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Dedication

To all the creatures and teachers who have shown me the details, connections, and wonders of the world

To My Creature Teachers:
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Practical Pinworms, Happy Hookworms, and Remarkable Roundworms

THIS IS AN essay I wrote for the Young Farmers Club in 1989, while at school in Eldoret. (Miss We-Nguru-We and yours truly went on to win the pig competition at the Agricultural Society of Kenya show.)


Once upon a time there lived a worm. This worm made its home inside the body of a pig. This pig was called Miss We-Nguru-We, and sometimes we call her the Porky-Piggles. Miss We-Nguru-We is my friend. I am a member of the Young Farmers Club and the Wild-life Club. As part of the Young Farmers Club, we keep animals and look after them. I love animals and enjoy looking after them. Every day we help to look after the animals. In the morning, we go to the school farm and I help feed her. I always bring a treat for Miss We-Nguru-We. She likes carrots and mangoes. She also likes pieces of bread and mandazis.

We collect the remaining food from the school kitchen in a bucket. I carry the bucket to the farm. If there is a lot of food remaining, we use the wheelbarrow. Sister Clete is not happy if there are more than two buckets. We must not waste food. We take the buckets to the farm. Miss We-Nguru-We is happy when she sees us bringing the food. She stands up and puts her legs on the wall and looks at us. She makes a lot of noise. We grunt to each other. Ng’ooorr! Ng’ooorr! Sister Clete scolds us. We must not make Ng’ooorr noises because we are not animals. After eating her food, Miss We-Nguru-We likes to be scratched. I scratch her back using a stick. She also likes when you rub her nose.

[image: An illustration of two elongated, worm-like creatures are depicted, one on the left with clearly visible internal detail and the other on the right showing a tapering end and undulating patterns.]Hookworms
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[image: Two drawings of spiral-shaped worms. One is wound into several loops, whilst the other is smaller and only forms one loop with its body.]Roundworms
In the morning one day I found some worms. I was waiting for my friend to come help lift the buckets. It was raining at night. The ground was wet. There is some grass growing around the pigsty. I saw the worms climbing on the grass. The worms are very small. I like looking for insects in the grass. I look for them every day. The worms sat on the grass. They waved from side to side. I picked the grass with the worms. I showed them to my teachers.

Our science and agriculture teachers are Mrs. Misoi, Mrs. Scott, and Mr. Waweru. My teachers helped me to learn about the worms. We looked at them through the microscope. It was amazing! I could see there were many tiny worms all together. One worm is made of many worms. Mrs. Scott told me that worms are parasites. Mrs. Misoi said we must not touch them, but we can observe them. Mr. Waweru said that we can learn more about them. My teachers gave me a book to read from the school library. I like reading books about animals.

There are so many different kinds of animals. Pigs are part of the same family as warthogs, bushpigs, and giant forest hogs. We saw a giant forest hog when we went to Mount Elgon. Bushpigs come to eat potatoes at night on our farm. Worms are parasites. Animals like ticks, fleas, and tapeworms are also parasites. Some parasites live on the outside and some live on the insides of animals. I also found some ticks on Miss We-Nguru-We. Dr. Shah came to give her medicine. There was medicine for the worms and the ticks. I helped Dr. Shah because he is a nice man. He also likes animals. He is a doctor for animals. He is a vet. I like learning about animals. Miss We-Nguru-We did not want to take her medicine. She is big and was making a lot of noise. I helped Dr. Shah. I held a piece of bread near her nose and she was happy. Mrs. Scott said that if I study hard I can become a scientist. Animals are more interesting than people. Dr. Shah told me about the worms. The worms live inside the pig. Then they also come out of the pig. In Miss We-Nguru-We’s poo. Then they go in the ground. Then they go on the grass. Animals can eat them. Worms can also go inside people. I want to learn more about them. I love my teachers because they teach me new things. I love animals and I want to learn all about them.



I love Miss We-Nguru-We. And her worms.

Perhaps the most important lesson I learned from my teachers in primary school was paying attention to details. All of us have the innate ability to try to see beyond what is directly in front of us. In trying to see and understand what is hidden within nature, we gain deeper insights into understanding ourselves and all the interconnectedness of the world.

And so, some years later, I find myself once again staring intently at the leaves of grasses. Once again, the rains have returned, grass is growing, and life is flourishing. It is 2001 and I am living on the plains south of Nairobi, on a farm and studio set up by Nani (Scribble-Mother). One day I receive the gift of a horse, Koru, who needs a home. Thus begins a stretch of years during which I ride each day with Koru, out onto the savanna, getting up to all sorts of adventures. Through the many hours we are together I start to see, smell, hear, and sense the world a little bit differently. Another universe of details, of hidden layers, coalesces into view.

Thanks to Nani’s insatiable fondness for all creatures, we live with and care for dogs, cats, parrots, poultry of all sorts, pigs, goats, cattle, camels, an Egyptian vulture, a donkey called Jesse, a mule called Matilda, and of course the horses I am responsible for. I walk alongside them, and we mingle with herds of zebra, hartebeest, and other wildlife. The plains transform from dusty and threadbare to a lush carpet of knee-high grass. Watching the animals, and especially Koru, as they graze provides many lessons on how animals and plants depend on one another, impact one another, and ultimately live and die.

Then one day something both magical and slightly disturbing happens. A little bit of the world that was previously unseen and unknown is revealed to me. New growth is sprouting from clumps of grass recently grazed by zebra. I examine the tender new leaves. Something moves on their surface. I kneel and pull the leaves from the shadow into the sunlight, then bend them to see more clearly. Hundreds of tiny pale forms are writhing out of the soil onto the leaves of the grasses. I look up and Koru and Jesse are chomping away on either side of me. Then it dawns on me that these tiny forms are being swallowed along with the leaves of grass! And of course these must be some kind of parasitic worm. I stand up and stumble toward Koru, reaching for his head collar. He stubbornly pulls away, lowers his head, and continues grazing. A mouthful of grass. A mouthful of baby worms.

