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In memory of my mother
from whom I learnt to look more closely at things
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1
a different kind of past

first encounters with archaeology

A visit to a museum is quite different from actually digging up the past. In a museum, conserved objects are seen behind glass, neatly arranged and labelled in their controlled environment of scholarly explanations and humidity meters. An archaeological dig is something else. Here, the past is dirty, sticky, tactile, and quite often smelly. All this came as some surprise with my first taste of archaeology in the field, three decades ago. I had somehow imagined there would be a great deal of brushing, sifting and so forth, with one of those museum objects very occasionally emerging from the dust. In reality, what our ancestors have left beneath the ground is much more varied and challenging than that.

Rather than brushing and sifting, my introduction to field archaeology involved much wielding of picks. We pushed enormous battered wheelbarrows and hurled shovel-loads of earth as the sludge from a rather wet Somerset field found its way into our boots. Along with that moist sensation came surprise at the sheer quantity and variety of things emerging out of the ground. As our spades penetrated the turf of a slight mound in the middle of this field, our finds trays quickly filled, but not only with the kinds of objects seen behind museum glass. True, there were fragments of the elaborately decorated Glastonbury Ware pottery, its dark burnished surface adorned with the kind of swirling designs we associate with Celtic art forms across Europe. It was an unusual sensation to have been the first to hold such an artefact for over 2,000 years. But there were also large numbers of discarded animal bones, not so often seen in archaeological displays, some broken up for the soup bowl and glue pot, others elegantly fashioned into the weaving equipment of the ancient village dwellers. One day one of the diggers found another trace of their everyday lives, a broken pot spilling over with small black pellets. On closer inspection these pellets proved to be cereal grains, blackened by charring. We gathered around to peer down on the curiosity, before it was taken away to be entered into the record books of that delightful antiquarian category ‘small finds’, which is the archaeologist’s repository for coins, beads, oddments, and anything that falls outside the most familiar categories.

As we dug down, the range of surviving materials increased. By the time the adjacent turf-line was at the level of our waists, that range had broadened dramatically. The grey clays we had been removing gave way to something very different. This blackened peat below was full of all the things that had decayed from the sediments above. Our trowels teased their way through, to reveal leaves, nuts, and vast quantities of wood. As pieces of the freshly exposed peat were pulled apart, branches of birch buried for over two millennia revealed their silvery, flaky bark. Blades of grass could be seen that still seemed to be green, as if the chlorophyll within them had remained intact. Now that they had been exposed to the air, that green coloration quickly changed to brown, just as a host of other processes of breakdown and decay set in. That exposed peat was soon peppered with insect holes, as burrowing soil animals responded with enthusiasm to the opening of the larder door. Waterlogged and sealed off from the air, the organic peats had been protected from the foraging of these creatures. We archaeologists had taken that protection away and now the limbo in which these fragments of life had been suspended would soon come to an end. In the case of the wood, this change took place before our eyes. When first exposed, the wood fragments within the peat seemed solid enough. Their surface features and patterned grain were clear to see, the main distinction from modern wood being their darkened colour. Once lifted and exposed on the grassy verge beside our trench, these pieces began to shrink as the water within them evaporated. They would twist and crack, and their surfaces would become flaky. Their solidity had been an illusion, only maintained while they remained within their enclosed and waterlogged refuge.

None of this curious decay caused great waves back in the 1960s when that Somerset dig was underway. The main business of archaeology lay beyond those flaking timber fragments on the grassy verge, a place in which another set of transformations was busily taking place. The excavated finds were being washed and marked. Toothbrushes and nailbrushes were scrubbing away in bowls of cold, murky water. The task was to remove all those things that separated the dig from the museum - the dirt, the peat, the stickiness and the smell - in order that the object we had unearthed might one day inhabit a neat museum drawer, if not a plinth within a humidity-controlled cabinet.

Since the 1960s, our perception as archaeologists of what we are digging up has changed. It has become clear that what we left behind in those peaty sediments, on the earthy surfaces we scrubbed from the pots, from the bones and organic objects, and even the partially decomposed materials we can smell, may be rich in intimate clues about past lives. We would no longer reduce what lay beneath that shallow mound in a Somerset field to an assortment of cleaned pottery fragments and other durable, easily visible objects. Bit by bit, other data were gathered and analysed as part of the archaeological routine. First came the more stable biological materials, the animal bones, and then those charred cereal grains. Then methods were refined for conserving and gleaning information out of all that waterlogged wood and the other debris within the peat. Most recently of all, it has become clear that the reason any of that organic material survives at all is because even the molecules of which it is built retain a remarkable trace of its fragile and intricate structure, for thousands, even millions, of years. Those molecules can be hunted down and analysed in their own right, and have a considerable story of their own to tell.

disciplines in flux

The great changes that have happened in archaeology, in the time that has elapsed since I first got my socks wet in a Somerset field, have not taken place in isolation. A perennial human curiosity as to what traces of the past might linger on has been an important driver of those changes, but not the only one. The things we wish to know about the past have also changed. Our queries have drawn us more and more towards organic traces, and then to the molecular information within them. Back in the days of my first dig, the question in an archaeologist’s mind as he or she pondered the trays of washed and marked pottery was how those durable artefacts fitted into some grand scheme of European prehistory. The swirling patterns we had found incised on those pot fragments bore some resemblance to patterns found on metal swords and mirrors recovered from prehistoric graves in mainland Europe. Arrows could be drawn across the map to link the two, implicitly tracking a distant cultural journey, a movement from mainland Europe to the British Isles, bringing with it a package of cultural ideas and practices, encapsulated in a series of elegant swirls on the side of a pot.

