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Introduction

What is life? Biology is the study of life, so before we explore biology’s most important concepts, we probably need a rough idea of what ‘life’ actually is. Look it up in a dictionary, however, and you’ll end up going round in circles. Definitions will use phrases like ‘living things’ (in other words, life), organisms (again, life) and ‘animals and plants’ (that’s right, life!)

Biology is a science of exceptions, which helps explain why life is so hard to label. Take viruses, for instance: many biologists don’t think a virus is alive because it can’t reproduce outside a host cell. But that ignores cases like Mycobacterium leprae, an intracellular parasite that can’t live independently either. It’s not surprising scientists haven’t agreed on one definition.

While physics has lots of laws, biology’s only law is evolution – although reproduction requires genes and organisms have cells. The first three chapters of this book explore these fundamental topics, before we turn to the origin of life – technically, chemistry – and the tree of life. Later chapters are split into four sections of increasing organization: genes (chapter 6 to 16), cells (17 to 24), bodies (25 to 40) and populations (41 to 50). Along the way, we humans get our own chapter, as do viruses – which brings us back to that big question.

There are two ways to define life: what it has, and what it does – features like cells, and processes like reproduction. I think viruses are alive, so let’s say life ‘has’ a container to include the cell and viral coat. A body ‘does’ replication (reproduction) and populations adapt to an environment through evolution by natural selection. So what is life? Here’s my idea: a self-contained entity with the ability to replicate and adapt. It works, but it’s hardly catchy. If you come up with a better definition after reading this book, I’d love to hear it.

JV Chamary


01 Evolution

Every organism past and present is related through evolution, descended from common ancestors. The change over time is driven by genetic mutations and environmental adaptations, a process that has continued uninterrupted since the first life on Earth, producing the biodiversity we see today.

Life is one big family, and you are one leaf on an unimaginably large family tree. Humans are not descended from monkeys, but we are both primates – cousins. Our very distant relatives include everything from bacteria to birds, and every organism is descended from the great-greatest of grandparents, a community of simple cells that were the ancestors of all life on Earth. But while we are related through common descent, we end up different because any given population – a family, a species, the animal kingdom – can change over time. This is half of the theory of evolution, or as Charles Darwin called it, ‘descent with modification’.

MUTATION

Until the 19th century, people believed each kind of organism (species) could not change – they were fixed or immutable. Then in 1809, French naturalist Jean-Baptiste Lamarck presented his case for ‘transformism’ or ‘transmutation’ of species. His book, Philosophie Zoologique, proposed that species change due to pressures in the environment. Lamarck was right about why organisms adapt, but wrong about how they do it, thinking that adaptations could be acquired in an individual’s lifetime and passed from one generation to the next – the giraffe’s neck grew longer because its ancestors stretched to reach tall trees.

Lamarck’s theory, the inheritance of acquired characteristics, fell out of favour as scientists realised that body cells could not transmit traits. In 1883, German biologist August Weismann called this the germ-plasm theory: only reproductive cells such as sperm and egg carried hereditary information. Austrian monk Gregor Mendel, whose breeding experiments with pea plants were rediscovered in 1900, proved that characteristics are inherited as discrete particles – what we now call genes.


Darwin’s evolutionary tree


Charles Darwin’s first sketch to represent relationships between organisms, from Notebook B on ‘transmutation of species’ (1837). This early drawing of a tree of life shows a common ancestor at the root (annotated ‘1’). Branches ending with a ‘T’ (annotated A, B, C and D) are living things; the others are extinct groups.
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Today, the word ‘mutation’ is associated with genetic mutations and their impact on an individual’s features, such as metabolism and appearance. Mutations are the ultimate source of biological variation, and provide the raw material for nature to weed out organisms that are not well-suited to their environment. This is the second half of Darwin’s theory of evolution – natural selection.