Parasitic worms are among the most familiar and reviled of creatures that are part of the tree of life. The tree of life, as imagined by scientists, is like a vast, many-branched tree, with the twigs and limbs connected representing the ancient lineages and relationships between species, and the buds and leaves the current living species we share the planet with. As past species have given rise to present-day species through evolution, all life is ultimately connected.

The worms, or Vermes, as recognized by Carl Linnaeus, span a number of major branches on the tree of life. Ranging in size from microscopic to the over-three-feet-long guinea worm, they have evolved to make lives as parasites. Some parasites, like ticks and fleas, live on the outside of their host bodies. They are called ectoparasites. Parasitic worms spend time both inside and outside their hosts, depending on their stage of life. The parasitic part of their life cycle is within the host’s body, making them endoparasites. In most parasitic worms, it is the larval or juvenile stages that are lived out in nature, while the adult stages are lived inside the bodies of their hosts.

In the 1800s, scientists and naturalists began to unravel the hidden lives of parasitic worms, and one of the major breakthroughs in our understanding came from the recognition that different life stages pass through different animal hosts as part of their life cycle. These parasites have a definitive host where they become sexually mature and produce eggs, but can also live part of their lives within an intermediate or paratenic host. The paratenic hosts serve to help the worms access definitive hosts, survive through difficult times, and disperse and reach farther and wider. But no further transformation or development of the parasite occurs in paratenic hosts, who merely serve as transporters. This is kind of like a social-climbing family upgrading housing when circumstances allow. In the latter part of the nineteenth century, it was established that parasitic worms who live in the lungs of toads and frogs made their way into their amphibian hosts from free-living larvae. Another parasitic worm was found to cycle between mice and flour beetles, and the red worms who infested freshwater fish made their way there through the bodies of copepods, tiny aquatic crustaceans.

Some worms simply cycle between the environment, typically the soil, and their host. Some worms enter hosts via the skin, and a few worms can do both: entering hosts through their mouths and their skin. Scientists have labeled the simpler approach monoxeny, where the host is infected directly by swallowing eggs or by larvae burrowing through the skin, and the more complex strategy heteroxeny.

Even the simplest strategy poses challenges, as the eggs or larvae must survive in the environment for varying periods of time, sometimes under great duress, before they can play the lottery again to gain access into another host’s body. But oh, worms can be even more diabolical and invidious! In some species of parasitic worms, once they are established within a host’s body, they can even go a step further and undertake spreading to new hosts via the unborn young—this route to being a parasite is called transplacental—and yet others even pass through the mother’s milk, which is known as a transmammary infection. A number of mammal and bird parents regurgitate food for their offspring, and here, too, parasites have found a way of hijacking this familial ritual, making their way into the regurgitation and from there into the unsuspecting babies’ bodies.

Parasitic worms who infect humans and our livestock or pets are often called helminths. These are generally large enough in their adult stage to be visible to us without magnification, and are primarily gut-dwellers, making a living within the intestines of their hosts. Helminths that make a living as parasites include various species of flatworms (Platyhelminthes), roundworms (Nematoda), and thorny-headed worms (Acanthocephala). The flatworms include the cestodes, or tapeworms, and the flukes or trematodes we will meet in subsequent chapters. It is among the nematodes that the diversity of parasitic worms truly peaks, with an array of hookworms, roundworms, pinworms, filarial worms, whipworms, lungworms, and strongyles to the macabre guinea worm. They infect everything from ants and other insects to virtually all birds, fish, reptiles, amphibians, and mammals. Studies estimate that there are likely over three hundred thousand species of helminth parasites, and the vast majority of these remain unknown and unstudied.

Scrambling through the tree of life, we find parasitic worms widely distributed and up to all sorts of shenanigans. The delightful and complex bodies of vertebrates have been conquered and divided into partitions by the parasitic nematode worms. Syngamid lungworms live in the lungs and respiratory system of birds and other animals, while one enterprising species makes its home in the urinary tracts of pigs. The tongue-twister genus Mammomonogamus finds a home in the larynx, nasal passages, and middle ear of cattle, sheep, goats, deer, various cats, elephants, and very occasionally in humans. Rhabditid nematodes sneak into the bodies of many vertebrates from the soil, where they live as larvae grazing as bacteria. One species lives in the conjunctiva lining the eyes of mice, voles, and lemmings; another targets the hair follicles of mice.

Blue-tongued lizards in Australia are hosts to a nematode that enters their bodies through the snails and slugs they consume, then penetrates the gut, lives and molts in the body cavity, and eventually slips into the hapless lizard’s lungs, where it matures. The nematode family Strongyloididae, called strongyles, includes a species that lives in dogs, horses, and people. Again, there are both free-living and parasitic stages. The worms enter through the skin, then go on a pilgrimage through the host’s body, moving from the blood and lymph into the heart and lungs. From the lungs they are coughed up and swallowed, wending into the intestines, where they mature and produce eggs passed out in the poo to start the whole cycle over again. One group of nematodes infests snakes, and it is still a mystery as to how exactly they do this, with one study suggesting they enter the female snake’s body through the vulva and into the uterus.

The hookworms that infest humans are part of a larger group that are known from dogs, cats, pigs, raccoons, bears, foxes, wolves, cattle, elephants, sheep, the regal chamois; even the alpacas have not been spared. Hookworms that infest fur seals and northern sea lions must survive the nine months when these creatures are out at sea and do so by persisting as dormant eggs in the masses of poo left behind on the shore. When the seals return to their breeding grounds to birth their precious pups in rookeries, the worms now have new hosts. While this might seem nefarious, the worms can live happily in their hosts’ guts for over a decade—yes, taking nutrients, but not killing the seals. One notable thing about hookworms is how they can infect different species of animals, including those in whose company they have not directly evolved. The infamous American hookworm (Necator americanus) is normally a parasite of humans, but it has also been found in our cousins the great apes, pigs, rhinos, and even pangolins, traveling around the world aided and abetted by us. No doubt the worms are traveling even now, carried in the bellies of people moving, dreaming, and hoping as they cross the ridiculous superficial borders we’ve drawn all over the planet.

