 

are not enough. We are willing to pay more for energetic 

choices that are safer for this and future generations. And 

yet, for some reason, this rationale has not been incorpora-

ted into the public mindset when we are talking about the 

risks that different food products (or production systems) 

impose on society 80,89.

It is of course easy for all of us to have a firm stand on 

outlawing ritual cannibalism in some remote corners of 

Papua New Guinea to stop the transmission of Kuru disease, 

a fatal neurodegenerative disorder acquired through the 

consumption of the brain of deceased relatives (this prohi-

bition was indeed implemented and had great success in 

stopping disease spread). And global public opinion is likely 

to reject the prospect of wet markets of China reopening 
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(as they did after the 2003 SARS outbreak) following the 

ongoing pandemic. More difficult though, is “to be honest 
with ourselves about what kinds of pandemics we may be brewing 
through own risky animal-use practices” 128

From a health perspective, the costs of some dietary choices 

falls predominantly on the individual who makes them. 

That can be said to be the case of excessive consumption of 

ingredients such as sugar and salt. But it is time to accept 

that different groups of food products do pose different 

biosecurity risks and societal costs. One the one hand, we 

can’t be naive and presume that all outbreaks of infectious 

diseases and other public health threats will emerge ex-

clusively from the consumption of animal-sourced foods. 

For example, in outbreaks of the Nipah virus disease in 

Bangladesh, one of the routes of transmission from bats to 

people has been pinpointed to the contamination of date 

palm sap with the saliva of Pteropus fruit bats endemic to 

the region 129, even though, as we saw before, the bridge 

between bats and humans is also made through pigs 28, as 

well as cows and goats 129. But so far there hasn’t been a 

single pandemic in human history that could be traced back 

to plants, so the data and information summarized along 

these pages should be food for serious thought.

Additionally, as we saw through several examples, even 

when personal choices do not contribute to the brewing of 

an epidemic or global epidemic, they can put others at risk. 

This is for instance the case of food (and environmental) 

contamination with animal waste and the development of 

antimicrobial resistance. Maryn McKenna’s excellent book 

“Big Chicken” 80 walks the reader through several examples 
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of serious illness and death hitting not only those who ate 

contaminated meat, but also people (and whole commu-

nities) affected by contamination with the by-products of 

animal production systems,  or for whom antibiotics lost 

their  therapeutic value due to their excessive use in farm 

animals. The public health logic of “passive-smoking” 

applies here, but on a global scale. The borderless dynamics 

of zoonotic diseases, food contamination and antimicrobial 

resistance make all of us, in some sense, “passive bushmeat 

eaters”, “passive wet-market visitors”, “passive factory-

-farm workers” and “passive industrial-meat consumers”.

Looking forward
 Technology

Technology was pivotal to eradicate and control many of 

the public health challenges that would otherwise still be 

taking the life and health of millions of people. Vaccines 

and antibiotics come quickly to mind, but other non-phar-

macological technical advances were also absolutely critical. 

Some brought us comfort in our daily lives, such as indoor 

plumbing and sanitation. Others are still considered by 

many as annoyances, such as seat-belts, smoke restrictions 

or condoms. And yet, we adopted these interventions for 

understanding that their benefits greatly outweigh the 

individual inconveniences. 

Once we accept the costs and risks that many products 

of animal origin represent, and understand that this is a 

matter to be taken seriously at the personal and collective 
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level, technology can again lends us a hand. Many people 

are still unaware that we are amidst one of the greatest 

technological revolutions of all times: over the last years, 

incredible progress has been made on the development of 

animal products that no longer require breeding and rai-

sing live animals, as well as animal-like products made 

from plants. The technologies are diverse: sometimes plant 

components are combined in ingenious ways to mimic the 

taste, smell, texture and looks of animal products. Burgers 

are the most popular example. Since a company pioneered a 

technique to achieve a “bleeding” plant-based burger with 

remarkably similar texture and taste to its meat counterpart, 

several other companies joined the race, perfecting at each 

new release the plant-based copycat version of the burger. 

Another approach is similar to that used to produce, for 

instance, human insulin for diabetics. In the past, medical 

insulin was extracted from cattle and pigs, and purified. 

