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CHAPTER 1

What is photosynthesis?

When my wife wants to get my attention with an urgent email, she writes ‘Algae, Algae, Algae’ in the subject line. Embarrassingly, I fall for this trick every time. However, I will reluctantly concede that not everyone is as fascinated by single-celled organisms as I am.

And I will also recognise that many readers may be forgivably hazy as to what this weird 14-letter word ‘photosynthesis’ means. Some may even have bad childhood memories of trying to learn the following formula:
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So, at the outset of this book, let me try to describe this miraculous energy machine.

1.   Photosynthesis is the process by which biological organisms capture light energy to combine simple environmental chemicals like water and gases and convert them into useful and more complex compounds that fuel growth, reproduction, movement and almost all life on this planet.

2.   Organisms that use such external energy sources are called primary producers. These form the base for all food chains, including our own.

3.   Photosynthesising organisms are not just green land plants. There are many others that are very important for balancing global nutrient, energy and chemical cycles.

Discovery

Until 400 years ago, the conventional wisdom was that plants ‘ate’ dirt. Yes, we believed those green rascals chomped on the soil. People held this view despite tens of thousands of years in which they had tended, observed, selected, named, classified and processed plants with the greatest care and sensitivity.

We had discovered that fruit, grains, nuts and berries make highly nutritious food, and storing it for lean times obviously made sense even to stone-age hunter-gatherers. Planting crops enabled people in lush and meteorologically benign places to settle. Producing, trading and preparing food became – as it still is today – a major source of wealth and employment across the world. Our clothing, housing and very survival depended on growing plants.

Throughout all this time, humans – the smartest creature on the planet – had prospered by learning from their environment and noticing the smallest of details. And still, somehow, for several millennia, people did not spot that plants need light. Instead, the prevailing dogma was that plants consume the soil that they grow on. I suppose it is possible to see how such a misconception could have started. Fallow fields, which have had a season to recuperate after a harvest, do better than those that are continuously farmed. Spent soils are spent. That is still true today, so maybe the misconception that plants eat soil was related to our understanding of the need to recharge the land.

Even so, it is still pretty remarkable that we did not make a connection with light. The sprout on a potato that has been stored over winter in a light-tight basket is yellow. If you then take it out and expose it to light, the same sprout turns green within a day. Surely people observed such changes in colouration? You would have thought that farmers would have made the connection between light and the satisfying green look of plants; that Peruvian potato cultivators, who cherished their beautiful flowers, would have worked out how much light their favourite spuds needed. What about sunflowers that turn their faces to the sun? It seems improbable that nobody made the connection between growth and the sun, and yet it was not documented.

Mystics, priests and physicians

It was not until the 17th century that a better understanding began to emerge but, frankly, even then it was faltering progress.

The first breakthrough came from a Flemish alchemist whose medical experiments, apparently inspired by dreams of the archangel Raphael, had to be hidden from the Spanish Inquisition. Jan Baptist van Helmont was a physician primarily focused on the study of human physiology. He introduced the mystical term ‘gas’ into medical literature. He discovered that the ‘fermenting must’ – carbon dioxide in today’s language – made the air in wine cellars unbreathable and was carried in blood running through veins and expelled by the lungs.

In the 1620s, van Helmont turned his attention to testing the dogma that soil was consumed by plants. He cultivated a willow tree sapling in a covered pot, filled it with 200 pounds of carefully weighed and dehydrated soil, then watched the tree grow. Five years later, he found the tree had gained 169 pounds in weight, while the soil weighed only two ounces less. He concluded, partially correctly, that plants consume water instead of soil. One can quibble with the exact methods, but this was the first modern reference to a structured and often repeated experiment that tested what plants need to grow.

Like so many discoveries in science, the idea for it had probably been around a lot longer. Leonardo da Vinci had conducted a similar experiment with pumpkin seeds that was later discovered in his unpublished notebooks.1 Da Vinci, in turn, may have been inspired by Nicholas of Cusa, who suggested the experiment in his book De staticis experimentalis in 1450.2 And Nicholas of Cusa himself may have been inspired by a Greek text dated between 200 and 400 AD called Recognitions. Ideas can hang around for thousands of years before someone actually tests them.