Parasitic nematodes are present in the bodies of virtually all vertebrates, and are especially abundant among the bats, rodents, and ruminants, mammals who chew their cud. Within this group of worms are the Amidostomads, who make their home in the gizzards of geese, ducks and swans, and the shorebirds: plovers, stilts, avocets, oystercatchers, and the gulls and auks. No doubt the mythical Great Auk, now sadly extinct, was also a host for one of these worms. Ostriches are hosts to a specialized wireworm, which takes up residence in their ample proventriculus, which is attached to the gizzard.

Many nematodes have evolved life-history strategies that involve the lungs of birds and mammals, and several make the lungs their ultimate destination, where they mature and reproduce. Some travel into the host’s lungs via snails and earthworms; they infest sheep and goats, deer, and pigs and have jumped across species in zoos, moving from deer into llamas, eland, sable antelope, and the endangered bongo! Infestations of some nematodes can result in a neurological disease that sees the poor animal walking in circles and eventually perishing. This is caused by the brain worm or meningeal worm, which affects moose, mule deer, elk, and caribou. Infected animals also lose their natural fear and instincts and are then easily preyed on by predators.

Larval brain worms are swallowed by a grazing deer when it accidentally consumes a snail sitting on vegetation. In the deer, the worms move from the stomach by burrowing through and making their way to the central nervous system and brain stem. Here they mature and lay eggs. The eggs placed on the outer layer of the brain, or meninges, hatch into first-stage larvae, and the larval worms enter the bloodstream, then move into the lungs. They are duly coughed up and swallowed, then travel through the digestive system and exit the deer in the poo, covered with a nice insulating coat of slimy mucus. Slugs and snails sliming about feed on the dung or larvae as they themselves graze. In the mollusks’ bodies, the larvae develop further into second-and then third-stage larvae, whereupon they are ready to enter a new deer, moose, or caribou host, when duly swallowed by the unsuspecting animal as it feeds.

Skunks serve as hosts for a number of nematodes that inhabit the bronchi, sinuses, and veins. These species move through two separate intermediate hosts, snails and mice, before landing with their bums in the gray matter of the skunk’s spine and brain after the skunk partakes of a mollusk or rodent dinner. The rat lungworm can infect humans occasionally, via mollusks inadvertently swallowed on unwashed fruit or vegetables. Typically, this nematode worm cycles between snails and rats, but cases of the nematode moving into people are known and result in meningitis or vision issues, depending on the number of larval worms swallowed and where they end up. The resilience and innovation shown by parasitic nematodes is truly breathtaking. Some nematodes that infest humans and primates have eggs that can become airborne and can be inhaled! This group of nematodes also practices traumatic insemination, which we will learn more about when we explore the lives of the bedbugs.

Roundworms are nematodes that live in fish, aquatic mammals, and birds. The herring worm (Anisakis simplex) travels through the oceanic food web to reach its ultimate goal of definitive hosts. These include elephant seals; sea lions; fur, gray, ringed, leopard, and monk seals; and walruses, as well as dolphins. Eggs enter the sea-water through the feces of infected mammals. These eggs drift in the sea and undergo further development, and the second-stage larvae hatch out from them. The larvae swim freely and are eaten by crustaceans, such as shrimp or krill. The larvae develop further into the third-stage larvae within the crustaceans. These in turn are gobbled up by fish, including herrings, young cod, plaice, pout, and smelt, and by squid. Once in the fish or squid, they stay put for a while. Little fish are eaten by bigger fish, including cod. Here they wait for their unwitting host to be eaten by a seal or dolphin. Further development, growth, and reproduction take place in the intestines of the larger marine mammals, and eventually eggs are released, starting the whole cycle all over again. Females can produce over two million eggs, all of which end up in the ocean. Eggs are playing a lottery, as it takes a lot of luck to find a new host, and a human is a long way off. Herring worms can infect humans through undercooked seafood. These worms can’t survive indefinitely in humans, who are literally a dead-end host, and can also be readily treated using deworming drugs. Related species of nematode parasites infest sperm whales and sea turtles, gaining access through delectable mollusks and sea scallops.

Nematodes that use insects as intermediaries include the enigmatic and somewhat horrifying “eye-worms” living in the orbit within the eyelids, conjunctiva, tear glands, and nictitating membrane (for those hosts who have them). Female worms produce eggs that hatch out, and the larvae swim into the tears. Through this weeping of worms, flies drawn to the tears lap up the larvae. Once in the flies’ bodies, they develop further, burrowing through from the fly guts to the testes or egg follicles, where they develop into the third-stage larvae. From here, they break out again and migrate to the head of the fly and wait patiently. When the fly makes its way to another’s eyes for a drink, out pop the larvae and the merriment begins all over again. Eye-worms can be found in dogs, sheep, deer, coyotes, bears, cats, cattle, horses, and camels, and yes, even occasionally in humans.

Dung beetles, who are one of my favorite creatures, serve as intermediate hosts for certain nematode worms. These cosmopolitan nematodes enter the beetles’ bodies through the dung, which contains eggs, and develop into larvae that are then eventually swallowed. Everyone from cattle, sheep, goats, camels, and deer to hedgehogs can be infested with different species. Once in the mammal host, the third-stage larvae develop in the mucosa lining the mouth, throat, and esophagus. The worms mature, have sex, and produce eggs, which are then transported through the digestive system and are passed in the poo. What a multilayered, complex world the parasitic nematodes have made for themselves!

Parasitic nematode worms have also of course made their way into human bodies, where they live in our guts, blood, tissues, and almost every hidden corner of our corporeal being. And we have been curious about them for millennia, have researched them for centuries, and continue to battle with them today. Helminth parasites in humans have been recognized from ancient times and both horrified and inspired legions of scientists around the world. They have also drawn the attention of research and public health interventions in many different countries and led to massive campaigns to control and even eradicate them. And as with leeches, fleas, and lice, the parasitic worms have also become tangled up in ambition, greed, immigration, trade, politics, and other aspects of human life.

As we’ve seen from climbing through the tree of life, the “simplest” life cycles in the parasitic nematodes involve moving between the soil and various hosts. In human nematode parasites, this is primarily through the oral-fecal route. Basically the eggs are deposited on the ground in the poo of an infected animal or person, they enter the soil, and when conditions are right, they hatch out and then reenter a host by being swallowed, typically when the human host is eating or drinking, or by passing through the skin. Today a third of the world’s human population are serving as unwitting hosts to some kind of parasitic nematode at any given time.