However, on top of the biosecurity issues that this process 

represented and that the reader is already well aware of at 

this point in the book, insulin of animal origin sometimes 

caused allergic reactions, since it is similar, but not equal, 

to the insulin produced by the human pancreas. The elegant 

solution was to copy what viruses do when they invade a cell 

and hijack its machinery for their own purposes (in their 

case, to create more viruses). In this case, human genes in 

charge of producing insulin are inserted into the genome 

of bacteria, which then became allergen-free human-insu-

lin producing machines. A similar technique is now being 

used to produce milk, but because milk is a more complex 

substance, it also uses yeast for the production of the milk 
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proteins whey and casein 130. Gradually, the milk produced 

in this way will have the same composition and properties 

of regular milk - thus enabling the production of dairy 

products such as cheese, yogurts, ice-cream (already being 

commercialized) and ghee with the same methods used to 

make these dairy products. But it will also provide us with 

other benefits, as it will not contain any of the unwelcomed 

elements present in cows’ milk, such as traces of animal 

hormones, antibiotics, and eventual pus (dead white blood 

cells) and blood from udder infections (for example, in the 

United States, one in every six dairy cows has mastitis 131).

A similar emerging technology is the production of cultured 

meats (also known as lab-grown meat or clean meat). It is 

real meat, but produced through the cultivation of animal 

cells instead of relying on the breeding, raising and slau-

ghter of entire animals. In this process, animal cells that 

have the ability to develop into muscle cells are grown in 

bioreactors* and then assembled . Because this is a sterile 

environment, meat produced in this way is free of the many 

harmful pathogens that we discussed in this book. For the 

same reason, the use of antibiotics is not needed. Moreover, 

the technology opens a wide range of possibilities in terms 

of food production, as it enables the development of animal 

food products that are diverse (in theory, cells from diffe-

rent species can be cultured), healthier and nutritionally 

designed to meet different personal needs 126. The first 

breakthrough of this technology came in 2013, when a team 

of Dutch scientists provided the world with a taste test of 

a cultured beef burger. Since then, production costs have 

* Bioreactors already have many applications in the food industry, such as the production of 
fermented food and beverages, such as beer.
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dropped sharply and other alternatives have been added on 

the menu, including cultured chicken, pork, duck and even 

fish (bluefin tuna) 132. 

These range of new products and technologies attend the 

demand of a wide spectrum of consumers, from the heal-

th- or environmentally-conscious to those worried about 

the ethical implications of animal farming. As a result, 

companies in this sector have attracted much investment. 

It is a safe bet to predict that this sector will include an 

increasingly larger number of substitutes of animal pro-

ducts, which will become progressively more appealing 

and accessible to a growing proportion of the population.

And, of course, we should not forget that meat was a scarce 

resource for most people during most of human history, 

so thousands of tasty protein-rich recipes from traditional 

cuisines were developed with little or no meat at all. In a 

Sunday trip to a prehistoric site, we ended up making friends 

with a colorful and sweet group of old ladies who, at some 

point, told us that they didn’t enjoy the way people cook 

nowadays: “far too many ‘tropezones’, you don’t find the 

chickpeas!”. Tropezones are the occasional (hence the name 

‘stumbles’) pieces of meat added to the chickpea stew for 

taste. Grandmas know best.

A Wealthier World
When just slightly over a century ago steam, combustion 

and electric engines started to replace animals as a source 

of mechanical energy, many honest and hard-working pro-
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fessionals who depended on the old ways (such as carriages, 

sakias, mills, trams, horse-breeders) lost their way of living. 

But a new world of conveniences, new job possibilities and 

well-being was created. The new machines created the con-

ditions for the improvement of health, sanitation, transpor-

tation and many other achievements at unprecedented scales.

The “creative destruction” of the market brought about by 

technology and innovation brings prosperity and higher 

standards of life. But during the transition period it may also 

leave a trail of economic casualties. Big companies and agile 

enterprises can adapt easily - large meat processing compa-

nies are already investing on the production of plant-based 

protein. However, we should bear in mind the negative con-

sequences that the transition towards safer protein sources 

may have in the short-term for small-scale producers. These 

individual financial tragedies can be better envisioned when 

common folks are suddenly cut short of their way of living 

in the wake of an epidemic crisis, as was the case for many 

poor citizens during the lockdown measures implemented 

in the coronavirus crisis. Therefore, the same ingenuity that 

is now propelling a revolution in the food sector must be 

also employed to help smooth out the transition from the 

existing production practices and supply chains to the new 

ones, otherwise a wall of resistance will follow. 

