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Introduction


 


‘ So, what do you think about the Higgs boson? ’


We’ve all had that experience – nodding along wisely to a conversation about a topic that we barely understand, when someone asks for our opinion, and the floor abruptly drops away from under us. Usually, our instinct is to mutter something noncommittal or agree with whoever seems to be the smartest person in the group. But what if we could be that person? The one with an informed opinion on everything, from the Higgs boson and the crisis of capitalism, to genetic engineering and postmodernism?


That might sound like a daunting task – the modern world is an extraordinarily complex place and who among us really has the time or energy to devote to really understanding its complexities, let alone the deep history of ideas that underlie and shape today’s society?


So we came up with The Genius Test – a mental gymnasium that will help you master the essentials of a huge variety of topics ranging across fundamental concepts in science, philosophy, the arts and politics (on the opposite page you can see how we’ve rated them, from the merely tricky to the truly mind-blowing).


In each chapter, five questions ask ‘Are you a Genius?’ helping gauge your understanding of the subject before plunging in, or check you’ve mastered it afterwards. (Answers are on the last page of each chapter, and you may even pick up some interesting additional facts along the way.) ‘Ten Things a Genius Knows’ offer a thorough overview of the topic, helping you get to grips with its central ideas and historical development in no time at all. ‘Talk like a genius’ provides you with handy conversational snippets – opinions, facts and intriguing asides to burnish your credentials as the smartest person in the room. There’s even a handy ‘Bluffer’s summary’ boiling the whole topic down to a couple of sentences that could help get you out of embarrassing situations.


This book won’t, on its own, make you a bona fide genius of course, but it’s a good start. It’ll make you a better bluffer at parties, and maybe it’ll even change the way you look at the world and reveal a previously undiscovered intellectual ability or interest. As lexicographer Samuel Johnson put it, ‘the true genius is a mind of large general powers, accidentally determined to some particular direction.’ Who knows in what direction The Genius Test will take you?





Origins of life


‘The cosmos is within us. We are made of star-stuff. We are a way for the Universe to know itself.’


CARL SAGAN


Our planet coalesced from a cloud of dust and gas orbiting the young Sun about 4.5 billion years ago. Conditions on its newly formed surface would have been incredibly hostile, yet life seems to have taken hold surprisingly quickly (even if it took a very long time to develop beyond single-celled organisms). So how exactly did life begin? It’s a mystery that has puzzled leading scientists for generations and has given rise to some extraordinary ideas.


Where did life begin – on the shorelines of the first seas, in the cold depths of primeval oceans or, perhaps, on another planet entirely?
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1 A laboratory experiment carried out in the 1950s produced the essential components of DNA.


TRUE / FALSE


2 Biologists believe that our earliest ancestors might be related to microbes called Archaea, that today live only in environments of extreme heat or acidity.


TRUE / FALSE


3 Carbon and water are absolutely necessary building blocks for life – without them, complex biochemistry is impossible.


TRUE / FALSE


4 Single-celled organisms have the potential to survive the journey between planets, perhaps seeding the Earth with life.


TRUE / FALSE


5 Complex multicellular life took hold on Earth in an event called the ‘Cambrian explosion’ about 540 million years ago.


TRUE / FALSE



TEN THINGS A GENIUS KNOWS


[image: illustration] What is life?
Although opinions differ wildly on specific details, most biologists would probably agree with the broad definition of a living organism as a self-organizing system that can harvest energy from its environment in order to sustain itself, grow and reproduce, and adapt to that environment. In practice, this means harnessing a variety of complex chemical reactions within a hospitable environment known as a ‘cell’. Cells come in a variety of more or less complex forms and are the essential building blocks of life, so when we ask how life got started, we’re really investigating the origin of the first cells.


[image: illustration] Earliest evidence
Dating of ancient rocks from Earth and meteorites (space rocks that have remained unaltered from the earliest times) suggests that our planet formed about 4.6 billion years ago, initially with a molten surface. Heavy bombardment by large asteroids continued until at least 3.8 billion years ago, but the earliest fossilized life, the remnants of microbe colonies called stromatolites are found just a few hundred million years later, in rocks about 3.5 billion years old. What’s more, in 2015 geochemists found traces of chemicals that appear to have been made by living organisms sealed inside 4.1-billion-year-old zirconium crystals. So how did life get a foothold so fast?


[image: illustration] Primordial soup
In a letter of 1871 (a dozen years after publishing his theory of evolution by natural selection), Charles Darwin speculated that life could have got started in a ‘warm little pond’ on the still-cooling surface of the ancient Earth. This theory caught the imagination of many scientists, and is generally called the ‘primordial soup’ hypothesis (though that term was not coined until the 1920s). Water is certainly a must-have for life – complex chemicals have no hope of forming unless their building blocks can move around in some kind of solution, to encounter and react with each other. Fortunately, water is one of the best solvents there is, and Earth has no shortage of it.


[image: illustration] The Miller-Urey experiment
In 1952, US biochemists Stanley Miller and Harold Urey famously attempted to recreate conditions in the primordial soup by passing steam through a mix of hydrogen, methane and ammonia gases (thought to be likely components of Earth’s early atmosphere) and energizing the whole mixture with occasional electrical sparks of faux-lightning. After a week, the condensed liquid was analysed – Miller reported finding at least three amino acid molecules (vital building blocks on the road to life) and possibly a couple more. After Miller’s death, in 2007, scientists reanalysed samples sealed since the original experiment using more sensitive techniques, and found no fewer than 20 different amino acids.


[image: illustration] Building life
Many chemists have followed in the footsteps of Miller and Urey with more sophisticated experiments designed to better mimic our improved understanding of Earth’s early environment. It seems beyond doubt that fairly simple chemical reactions could have produced a soup of simple carbon-based ‘organic’ molecules in short order (carbon is vital to life because it forms the widest variety of chemical bonds of any common element). The big challenge, however, is getting from those simple building blocks to complex self-replicating molecules such as DNA (see page 17). The establishment of molecules whose reproduction could be shaped by ‘selection pressures’ would be a big step on the road to life, but some scientists question whether random chemical encounters in the primordial soup could have reached this level of complexity in the relatively narrow window of time between the Earth’s formation and the first fossil evidence.