Asa Chandler was an American parasitologist who in 1918 published an important historical work on the breadth and diversity of parasites entitled Animal Parasites and Human Disease. In the introduction he captures the complexity and contradiction of nature manifested in parasites, writing: “We like to think of nature’s beauties; to admire her outward appearance of peacefulness; to set her up as an example for human emulation. Yet under her seeming calm there is going on everywhere, in every pool, in every meadow, in every forest—murder, pillage, starvation and suffering.” At the time Chandler put out his book, the United States and much of the Western world was actively engaged in adding to their understanding of parasites, and especially of intestinal worms.

In the early decades of the 1900s, around 10 percent of the U.S. population was infested with hookworms; these parasites were especially prevalent in the southern states. The worm in question was the American hookworm, Necator americanus, with some 500 million people worldwide carrying and spreading this worm at the time. Male American hookworms are slightly smaller than females. Humans and hookworms have been engaged in a battle for basically all our history as species. Evidence of hookworm infections goes back millennia to ancient Egypt, with mentions of heltu worms in the Brugsch Papyrus, which dates between 1350 and 1200 BC, and descriptions of the worms in the even older Ebers Papyrus. Nematode worms as intestinal parasites were identified and described by Angelo Dubini, an Italian physician. In 1838 while conducting an autopsy on the body of a peasant woman, he found the worms within her intestines. Over the course of a few more years and more autopsies, he found more worms, and these were the Old World hookworm, a different species from the American hookworm.

Over half a century later in Egypt, Arthur Looss, a young German zoologist, also encountered hookworms. Intrigued, he became obsessed with learning more about them and made a blunder and a breakthrough all at once. While force-feeding a solution containing hookworm larvae to some hapless and understandably uncooperative guinea pigs as part of an experiment to work out the spread of the parasite, he accidentally spilled some of the liquid containing third-stage larvae onto his hands. They became red and itchy, and being a diligent observer, he suspected that the worm larvae had managed to penetrate his skin. He diligently observed his feces for weeks afterward and eventually found eggs of hookworm therein. The eggs of various intestinal worms had been observed by naturalists, physicians, and priests, all of whom had access to microscopes and were curious about the nature of poo through the 1800s. They had postulated on the methods of worm transmission, but Looss was the first to establish a key part of the life cycle by using an experimental approach.

Meanwhile hookworm outbreaks raged across Europe as industry and wars generated mass movements of people. Every single major war and conflict over the past two centuries included soldiers who were infested or soon became infested with hookworms. From the War of the Oranges between France, Spain, and Portugal to the Irish Rebellion to the Napoleonic wars, including the expansion of various European empires and colonialism, and on through World Wars I and II—yes, every single one of these events helped the hitchhiking of hookworms. Infrastructure projects served just as well. For example, in the 1870s, workers who toiled on the construction of the Gotthard Tunnel through the Alps were heavily infested with hookworms.

In 1878, the Italian physician and zoologist Giovanni Battista Grassi, who also did pioneering work on malaria and parasites, in collaboration with Francesco Parona, a physician, developed a system for identifying nematode worm eggs in stool samples. Then in 1902, Charles Wardell Stiles, an American parasitologist, identified and described the American hookworm in samples from Puerto Rico, and later found the same worm was widespread in the southern regions of the United States, especially where “dirt eaters” who were suffering from anemia were all found to be infested with hookworms. Eating dirt or craving soil is one of the symptoms of severe anemia brought about by the parasite. These breakthroughs led to war being declared on this scourge afflicting humanity.

Evidence of this battle to control hookworms includes dozens of books written between the end of the nineteenth century and the beginning of the twentieth—so numerous they take up an entire shelf in the library of the Wellcome Trust. Reading through these histories lays bare many of the biases of the time (and present!), and the folly of humankind in how it intersects with biology. The extent of historical scientific and medical research into parasitic worms also underlines what a tremendous impact they have had on human life and well-being.

It is worth remembering that humans have migrated around the planet for millennia, ever since our first ancestor made it out of Africa. Also, hookworms do not discriminate between potential hosts based on race. Despite this, there was a widespread belief at the time that hookworms had been introduced into the United States through the transatlantic slave trade. Then, in 1907, a racist, violent mob stormed through the town of Bellingham in Washington State, crying, “Drive out the Hindoos!” The police had to take some four hundred Indian men and four women into protective custody. This “Hindoo Invasion” of the Pacific Coast attracted the attention of Dr. Billings of the U.S. Immigration Service, who added to the furor by estimating that 90 percent of the immigrants had hookworms, bemoaning: “. . . unfortunate that even at the present time a considerable proportion of arriving Orientals cannot, under the immigration law, be subjected to medical examination.” The likelihood is far greater that the parasites were acquired through cramped living conditions and poor sanitation facilities.

In 1910, two American doctors, George Dock and Charles C. Bass, published the book Hookworm Disease. This tome captured in great detail the prevalence and impact of hookworms, showing that these parasites were actually the face behind the “germ of laziness,” and hookworms were the real “vampires of the South,” sapping the people there of strength and vitality, causing them to be malnourished and “lazy.” Dr. Dock went on to become a professor of internal medicine, and was a dedicated and meticulous physician, while Dr.  Bass worked on several tropical diseases. One of Bass’s major breakthroughs was the ability to isolate and identify hookworm eggs from stool samples, which enabled rapid and effective diagnosis of infestations. Around the same time, in 1911 Looss published a seminal tome on hookworms as well, which soon became the “hookworm bible.”

In the first decades of the twentieth century, John D. Rockefeller, then one of the wealthiest men in America, became engaged with the idea that the lives of people could be bettered through public health. Rockefeller became convinced that the so-called germ of laziness could be dealt with through scientific progress and improvements in public health and sanitation. He helped establish the Rockefeller Sanitary Commission, and in 1913 founded the Rockefeller Foundation, the same year an International Health Board and the Sanitary Commission of the Southern States of America were assembled. The commission found that over two million people were infected with hookworms in the United States, and they lived within a “hookworm belt,” where poverty, poor sanitation, repeated exposure, and the nefarious ability for hookworms to spread and reinfect created a perfect storm.