ADAPTATION

Darwin published On the Origin of Species in 1859, the book that describes life’s diversity and the mechanism that drives populations to adapt to their environment: evolution by natural selection. The theory is often simplified to ‘survival of the fittest’, which is slightly misleading. First of all, ‘fittest’ obviously involves more than physical performance – in biology, fitness means the ability to survive and reproduce. Second, the environmental pressures driving Mother Nature to choose between individuals – such as competition for resources or mates – does not pick the best; it only filters out the worst. It is better to think of natural selection as ‘killing the least fit’.

‘FROM SO SIMPLE A BEGINNING ENDLESS FORMS MOST BEAUTIFUL AND MOST WONDERFUL HAVE BEEN, AND ARE BEING, EVOLVED’

Charles Darwin

Natural selection is the main force driving evolution forward, but it is not the only factor influencing how populations change. The opposite of natural selection is ‘purifying selection’, a process that prevents unnecessary change, or: if it ain’t broke, don’t fix it. A mutation can also have such a minor effect on an individual that it is effectively hidden from selection, so the mutation’s fate in the population’s gene pool depends on chance or random ‘genetic drift’. In the 1930s, population geneticists incorporated such ideas into the theory of natural selection to create the modern evolutionary synthesis, or ‘Neo-Darwinism’.

Evolution is like a car on a slight slope. The vehicle will roll slowly downhill due to reproduction and genetic drift. Apply the breaks to stop and enjoy the scenery (purifying selection). Push the gas pedal to accelerate and adapt, a process that is fuelled by mutations and variation (natural selection).

THE THEORY OF EVOLUTION

Part of the problem in understanding ‘the theory of evolution’ lies in differences between popular and scientific terminology. Biologists agree that evolution happens – it is fact, it is true – but can disagree on details of its underlying mechanisms: the theory. People confuse ‘theory’ with ‘hypothesis’ (a hypothesis is a testable prediction; a theory is the framework for ideas). Like any scientific theory, the details are constantly being refined – just as the theory of gravity is no longer based to Newton’s law of universal gravitation, but has added Einstein’s general theory of relativity. ‘Evolution’ is another confusing word. It means ‘unrolling’ – any gradual change – but is often used as a synonym for progress or development, which explains why science-fiction movies sometimes claim individuals can ‘evolve’.

Nature’s adaptations are so amazing that it can be hard to imagine how they could possibly form by multiple evolutionary steps. This produces incorrect interpretations like those of Christian philosopher William Paley, who in 1902 compared life’s complexity to the intricate workings of a watch. This Creationist thinking has been rebranded Intelligent Design, a logical fallacy based on ‘argument from ignorance’ or ‘the God-of-the gaps’. In both cases, if there is a gap in understanding by either layman or expert – a ‘missing link’ in the evolutionary chain (though scientists prefer the term ‘transitional fossil’) – then the explanation is assumed to be supernatural.


Intelligent design


Intelligent Design (ID) is the idea that living things are so complex that they must have been created by an intelligent designer, such as God or aliens. ID uses two main arguments. ‘Specified complexity’ claims that biological information, which encodes patterns and features, is so incredibly complex that the probability it could evolve by chance is impossibly low. Unlike a scientific theory, it fails to make testable predictions that would prove it true or false, and instead uses algorithms to detect design in abstract examples. ‘Irreducible complexity’ states that certain biological systems are too complex to have evolved from simpler parts. One example is the flagellum, the whiplike tail that some bacteria use for motility, which is compared to a mousetrap. In both cases, if you reduce the system to any combination of its components, it will not work. The evolutionary explanation is that parts of a system can appear in a step-wise process. Some bacteria use parts of the flagellum to stick to surfaces or release proteins, for example.





Looking at nature, it can also seem that species are perfectly suited to their environment. This leads to attractive ‘just so’ stories to explain characteristics, like a giraffe’s long neck. The organisms around us are a legacy of past adaptation, not the present-day environment. So to understand life’s features, you have to understand why they evolved in the first place. To quote an essay by geneticist Theodosius Dobzhansky: ‘Nothing in biology makes sense except in the light of evolution.’