By such reasoning, sites such as this contributed a few pieces to a vast and intricate three-dimensional jigsaw puzzle of Europe, two dimensions of space and one of time, all knitted together by arrows across the map, linking common attributes and design features in the durable remains recovered by excavation. These, it was assumed, traced the paths of a network of cultural journeys, migrations and invasions by which prehistory could be both narrated and explained. In this way, a line could be traced back from the swirling designs on our particular pots, in use in that Somerset lake village a little over 2,000 years ago, to similar swirling patterns on metalwork recovered from the shores of Lake Neuchâtel in Switzerland, at a site called La Tène.

Stories of this kind had two weaknesses. Just around the corner was a scientific method of dating, already tried and tested but not yet a routine tool of archaeological excavation. Radiocarbon chronology was in the process of severing and disposing of a number of those arrows. It was becoming clear that migrations and invasions could not be, and were not, the only sources of change in prehistoric society. To tally with the rigid scientific chronology now emerging, archaeologists were forced to look more seriously at the possibility of indigenous change within existing communities, rather than simply drawing arrows between poorly dated objects. This is where the second weakness came in. To examine indigenous change, we really needed to know what life was like, and we did not in fact know a great deal about the ordinary lives of those who used the elegantly decorated pots that had been at the centre of archaeological attention. Such durable artefacts had dominated the whole process of inquiry. The site report would eventually reproduce page after page of illustrations of them. The potter’s workplace and the stone-worker’s floor were among the few features of a reconstruction drawing that would have any detail - the people, their clothes, their dwellings and their farms dissolving into a semi-impressionistic swirl in the background.

A few years after that excavation, David Clarke at Cambridge attempted to shift focus and to make some sense of the people who actually lived and farmed on the late prehistoric villages of which our excavation had revealed a part. Those same prehistoric villages, the ‘lake villages’ of Glastonbury and Meare, had been excavated earlier in the century by Arthur Bulleid and George Gray, and a series of weighty tomes had been produced, cataloguing and describing their earlier excavations in great detail. Clarke combed through this data, searching for patterns in space and structure and in the distribution of different kinds of artefacts across them. In the new account he assembled, the emphasis shifted right away from sequence and pottery styles to talk of huts, workshops, granaries and stables. The village had family groups and a place in the landscape. He speculated upon the farming activities in the fields around. The settlement was coming alive, and at the same time, one of Clarke’s Cambridge colleagues was beginning to look more closely at the remains of living things from that ancient landscape.

Around the time of my initiation into archaeology in a Somerset field, another team was hunting down a series of earlier features that were immersed within the expanses of peat around us. Waterlogged wooden trackways had been stumbled upon by peat-cutters since the nineteenth century at least, but now they had attracted the attention of someone who recognized that they were prehistoric in date, and who would go on to commit much of his working career to tracing them and the ancient landscapes of which they were part. In 1973, a year after Clarke’s exciting paper, John Coles put together a research group of archaeologists, biologists and tree-ring specialists to unlock the treasury of bio-archaeological information contained within the peat. In the same year that the Somerset Levels Project began, a small number of ‘archaeological units’ were formed in Britain, to rescue archaeological information threatened by development projects. The general image of rescue archaeology at the time was of a cluster of itinerant diggers, working anxiously and rapidly in the shadow of an earthmover. A few of those units took the unusual step of putting the new bio-archaeological research at the forefront of their activities. As one of those itinerant diggers, but with a natural science degree, I became one of those bio-archaeologists in the Oxford Archaeological Unit. There weren’t any models for how we should work - we were in the delightful position of making it up as we went along. One of the main tasks facing the newly formed Oxford Unit was the remains of a series of farms and hamlets, contemporary with the Somerset villages discussed above, that were disappearing as the Thames gravels were quarried away. One thing we were clear about - we wanted to do a lot more than scrub and label fragments of pottery. We wanted to float and sieve for seeds, insects and bones, in order to gather the kind of biological data that could enrich the models of prehistory that David Clarke had begun to describe.

As the 1970s progressed, many excavations brought in sieving and flotation alongside the pickaxe and trowel, in order to capture some of that data. More and more organic fragments were found within archaeological sediments. Remains of food, fuel, bodies and building materials were augmented by the debris of wild plants and invertebrates that hinted at the living environments around those living settlements. Many of these required microscopic examination, and the high-power lens brought remarkable detail into view. Even where these organic fragments had been eroded, cooked, eaten away and discoloured, still, more often than not, cellular structure within them remained. In some cases even the nuclei and other sub-cellular structures were visible. Different archaeological scientists used this detail to rebuild environments, living conditions, and methods of food production and preparation.

from ancient tissues to ancient molecules

By the 1980s ‘bio-archaeology’ had come of age as a routine aspect of archaeological method. The arrow-laden maps of prehistoric cultures had given way to discussions of agricultural practice, house construction and the health and nutrition of ancient rural communities. Prehistoric people and their disappeared worlds were beginning to come to life. But it did not stop there - from the late 1980s another door opened on the archaeological record and what it was able to reveal to us.

The study of ancient people was increasingly concerned with the organic, living processes these new forms of evidence revealed. It was drawing closer to studies of the biological world. But biology too had been going through great changes. To get to the heart of the living world and how it operates, biologists too had expanded the range of their observations. For many years, they had looked within whole organisms to the cells and sub-cellular structures within that formed the mechanics of life. In more recent times, they moved one stage further to the molecules that made those structures work. These included the fatty substances and carbohydrates that fuelled living processes, the proteins that built living tissue and regulated biological pathways, and the molecules that encoded the instructions for all this, the DNA at the heart of each cell. By the time archaeologists were becoming proficient at digging up fragments of ancient organisms and recognizing their tissues, biologists had already progressed deep into the heart of cellular dynamics, to decipher the molecular basis of life.