For a long time, hookworms had been accepted as “inherent afflictions of the human race,” and as they infested children at an early age, the gradual and sustained infestation led to a constant state of illness and resulted in stunted growth and development. Many medical books from that era through to the present show hookworm-infested stunted young people standing alongside those who have developed without the infection, who are taller and healthier. Scientific breakthroughs and philanthropic dollars ensured that the battle was turned in favor of humankind. Rockefeller, like many wealthy, powerful men of the time, left a very mixed legacy in terms of impact on society. His support for public health interventions and a science-based approach to solving such issues as hookworms is one good, lasting thing.

Male and female hookworms live and frolic in our intestines. The females are slightly larger than the males. Hookworms have sex frequently and vigorously. Hookworms have a normal 50:50 sex ratio. Mating involves the males and females lining up with heads touching and bodies aligned. The male extends his genital cone to cover the female’s vulva and then repeated muscular waves stimulate specialized glands. One of these glands secretes a viscous glue. This cement gland bulges and empties out, pumping its contents around the female’s opening. Some of the cells in contact between the two disintegrate, and the products of the cement gland gel then harden, locking the two together. The next stage of mating happens while male and female are literally cemented together. One would think that being glued together would be enough, but obviously not for the insecure control-freak male hookworm, for he must absolutely make sure the female cannot escape. The male extrudes some spiky spicules from his naughty bits that are attached to muscles that help him hold the female even more tightly. Only then is seminal fluid released and formed into a semen-tube. This tube enters the female and fertilization occurs. Eventually the male relaxes, releasing the spicules, and the cement gradually disintegrates, allowing the female to go on her way. Over 10 percent of hookworms are actively mating in a human host’s intestines at any given time.

Once fertilization occurs, the females produce eggs abundantly and frequently. Hookworms can lay eggs continuously, and development starts even before the eggs exit the host. Human stool samples from infected individuals have been found to contain over a thousand eggs per gram! Once deposited in piles of poo on the ground, the larval worms hatch out. They feed on bacteria and other microorganisms, growing and molting twice, while retaining their old skins as a protective sheath. The larvae can survive in the soil for months, even up to two years, waiting for an opportunity to knock—or rather stomp—their way out. Eventually sexy bare feet, willing fingers touching lips, or simply naked skin pressed against dirt becomes available, and the third-stage hookworm larvae wriggle their way in. After burrowing through the skin barrier, the larvae bore through the flesh and find a vein. They pierce and enter the vein or lymph vessel and are then carried through circulation to the heart, where they visit briefly before traveling on into the lungs. Here they feed, develop, and are duly coughed up through the trachea, then swallowed through the esophagus before arriving in the promised land of our intestines.

Once in our intestines, individual hookworms can live for years. They need lots of protein, taking this from the meat and animal products we consume, and are understandably less happy in the guts of vegetarians. Hookworms can also pierce the intestine wall and take blood, which in combination with stealing the protein and iron from the host’s diet eventually leads to anemia in their host. This can be deadly, and in the 1930s, over a third of all deaths on plantations in Puerto Rico were due to hookworms, combined with poor living conditions. Twenty-five American hookworms imbibe about a single milliliter of blood daily. The loss of this blood also includes the loss of about 0.5 milligrams of iron. This is the same amount of iron that is the recommended dietary allowance (RDA) for children to grow and remain healthy. Children are often more heavily infested by intestinal worms and are referred to as being “wormier” than adults. As damaging and intriguing as hookworms are, they are but one of the parasitic nematodes that affect us. Many other species of intestinal worms also utilize humans as hosts.

The larval worms that Koru, Matilda, Jesse, and the zebras were ingesting along with the grasses of the Kitengela plains were strongyles. Strongyles are especially abundant in the warmer and more humid climes, and it is the females who are parasitic. Eggs are produced by females that have established themselves inside the lining of the small intestine. These eggs hatch within the intestine and are passed out in the hosts’ poo. When the poo lands in the right conditions, the larvae flourish and feed on bacteria, growing and molting into third-stage larvae. Life now becomes a bit more precarious for them, and at this point they are vulnerable to drying out or low temperatures. It’s time to get back into a host.

Strongyle larvae that infest humans can simply latch onto the skin, penetrating it, entering the blood vessels, and making their merry way into the lungs. Here they develop further, feeding and molting in the alveoli. They increase in number and wriggle up into the bronchial and tracheal tubes. The host has a coughing fit and the larval worms are ejected from the lungs and swallowed, making their way to the small intestine, where they burrow into the lining, mature, and start producing eggs. In humans, the infection can be self-sustaining if larvae exiting through the poo attach to the skin around the anus. Strongyles can live for many years in a host, often without being detected or even causing any apparent harm. However, at some point they can increase in number and disperse through the host’s body, even appearing during coughing. This is known as hyperinfection and can lead to death decades after the person first became infested by the worms. Thankfully today, these worms are readily treated in humans or horses with a few routine doses of deworming antiparasitic drugs.

Less radical than the strongyles and even more widespread today are the pinworms, also known as threadworms or seatworms. Hundreds of millions of people are affected, and these worms currently infest millions in the United Kingdom, the United States, and all other Western countries where advances in medicine and living standards have largely freed people from the attentions of parasites. Pinworms are pale, thin parasitic nematodes that grow to about a centimeter (0.39 inch) in length when mature. Once again, the males are smaller than the females and can be distinguished by their curved tails. Pinworms take up residence in the cecum, the blind pouch in which the large intestine begins, and once they increase in numbers can move into the other areas of the host’s gut, including the colon and small intestine. Mating occurs inside the host, and once the males have done the deed they unceremoniously die and are passed out in the host’s poo. Females produce masses of eggs, and they migrate to the anus, where they deposit the eggs, typically at night. The eggs are sticky and adhere to the skin; they can either hatch out within a few hours or stay dormant for a period.