[image: illustration] Black smokers
One popular solution to this problem shifts the birth of life from shallow surface waters to deep oceans, where volcanic vents called ‘black smokers’ spew a rich mix of chemical nutrients into the cold, dark waters. Discovered in the 1970s, smokers are stalagmite-like mineral pillars that play host to entire ecosystems that thrive without the need for warmth or light from the Sun. In recent years, some biologists have speculated that microscopic pores within the smokers could have acted as natural cells for incubating the first stages of life, trapping a rich stew of chemicals – including organics drifting down from the surface above – in an energy-rich environment ideal for the fast-track development of complex chemistry.


[image: illustration] Pangenesis
Another possible way around the problem of life’s rapid appearance is to assume that it didn’t start on Earth at all. The ‘pangenesis’ hypothesis suggests instead that the building blocks of life are scattered throughout our galaxy, and that the meteorites and comets that bombarded our newborn planet also supplied a ready-made starter kit of organic chemicals, and perhaps even entire deep-frozen cells. Supporters of pangenesis argue that it provides several billion more years for random chemical reactions to chance upon the formula for life. While this might sound farfetched, astronomers have identified increasingly complex organic molecules in comets and interstellar dust clouds. What’s more, large meteorite impacts are now known occasionally to transfer rocks between the planets of our solar system, and there’s evidence that some Earth microbes and even more complex forms of life can survive the hostile conditions of interplanetary space for surprisingly long periods of time.


[image: illustration] The earliest organisms
The first forms of life are thought to have fallen in two broad ‘domains’: the Archaea and the Eubacteria. Both groups were single-celled organisms, though some clustered together to form larger colonies. Archaea use a wide variety of different chemical and metabolic pathways to ‘make a living’ from their environment. Today, they are found in a huge range of conditions including some, such as hot acid springs and black smokers, that were once thought inimical to life. Eubacteria, in contrast, have more familiar metabolic processes including respiration, photosynthesis and fermentation. They are found in a more limited range of ‘hospitable’ environments, yet curiously, genetic evidence suggests that our own domain, the complex organisms known as ‘Eukarya’, are actually more closely related to the Archaea than the Eubacteria.


[image: illustration] The oxygen catastrophe
Early conditions on Earth were very different to those that dominate today. There was very little free oxygen in the atmosphere. From at least three billion years ago, photosynthetic Archaea and Eubacteria thrived through photosynthesis, absorbing carbon dioxide and pumping out oxygen. About 2.3 billion years ago, however, oxygen levels in the atmosphere soared, turning the air toxic for many early life forms and paving the way for a new metabolic pathway that uses oxygen to release energy from chemicals and is used by today’s animals: respiration.


[image: illustration] Endosymbiosis and more complex life
Our own domain of life, the Eukarya, is distinguished by a much more complex cell structure, including the presence of a nucleus that holds most of the cell’s genetic information. Most biologists believe that the first ‘eukaryotic’ cells arose as specialized microbes absorbed each other with mutually beneficial results – a sequence of events called ‘endosymbiosis’. All large multicellular life forms are eukaryotes with a common ancestor going back 1.6 to 2.1 billion years. However, they remained largely single-celled until about 575 million years ago, when the first fossils of larger and more complex life, the curious pillow-like creatures known as the ‘Ediacaran biota’, appear.



TALK LIKE A GENIUS


‘ One of the most amazing things about life on Earth is that it only took hold once – go back far enough and genetic mapping shows that everything’s descended from a single common ancestor, probably a simple bacterium. Why should life get started just once in those first few hundred million years, and never again? The answer’s probably that the descendants of that first bacterium made it impossible for any other attempts to get a foothold – not so much survival of the fittest, as survival of the first. ’


‘ The big chicken-and-egg problem is that you need DNA in order to make proteins, but you also need the right proteins to replicate DNA. The big challenge for biologists is coming up with a pathway to make something like simple DNA or proteins without life already existing. ’


‘ The panspermia theory might sound outlandish, but don’t forget we’re finding more and more environments in the solar system that might be suitable for life. ’


WERE YOU A GENIUS?


1 FALSE – the Miller-Urey experiment made amino acids, but those aren’t components of DNA. In 1961, however, Spanish scientists did make DNA components in a similar experiment.


2 FALSE – it’s true that Archaea are closer to us than Eubacteria, but they’re actually quite widespread in a whole range of environments.


3 TRUE (probably) – carbon is a must-have to form complex compounds, but liquids other than water can act as chemical solvents in cold environments.


4 TRUE – some microbes can survive exposure to space, although we don’t know if they’d last for the millions of years it might take to drift between planetary orbits.


5 TRUE – although multicellular life had begun to develop tens of millions of years earlier, the Cambrian explosion is a hugely important event that gave rise to most modern animal groups.


[image: Illustration]


It’s easy to make simple organic chemicals, but bridging the gap to the complex biochemistry of life is a huge leap.





Evolution


‘The nature of the Universe loves nothing so much as to change the things which are, and to make new things like them.’


MARCUS AURELIUS


Charles Darwin’s theory of evolution by natural selection may be the greatest single achievement in the history of science, a simple and elegant model that explains the huge variety of life on Earth. More than 150 years from its initial publication, however, it remains controversial in some quarters because it threatens to undermine religious views of creation. And evolutionary biologists are still ironing out the wrinkles as to how it all actually works in practice.


Darwin’s basic idea is easy to grasp, yet hugely powerful when it comes to explaining the natural world – can you get to grips with its implications?
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1 In order to take place, evolution requires the remixing of genetic information that happens during sexual reproduction.


TRUE / FALSE


2 Evolution will always favour traits that help an individual to survive and reproduce, and ‘weed out’ characteristics that harm the chances of reproduction over time.


TRUE / FALSE


3 Scientists today try to use the principles of evolution as the starting point for their classification of different species into larger groups.


TRUE / FALSE


4 Darwin realized that the different bills of various finches on the Galápagos Islands were a sign that they had evolved from a common ancestor that colonized the islands from the South American mainland, but he didn’t offer an explanation for what had driven their evolution.