Van Helmont got us halfway there by proving that plants don’t eat soil. Ironically for someone who had studied the biological function of carbon dioxide, he completely missed the fact that his tree was consuming gases and light. Perhaps, had the Spanish Inquisition not placed him under house arrest for blasphemy, his findings might have been debated and repeated sooner. Instead, they remained unnoticed until 1648, when his book Ortus Medicinae3 was published posthumously by his son.

A further advance in human knowledge almost happened in 1679 when a French physicist and priest, Edme Mariotte, developed a theory that plants might acquire part of their nourishment from the air. He was a gifted man who was present at the foundation of the French L’Académie des Sciences, but unfortunately, he failed to publish his findings. Indeed, Discours de la nature de l'air, de la végétation des plantes. Nouvelle découverte touchant la vue only made it into print 250 years later, in 1923.4 Note to young scientists: please publish, disseminate, test, repeat and discuss your findings – do not expect your ideas to emerge by magic. And, even then, sometimes ideas have to circulate for a long time before they are accepted.
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Figure 1: In 1727, Stephen Hales built his own equipment to trap gases, which could then be fed to plants. Image of combustion gas trap redrawn from Vegetable Staticks [sic].



Instead, we had to wait until the 18th century for the next landmark on this slow journey of scientific discovery. Stephen Hales, an English clergyman whose many achievements included the first measure of blood pressure, began studying a process called transpiration – or the loss of water from leaves. He surmised that ‘plants very probably draw through their leaves some part of their nourishment from the air’.

Huffing and puffing through his lung-powered homemade bellows and strange ‘re-breathing’ machines, he experimented with inverted bottles, and observed that the volume of air above the water surface decreased when a plant was grown in a closed atmosphere. He concluded that air was ‘being imbibed into the substance of the plant’. In his 1727 book, Vegetable Staticks,5 he even conjectured that light might be an energy source for plants.

These ideas began to percolate through Europe. In 1779, a Dutch physician called Jan Ingenhousz decided to test the idea that plants exchange air by submerging leaves under water in sealed bottles and then waiting for bubbles to form. Bottle after bottle of drowned leaves testified to the failure of these early experiments until a shaft of sunlight accidentally illuminated one of his bottles. Within minutes, he was watching the formation of the long-awaited bubbles.

Ingenhousz, anchored in the scientific tradition of the day, was surprised that light had anything to do with it. He repeated the experiment with many different plants in dark and light bottles. He even tested whether it was thermal heating from his fire-place or the visible light of the sun that caused the bubbles to form. Eventually, he deduced that light was necessary for bubble formation and concluded the released gas was ‘fire air’, soon to be called oxygen. He went on to test which gases were emitted in the dark and described these as ‘damaging the air’ in contrast those emitted during the day, which ‘purified’ the air. Today we know that the plants removed carbon dioxide from spent air during the day.

By the end of the Enlightenment, we were really making progress, and scientific understanding of photosynthesis was about to take a giant step forward, thanks to Erasmus Darwin. He was a polymath physician, pathologist and botanist, as well as the grandfather of the rather more famous Charles Darwin. He was also a slave-trade abolitionist, a supporter of women’s education (especially for his illegitimate daughters) and the writer of bizarre poems such as ‘The Loves of the Plants’.6 It was in this poem in 1789 that he first touched on heavily concealed concepts of biological evolution.

This poem, found in Part II of Darwin’s book The Botanic Garden, is prefaced with an ‘Apology’ that outlines how it presents theories and scientific information through the deployment of mythic beings – gnomes, sylphs, nymphs and salamanders, as well as deities of Egypt, Rome and Greece – in the hope of making them more accessible. Without an index or any discernible structure, the poem merrily jumps from topic to topic. For example, the first canto contains the following order of subjects: ‘Hesperian Dragon, Electric Kiss. Halo around the heads of Saints, Electric Shock, Lightning from Clouds. Cupid snatches the Thunder-bolt from Jupiter, Phosphoric Acid and Vital Heat produced in the Blood. The Great Egg of Night. Western Wind unfettered.’ The Botanic Garden is made up of two books, each with four cantos, and the whole thing is a wild muddle, interspersed with additions, arguments, footnotes and lists of scientific findings and data.