Now as many parents or dormitory matrons know, children can infect each other and reinfest themselves by scratching their bottoms and picking up the eggs on their fingers, then touching their lips or putting them into their mouths. Some eggs are deposited in clothing or become part of the dust in the home, from where they can eventually be swallowed. Pinworms produce intense itching and can rapidly spread through schools, dormitories, barracks, and families—in fact everywhere people gather and rest in groups. At school in Eldoret we did have an outbreak and were all duly summoned, lined up, and lectured to by Sister Clete and then dosed with the necessary medicine by the matron. Afterward we were regularly admonished or encouraged to wash our hands and not scratch our bottoms! Given the fecundity and simple elegance of the pinworm in making its way between hosts’ bottoms and mouths, they are certainly here to stay despite our best efforts.

While a single female pinworm can send 10,000 eggs out into the world, the egg-laying champions of parasitic nematodes are without a doubt the roundworms. The most common roundworm species that affects humans is the infamous Ascaris lumbricoides. A single mature roundworm female can produce 200,000 eggs daily, which then pass out in the host’s feces. Not surprisingly, roundworms currently infest about a quarter of the earth’s human population. Eggs can survive in soil or water for years on end and eventually find their way back into a host through the consumption of some unwashed salad or freshly picked vegetables, or even from the process of handling egg-laden soil and touching one’s lips. Once swallowed, the eggs hatch in the intestines, then bore through and travel via the circulatory or lymphatic system and move into the lungs, where they are coughed up and then once again make their way into the small intestine. Here the adult worms mature.

Roundworm females can grow up to 40 centimeters (almost 16 inches) long, with males about half their size. Heavy infestations can result in intestinal obstruction, and when the host is stressed, the worms can emerge from the nostrils or even from the belly button, dangling and squirming to the horror of parents or medical staff. Roundworms remain a serious public health challenge in many parts of the world, especially in areas where rural and urban populations are growing but sewage treatment systems have yet to be established. As is true with pinworms, children are more susceptible to heavy infestation by roundworms. In fact, up to 300 large worms have been passed or vomited by a single child. Roundworms have also been called eelworms and were familiar to many in ancient times. They’ve been part of human history and biology for millennia and also infest our closest relatives, the great apes. Repeated and sustained infestation by roundworms can have lifelong impacts, especially on children. The worms degrade the digestion and absorption of proteins, fats, and essential vitamins, including vitamin A, which can lead to stunted growth.

Another common parasitic worm is the whipworm, a truly cosmopolitan parasite, and it, too, moves between human guts and the soil. Whipworms grow to a modest 3 to 5 centimeters (1 to 2 inches) in length, and the males have coiled tails. Once the eggs are swallowed, they hatch, and the larval worms grow and molt in the intestine. Eventually after a few years, the adults establish themselves in the upper part of the large intestine, but they can also live in the appendix, colon, or rectum. Whipworms are perhaps the most frugal of the parasitic worms that infest our guts. Due to their relatively minor impact, they evade detection and can spread and infest large numbers of people. Rural villages and communities are especially affected. Up to three-quarters of all people have been found to serve as hosts for whipworms in rural areas from Brazil to Africa to Southeast Asia. Infestations of over a thousand whipworms can quickly lead to lesions from the feeding of the adult worms, result in bacterial infections, and produce up to 30,000 eggs per gram of poo!

There is, however, one worm with whom we are battling and have nearly won the war. This worm is the diabolical and horrific guinea worm, which is the longest parasitic nematode known. For millennia the guinea worm has plagued humankind. The very symbol of medicine, the rod of Asclepius, may actually be based on an ancient depiction of the guinea worm emerging from a body and being coiled around a stick. The guinea worm, or Dracunculus medinensis, enters the body through drinking contaminated water that contains the infective third-stage larvae within the bodies of tiny copepods. The guinea worm life cycle starts more graphically, with the adult worm bursting from a festering sore on the body of an infected person. The adult female guinea worm has grown and thrived in the host’s intestines, reaching almost a meter (3.2 feet) in length. After sex and ripe with eggs, she then migrates through the host’s body, piercing her way through the flesh. The worm often lies along a limb. Then sores appear on the legs or feet, which burst open to reveal within the festering the pale, sinuous body of the worm. She slowly extrudes her body over time. While this is of course extremely gross, it is all part of the guinea worm’s strategy. The slow extruding of the worm is due to her unfolding her body and releasing first-stage larvae gradually, shedding them day after day as more of her body oozes out.

People typically wind the worm around a stick, and the entire process of emergence takes days. By extending the process over time, the worm is not aiming to prolong horror and suffering, but merely trying to give her children a better chance in life. The larvae need to be dropped into fresh water to complete the next stage of the life cycle, so the extrusion of them from the host’s body over several days improves the chances of this happening. First-stage larvae are tiny, a mere 600 micrometers (0.02 inch), just over half a millimeter. Successful first-stage larvae are soon gobbled up by copepods, tiny crustaceans, which are swimming and abundant in fresh water worldwide. The larvae molt and grow in the copepod, developing into the infective third-stage larvae. Guinea worm larvae then play the odds across two different pathways. The copepods can be eaten by a fish, which itself is then consumed by a predator including a dog or a human, and the third-stage larvae find themselves in the intestines of the definitive host. They can also arrive there more directly through someone drinking water that contains larval-infested copepods. Once in the intestines, the larvae bore through and enter the flesh, where they develop further, become sexual, and mate. The female grows, and when she is engorged with eggs, she positions herself near the surface of the skin, which leads to an irritating sore. This bursts open and allows her to release her larvae into the world to start the whole process all over again. In addition to humans, dogs, cats, and baboons can also serve as hosts.

Guinea worms have been known and loathed from ancient times. Ashurbanipal’s tablet library has records of these worms, and they’ve been found in mummified remains from 1000 BC. They were widely known to the ancient Greeks and all cultures around the Mediter-ranean and in the ancient Islamic world. The Italian physician Georgius Hieronymus Velschius depicts the removal of a guinea worm in his Exercitatio de Vena Medinensis in 1674. But no one fully understood the convoluted life cycle of the worm, including exactly how the worm made its way into a human body, until the 1870s. Alexei Pavlovich Fedchenko was a Russian scientist and explorer. He traveled and collected insects and other creatures widely in Eurasia. His lasting contribution is working out the life cycle of the guinea worm, including the fact that copepods were the intermediate host and key to the parasite spreading through drinking water. We must be forever grateful for his curiosity and discovery.