The condensed idea

Populations mutate and adapt over time

TIMELINE

1809

Theory of evolution with species change over time outlined by Lamarck

1859

Darwin’s On the Origin of Species explains adaptation by natural selection

1865

Mendel’s laws of inheritance reveal genes as discrete units of heredity

1883

Weismann proposes characteristics are only inherited via reproductive cells

1910

Morgan and students show that genetic mutations are the source of variation

1930S

Modern evolutionary synthesis combines natural selection with genetics


02 Genes

Genes carry biological information from one generation to the next, and shape an organism’s every characteristic, from inner metabolism to its outward appearance. A full set of genes – the genome – encodes the instructions for building an individual and influences their ability to grow, survive and reproduce.

What is a gene? A dictionary will give an informal definition like ‘a unit of heredity that determines a characteristic’. This is how many of us understand the concept, which is why we might say beautiful people have ‘good genes’, sporting ability is ‘in your genes’ or that researchers have discovered ‘the gene for’ some feature or disease.

Different genetic variants are also ‘genes’, so a hypothetical gene for intelligence can be labelled ‘the genius gene’ or ‘the stupidity gene’, depending on the angle of a news story. Scientists do the same thing: for example, fruit fly development is controlled by genes such as hunchback and wingless – named after the effect of mutations, not what they do normally. Some of the confusion over the nature of genes can be blamed on the fact the concept has changed considerably in the past 150 years.

UNITS OF HEREDITY

Mankind has been breeding animals and plants for desirable traits for thousands of years, but the right explanation for how features are inherited was only revealed in 1865. The science of genetics began with the Austrian-Czech monk Gregor Mendel, who studied how characteristics like flower colour and seed shape are transmitted between generations. His breeding experiments with pea plants provided statistical observations that allowed him to devise laws of inheritance, principles that implied that the ‘elements’ that determine features are separate particles, discrete units of heredity we now call the genes.


Nature via nurture


There is no ‘nature versus nurture’ debate, at least among biologists. Arguments are exciting, which is why journalists often present nature and nurture as opposing views. A news story will also report scientific discoveries using phrases like ‘the gene for’ something, implying that nature completely determines a characteristic. And on the other hand, some social scientists, especially psychologists, claim that behaviour is determined by your upbringing. The truth is often somewhere in-between. Take human obesity, for example: genes control your predisposition to putting on weight through genetic variants that determine energy metabolism and whether your body responds to physical activity (nature), but staying fit and healthy also means not eating too many calories and getting regular exercise (nurture). And so an organism’s features and behaviour are almost always the result of an interaction between its genes and the environment – nature via nurture.





The gene went from abstract entity to concrete object in 1910, when American geneticist Thomas Hunt Morgan found a fruit fly with a mutation that changed eye colour from red to white. His breeding experiments showed that patterns of inheritance were linked to being male or female (determined by different sex chromosomes), and so that chromosomes are the physical structures that carry genes. Morgan and his students went on to show that genes are located at a specific place on a chromosome, and so the gene became a physical object at a distinct ‘locus’.

Chromosomes consist of two types of molecule: proteins and DNA (deoxyribose nucleic acid). Which is the genetic material? In 1944, the Canadian-American trio of Oswald Avery, Colin MacLeod and Maclyn McCarty demonstrated that non-virulent bacteria could be transformed into a deadly strain in the presence of DNA, but not other parts of cells, proving that DNA is the molecule that carries genes. Scientists had previously assumed that proteins were the genetic material because their chemical building blocks – amino acids – are more varied than the four nucleotide bases in DNA, making them a better candidate for encoding biological information. This thinking changed after DNA’s structure was revealed by James Watson and Francis Crick in 1953, as pairing between bases in the double helix revealed a way to copy information. The gene became a physical molecule.