Exploring the possibilities of bio-archaeology during the 1970s and 1980s, experimenting with some fairly primitive methods of flotation and sieving, and trying to make sense of countless blackened plant fragments from prehistory, we were conscious that the biology we were then introducing into archaeology was already lodged in the past. We were attempting comparative, whole-organism studies that had a lot in common with the kind of natural history that grew in the nineteenth century and blossomed in the early twentieth. They were proving extremely valuable in bringing the archaeological past to life, but at the same time what contemporary biologists were doing suggested that we could probe much deeper. What if there were molecular traces that allowed much greater precision in identification, even when the tissue was fragmented or had disappeared completely? What if these precise identifications could take us beyond species to close relatives, to individuals, even particular genes? All this was speculation, spurred on by what could be seen through our microscopes. Whatever ancient biological material we examined, it was clear that much cellular organization had survived the ravages of time. Perhaps secreted among those cells were intact biomolecules, minute time capsules each with their own record of a distant past.

Some of those biomolecules did persist in a relatively intact state. That much was clear from the organic objects within the peat - they had to be made of something. It was also already clear that the less conspicuously organic remains, such as pieces of pottery, retained some biomolecules. As early as the 1930s, a Boston scientist, Lyle Boyd, realized that the kind of antibodies that could attach themselves to blood proteins found throughout living tissue would also attach themselves to tissue taken from mummified bodies, and she went on to check the blood types of several hundred ancient Egyptians. By the 1970s various analytical chemists, such as Rolf Rottländer in Tübingen and John Evans in London, realized that methods of analysis in organic chemistry had reached levels of sensitivity that would allow slight traces of fatty/oily substances or ‘lipids’ to be detected inside ancient pots. They went on to use infra-red spectroscopy to track down the animal fats, plant oils, and even cooked eggs that once occupied some of the ancient pots unearthed by archaeologists.

Among the various molecules of which life is composed, we would anticipate the best survivors to be these ‘lipids’. The word is a generic term for organic substances that resist mixing with water, including fats, oils and waxes. Water is so important to disaggregation and decay below ground that failure to mix with water is bound to confer resilience. But lipids are not all that survives. During the 1980s, two developments were leading us to believe that a far wider range of biomolecules might be isolated from ancient deposits. The first of these developments was a change in palaeontology, the study of fossils. Like archaeology, it had started out by giving prominence to the most durable and visible of finds, such as the rock-solid silicified shells and bones chipped away from their matrix with a geological hammer. a different kind of past-Through time, awareness grew of the survival of much softer tissues, such as in the remarkably preserved soft-bodied specimens from the Burgess Shale over which Stephen Jay Gould enthused in his book Wonderful Life.

The second development involved much more recent fossils. During the early 1980s, two publications appeared, one involving an extinct zebra-like animal, the other an ancient Chinese corpse. In each case, researchers claimed to have detected fragments of ancient DNA, the molecule in which life was encoded. Alongside lipids and proteins, DNA could also be identified in specimens of archaeological age. With the isolation of the molecule central to life’s function, archaeology turned an important corner. It was difficult to put boundaries around the implications of recovering it from the past. The constraints on examining a living prehistory seemed to be falling away.

One of the first outcomes of these remarkable discoveries was that completely new bridges were hastily built between academic disciplines that had not hitherto had much to say to each other. Contact opened up between archaeologists, palaeontologists, molecular biologists, geochemists - specialists in widely different fields, who were beginning to sense a common interest. One of those meetings was between Terry Brown, a molecular scientist, Keri Brown, a prehistorian, Geoff Eglinton, an organic geochemist, and myself, by then a fully fledged bio-archaeologist. Born out of that meeting was a programme that the UK’s Natural Environmental Research Council put in place, in which 50 researchers around Britain put their minds to the problems, and their research efforts to solving them. For five years, the ‘Ancient Biomolecules Initiative’ found itself at the heart of a world-wide movement. Researchers in countless disciplines and countries became engaged in a molecule hunt that has, bit by bit, transformed our understanding of our own prehistory.

Looking back over three decades to my introduction to field archaeology, I can see that the change in our perception of what awaits discovery beneath our feet has been considerable. Those assiduously scrubbed pot fragments around which the whole exercise then revolved are seen now as the mere tip of a vast information ‘iceberg’. Lower down on the ‘iceberg’ was a vast residue of the living organic world that ancient people experienced around them, indeed of which they were a part. It was a messy residue, browned, fragmented and falling apart, but it was definitely there, and in no small quantity. What could be gleaned from this prolific organic database? Back in the 1960s, we had only fragmentary answers to that question. Gradually, over the last three decades, the various surviving elements of those past organic worlds have been dissected and understood. One by one, the surviving fragments of past living worlds have been identified. First the more visible elements - bones, teeth, seeds and wood - became subject to rigorous analysis. The microscope has supplemented these with the less visible remnants - pollen grains, starch and silica bodies from inside plant cells, and the hard parts of insects and other invertebrates. Finally, molecular science has taken us one step deeper into this record. We can look within these fragmentary items to the molecules of which they are composed, and which determined their form and their biology. Some of these molecules are remarkably durable, surviving as evidence of living tissue that has otherwise completely dispersed. Other molecules take us to the very heart of life’s structure. At the core is the molecular blueprint of life, DNA. We now realize that fragments of this life-encoding molecule can survive on archaeological sites that are twenty times as old as that ancient village in Somerset.