TRUE / FALSE


5 Sexual selection can sometimes lead to features that actually hamper the day-to-day survival ability of some animals.


TRUE / FALSE



TEN THINGS A GENIUS KNOWS


[image: illustration] How evolution works
The theory of evolution by natural selection argues that the characteristics of organisms change from generation to generation as a result of ‘selection pressures’. These range from environmental conditions and predator abilities to the sexual preference of potential mates, and operate on the random differences that arise from time to time out of genetic mutation and the mixing of characteristics from parent organisms. If an individual’s particular set of characteristics make it better suited than others of its species to a particular time and location, then it’s more likely to survive, breed and pass those characteristics on to its offspring.


[image: illustration] Speciation
Genetic studies show that all life is ultimately descended from a single common ancestor, so how did we arrive at the huge variety of life we know today? The answer is that as life spread, different selection pressures operated on different organisms. Sometimes, new pressures arise due to changes in the surrounding environment, while at other times a chance mutation offers an organism a new way to make a living that its offspring can further exploit (perhaps taking them out of direct competition for resources with their cousins). Over many generations, different pressures acting on different organisms can give rise to populations whose genes are so different from each other that they can no longer produce viable offspring together – the textbook definition of separate species.




[image: Illustration]


Darwin’s first evolutionary tree, July 1837





[image: illustration] Early theories of life
From about the 15th century onwards, voyages of discovery, trade and colonization made European scholars aware, for the first time, of the huge variety of life on Earth. In 1735, Sweden’s Carolus Linnaeus invented the binomial classification of species, grouping organisms into genera, families, classes and orders at increasingly higher and more inclusive levels. The resulting ‘tree of life’ looks irresistibly like a genealogical table, raising obvious questions as to whether similar modern species might be diverse descendants from a single ancestor. Around the same time, the growth of large-scale mining during the Industrial Revolution led to an improved understanding of the rocks beneath our feet, revealing both the Earth’s great age, and fossils from extinct species. This discovery of ‘Deep Time’ provided an enormous span for evolution to do its work.


[image: illustration] Darwin’s story
A naturalist since childhood, Charles Darwin gathered much of the evidence for his theory during the second South American survey expedition of HMS Beagle (1831–36). He collected huge numbers of specimens, unearthed countless fossils, and visited the Galápagos archipelago, where he famously observed the unique variations between species of finch and giant tortoises on different islands. Back home in England, he researched the selective breeding of domesticated animals and read economist Thomas Malthus’s alarming theories on the dangers of runaway human population growth. Considering the issue of competition for limited resources, Darwin formulated his key idea of selection pressures allowing species to diversify over time and thus avoid direct competition. He finally published his ideas in On the Origin of Species (1859).


[image: illustration] Reception to Darwin
Darwin’s idea shocked Victorian society to the core – and there are plenty who still dislike its implications. He initially dodged the issue of human origins, but later confronted it head-on in The Descent of Man (1871). More than a century earlier, Linnaeus had grouped humans among the primates, alongside monkeys and great apes, and Darwin’s work concluded that we shared common ancestors with our primate cousins at various points in the distant past. Despite the widespread parodies of the time, Darwin did not assert that we were ‘descended’ from apes – rather that we are their distant cousins.


[image: illustration] Neodarwinism and the selfish gene
Darwin had little to say on the mechanism by which adaptations were passed from generation to generation. It was only in the early 20th century that the theory was placed on a firmer footing with the widespread recognition of genes (see page 17). Concepts of genetic mutation and diversity within populations allowed biologists such as J.B.S. Haldane to build mathematical models of evolution, an approach called ‘Neodarwinism’. Various speciation mechanisms were discovered, but problems remained – particularly where an organism’s adaptations seem to make its individual survival less likely. From the 1960s this led to the ‘selfish gene’ hypothesis – the idea that evolution maximizes the spread of useful genes through a population, rather than necessarily benefiting individuals.


[image: illustration] The pace of evolution
The simplest interpretation of Darwinian evolution, known as ‘phyletic gradualism’, involves change at a slow but steady pace. Species gradually transform over time, and new ones appear, as selection pressures act on genetic mutations that pop up more or less at random. At the other extreme is ‘punctuated equilibrium’ – a model in which species remain essentially the same over long periods of time, before going through periods of rapid change and diversification in response to environmental crises. The discovery that catastrophic events, such as meteor impacts and changes in climate, coincide with major changes in the fossil record certainly suggests that punctuated equilibrium has a role to play.


[image: illustration] Missing links aren’t missing
Some religious creationists take a simplistic view that God created our ecosystem wholesale, including fossils and genetic templates to test our faith. More often, however, opponents of Darwinian evolution like to raise what feel like ‘scientific’ problems – such as an apparent lack of evidence showing important changes in the evolutionary record (‘missing links’). Such arguments tend to ignore fossil finds that do indeed go some way to bridging these gaps, and misunderstand just how fragmented the fossil record is – only a tiny fraction of all species have left fossils behind, and even these are naturally biased towards organisms dying in certain environments. What’s more, the ‘missing link’ complaint is usually based on a gradualist interpretation of evolution that may not be accurate.


[image: illustration] Why intelligent design isn’t true
Another creationist argument, broadly known as ‘Intelligent Design’ (ID), is that some complex anatomical features could not possibly have sprung into existence through a random mutation offering a selection advantage in a single generation. Instead, there must be some external influence directing the ‘shape’ of evolution. Common examples of this ‘irreducible complexity’ include eyes and flight feathers. However, ID advocates often overlook the possibility that such features could have provided different evolutionary advantages in the early stages of their evolution (for example, primitive feathers probably provided small dinosaurs with insulation). What’s more, mutations that do not affect an organism’s chances of reproducing can remain unnoticed by selection pressures over many generations.


[image: illustration] Abuses of Darwinism
Darwin’s theory is powerful and undeniably true, but all too often, it has been misappropriated for political and ideological reasons. One particular reading depicts evolution as a ‘march of progress’, with later-evolved organisms necessarily ‘superior’ to previous ones. This is not the case – organisms are simply adapted to their particular evolutionary niches. Widely used to support assumptions of white European superiority during the 19th-century ‘age of empires’, this idea lingers on in deep-seated racial assumptions. Meanwhile, proponents of free-market and competition-based economic and social policy often co-opt Darwinian ideas (most notably the phrase ‘survival of the fittest’), the scope of which should properly be limited only to biological science.