Yet, in ‘Note 5’ on Sun Rays, Erasmus Darwin adds the following to Canto 1.I.136:


Some modern philosophers are of opinion that the sun is the great fountain from which the Earth and other planets derive all the phlogiston [burnable material] which they possess; and that this is formed by the combination of the solar rays with all opake [sic] bodies, but particularly with the leaves of vegetables, which they supposed to be organs adapted to absorb them. And that animals receive their nourishment from vegetables they also obtain in a secondary manner their phlogiston from the sun. And lastly as great masses of the mineral kingdom, which have been found in the thin crust of the earth which human labour has penetrated, have evidently been formed from the recrements of animal and vegetable bodies, these are also supposed thus to have derived their phlogiston from the sun.



The additional notes added to the poem continue with some wildly improbable theories about how the sun works. Yet, in his obscure way, Darwin had stumbled on exactly what happens with photosynthesis and plant growth.

Emerging from this melange of archangels, alchemy, sylphs and experiments with homebuilt apparatuses was a new understanding that plants absorbed air and water to produce usable energy. Crucially, this early biology had also enabled people to see that sunlight was necessary for the process of turning water and gases into food and oxygen. This is the core tenet of photosynthesis. Although this new idea took hundreds of years to develop, it eventually removed the misapprehension under which human beings had laboured for millennia: that plants ate soil.

There is another lesson in these stories. Even at a time when communications were desperately slow and books were being published posthumously by quirky investigators, ideas could still migrate across countries, grow and trigger structured experimentation. Sure, the equipment was crude, messages were concealed in obscure analogies and progress was painfully slow. Of course, many other scientists confounded the debate, with learned repetition of the status quo. Yet the lessons from these experiments were reproducible and demonstrable and slowly they began to transform our understanding of nature.

Think for a moment about the danger of the old belief that land was being consumed by hungry green creatures called plants. This view made the world a finite, declining and pessimistic place. In contrast, by learning that plants turn sunlight, water and air into food, we discovered that the world was not finite – that there was ‘new’ production. And that this plant-mediated production complemented our animal-based consumption: they inhale what we exhale. Instead of a world in which plants and animals were both eating up a limited amount of food and land on the planet, we were understanding that expansion and growth were possible. And, at the dawn of the 19th century, that was very necessary.

Feeding the masses, fuelling the revolution

The sporadic scientific progress being made by alchemists, priests, poets and physicians was about to accelerate. Revolutions – political, agricultural and industrial – were creating modern nation states with educated, organised and potentially rebellious populations that demanded ever-greater quantities of food.

Three scientists, all of them very much products of their tumultuous century, and often a degree of personal torment, deserve credit for advancing our knowledge at this crucial time.

The first of them was Justus Liebig. Growing up in Darmstadt in the Rhineland, he experienced the famine of 1816 – the ‘year without a summer’ – when food crops were destroyed under the darkened skies caused by the explosion of the Tambora volcano in Indonesia. The experience is said to have shaped his later work as the founder of agrochemistry, a branch of science that would harness the power of plants to feed the world like never before.

His first experience of chemistry was helping his father mix paints and pigments for sale while experimenting with ‘fulminating mercury’. Then bad things began happening to him. He was expelled from his pharmaceutical apprenticeship after burning down the attic of his mentor. Later he was forced to flee university because of his sympathies for nascent German nationalism. But Liebig got a second – and even a third – chance, possibly because he was a particularly beautiful young man. His sonnet-writing friend August Platen described him as a ‘lean figure, with an earnest friendliness in his symmetric face and large brown eyes with shadowy eyebrows, [which] arrest you in first seeing him’.7 He secured a grant to study at the Sorbonne in Paris with many of chemistry’s greatest minds, including Alexander von Humboldt, who, impressed with Liebig’s explosive mercury experiments, recommended him for a professorship at the University of Giessen. Some of the faculty there did not appreciate having a young professor with dodgy revolutionary ideas foisted on them and, initially, to make things worse, his fertiliser experiments failed. Ridiculed by his colleagues, struggling with funding and sometimes paying for his staff and laboratory out of his own salary, he updated his book Agrikulturchemie seven times before it was published in its final form in 1856.