PROTEIN-CODING SEQUENCES

Proteins do most of the hard work in the body, from forming a cell’s inner skeleton to serving as signalling molecules between tissues. Most importantly, many proteins are enzymes, catalysing the chemical reactions of metabolism that drive life. A gene’s affect on an organism’s characteristics – the phenotype – is not always visible, but is ultimately the result of how its genotype affects biochemical activity within cells. In 1941, by exposing bread mould to X-rays, American geneticists George Beadle and Edward Tatum showed that mutations caused changes to enzymes at specific points in a metabolic pathway. This led to the ‘one gene, one enzyme’ view (later ‘one gene, one protein’), seeing genes as instructions for making a functional molecule. Specifically, the gene became the blueprint for a protein.

‘IT SEEMS LIKELY THAT MOST IF NOT ALL THE GENETIC INFORMATION IN ANY ORGANISM IS CARRIED BY NUCLEIC ACID - USUALLY BY DNA’

Francis Crick

After solving DNA’s structure, scientists began to decipher how its instructions are used by cells, translating the genetic code of DNA into the language of proteins. The first discovery, by Francis Crick and colleagues in 1961, showed that genes use three-letter words, or triplets. The next five years showed that each triplet was a code for making a specific amino acid in a protein chain. But before a sequence of DNA letters can be translated, it must be transcribed – read and copied – into messenger RNA (mRNA), so genes must encode an uninterrupted run of triplets: an ‘open reading frame’. This reasoning led to the first gene being sequenced, from the bacteriophage MS2 virus, by Belgian biologist Walter Fiers in 1971.

American geneticist J Craig Venter led a team that published the first DNA sequence for a complete organism (the bacterium Haemophilus influenzae) in 1995 – the locations of potential genes was predicted by scanning the sequence for open reading frames. The genome was now data in a computer, and the gene an annotated genomic entity.

FUNCTIONAL PRODUCTS

The protein-centric view of the gene is still the most popular way to explain its function, but DNA also encodes the blueprints for making RNA. Small ‘transfer RNA’ molecules are used to decipher the genetic code during translation: for example, whereas the machine that strings amino acids together into a protein – the ribosome – is built around ‘ribosomal RNA’. Since the 1980s, various other kinds of ‘non-coding RNA’ have been discovered to control aspects of genetic activity.


The double helix


Genes carry biological information, which is encoded as a sequence of nucleotide bases (letters) in DNA. The beauty of DNA’s double helix structure is not its spiral, but the complementary pairing between bases on the two strands. This allows each strand to be a template or backup for the other, making it ideal for carrying genetic instructions.
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While genomes in organisms like bacteria consist mainly of protein-coding genes, the genomes of many species are mostly non-coding DNA – around 98 per cent of the human genome does not encode proteins. The ‘genomics age’ has revealed that genes often consist of several pieces scattered along a chromosome, sometimes overlapping with each other. DNA is full of functional elements, such as genetic control switches, that can be far from their associated gene. In 2007, Yale University biologists working on the ENCODE (Encyclopaedia of DNA Elements) project came up with a new, somewhat wordy definition: ‘A gene is a union of genomic sequences encoding a coherent set of potentially overlapping functional products.’

The condensed idea

Units of heredity encode functional biomolecules

TIMELINE

1865

Discrete unit of heredity: Mendel’s experiments suggest genes are particles

1910

Distinct locus: Morgan and students show genes are located on chromosomes

1941

Blueprint for a protein: Beadle and Tatum reveal mutations change enzymes

1944

Physical molecule: Avery, MacLeod and McCarty prove DNA is genetic material

1961

Transcribed code: Crick and colleagues show genetic code uses triplet sequences

1995

Annotated genomic entity: DNA sequences used to predict genes, including RNA

OPS/images/cover.jpg
50

IDEAS YOU REALLY NEED TO KNOW

BIOLOGY

JV CHAMARY





OPS/images/title.jpg
50

IDEAS YOU REALLY NEED TO KNOW

BIOLOGY

JV CHAMARY

Quercus















OPS/images/pg_005.jpg





OPS/images/pg_011.jpg