The rural areas of southern Europe, with their scattered old 

villages and stone terraces surrounded by patches of oak and 

pine woods are some of the most picturesque landscapes in 

the globe, and provide an example of economic opportunities 

that could bear fruit in what are now largely depopulated 

regions. In these areas of great beauty, a revival and repopu-
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lation of the rural landscape was starting to take place, based 

mostly on rural tourism, the promotion of outdoor activities 

and investments on the renovation of traditional properties. 

However, in several of these regions, these activities have 

been cut short because of the exponential expansion of fac-

tory farms in recent years (most of them facilities to fatten 

pigs and poultry). Although from the outside they are not 

necessarily visually aggressive to the landscape, the odour 

that emanates from those buildings and from the manure 

lagoons and crop fields sprayed with these residues not only 

poses  some serious environmental and biosafety challenges, 

but also frustrates any possibility of tourism development 

within a considerable range, and the repopulation of these 

areas by those who are not completely dependent on the 

farms. The opportunity for the diversification and expansion 

of the economic activity in the region that would come with 

tourists and more residents, and which would provide an 

alternative way of living to many, is also missed.
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But long-term economic dynamics and social theory are not 

enough to revert this situation and make local farmers even 

think of changing their business model. Although the profit 

margins of the activity are meagre for those in the far end 

of the production chain (often contracted by larger compa-

nies to raise and fatten the animals) these farmers don’t see 

much alternative other than being part of the cheap meat 

production engines that are fueled by a demand for animal 

products still on the rise. Solutions for situations like the 

one described above - or more dramatic ones, as those lived 

by hunters of bushmeat in very poor corners of the world - 

must be thoroughly considered, and alternatives presented 

to make those citizens willing and pleased partners in the 

transition. Technical and financial counselling for the con-

version of their facilities into different production plants, 

and for the exploitation of the touristic potential of rural 

areas (that will gain track when animal production plants 

are converted) would be much needed.

A More Resilient World 
In many nations, the greatest difficulty experienced during 

the 2019 coronavirus pandemic was brought about by the 

impact it had on unprepared health systems, incapable of 

meeting the demand of beds, healthcare workers and ven-

tilators needed to absorb the sudden influx of inpatients in 

need of more intensive care. This should not have happened: 

Figure. Landscapes like this, in southern Europe, have come to be dominated by intensive animal 
rearing facilities, frustrating the development of the tourism sector due to the strong stench 
that emanates from the waste of a large number of confined animals (Photo: Cynthia Schuck)
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in addition to focusing on the difficult task of forecasting 

which new diseases will emerge, their spread rate and 

severity, societies must also use simulation tools to exert 

imaginary stress on its many systems to a range of pos-

sible or plausible unpredictable threats, identifying which 

components are most fragile and which measures most 

effective to make them resilient 133. With a few exceptions 
134, this approach has been neglected . Had this exercise 

been performed more frequently, it would have become 

clear that any outbreak of respiratory disease - caused by 

coronavirus, influenza or any other respiratory pathogen - 

would stretch the capacity of health care systems to absorb 

critically ill patients beyond their current limits. 

As we discussed through these pages, one of our biggest 

fragilities -one which makes us incredibly vulnerable to 

catastrophic events of biological nature- lies in our food 

production systems. Promoting and facilitating a transi-

tion towards globally safer food sources shall prove to be a 

worthwhile investment on the health and lives of this and 

future generations.
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This short book was written in late March 2020, during 

the coronavirus pandemic that has shaken humanity 

out of its routine. As we write these lines, we join 

billions of people in the hope that the losses brought 

about by this crisis in the coming weeks, and months, 

be as low as possible.

This book also addresses this pandemic, but it does 

not contain formulas or advice on how to overcome 

it. What we do, in the following pages, is to take the 

opportunity to foster a discussion on how to reduce the 

chances of this type of catastrophe occurring again in 

the future, and how each of us can play an active role 

in this regard.

The good news is that - as the reader will see - even 

when discussing the threats posed by emerging pan-

demics, epidemics, and infectious disease outbreaks, 

there is reason to be hopeful and optimistic. Fortu-

nately, reducing many of the risks posed by new pa-

thogens and other global health challenges depends 

on human action. And humanity has already proven 

to be ingenious enough to successfully overcome even 

more difficult challenges when we rise to the occasion.   

We hope you enjoy the book,
 

Cynthia e Wladimir