Within a few years of biomolecular archaeology becoming a reality, many stories about the human past have been rewritten, and others, out of reach of the traditional evidence at our disposal, have been narrated for the first time. The main stimulus for this new swathe of stories has been a search for the one particular biomolecule to which all others ultimately owe their existence, DNA. In the following chapters, those new stories are recounted, after first exploring how that unusual search reached its goal.


2
the quest for ancient DNA

a revolution in the life sciences

The double helix is a little younger than I am. To be more precise, I was a toddler of two years old when James Watson and Francis Crick rushed into the Eagle Pub at Cambridge to celebrate their breakthrough in understanding the structure of the molecule at the heart of all life. They had established that DNA was made up of two entwined sugar-phosphate strands, a twisted ladder whose cross-bars were made up of ‘base-pairs’. These bases were chemical units reaching out from each sugar unit in the strands, to pair up with their partner on the opposite strand. Four types of bases could be identified, in a variety of different permutations. Watson and Crick had unravelled a mechanism by which a chemical code could be passed on from cell to cell, forming the blueprint for all life on earth.

My only involvement in all this was as a prolific factory of this remarkable molecule myself, in much the same way as any growing organism. The reason I place myself in the story is to emphasize the relatively brief history of the profound revolution in the life sciences that followed, and the pace at which our understanding of the molecular basis of life has grown. At the time of writing, we have the knowledge and power to replicate in the lab the entire process of reproduction, to transfer genes between unrelated organisms and to recover genetic information from organisms that have been dead for thousands of years. By the time this book reaches you, new discoveries will have been made. Such is the pace of DNA research. By the time I had grown from a toddler to a schoolboy, the double helix was part of the standard biology curriculum. By then, Watson and Crick’s central thesis had been fully corroborated, and the way in which their base-pair code operated had been unscrambled. We learnt how the various permutations of the four bases found along the DNA molecule - Adenine (A), Thymine (T), Guanine (G) and Cytosine (C) - were read on to shorter strands of a very similar molecule called RNA. If DNA was the master blueprint, then the working diagrams were formed of RNA. They were moved around the cell to the point where the proteins were fashioned. Each RNA strand copied bits of the master code using almost the same bases, but the place of thymine was taken by another base, uracil. These working diagrams moved to cellular workshops called ‘ribosomes’ where the code was read to build proteins. Some of these proteins were the structural materials of life itself, materials such as the collagen in bone, or the keratin in hair. Others, such as the haemoglobin in blood, and hormones such as insulin, performed the major chemical tasks of life. A still larger group comprises the enzymes, described by Francis Crick as the ‘machine tools’ of biological chemistry, the things that fashion and enable most of the subsequent chemical pathways in the living organism. In short, the determinate link between DNA, RNA and protein was at the heart of all living processes. In little more than a decade after the recognition of the DNA double helix, the key elements of the genetic blueprint for the chemistry of life had been mapped out.

By the time I was passing the Eagle Pub myself on the way to Cambridge lectures in natural science, we were catching the first glimpses of another momentous advance. I had learnt at school about the clarity of vision of molecular scientists of how life’s processes unfolded. At that time, the scientists were still observers. By the 1970s they were taking one step further and intervening actively. What enabled this was the discovery of the molecular scissors that could chop up the DNA strand at particular points on the sequence. These ‘restriction enzymes’ could home in on a characteristic sequence of bases and break the chain at that point. So, for example, an enzyme called ‘EcoRI’ cuts wherever it finds bases in the order GAATTC, and another called ‘SmaY cuts wherever it encounters CCCGGG. With enzymes such as these that allowed the double helix to be dissected, it was becoming possible to work with targeted fragments of the DNA sequence, to separate them out, to establish the order of their bases and to move them from one organism to another. In the later 1950s and 1960s the chemical blueprint for life was being mapped out. With the 1970s came the beginnings of intervention into that process, and the basis for gene cloning and genetic engineering as well as the possibility of recovering fragments of this chemical process from the distant past.

cloning from the past

Gene cloning was developed for medical and agricultural purposes, to allow the manipulation of genes that were affecting either health or productivity in a negative way. Different enzymes were used to cut out a targeted stretch of DNA from one species and insert it into the DNA of a ‘host’, a separate species that was easy to work with in the laboratory, a laboratory mouse or a microbe. In the host it could be bulked up through normal growth and reproduction, modified and reinserted in either the original host or a completely new host. Quite incidentally, the procedures perfected for performing these tasks were just the ones needed to track down those few traces of ancient DNA that might be surviving in an archaeological specimen.

In the case of ancient tissue, it could not be taken for granted that any DNA would survive at all. Archaeological preservation that appeared to be excellent quite typically involved only a selection of the molecules within the original organism, with an expected bias towards the dense structural molecules rather than those doing sensitive biochemical work. If there was any DNA surviving, then it was more than likely that it would be damaged and fragmented, and present in very small quantities. Because the gene-cloning process starts with cutting the sequence at very specific points, the ‘restriction sites’, it would be possible to design the restriction enzymes quite close together so that even short fragments with some internal damage could be isolated. Within the host organism, the normal processes of growth and propagation would transform the tiny quantities into manageable amounts for study. It was only a matter of time before cloning would be attempted on ancient tissue.