Following this scientific breakthrough, major advances were made in reducing the spread and impact of guinea worms through the provision of clean drinking water and better water distribution systems. However, many parts of the world remain plagued, and in the 1980s millions of people were still infected in parts of Africa and Asia. Thanks to the heroic efforts of innumerable frontline health workers, community educators, teachers, nuns, doctors, nurses, and public health officials across dozens of countries, the guinea worm has been knocked back. Through the combination of improvements in water supply, treatment of drinking water, and the use of effective deworming drugs while tracking down infected patients in the remotest of areas, the guinea worm is almost gone from humans. In 2024, there were just twenty-four cases of guinea worm reported. Many organizations and people have played a role in this, but the advocacy, passion, and resources brought to this issue by the Carter Foundation and the personal dedication and deep humanity of President Jimmy Carter have been instrumental in keeping the world’s attention focused on this parasite, as well as the fact that it is an issue that can be solved. We are very nearly there in the battle with the guinea worm. However, as the parasite can still cycle between dogs and copepods, and recent studies have shown guinea worms in dogs are genetically identical to those in people, we must continue to watch, to learn, and to do battle using science, curiosity, and compassion.

Today our battle with intestinal helminths and other parasitic worms continues. Thanks to the development of effective antihelminthic drugs, many communities around the world can manage and even free themselves of the burden of these parasites. The main drug used as antiparasitic medicine is ivermectin. This drug, as with many useful drugs, has its origin in nature. In the 1970s, Satoshi Ōmura, a Japanese biochemist, collected soil from a golf course near Onshu on the southeastern coast of Japan. From this he reared the bacteria Streptomyces avermitilis, which he shared with his colleague William C. Campbell, a scientist at Merck in the United States.

Campbell used the bacterial cultures to effectively treat mice infected with roundworms. He isolated the compound avermectin, and after further trials, selection, and synthesis, the drug ivermectin was created. It is perhaps one of the single most effective antiparasitic drugs in existence and has saved hundreds of millions of people and our pets and livestock around the world from misery. Campbell and Omura were awarded the Nobel Prize in Physiology or Medicine in 2015. Ivermectin remains widely used and extremely effective and has also been found to be deadly to ticks, mites, and other ectoparasites as well, enabling it to be used as a prophylactic. My own doggies, Mr. Barabara and the Dudu-Bugs, as well as Koru, Matilda, and Jesse, and yours truly have all had treatments of ivermectin to keep healthy and free from the attentions of worms, ticks, and fleas.

Perhaps one of the most important lessons we can learn from our long-running battles with parasitic worms is that we still need to be fiercely curious, and once again we need to learn about everything around us and appreciate how deeply interconnected things are. Today in a world riven with conflict, competing narratives, misinformation, identity politics, and selfish nationalism, the parasites remind us of this one abiding truth: The health of one is the health of all. For parasites there are no borders, just bodies.

We are all equal before the worms.

The plains stretch away before us, grass lime-green and lemon-gold, myriads of spiderwebs outlined in silvery dewdrops. Distant valleys are smudged with waning blue-purple shadows, and ahead to our left is a dotted tangle of whistling thorns, gnarled and bent, with their swollen, ant-filled thorns silhouetted against the palest of skies. Astride Koru, I find that all is well with the world on these morning rides across the savanna.

Swifts and swallows, some of whom have journeyed thousands of miles, inscribe the air as they swirl about, gulping airborne insects. Above them hovers a black-shouldered kite, fluttering with grace, as it watches for the telltale rodent scurry or flutter in the carpet of undulations below. Small groups of gazelles, Grant’s and Thomson’s, trot away with their tails wagging. Bored, fat, humped herds of cattle shuffle, stopping momentarily, then ignore us as I wave to their herder. The path carries us up onto a rolling hillside. Here we stop and gaze at the plains beyond. Behind us far away on the horizon sits the skyline of Nairobi, skyscrapers framed by a halo of pollution. At the edges of the haze, the peaks of Mount Kenya are visible in the clearer air, and closer, although it seems farther, is the hunchback dome of Ol Doinyo Sabuk. Farther east the low ranges of the Machakos hills can be seen. Some mornings to the far south, the snowcapped sawn-off triangle of Mount Kilimanjaro is visible, but not today.

As we head back, Koru pulls harder at the reins, knowing that we’re homeward bound, where he will be brushed down, given treats of carrots, and set to graze in the paddock. He speeds up his canter, impatient to return to the stables. A few minutes later, we arrive and I pull him to a stop and jump down before we get to the gate. Grasping his bridle, I lead him back into the stables. Jesse and Matilda stick their heads from their stalls and grunt, and Koru returns the greeting. I unbuckle the girth and slip the bit from his mouth, pulling the bridle over his head. We both know the routine, and he leans forward and lowers his head. After this, I put on his head collar and lift off the saddle. I brush him down, then reach down and tap on his fetlock, and he obliges, lifting each leg, which I cradle against my knee, and he lets me scrape out any stones or mud from his hooves. Dust has settled on both of us. As I continue to brush him down, the sweat and sunshine mingle into a heady perfume, laced with the essential oils kicked up from herbs in the grasses—familiar, tangy, and delightful. Ah, the scent of joy and wonder distilled! Koru, sensing my delight, pushes forward, for we have one more routine to finish: I stand next to him as he rubs his head against me, using me as a scratching post to soothe the itch from his face, where the flies have been bothering him. After this, I retrieve some carrots from a bag hanging in the stables. He greedily grabs them and crunches away, nosing at my hands for more.

And so it goes. Months and years pass this way, including many countless hours in the saddle, following herds across the plains, daydreaming, surviving droughts, and watching the passing of the seasons. Other horses come to be part of our family, too: the precocious Acacia, a slight and feisty Somali pony; the gentle giant Tigris, who towers above everyone else; and the dazzling thoroughbred Blue.