TALK LIKE A GENIUS


‘ A lot of people call it the Darwin–Wallace theory. Darwin knew his theory was dynamite, so he spent two decades refining it and gathering evidence before he was ready to go public. In the end he was nearly beaten to the punch by a naturalist called Alfred Russel Wallace, who had come to the same conclusions while exploring the Malay Archipelago, and actually sent a letter to Darwin for his opinion. Darwin’s friends in the scientific establishment engineered a compromise that got both versions out at the same time, establishing that Darwin had got there first. They were lucky that Wallace went along with it when he found out after the fact! ’


‘ When people say evolution’s ‘just a theory’, they’re misunderstanding just what a theory is. For scientists, it’s a complete description of the way something works, backed up by lots of evidence – you might refine it, but you’re very, very unlikely to ditch it completely. The proper word for an uncertain, tentative explanation for a set of facts is ‘hypothesis’. ’


‘ Evolution’s often misrepresented in diagrams that show a tree of life with humans at the top, but Darwin had the right idea from the outset. There’s a beautiful, simple little diagram in his notebooks from 1837, and it pretty unmistakably shows the pattern of evolution as more of a scrubby, branching bush than a tree. ’


WERE YOU A GENIUS?


1 FALSE – evolution can also act on organisms that reproduce asexually, because mutations can take place for other reasons.


2 FALSE – according to the ‘selfish gene’ theory, self-sacrificing traits can arise in which some individuals are lost, while close relatives benefit and pass on the same genes.


3 TRUE – ‘cladistic’ classification attempts to work out how closely species are related by cataloguing their genetic or anatomical features.


4 TRUE – ornithologist David Lack was the first person to identify the bills of Darwin’s finches as adaptations to feeding on different plants.


5 TRUE – for example, male peacocks with large tails win the competition to breed despite their tails making them more vulnerable to predators.


[image: Illustration]


When selection pressures affect breeding in one generation, they change the features that the next one inherits.





Genes and DNA


‘Rather than believe that Watson and Crick made the DNA structure, I would rather stress that the structure made Watson and Crick.’


FRANCIS CRICK


Deoxyribonucleic acid (DNA for short) is the complex molecule at the heart of genetics – a self-replicating template that carries instructions to make every part of an organism from its constituent protein molecules up to its large-scale anatomy. Although its structure and role in inheritance were established in the 1950s, the technology to map the entire DNA sequence of an organism is much more recent and biologists are still getting to grips with the new understanding unlocked by maps of the entire genome.


If you really want to understand how genetics works, you’ve got to get to grips with the molecule at the heart of it all.


[image: Illustration]


1 Scientists owe much of what they know about DNA function to a small insect called Drosophila melanogaster.


TRUE / FALSE


2 During fertilization, two sets of genes from each parent are separated and randomly mixed together in order to determine the single set of genes that will determine the characteristics of offspring.


TRUE / FALSE


3 Each rung on the DNA ladder is made from a pair of amino acids. Some of these can be manufactured in the body but others cannot, so we must get them from our diet.


TRUE / FALSE


4 Like a well-built computer program, DNA has built-in redundancy- and error-checking procedures.


TRUE / FALSE


5 DNA never leaves the nucleus of a cell except when a cell is splitting in two to duplicate itself.


TRUE / FALSE



TEN THINGS A GENIUS KNOWS


[image: illustration] Genes and chromosomes
There’s a lot of jargon associated with genetics, so let’s clear up some terms first: a ‘gene’ is a block of genetic information determining a particular characteristic, such as eye colour, encoded as a sequence of ‘base pairs’ on a strand of DNA. A ‘chromosome’, meanwhile, is a single strand of DNA, typically many millions of base pairs long and containing many thousands of genes. The central nucleus in a typical human cell stores 38 chromosomes – 18 identical pairs (for reasons we’ll get to later) and two distinct sex chromosomes. The full set of chromosomes is known as the ‘karyotype’, while the complete set of heritable genetic information contained therein is known as the ‘genome’.


[image: illustration] Discovery of genetics
DNA was discovered in the nucleus of cells by Friedrich Miescher as early as 1869, but its importance was not recognized until much later. Around 1866, meanwhile, Austrian monk Gregor Mendel discovered the principles of genetics through experiments with pea plants. He showed that certain characteristics of the plants were encoded as factors that we now call genes. Each plant carries two versions of every gene (one inherited from each parent), but displays characteristics determined by either one gene or a mix of both. Overlooked at the time, Mendel’s work was rediscovered in 1900, when it helped to cement Darwin’s theory of evolution. But it wasn’t until the 1940s that a trio of American researchers found evidence that DNA molecules were the carriers for genetic code.


[image: illustration] Genotype and phenotype
An organism’s genetic make-up is known as its ‘genotype’, while its external appearance is its ‘phenotype’ (some scientists extend the phenotype concept further to include the organism’s interactions with its environment). The genotype includes two versions of each gene, but usually only one of these is visible or ‘expressed’ in its phenotype. The different versions of a gene are known as its ‘alleles’, and are generally ‘dominant’ or ‘recessive’, indicating which will be expressed if both are present. When an organism inherits two alleles of equal rank, the result may be either incomplete dominance (a blend of the two characteristics), or codominance (an expression of both characteristics in different parts of the body).


[image: illustration] Structure of DNA
The DNA molecule is technically a ‘polymer’ – a complex molecule made up from a huge number of simple repeating units. Its famous double-helix structure, worked out by Francis Crick and James Watson in 1953 using experimental data gathered by Maurice Wilkins and Rosalind Franklin, is often compared to a twisted ladder. The sides of the ladder are formed from repeating groups known as the ‘phosphate backbone’, while each rung is made from a pair of chemical bases that join in the middle. There are four possible base units – adenine (A), cytosine (C), guanine (G) and thymine (T), and they bond in specific pairs – adenine and thymine go together, as do cytosine and guanine.


[image: Illustration]


[image: illustration] The information molecule
Each position on one side of the DNA ladder can be filled with any one of the base molecules, but the other side of the ladder must then carry its complement, making a base pair. Thus, DNA can carry information in the form of two complementary strings of ‘letters’. During cell division (the process by which our bodies grow, repair themselves and reproduce), DNA strands replicate themselves using cellular machinery that ‘unzips’ the molecule down the middle and adds new complementary bases and backbone units to reproduce the missing half of the original molecule.