The obvious tissues to begin with were those in which biological breakdown had at least been arrested by a shortage of either water or oxygen. Attention turned to a range of ancient ‘mummies’. Mummified bodies are those which have desiccated so speedily after death that a large part of the soft tissue remains in place on the skeleton. The process can be natural, artificial or a combination of the two. In artificial mummification, the internal organs in which breakdown begins are removed, and a variety of substances added to fix the soft tissue in various ways. One good reason to be optimistic about molecular survival was the appearance of mummified soft tissue under the microscope. As far back as 1911, attempts had been made to réhydrate the soft tissue from mummified bodies, and on a number of occasions the cell nuclei could be made out in these reconstituted tissues. If the nuclei were visible, perhaps their key components could still be found.

In 1981, the first claim appeared in print. Two Chinese scientists, G. Wang and C. Lu, isolated and identified nucleic acids from the preserved liver of a corpse from a 2,000-year-old Han dynasty tomb from Ch’ang-sha, the capital of Hunan Province. The result was published in Chinese in a journal not widely available in the West. The find made little impact until an American group set out on a similar quest. The first focus for these new ideas was the University of California at Berkeley. Around the time of Wang and Lu’s publication, a number of scientists from around the Berkeley campus were speculating about ancient DNA. These scientists met together as the Extinct DNA Study Group, and tossed around ideas about where the science might lead. One Berkeley scientist, the geneticist Allan Wilson, had taken on a graduate student to track down ancient DNA from museum specimens. In many ways a preserved museum animal is very similar to a mummified body. Its preservation has involved rapid drying, removal of some internal organs and the addition of certain preservatives. Wilson’s student, Russell Higuchi, was interested in a species that had been sighted by a number of eighteenth- and nineteenth-century travellers to South Africa. Charles Darwin made mention of the ‘quagga’ in his journal as the Beagle passed beneath the Cape of Good Hope in the 1830s. It was a timid, zebra-like animal, distinguished from the latter by the restriction of its stripes to the front of its body. Half a century after the Beagle had sailed, quaggas were extinct, surviving only as museum specimens. One such specimen was held by the Museum of Natural History at Mainz in Germany.

The Mainz specimen was not just a skeleton; some dried skin was also attached. Higuchi took a sample of this skin and observed some dry muscle tissue attached to the underside. He sampled this muscle tissue, cleaned it up, and separated its molecular components into fractions. Then came the critical test. The fraction expected to contain any surviving DNA was mixed with DNA from a modern mountain zebra. In theory, quagga DNA should be sufficiently similar to zebra DNA for the two to bind. If any quagga DNA did survive, it should bind with the zebra DNA. Higuchi came up with a positive result.

Having found quagga DNA, he could then go on to isolate it and sequence the bases that made up its genetic code. Two lengths, each of just over 100 base-pairs, were identified and positioned along the genetic sequence of the living horse genus Equus. One length belonged to a gene of unknown function, the other to a gene used in the energy management system of the animal’s cells. Having established what the strands of ancient DNA were, the slight differences between those sequences and the corresponding sequences in other mammals could be used to build a ‘family tree’ of species ancestry, or ‘phylogenetic tree’, to use the correct term. The tree placed the extinct quagga very close to the zebra, somewhat further from the cow and even further from humans. A century earlier, the genus Equus had been used as a key example of how fossils told the story of Darwinian evolution. Now the same genus had come to the fore again, with the quagga as the first extinct animal to reveal a small part of its genetic code.

The quagga had long since ceased to be. Its bones no longer carried blood and its tanned dried skin no longer protected its body. Yet the very same information that brought it to life in the first place was, in part, recoverable. Its DNA had come alive again - the very process of cloning demanded that it do so. The bacterially carried strand was as much a part of a living cell as the bacterial DNA itself. Another way of looking at this strange phenomenon is that, by targeting and locating ancient DNA in a dead organism, the analysis moves beyond the distinction between life and death to the encoded information upon which that distinction is constructed. Among all molecules, ancient DNA probes more deeply into past life than any other. If Higuchi could reach his target with a well-preserved quagga, what about a well-preserved human, such as the Chinese scientists had studied?

About the same time that Wilson and Higuchi were looking back in time from the vantage point of molecular biology, a young Swedish Egyptologist, familiar with much older specimens than quagga, was looking forward in time to the newly emerging possibilities of molecular science. Having progressed from his Egyptology studies to a Ph.D. in molecular medicine, Svante Pääbo won a grant from the University of Uppsala Faculty of Medicine to look into the possibility of DNA surviving in ancient humans. He gathered samples from Egyptian mummies held in various European Museums, some of which dated back to the third millennium BC. A piece of skin was carefully taken from a mummified woman’s ear and a stain called ethydium bromide was applied. This stain attaches itself to DNA, and DNA alone, and is used to mark out visually its presence or absence. When Pääbo looked down his microscope he could detect nuclei within the skin cells of that ear, nuclei that carried the stain that demonstrated that her DNA had survived. This he managed to repeat with other mummies, which spurred him on to attempt to clone the DNA. He eventually achieved this with the skin of a young boy, isolating a 500-base-pair sequence containing a so-called ‘Alu-sequence’.

This ability to reach back in time and recover the molecule at the very heart of life was attracting increasing interest, but the discovery would remain a novelty unless there was real information that could be gleaned from it. When Pääbo published his findings of DNA from the Egyptian mummies in Nature, he speculated optimistically about the possibilities of the new research (Pääbo, 1985). Perhaps we could start looking at gene frequencies; virus evolution; descent of the Nile valley population; Pharaonic and interfamily relations. It was one thing raising these possibilities, but Pääbo knew that he had to find some real information from ancient DNA to maintain the interest his work had attracted. Around this time, a further step forward in methodology helped him significantly on his way.

mimicking nature: the polymerase chain reaction

One of the challenges of ancient DNA analysis was to make sense of tiny quantities of genetic material. This is a challenge that living organisms meet with every new generation. Each adult individual is only formed as a consequence of the cell system’s ability to make sense of two individual sets of genetic code, one from the egg, the other from the sperm. The natural process of doubling up at the heart of cell proliferation makes it possible to work with DNA information that starts in tiny quantities. The double helix unwinds, each strand forming the template to construct a new partner. Where one double helix once was, now there are two, then four, then eight and so on. The gene-cloning methods that Pääbo had adopted used a fast-growing organism to perform that doubling up. It was not long before someone realized that we could go one step further and automate the process.