Then one day we welcome a demon into our lives: a baby plains zebra who is christened Bee-Zed (BZ = baby zebra). Toward the end of a particularly long drought, Bee-Zed is found curled up in the dust among a short ridge of rocks nearby. We take him in and Nani charges me with his care. The horses, donkeys, and mule regard him with curiosity, as he stands in the corner of the stables sullen and shivering. The next couple of weeks most of my time is spent in his company. As he slowly regains his strength and overcomes the trauma of being abandoned and nearly starving, he starts to trust us. Soon he is imprinted on me and the ragtag bunch of horses, donkeys, and mule. Every morning we walk together across the plains, as I am determined to teach him how to graze and fend for himself. In the evenings after his last bottle, I cover him with a blanket and let him rest his head against my chest.

One day, while observing flies that are landing about and feeding near his eyes, I witness something both horrifying and wondrous. I’ve noted that at least three different kinds of flies are drawn to Bee-Zed’s eyes: regular houseflies, colorful bluebottles, and one tiny biting fly. Bee-Zed hates the flies. He stamps and swishes his tail, but they are relentless. In the heat of the day, we stand in the shade of some gum arabic trees. Everyone is half dozing, and I am watching some flies on Bee-Zed’s face. As one of the flies lingers near the corner of his eye, it appears to be retching, pushing its black bulbous mouthparts back and forth. I peer closer. Something tiny wriggles out, rupturing the fly’s mouthparts! Startled, I flinch, then gather my wits and through a handy jeweler’s magnifying loupe see tiny but unmistakable translucent white worms wriggling toward the edges of Bee-Zed’s conjunctiva!

With a hastily grabbed piece of folded grass, I manage to coax a few into a vial. When I examine them under the microscope, I discover that they are indeed worms. Nani pulls a massive old veterinary volume off her bookshelves, and I learn that these are most likely eye-worms, one of many parasitic worms that affect horses. A few weeks later, Bee-Zed’s oval lumps of shiny green poo are flecked with something, too. Once again, using a microscope I discover these are nematode worms! A friendly vet allows me to use her more powerful microscope, and from the detailed reference books she lends me, I learn about the life cycles of the worms. I am absolutely dazzled with the fact that they can spread through intermediate hosts.

Alas, the story of Bee-Zed does not end well. Like most spoiled brats, he turns into a bully. As his zebra stallion genes start to manifest, he becomes the terror of Kitengela. As he is prone to nipping and launching the occasional kick, even his equine friends begin to tire of him. He swans off, galloping across the plains, and returns to the stables only in the evenings. Then one day he vanishes. After a couple of hours of searching, I give up and we are frankly all secretly relieved. A few days later one of our neighbors says that they spotted him on a distant ridge.

A friend and I ride over in the evening. We pass through a shallow valley, and the horses are very nervous, pulling on the reins and shying. Something is amiss. Soon they refuse to go any farther, stamping and rearing backward. I dismount and leave them with my friend, and I walk into the valley. The ground is churned up and a patch of grass under some trees is stained and untidy. Then I see the torn rump and patch of striped skin. Large pugmarks dot the patches of bare ground between the clumps of tall grass. A low growl warns me not to go any farther. I back away.

Bee-Zed has come to a sticky end.

We ride home in silence.

Nani hugs me and says, “Well, Dino, at the end of the day he served his purpose, and he had a good, if short, life.” I nod in agreement and think about the lions feasting on Bee-Zed.

And of course I realize they are feasting on his worms as well!

Will they live on in the lions?

Well and truly life begets death and death begets life.
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Marvelous Maggots

A CLOYING, fruity stench oozes through the warming morning—the very essence of life decaying. As the air shifts, waves of rotten perfume wash over me. My nasal receptors are under assault by molecules rising airborne from a corpse and drifting into my nostrils. Musty, sulfurous, greasy: I am inhaling death with every breath. Not just any death. I’m breathing in the death of a giant. I creep forward through the tangled, thorny Commiphora trees. The closer I get to the carcass, the stronger the waves of scent. I inch forward reminding myself that if you are curious about life, you must seek things that are beautiful, but you must also seek out and understand things that are bizarre. As a naturalist I must make sense of all parts of the world. To do so we must see everything, we must smell everything, we must hear everything, we must taste everything, we must touch everything. The delightful, yes of course, but also the disgusting.

As I pass through the light and shadows, I am not alone. For as surely as death begets life, others have found their way here before me. An ending for one is an opportunity for many others. I must proceed cautiously, for some may still linger and would not take kindly to an uninvited surprise. The ground beneath my feet is pockmarked with many sets of footprints. At a glance a whole logbook of activity is revealed: haphazard numerous ovals with claw marks visible; a pack of spotted hyenas, prints rounded and even, with-out claws; the marks of a lone leopard, crisscrossing three-pronged forked tridents—the stomping of vultures. I am upon the dead one now. A mandala of many circles filled with wrinkles and long snaking trails is drawn around the dead one. These are the footprints and trunk “finger” prints of the family who stopped by to pay their last respects. A family of giants. A family of elephants.

[image: An illustration of a segmented maggot. It is shown vertically with a wider base and a tapered top.]Blowfly Maggot
[image: An illustration of a fly from above. It has large eyes, and a short proboscis, and its wings are crossed over on its back.]Adult Tsetse Fly
I stand by the carcass, holding my breath while the air shimmers and stinks. It is the living that I have come to seek in the flesh of the dead. For the savanna will not brook any sentimental nonsense. No time or resources go to waste. The elephant carcass is proving a feast for a host of scavengers both familiar and furtive. Buzzing and frenetic around me are millions of flies. Branches, grasses, rocks, and dirt are covered with shiny blue and blue-green red-eyed flies. Sated, they sit unmoving until I get really close to them. Then they rise reluctantly and settle down again a few feet away. With a single sweep of my net, I can capture thousands of them.

Flies are feeding, flies are fornicating, flies are laying their eggs all around me. The flies are interesting, but it is their children who have drawn me here. For within the folds of the carcass are masses of maggots. The maggots are feasting, slithering, turning the dead flesh into life. Now as we

































































































[image: An illustration of a leaf-shaped parasite with veiny structures shown spreading from its tapered top.]Liver Fluke
[image: An illustration of a worm-like creature resembling a partially open, curved pod with undulating tentacle-like appendages and an eye stalk on one end.]Bilharzia Bloodworm
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