Finally, while struggling through multiple episodes of exhaustion, he succeeded in creating new nitrogen-based chemical fertilisers that would increase yields at reduced cost. He also demonstrated how depleted soils must be replenished with organic matter to support their health. He thus established for the first time a method and the tools by which farm yields could be improved on exhausted soils, without farmers having to leave the fields fallow while they regenerated naturally.

In the meantime, Liebig also co-discovered chloroform, found less toxic ways to make mirrors, revolutionised analytical chemistry, invented baking powder, created a meat extract to treat cholera patients that would later become Oxo cubes and modernised baby food for orphaned babies. Of course, the university that once gave him such a hard time now carries his name.

The second key scientist in the 19th century was another German, Julius Sachs. He spent much of his childhood in Breslau going on expeditions with his father, an engraver, to collect samples of flowers and fungi which they would then paint. Sadly, while he was in his teens, his father, mother and brother all died within a year of each other, and he was forced to earn a living by staining and preparing anatomical samples as teaching materials. However, he continued to pursue his botanic obsession, staying up all night – using vast amounts of cocaine – to meticulously categorise different plants.

Technological advances in microscopes, which enabled 300-to-600-fold magnification, combined with Sachs’s sample preparation and tissue-staining skills, meant he could see live cellular structures in plants, including the units within cells called organelles and the ‘green granules’, now known as chloroplasts, which are actually responsible for photosynthesis. By the time he was a famous university director, he had personalised high-powered microscopes and used them to paint beautiful large folios as visual aids for his lectures. These still rival modern photography in clarity and elegance.

In 1862, Sachs made a series of breakthroughs when he removed pigments from leaves and stained their chloroplasts with iodine. This is a substance that is selectively absorbed by starch, an energy-rich storage product made of glucose molecules. By comparing leaves that had been exposed to light with those that had been kept in the dark, Sachs discovered that the former produced starch, but the latter did not. Plausibly, he concluded that light was therefore necessary for starch production. Through his high-magnification observations of leaves, Sachs saw that their pores were actively opening and closing like our lungs do when we breathe. He understood not only that carbon dioxide was absorbed by the leaves when they were exposed to light and the pores were open, but also that this carbon dioxide was being converted into starch. And, because starch is made of the same glucose molecules as cellulose, Sachs then made the logical leap that starch was necessary to make the structural parts of plants such as stalks and stems.

At this point the baton was picked up by a third 19th-century pioneering scientist: Jean-Baptiste Boussingault. His career included two years working as a mining engineer and climbing volcanoes on the staff of the South American revolutionary General Simon Bolivar. On his return to his native France, he continued to dabble in politics. His views on decolonisation and his role as a Republican member of the French National Assembly caused him to be briefly stripped of his professorship in Paris. But his place in history is as a scientist. Boussingault was instrumental in quantifying the need for Liebig’s nitrogen-based fertiliser for crop production and started the world’s first agricultural research station. Most notably of all, in 1864, he made quantitative measurements of carbon dioxide uptake and oxygen production to balance the equation we are all taught when we first study photosynthesis:
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By 1893, all the components of the plant growth formula had been determined, whereby water and carbon dioxide in combination with sunlight are turned into sugar (glucose) and oxygen inside the green chloroplasts of plants. All the formula needed was a better name. Charles Barnes, the American botanist, declared that the terms ‘assimilation’, ‘assimilation proper’, and ‘assimilation of carbon’ were inadequate or inappropriate.8 He proposed the terms ‘photo-syntax’ and ‘photosynthesis’ to describe the process of ‘synthesis of complex carbon compounds out of carbonic acid [carbon dioxide dissolved in water] in the presence of chlorophyll, under the action of light’.