Our growing understanding of the DNA molecule was spawning an entirely new profession, that of the now familiar ‘genetic engineer’. One of the first generation of these molecular mechanics was Kary Mullís, who was as familiar with the curves and bends in the double helix as a car mechanic might be with engines and carburettors. Beyond this, he was a lateral thinker extraordinaire, whose achievements included the invention of a light-sensitive plastic, and the publication in Nature of a consideration of the cosmological consequences of time reversal. The next major step in DNA manipulation he worked out, not in a laboratory surrounded by equipment and reagents, but in his head while on a weekend drive through the Californian redwoods -and, incidentally, while chewing over a problem that was quite different from the one he was about to address with astounding success.

Soon after the structure of the double helix itself had been established, a key enzyme in the process, called polymerase, was identified. This enzyme built new double helices, and repaired slightly damaged ones, by lining up the links in the chain, the nucleotides, in the right order. It was in action more or less continuously in the growing organism, taking care of DNA replication and repair. Kary Mullís was toying with how he could use the enzyme to establish the sequence of any DNA chain. He played with the molecule in his mind, imagining how a raised temperature would decouple and unpeel the two strands of the double helix. He then thought of lowering the temperature so that the strands once again annealed, but not with each other. They annealed instead to added ‘primers’ - very short strings of nucleotide that bound with particular short stretches of the separated DNA strands. These primers attached themselves to either end of the stretch of DNA, one on one strand of the disaggregated helix, one on the other. They acted something like bookends, within which the polymerase enzyme could stack the nucleotides in the right order. Pretty soon he had two stretches of DNA, where before there had been one, but corresponding only to the section bounded by the bookends, the primers. It was a question of controlling the temperature, adding primers, and then polymerase and enough free nucleotides for the enzyme to set to work.

At this point Mullis’s imagination drifted from the sequencing problem to something else. If it was possible in this way to get from one DNA molecule to two, fairly quickly and outside a living cell, the cycle could be repeated to get from two to four, four to eight, and so on. With the right sort of equipment, it should be possible to double up again and again, and in the space of an afternoon turn one single DNA molecule into a billion identical molecules. In a lateral thinker’s head on a moonlit California drive, the Polymerase Chain Reaction was born.

The PCR, as it is known, fortunately transferred well from imagination to reality. It is now a key molecular tool that has transformed all aspects of DNA research, not least the quest for ancient DNA.

making sense of the fragments: PCR in action

Svante Pääbo was one of those who quickly picked up on PCR and applied it to ancient DNA. Armed with the new technique, he managed to move forward from simply recognizing the DNA to working with informative sequences. He had by now joined Allan Wilson’s lab in Berkeley and was exploring the possibilities of North American material. A group of archaeologists from Florida State University had been digging in a swampy pond in Brevard County, Central Florida. The Windover Pond is a flooded sinkhole, a valuable source of drinking water for humans and animals alike. Humans had used such sinkholes ever since they first spread across the New World, and that is why sinkholes excite the interest of archaeologists. A sinkhole such as this one could contain any number of remnants of people’s visits to quench their thirst, in sediments accumulating over thousands of years. As the archaeologists would discover, it could also contain the human bodies themselves. Beneath the shallow water that remains in the sinkhole lay several metres of peat that had built up during 12,000 years of visits. As the archaeologists dug down into the peat, they found the remains of a middle-aged woman about three metres down. There are quite a few bog bodies in the archaeological record, but one particular thing was striking about her. Within her skull she had what looked like an intact brain.

This remains a most unusual find. The brain was one of the organs the ancient Egyptians removed, as it was subject to autolysis, the self-triggering breakdown that initiates bodily decay. The soft tissues that most readily survive in the absence of water or air are skin, hair, gut and tendon. Muscle is not infrequently found, but brain is an unusual survival, although not confined to this woman alone. As the team dug further, another thirty-nine bodies came to light. Eight of these also had brain-like material within them, which the team was now in a position to subject to special scrutiny. Each excavated skull was subjected to a range of non-invasive scanning procedures, prior to close examination under a microscope. It transpired that the actual brains lay within the soft mass, and had shrunk to a quarter of their original size. The shrinking of these soft, granular, tan-grey organs had not, however, obscured what they were. Within the brain could be detected thalamus, basal nerve ganglia and the ventricular system. Under a microscope, individual cells could be made out, and through ethydium bromide staining the remains of ancient DNA visualized. Its concentration was estimated at about one part per million, that is 1 per cent of the original concentration of DNA in the living brain.

Pääbo was struck by the exceptional preservation within these Florida sinkholes. He made contact with the Miami anthropologist John Gifford in order to get hold of a similar brain from another sinkhole, at Little Salt Spring. Working with his 7,000-year-old sample, he amplified and sequenced enough of the DNA to recognize not only that it was human DNA, but also that it was of a particular genetic lineage not hitherto encountered in the New World. Here was clear evidence that the uses of ancient DNA could extend beyond recognition to the uncovering of new genetic information, not available from living individuals.