[image: illustration] Protein factories
DNA’s genetic code manifests itself through proteins – complex multipurpose molecules that make up all of our bodies’ complex structures, themselves made up of countless smaller units called ‘amino acids’. During protein synthesis, the DNA molecule temporarily unzips so that its code can be copied to an intermediate single-strand molecule called ‘ribonucleic acid’ (RNA). The RNA code is then ‘read’ by cellular machines called ‘ribosomes’, three letters at a time, with each three-letter sequence, or ‘codon’, corresponding to a particular amino acid to be added onto the growing protein molecule. Separate codes indicate the start and end of a protein strand.


[image: illustration] The central dogma
In 1958, Francis Crick stated the so-called ‘central dogma’ of molecular biology, a simple but important statement about the way that information flows within biological systems. Essentially, it states that the genetic code from DNA is replicated onto a strand of RNA, and that information is then used to create the protein molecule. In special cases, proteins can be synthesized directly from DNA, and molecules of RNA can replicate themselves or even form a basis for creation of a new DNA molecule. Information is never transferred ‘out’ from proteins.


[image: illustration] Sex cells
So how does an organism end up inheriting just one set of genes from each parent? The answer lies in the sex cells (sperm and eggs), which are generated through a special form of cell division. Known as ‘meiosis’, this process creates cells that carry a single set of genes, shuffled and remixed out of the two pairs present in the parent’s body cells. The mix of genes in the sex cells varies randomly and is not influenced by whether a particular allele is a dominant trait. Hence, recessive genes from grandparents, not expressed in either parent, can pop up unexpectedly in a third generation.


[image: illustration] Genetics and evolution
DNA provides the mechanism by which the entire process of evolution can work. By randomly mixing genes from two parents, it can give rise to individuals that are more or less suited to their environment, and more or less likely to pass those genes on to the next generation. In addition, the DNA copying process is not perfect – minor errors and changes can sometimes occur (and be overlooked by the cell’s built-in error-correction processes). Often these changes are harmless and undetectable in the phenotype, but sometimes they give rise to new traits that can harm an individual’s chances of survival, or boost their chances of reproduction.


[image: illustration] Origins of DNA
Explaining the complexity of the DNA molecule is a key problem in evolutionary biology. The chances of even a small chunk of the DNA helix assembling by chance are astronomically small, so selection pressures must have somehow been able to create generations of molecules that got closer in form to DNA. The most popular solution, known as the ‘RNA world’ theory, relies on the single-stranded RNA molecule’s more limited ability to carry genetic code. Studies suggest that chemical energetics would have allowed the building blocks of RNA to remain stable once formed, while only allowing them to bond with certain other chemicals in specific ways. RNA chains with competing chemistries may therefore have been the first forms of life, replicating by cannibalizing or ‘cooperating’ with rival strands until the first complete strands of DNA appeared.



TALK LIKE A GENIUS


‘ Rosalind Franklin’s big contribution to the structure story came from photos of DNA she took using a technique called X-ray crystallography. Basically, you shine a beam of X-rays through a material and they get diffracted or spread out as they pass through the gaps between molecules. Watson and Crick, through no real fault of their own, ended up being privy to various parts of her work that were being shared without her knowledge, and that helped them figure out the double helix.


You can argue the ethics of how that information was shared around, but the real shame of it is that, because her work hadn’t been formally published, Franklin wasn’t even cited in the discovery paper. And because she died in 1958, she missed out on the possibility of a Nobel prize since they don’t award them posthumously. Despite this, she’s become such an iconic figure for women in science that, these days, you could argue that Franklin is even more famous than Crick and Watson. ’


WERE YOU A GENIUS?


1 TRUE – geneticists love this common fruit fly because it has only four chromosomes and can breed in 10 days, making it ideal for seeing how genetic changes propagate.


2 FALSE – the separation and random mixing of genes actually happens during the creation of sperm and eggs.


3 FALSE – the DNA rungs are made from chemical bases attached to a phosphate backbone. Amino acids are used in the manufacture of proteins.


4 TRUE – for example, the four letters of DNA can make 64 three-letter codons, but these are used to indicate just 20 separate amino acids; each can be coded for in two or more ways, ensuring redundancy.


5 FALSE –small amounts of DNA can always be found outside the nucleus, in the mitochondria or cellular power plants.


[image: Illustration]


DNA’s four-letter genetic codes can produce almost infinite variety once transformed into proteins in living organisms.





Human genome


‘What more powerful form of study of mankind could there be than to read our own instruction book?’


FRANCIS S. COLLINS


The human genome is the sum total of all the genetic information that makes up a typical human being – a sequence of more than three billion nucleic acid ‘letters’ that occur along the DNA strands that make up the various human chromosomes. Putting this information together has been an enormous technological challenge, but understanding what it all means is an even greater one; we’ve barely begun to get to grips with our genetic make-up.


The genome is a book with some three billion letters – imagine what we could do if we knew what it all meant…


[image: Illustration]


1 Humans have 98 per cent of the same genes as chimpanzees, but across our own species we are 99.5 per cent identical.


TRUE / FALSE


2 Celera Genomics, the privately funded company that sequenced the human genome, appealed to the public for DNA donations.


TRUE / FALSE


3 Genome research has identified about 100,000 meaningful genes in our chromosomes – more than anybody expected.


TRUE / FALSE


4 Junk DNA is redundant genetic code separating individual genes on a chromosome.


TRUE / FALSE


5 Sequencing the first human genome took 13 years, but a similar task can be accomplished today in just a few hours.


TRUE / FALSE



TEN THINGS A GENIUS KNOWS


[image: illustration] Structure of the genome
A typical human cell carries the vast majority of its genetic information within a protected central region called the ‘nucleus’. Here, long strands of DNA are curled up on each other to form the relatively compact coils of the chromosomes. In total, there are 46 chromosomes: 22 matched pairs known as ‘autosomes’, and 2 sex chromosomes (a pair of ‘X’ chromosomes in females, an ‘X’ and a ‘Y’ in males). The length of the chromosomes varies significantly, from almost 249 million nucleic acid pairs in the longest ‘chromosome 1’ to 57 million on the Y sex chromosome. In addition, small cellular ‘power plants’ called ‘mitochondria’ have a small (16,569 pairs) DNA packet of their own.