It had taken nearly three centuries for all these mystics, alchemists, priests, physicians, poets, cocaine-snorting scientists and adventurers to describe the fundamental natural process of photosynthesis. With this new knowledge, people at last understood that plants inhale the carbon dioxide that we exhale, that they are a vital complement to animals and that we are inextricably linked to plants through the shared medium of the air we breathe.

These insights bled across the borders of scientific disciplines. Towards the end of the 19th century, the idea that carbon dioxide and water vapour trap solar heat in the atmosphere was first conceived. Eunice Foote, an American women’s rights campaigner, was the first to measure the heating absorption of different gases. She theorised that an atmosphere of carbon dioxide would give to the Earth a high temperature. Three years later, John Tyndall worked out that the infrared portion of sunlight was absorbed by carbon dioxide, resulting in heat absorption.

Finally, this process was measured in our atmosphere and named by Svante August Arrhenius, Sweden’s first Nobel Laureate. Using infrared observations of the light reflected from the moon, he determined: ‘If the quantity of carbonic acid increases in geometric progression, the augmentation of the temperature will increase nearly in arithmetic progression.’ He named the heat transfer from these atmospheric gases to the Earth’s surface the ‘greenhouse effect’.9 Arrhenius used his calculations to gain a better understanding of how ice ages had been caused by photosynthesis absorbing too much carbon dioxide and thereby cooling the planet. He also reached the corollary conclusion that human carbon dioxide emissions would heat the planetary surface. Science has known about atmospheric heating by excess carbon dioxide since 1856, even if it has taken more than a century for people to begin considering whether we should do anything about it.

Let’s pause for a moment and look at the scale of these achievements. The story of how we came to understand photosynthesis did not happen in isolation. It coincided with an enormous increase in the human population from 540 million to 1.65 billion.10 There were three times as many mouths to feed and food production consequently needed to treble by creating better fertilisers and increasing agricultural yields. This could only have happened because we had discovered what made plants grow.

In the century or so since Charles Barnes gave the process a name, ever-better analytical techniques and modern chemistry have created a more nuanced understanding of photosynthesis. Scientists have found that green plants are not the only organisms that photosynthesise. They have discovered multiple different forms of photosynthesis, including weird microorganisms that do not actually make sugars.

These new discoveries have meant we have since adopted a broader definition of photosynthesis as ‘a process in which light is captured and stored by an organism, and the stored energy is used to drive energy-requiring cellular processes’.11

Land plants are, of course, the photosynthesisers we know best because they are most easily reached and understood. But there are many more small organisms photosynthesising, either living in extreme and unfamiliar places or hiding in plain view.

A great deal of the work needed to uncover these unfamiliar organisms has been done at the Hopkins Marine Station at Lover’s Point in California. This research centre was founded by the American railway tycoons, Mary and Mark Hopkins, who picked a location where otters had been decimated for the value of their fur and there was an abundance of sea snails and other life in the ocean. Lover’s Point got its name because Chinese fishermen, working at night with lights designed to lure squid, softly illuminated the beach for couples embarking on a night-time stroll, romance and more.

In the 1930s, a Dutch scientist, Cornelis Bernardus van Niel, whose previous work had been dedicated to isolating the bacteria that make the holes in Emmenthaler (Swiss) cheese,12 joined the marine station. Traumatised by the First World War, he considered Lover’s Point to be a relatively quiet retreat in which to cultivate ‘aesthetically pleasing’ bacteria, and it was in doing this that he made the discovery that bacteria do not require carbon dioxide and water to photosynthesise like land plants do.

In a study of two particular types of bacteria, purple sulphur and green sulphur, van Niel carefully measured what they consumed and quantified their waste products, and discovered that both of these mud-dwelling bacteria use hydrogen sulphide – the chemical which gives off the rotten-egg smell – for photosynthesis, which is why swamps sometimes stink as badly as they do. He found that other bacteria grew in the absence of oxygen but only if carbon dioxide and light were plentiful. He concluded that these forms of photosynthesis required something other than water as a reducing agent, and could
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