Over the following four years, Svante Pääbo and Allan Wilson applied the Polymerase Chain Reaction to a new set of ancient tissues, including Egyptian mummies, two extinct mammals, a marsupial wolf and a giant ground sloth, and, in addition, to a relatively young piece of dried pork. The last two yielded what were at the time the oldest and youngest specimens of ancientDNA. Theground sloth was 13,000 years old, and the dried pork four years old. There was a range of dates in between: the 140-year-old quagga, mummified humans between 300 and 4,000 years old, and an 8,000-year-old brain. The apparent state of survival followed no clear pattern. The youngest and the oldest, the sloth and the pork, were in much the same state of disrepair. Such DNA as survived was broken up into very short lengths, often of no more than 100 or so base-pairs. All the damage was apparently done in the first few years before full desiccation had taken effect. A very ancient body desiccated within days or weeks might retain more intact DNA than a very recent body dried over a period of months or years. In general, the time taken for even a rapid dehydration of something the size of a human body was sufficient to reduce ancient DNA to very short fragments, whatever its age. The lengths of ancient DNA that survive suggest that we can expect length fragmentations of the source DNA by a factor between a hundred and a million. The analyst of ancient DNA is looking at small, individual pieces of a very, very large jigsaw, with at most a partial glimpse of the lid of the box.

Pääbo and Wilson’s work with PCR also cast some light on why the cloning had sometimes presented a different picture. What they noticed was that, although the PCR itself indicated very small quantities of highly fragmented DNA, the overall survival of DNA in dry tissue was significantly greater. There was some reason why a lot of the DNA was not responding to the PCR. When Pääbo looked more closely at the material, he noted a marked contrast in the pattern of bases that formed the cross-links in the double helix. The bases fall into two types. The ‘pyrimidines’ have a single ring structure, and include cytosine, thymine, and the latter’s RNA counterpart, uracil. The ‘purines’ have a double ring structure and include the remaining two bases, adenine and guanine. In Pääbo’s tissues, the pyrimidines had fared far worse than the purines. Judging from how much had survived, the pyrimidines were at least twenty times more susceptible to damage in mummified tissue than the purines. As we shall see in due course, different patterns prevail in different environments. What their comparisons between PCR and cloning led the researchers to suspect was that the latter was doing rather more than just amplifying the ancient DNA. A living organism has within its molecular toolkit a series of repair mechanisms. To stay alive, it has to maintain vast lengths of DNA sequence in good condition, and the living cell is continually repairing minor sequence flaws. What Pääbo concluded was that the host used to clone the damaged ancient DNA was doing something similar and creating cloning artefacts that gave a rather better impression of DNA survival than was actually the case. By contrast, the use of PCR had trimmed the amplification process down to its raw chemical mechanics. It was much more likely to provide an accurate reflection of what survived. Even with this approach, there are amplification artefacts and certain simple forms of repair, but PCR both gave a realistic reflection of ancient DNA, and pushed the sample size limits to their extreme. It was, in principle at least, possible to amplify a single surviving DNA molecule to quantities large enough to study. This enormous potential opened up the vistas of analysis, and the aspirations of a growing band of ancient DNA scientists. By the end of the 1980s the race was on for the oldest DNA, and journals such as Nature and Science were poised at the finishing line.

into the distant past

Things moved very fast. By 1990, attention had turned to the unmistakable outline of a leaf, darkened by long-term burial but retaining much of its original physical form. Botanists had given this extinct species the name Magnolia latabensis. The leaf came from a basin in Idaho popular with bikers and holiday-makers, at a place called Clarkia. The basin is made up of deposits of clay and ash that rapidly accumulated within an ancient lake 17-20 million years ago. The Clarkia site had been visited by fossil hunters for years, and plant tissue and fish remains found there had been the subjects of much study. Karl Niklas had looked at leaves from the site a few years earlier. He demonstrated that cell structures were discernible, such as the chloroplasts, the tiny green bodies within the cell that capture light and turn it into biochemical energy for the plant’s use. He also found that certain of the molecules that had endowed the leaf with its original colour remained intact. Now Edward Golenberg at Detroit, Michigan, went one step further and detected within those chloroplasts the remains of their DNA, thousands of times more ancient than any DNA Pääbo and Wilson had amplified.

These leaves were compression fossils, caught up and compacted after some change in the drainage pattern accelerated the lake’s infill. Their excellent preservation resulted from the absence of oxygen at the lake bottom, an extreme version of what led to the preservation of peat discussed in the previous chapter. It was oxygen that was damaging the pyrimidine bases in the mummified specimens, and its absence from the Clarkia leaves might explain why, as well as being older by far than other ancient DNA specimens, the amplified sequence was also longer. The chloroplast DNA sequence was 790 base-pairs long. This Magnolia leaf had raised the stakes for ancient DNA. Clarkia in Idaho became a magnet for the newly emerging band of molecule hunters.