[image: illustration] Sequencing DNA
The basic technique for sequencing DNA, pioneered by Frederick Sanger and team in 1977, is complex, but worth knowing (if only so you can understand what those charts on forensics TV shows actually mean). Individual DNA coils are first massively replicated using the ‘polymerase chain reaction’. The coils are then ‘unzipped’ by application of heat, and snipped into many smaller fragments using chemicals called ‘primers’ that target particular base sequences. The fragments are then split between four vessels, with chemicals added that bond to the different letters on the unzipped strands, reconstructing the original DNA ‘ladder’. But each vessel also gets one modified chemical – a dye keyed to a single letter, which terminates the reconstruction process at that point. End result: a mix of dyed DNA strands of different lengths, all known to end on a particular letter. Each vessel’s contents are now smeared out across a plastic film in four columns (one for each letter), using a technique called ‘electrophoresis’ that ensures smaller, lighter strands migrate further; reading the DNA sequence is then simply a matter of seeing which column has accumulated DNA at a particular point.


[image: illustration] Automated sequencing
The problem with the Sanger method, and most alternatives, is simply that there’s an awful lot of DNA to sequence, and if you split it up into short strands of a few dozen to a few hundred letters, somehow you have to put it back together again. Fortunately, this is something that computers are good at: one approach, called ‘shotgun sequencing’, chops identical strands of DNA in many different ways and sequences them individually. Because the strands have different lengths, the codes overlap and a computer can sort through and work out how it all fits together. Modern sequencing techniques automate the whole task in parallel operations that speed things up even further.


[image: illustration] The race for the genome
Famously, the goal of mapping the complete human genome turned into something of a race. The Human Genome Project (HGP), formally launched in 1990 with the backing of many governments around the world, found itself in competition with the private company Celera Genomics, which piggybacked on publicly released HGP data and used newer, faster techniques to catch up, despite only being launched in 1998. The HGP published a rough draft in 2000 (with Celera following in 2001), and effective completion in 2003.


[image: illustration] Genes and junk
One surprising result of human genome studies has been the discovery that vast amounts of DNA are apparently redundant. When a cell needs to ‘read’ DNA in order to manufacture proteins, it only reads a relatively short portion of the strand, known as an ‘exon’ – long sequences of DNA in between the exons (known as ‘introns’) are simply ignored and don’t seem to have much use – hence the term ‘junk DNA’. Geneticists, however, prefer to call it ‘non-coding DNA’, since no one can prove for certain that it doesn’t have some hidden significance. Results from the HGP suggest that up to 90 per cent of our DNA is non-coding, a much larger proportion than in simpler organisms; one suggestion is that introns accumulate and grow as DNA becomes more complex.


[image: illustration] DNA profiling
Some 99.9 per cent of the genome is identical in all humans, but the remainder shows substantial variation across the population, and is unique in each individual (aside from identical twins). DNA profiling or fingerprinting targets these highly variable areas or ‘loci’ on a chromosome and looks for ‘short tandem repeats’ (STRs) – places where the same DNA letter is repeated several times. A few per cent of the population may typically share a certain repeat pattern, but if you check enough independent loci and still find a match between two DNA samples, it’s highly unlikely to be coincidence. Patterns of STRs at specific loci form the basis for DNA databases, and can also be used to identify close relations, both for criminal forensics and daytime talk shows.


[image: illustration] Mapping ancestry
Unlike chromosomal DNA (which mixes elements inherited from both parents), the short strands of mitochondrial DNA (mtDNA) are normally inherited only from the mother. As a result, they remain almost unaltered from generation to generation, though they do gradually accumulate changes over time through random mutations that are themselves passed on. This makes mtDNA a powerful tool for mapping relationships, both among humans and between many different living species: as a rule of thumb, the closer the match in mtDNA, the more recently two individuals shared a common ancestor. The same principle can be applied to the Y chromosome, which is only inherited along the paternal line.


[image: illustration] The mother of us all
Mitochondrial research has led to some remarkable discoveries – for example, every human being on Earth today has an unbroken maternal line of descent to a single woman, ‘mitochondrial Eve’, who lived in Africa roughly 100,000 to 150,000 years ago (though she certainly wasn’t the only female around at the time, and it’s not the case that others of the time don’t have living descendants, just that they don’t have unbroken maternal lines). The spread of humans around the world can be traced through Eve’s ‘daughters’, later women who are the most recent maternal common ancestors of large populations. A paternal line of descent can also be traced to ‘Y-chromosomal Adam’ about 200,000 to 300,000 years ago.


[image: illustration] Genetic diseases
Studies of the genome have confirmed that a huge number of diseases have a genetic component. More than 4,000 diseases are known to arise through the expression of a single faulty gene, and such diseases obey the same patterns of inheritance discovered by Gregor Mendel in the 1860s. Diseases on autosomal chromosomes may be either dominant (the gene is always expressed if it is present, so there is normally a 50 per cent chance of the disease arising in offspring), or recessive (the gene is only expressed if two copies are present, so there is usually a 25 per cent chance if both parents are ‘carriers’). Diseases caused by mutated genes on the X or Y sex chromosomes, meanwhile, have more complex patterns of inheritance. For example, the ‘X-linked recessive’ blood-clotting disorder haemophilia is inherited without symptoms by females, but can later be expressed in their male offspring – as some descendants of Queen Victoria unfortunately discovered.


[image: illustration] Copyrighted genes
One of the trickiest issues to arise from genome sequencing is the question of who owns the data. While the publicly funded HGP made all of its data freely available, Celera Genomics founder Craig Venter courted controversy with his attempts to patent large numbers of naturally occurring genes. The issue was partially resolved in 2000 when US President Bill Clinton announced that the entire human genome should be freely available (sending biotech stocks plunging in the process) and the first draft genome was published. However, ethical issues linger on when it comes to patenting modified, non-human or artificially created genes.



TALK LIKE A GENIUS


‘ The first organism to have its entire genome sequenced, in 1995, was the Haemophilus influenzae, a simple bacteria with 1.8 million base letters on a single chromosome. ’


‘ For all the talk about sequencing the full human genome, researchers have actually only covered about 92 per cent of it. Tightly packed clumps of DNA called ‘heterochromatin’ – found on the tips of chromosomes and where pairs join together in the middle – are so hard to unravel that they’re still working on those today. ’


‘ The Human Genome Project cost about $3 billion, while Celera sequenced the genome for about one-tenth of that. The HGP had to work out a lot of the technology from first principles, whereas Celera had the advantage of starting late and borrowing a lot of work that had already been done. Today, thanks to advances in technology, you can sequence a full human genome for less than $1000 – and even more cheaply if you just want the exons! ’


WERE YOU A GENIUS?