Among these were the members of the Extinct DNA Study Group. These Berkeley palaeontologists and biologists had for some time been interested in tracking down DNA that was millions, rather than thousands, of years old. From the early 1980s they had been toying with the idea of a quite different source of ancient DNA than the mummified tissues so far examined. This source was to be found on the islands of the Dominican Republic where, 30 million years ago, lagoons were fringed by a ring of now extinct resinous trees. Beneath the canopy of the trees, a group of bees engaged in the sometimes dangerous task of gathering the sticky fresh resin that exuded from the trees. From time to time, these diminutive resin-collectors would get caught up in the object of their desire, and their struggle to escape would only drag them further into their viscous tomb. Millions of years later, the resin had fossilized to amber, but the whole body, and even the delicate wings, had been captured and frozen in time. Not only had the amber matrix become a permanent prison, but it also formed an effective barrier against oxygen and other gases, and served as a mummifying agent. Among its constituents are sugars and compounds called terpenes which contribute to preservation in two ways. They dehydrate the entrapped specimen, and inhibit microbial breakdown. The Extinct DNA Study Group had their eye on this seemingly ideal molecular time-capsule. Among the group was the entomologist George Poinar Jnr. His early speculations about these insects in amber inspired the author Michael Crichton to start work on Jurassic Park. A few years later, and spurred on by the Magnolia result, George Poinar worked with his son Hendrik and another California scientist, Raul Cano, to give substance to those speculations.

After the 17-20-million-year-old fossil leaf, it was only a question of time before the Berkeley group managed to amplify the bee’s DNA. Others were on the same track. At the American Museum of Natural History in New York, Rob de Salle and David Grimaldi were looking at termites from similar Dominican amber. By 1992, both groups had succeeded in pushing back the age of the oldest DNA to 30 million years. By 1993, Hendrik Poinar and Raul Cano would have pushed the time range even further back, with an amber-embedded weevil, to 130 million years old. The time constraints were falling away. Brian Farrell at Colorado had a preliminary positive result from a 200-million-year-old fish, and Noreen Tuross from the Smithsonian Institute was attempting to amplify DNA from a 400-million-year-old brachiopod. It seemed that life’s fundamental code could be recalled from the depths of geological time, and if that code could be recalled, whole living worlds could be contacted and viewed in meticulous detail. But all was not plain sailing - there were clouds on the horizon.

a time for caution

Back in 1990, the Extinct DNA Study Group had not been the only ones to follow in Edward Golenberg’s footsteps. Up until the Magnolia publication, the front runner in the race for ancient DNA was emerging as Svante Pääbo, the Egyptologist-turned-molecular-biologist, now with Allan Wilson’s renowned lab in Berkeley. His sequences from Egyptian mummies and pickled brain tissue had caught everyone’s imagination, and he was enjoying the limelight in this novel and exciting field. However, as he travelled to Idaho in August of 1990, it was with the knowledge that there was a new kid on the block, whose DNA targets were thousands of times older than his. Pääbo needed to have a look for himself, and he did so with a certain amount of scepticism.

His scepticism had a sound scientific basis, arising from DNA research in a quite separate field. He had read the papers of a cancer research scientist working in London. Tomas Lindahl’s research initially had nothing to do with fossils. He was concerned with the stability of DNA, a topic of great importance for understanding human health, for example in relation to ageing and cancer. A decade before anyone had thought of extracting ancient DNA, he had published estimates of the rates of breakdown of various parts of the DNA molecule. A process to which he paid particular attention was that of ‘depurination’. The purines were the two DNA bases, adenine and guanine, that proved to be more resilient to decay than their pyrimidine counterparts in the presence of oxygen but without water. In contact with water, however, the purine residues break down, and this process of depurination also weakens the sugar phosphate backbone to which the bases are attached. Working from Lindahl’s estimates for the rate of depurination, Pääbo was able to gauge how long a fragment of ancient DNA might survive when in contact with water. The sequence amplified by Golenberg was long by ancient DNA standards, measuring 790 base-pairs. Pääbo estimated that the survival of such a length could be measured, not in millions of years, but in thousands. From the consideration of chemical kinetics alone, the strand amplified from the 17-20-million-year-old fossil was at most 8,000 years old. Pääbo took his own samples for study in the Berkeley lab, and by early 1991 was ready to challenge Golenberg’s findings.

In March 1991 the two came together to put their cases at the meeting rooms of London’s Royal Society. The audience was made up of the diverse collection of researchers who had been drawn into the molecule hunt. There were geologists, archaeologists, chemists, geneticists, taxonomists and many others. Among them were the senior scholars who had laid the foundations of the new field. They listened as the two young scientists stood up in turn to make their cases.

Pääbo and Golenberg shared a rather attractive aura of enthusiasm common to researchers on the cusp of some new scientific departure, a discreet discomfort with the lapel mike, laser pointer and conference clothes, and an urge to get back to the field or the lab, where the real action was. Pääbo however had gently moved on from this position. He was no longer simply the bright young star of the field, but was getting used to a new role as traffic policeman in a convoy moving with rather too much momentum for its own safety. His counterpart was aware of this he had already read a ‘cautionary note’ placed in a recent issue of Current Biology by Pääbo and Wilson. In a slightly nervous presentation, Golenberg acknowledged the need for care and control, but also pointed out there were now several drivers in the fast lane. From the same ancient Clarkia beds, researchers at Washington State University claimed to have sequenced DNA from a Taxodium leaf. An Idaho group had reported amplifying a sequence from oak of the same age. Then of course there were the amber specimens that went even further back.

Pääbo was not to be deflected. He reiterated the kinetic arguments drawn from Lindahl’s work, and outlined with care his own group’s attempts to replicate Magnolia DNA. They had found no plant DNA within the leaf, but bacterial DNA was present. The inference was that Golenberg’s result arose from contamination. This was something of a turning point in the quest for ancient DNA. The excitement about new results had infected everyone, including the referees used by high-profile scientific journals. There was never any doubt that a method like PCR, that could theoretically find a single surviving molecule, was extremely vulnerable to contamination, even in the cleanest of labs. However interesting and sincere Golenberg’s arguments were, there was a palpable sense that the convoy of ancient DNA hunters should adopt a more cautious respect for the highway.
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