1 FALSE – this is comparing two different things. We have 98 per cent of the same genes as chimps, but share 100 per cent of our genes with all other humans. Within those genes, all the diversity of the human race comes down to about 0.5 per cent variation in actual genetic code.


2 FALSE – Celera sequenced the DNA of their founder Craig Venter, while the HGP used DNA from a number of anonymous volunteers.


3 FALSE –it seems our genome has only 19 to 20,000 protein-coding genes – far fewer than the million-plus we once expected.


4 TRUE – but it’s rude to call it ‘junk’, since geneticists aren’t yet entirely certain it has no effects.


5 TRUE – and thanks to automation and more powerful computers it will soon be possible to sequence genomes in less than an hour.


[image: Illustration]


Reading the genome is a huge first step on the road to understanding, and even manipulating, our cellular make-up.





Human origins


‘It is ... probable that Africa was formerly inhabited by extinct apes closely allied to the gorilla and chimpanzee; and ... it is somewhat more probable that our early progenitors lived on the African continent than elsewhere.’


CHARLES DARWIN


Modern humans are unique animals in several ways – compared to other primates we have relatively little body hair, an upright bipedal stance and a massively enlarged brain. An estimated 20 million DNA nucleotides (roughly 0.6 per cent of our genome) have mutated since our lineage diverged from that of chimps, resulting in a string of increasingly familiar-looking hominid ancestors. Yet the story of human origins is far from straightforward, and recent discoveries have revealed close relatives surviving until surprisingly recent times.


Where did Homo sapiens come from, who were our ancestors and where did all of our cousins go?


[image: Illustration]


1 A small amount of DNA in modern humans is Neanderthal, indicating that our ancestors interbred successfully with them. However, the Neanderthal DNA is only present in non-Africans.


TRUE / FALSE


2 The ‘aquatic ape’ theory argues that our human ancestors experienced a period during which they spent a lot of time in the water.


TRUE / FALSE


3 Scientists used the discovery of Peking Man fossils in 1921 to argue that China was the likely origin of the human species.


TRUE / FALSE


4 Our earliest suspected bipedal relative is dated to about 7 million years ago, but it could be more closely related to chimps than to humans.


TRUE / FALSE


5 The size of hominid brains has increased steadily throughout our evolutionary history. Modern Homo sapiens has a brain about four times larger than that of our shared ancestor with chimps.


TRUE / FALSE



TEN THINGS A GENIUS KNOWS


[image: illustration] Apes are our close cousins
Humans and our nearest living relatives, the great apes, form a taxonomic ‘family’: the Hominidae. Fossils with hominid features begin to appear in the African fossil record from around 20 million years ago (mya), but in scientific terms, the hominidae became a distinct family a few million years later when the ancestors of gibbons (the lesser apes) branched off on their own evolutionary pathway. Genetic and fossil evidence suggest that, thereafter, the orang utans went their own way around 10 million years ago, with gorillas branching off around 6.3 mya. Humans separated from the common ancestor of chimpanzees and bonobos about 4 million years ago. (All of these dates are the estimated last times when our species shared genetic material through interbreeding; in practice, the major lineages were starting to diverge from around 13 million years ago, or more).


[image: illustration] Our species is the only one of its kind
Because Homo sapiens is the only present-day representative of our genus Homo, it’s easy to assume that extinct species form a straight line of descent back to the ancestor that branched off from chimps. But the true story is rather more complex – the human family tree has many tangled branches rather than a single trunk, with countless cousins, uncles and aunts at various removes. Working out exactly how the known extinct hominids fit into the picture is tough – especially when fossil remains are rare and fragmentary, and DNA can only be extracted and analysed from the most recent ‘sub-fossil’ bones of species such as Neanderthals.


[image: illustration] Lucy and the southern apes
Outside of Homo, the other broad genus of hominids are the australopithecines or ‘southern apes’. They show various human-like characteristics, such as upright walking, but are thought to have had chimp-sized brains (showing that bipedalism probably evolved before increased intelligence). The best known is Australopithecus afarensis, known as ‘Lucy’, the famous fossil discovered in Hadar, Ethiopia, in 1974. Lucy’s species are often thought to have been responsible for the renowned ‘Laetoli footprints’, a series of bipedal tracks left by three individuals on a bed of recently deposited volcanic ash about 3.6 mya. The relationship between Homo and Australopithecus is still hotly debated; were the southern apes our ancestors or our cousins?


[image: illustration] Olduvai Gorge
Fossil finds suggest that East Africa was the hotbed of early hominid evolution – in particular, the region around the Great Rift Valley. The most famous fossil site of all is Tanzania’s Olduvai Gorge, where palaeontologists, including the famous Louis and Mary Leakey, unearthed fossils from a succession of ancient hominids, including Homo habilis or ‘handy man’ from 1.9 mya, its near-contemporary australopithecine, Paranthropus boisei, and Homo erectus from 1.2 mya. Stone tools found here and elsewhere suggest that primitive tool manufacture probably started among the australopithecines, and advanced massively to the classic flint hand axe by H. erectus. In recent decades, the focus of the search for earlier hominids has shifted further north to Ethiopia.


[image: illustration] Bipedalism
The ability to walk on two feet for extended periods of time was a key advance in hominid evolution, and there are many theories to explain what drove it. Australopithecines such as Lucy seem to have lived on borders between forests and open savannah – environments in which evolutionary pressures may have supported a trading-in of ancestral climbing abilities for the ability to see further and walk for longer periods in a more energy-efficient upright style. Other theories are that upright walking reduced exposure to heat and allowed bipeds to stay active at times when other species were forced to siesta, and even that bipedalism (and hair loss) were adaptations to a life spent in and out of the water catching fish. Whatever the trigger, the consequences of bipedalism were dramatic, freeing the forelimbs to make better use of tools and driving the development of opposable thumbs.




[image: Illustration]


Simplified family tree of the genus Homo





[image: illustration] Out of Africa
Fossil and genetic evidence suggest that our ancestors attempted to spread around the world from Africa not once, but three times. Homo erectus was the first species to break out, some 2 mya, and succeeded in spreading across Europe and Asia. (The first H. erectus fossils were found in China; hence the species’ early name of Peking Man). Different erectus branches ultimately gave rise to several new and distinct species, but modern humans are all descended from the branch that remained in their African homeland. Here, evolution gave rise to anatomically modern humans (Homo sapiens) at least 300,000 years ago.


[image: illustration] Out of Africa II
Following in the footsteps of erectus, our own ancestors spread out of Africa from about 100,000 years ago. The latest evidence suggests that an initial Homo sapiens breakout through North Africa around 120,000 years ago ended in extinction for the migrants, but a second attempt through the Arabian Peninsula met with more success. By 50,000 years ago, modern humans were established across Europe, Asia and Australia. Humans did not finally reach the Americas until a ‘land bridge’ opened from Siberia at the height of the last Ice Age, about 15,000 years ago.


[image: illustration] The Neanderthals
Perhaps the most famous extinct human species, Homo neanderthalensis once roamed widely across Eurasia. Unfairly characterized for a long time as misshapen, primitive brutes, the Neanderthals (named after the river valley in Germany in which early fossils were found) actually had larger brains than modern humans, and there’s a growing mass of evidence for a sophisticated Neanderthal culture that includes burial rituals, art and jewellery. Although their fossils are exclusively Eurasian, genetic evidence suggests Neanderthals actually became a separate population while still in sub-Saharan Africa up to half a million years ago, before spreading into Europe and becoming extinct in their homelands about 160,000 years ago.


[image: illustration] Newly discovered hominids
In recent years, archaeological finds have shown that some other hominid species survived until relatively recently. The Indonesian island of Flores was home to Homo floresiensis, a group of dwarf humans inevitably nicknamed ‘hobbits’. They seem to have been descended from an erectus population that evolved in isolation for a million years or more, and they may have survived until as recently as 50,000 years ago. In 2010, analysis of DNA from a 40,000-year-old finger bone found in Siberia’s remote Altai Mountains revealed another new species that we call the Denisovans. Perhaps most amazing of all, though, is Homo naledi, a hominid with a mix of ancient features, such as a small skull, and modern ones such as bipedalism. Found in South Africa and less than 250,000 years old, they were cousins of modern humans rather than direct ancestors.


[image: illustration] Why Homo sapiens triumphed
With fossils suggesting the last Neanderthals clung on in the extreme southwest of Europe until just 40,000 years ago, it seems that three hominid species disappeared quite soon after Homo sapiens started its own journey out of Africa, so it’s hard not to wonder if we were to blame. So far, however, there’s no undisputed archaeology showing violence between rival hominid species. It’s possible that our ancestors were simply better suited to a changing environment, perhaps out-competing their cousins for scarce food resources; certainly the arrival of H. sapiens in Europe coincided with a long period of significant climate change in the last Ice Age, and the final Neanderthal extinction coincides very closely with the last major cold snap.



TALK LIKE A GENIUS


‘ Almost every time someone discovers a new fossil hominid, they understandably try to show that it’s one of our direct ancestors – who wants to dig up an extinct aunt or uncle? ’


‘ The view of Neanderthals as grunting troglodytes is wildly out of date, but it’s been that way for 60 years now! It’s mostly based on a male skeleton that was found at a French village called La Chapelle-aux-Saints in 1908. A palaeontologist called Marcellin Boule analysed it and commissioned illustrations that showed a stooping ape-man. What Boule missed was the fact that the skeleton was a 40-year-old (pretty ancient for a Neanderthal) who’d lost his teeth and had advanced arthritis. Researchers spotted the problem in 1957 and since then, scientists have realized that Neanderthals were actually very close to modern humans. But they still can’t seem to shake off that old image – I blame Hollywood! ’


‘ There’s an interesting theory that modern humans went through a ‘genetic bottleneck’ about 70,000 years ago when our ancestors were reduced to just a few thousand breeding pairs. The same thing seems to have happened to some other animals, and some researchers have linked it to the Toba supervolcano that erupted in Sumatra around that time. It’s definitely still just a theory, though… ’


WERE YOU A GENIUS?


1 TRUE – Europeans, Asians and other non-Africans all carry about two per cent Neanderthal DNA.


2 TRUE – the aquatic ape theory suggests that our bipedalism, hairlessness and subcutaneous fat are all adaptations to a lifestyle hunting in water. However, the idea is very controversial.


3 FALSE –some scientists argued that Peking Man was the ancestor of Chinese people, but most remained focused on Africa.


4 TRUE – Sahelanthropus is an early hominid found in Chad. Only skull fragments are known but the arrangement of its spinal cord suggests an upright posture.


5 FALSE – while the brain-size comparison is correct, both Neanderthals and early European Homo sapiens had brains that were larger, on average, than our own.


[image: Illustration]


Our family tree is a lot more varied than we once thought it was, but our origins lie in Africa.





Language and consciousness


‘The deep structure that expresses the meaning is common to all languages, so it is claimed, being a simple reflection of the forms of thought.’


NOAM CHOMSKY


Some of the biggest questions in human evolution surround the things that seem to make us human – language, complex reasoning and self-awareness. None of these abilities leave direct archaeological traces, so it’s hard to know when exactly they arose, and how they influenced the distribution and lifestyle of Homo sapiens as we spread around the planet.


How and when did humans make the leap from instinctive animals to conscious beings, and was this leap intimately connected to the development of language?


[image: Illustration]


1 Most biologists agree that human language originates in a completely different part of the brain from typical primate calls.


TRUE / FALSE


2 A recent study suggests that our hominid ancestors were already going through evolutionary changes leading to a wider range of vocalizations as early as 4.5 million years ago.


TRUE / FALSE


3 One popular way of testing self-awareness in other animals is to see whether they notice a spot of dye on their reflections in a mirror. To date only primates, dolphins and killer whales have passed the test.


TRUE / FALSE


4 Some scientists have argued that the diffuse nature of consciousness is a result of quantum mechanical processes harnessed by special organs inside our brain.


TRUE / FALSE


5 Although they differ in their interpretation of the detail, most experts in linguistics accept Noam Chomsky’s basic idea of a ‘universal grammar’.
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