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Figure 1. An idealized profile of dissolved oxygen and hydrogen sulfide gas 

(which smells like rotten eggs) in the upper 300 meters of the Black Sea. This 

body of water is unique in the ocean; in most ocean basins and seas, oxygen 

is detectable to the seafloor. Just below the depth at which 1% of the sun-

light from the surface remains, there is a very narrow layer of photosynthetic 

bacteria that split the hydrogen sulfide with energy from the Sun, for their own 

growth. The metabolism of these organisms is extremely old; it probably evolved 

more than three billion years ago, when oxygen concentrations on the Earth’s 

surface were extremely low.

of their former habitat. The photosynthetic green sulfur bacteria, which 
turned out to be the organisms responsible for the strange fluorescence 
signal, are obligate anaerobes; they use energy from the Sun to split 
hydrogen sulfide (H2S) and use the hydrogen to make organic matter. 
These organisms can live at very low light intensities but cannot tolerate 
exposure to even small amounts of oxygen.

As we traversed the Black Sea over the next several weeks to sample 
different areas, we saw dolphins and fish in the upper ocean, but there 
were no multicellular animals below the upper 100 meters or so. Ani-
mals can’t live for long without oxygen, and there appeared to be none 

231518IKS_LIFE_cs6_pc.indd   10 14/01/2015   16:44:51



the missing microbes  19

Figure 2. A reproduction of the doodle that Darwin sketched in Notebook B 

between 1837 and 1838. The basic idea is that extant species are descended 

from extinct species but are also related to other extant species to form a 

historical tree of life. This doodle was the kernel for the theory of descent with 

modification followed by selection—the core of Darwinian evolution. (With 

permission from Cambridge University Press and thanks to Peter and Rose-

mary Grant.  Copyright © 2008 The Committee for the Publication of Charles 

Darwin’s Notebooks.)

The concept of genes and the basis of the physical inheritance of 
traits were totally unknown to Darwin, or anyone else at the time. 
(Gregor Mendel would not present his work on inheritance of traits 
in peas until more than six years after the publication of the first edi-
tion of The Origin of Species, in 1866). Indeed, despite the confusion 
in most biology texts, Darwin would not have had a major problem 
accepting Lamarck’s basic concept that organisms can inherit traits from 
their environments; however, Darwin’s major contribution was the idea 
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Figure 5. An illustration of the type of microscope invented and used by Anton 

van Leeuwenhoek. The single spherical lens was placed in a small hole between 

two plates. The sample was held close to the lens with a small screw, and 

the observer placed his eye close to the lens and held the microscope up 

the light. Despite its simplicity, this type of microscope could magnify up to 

400  times, depending on the quality and size of the lens.

The glass spheres Leeuwenhoek used were about one and a half to three 
millimeters in diameter. There was a tradeoff in the design of the lens: the 
smaller the lens, the higher the magnification, but also the smaller the 
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Figure 7. Illustration of the shapes of microbes described by Ferdinand Cohn in 

his treatise Über Bakterien: Die Kleinsten Lebenden Wesen, published in 1875. He 

characterized these organisms as related to algae and plants and assigned 

them to four families by shape: 1. the Spherobacteria (spherical bacteria); 2. 

the Microbacteria (short rods); 3. the Desmobacteria (straight filaments); and 

4. the Spirobacteria (spiral filaments). This basic, simple system of descriptive 

classification was useful and persists to the present time.

Perhaps the most important of Cohn’s contributions was that he 
rediscovered the field of microbiology. Like Leuwenhoek, he showed that 
microbes are all around us: in water, soil, and the air; in our mouths 
and guts; on our hands, clothes, and food. But, unlike most of his con-
temporaries, Cohn was not focused on the role of microbes in causing 
human disease.  Although he worked on microbial diseases of plants and 
animals, and was far less famous than Pasteur, he had an even broader 
vision. He saw microbes as organisms that helped shape the chemistry 
of the Earth—the planet’s metabolism. Early in my career, Cohn was an 
inspiration. He was an amazing pioneer of environmental microbiology.

One of Cohn’s contributions to microbiology was the isolation of 
specific strains of microbes, that is, genetic variants of a species. He 
developed techniques to grow microbes in liquid media with a particular 
nutrient added to coax one strain or another to grow rapidly. In 1876, 
two hundred years after Leeuwenhoek had described microbes, a rural 
German physician, Robert Koch, visited Cohn to ask advice about the 
cause of anthrax. Koch had isolated a potential resting stage of the anthrax 
bacterium from soils and had developed a new technique for culturing it. 
His approach was simple, ingenious, and unique. It was based on isolat-
ing the microbes on the surface of a gel, where colonies, derived from a 
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Figure 8. Carl Woese and George Fox’s tree of life relates living organisms to 

each other based on ribosomal RNA sequences. Woese and Fox discovered 

that the bacteria are actually two super families of distinctly different organisms, 

Bacteria and the Archaea. Furthermore, animals and plants are subgroups 

within a larger family of eukaryotes, Eucarya. The vast majority of organisms 

in this tree of life are microbial.

a universal phylogenetic tree of life. The tree was fundamentally differ-
ent from what Darwin had envisioned. Life on Earth is much more than 
plants and animals, and much, much more than Leeuwenhoek, Hooke, 
or even Darwin could possibly have imagined. The overwhelming major-
ity of life on Earth is microbial! In fact, there are far more species of 
microbes than there are of all plants and animals combined. We don’t 
really know how many there are, but the number is in the several mil-
lions, at a minimum. What we do know is that the basic structure of 
the tree of life has helped us understand that all extant life on Earth is 
derived from a single, extinct microbial organism.

But if all life on Earth is derived from a common microbial ancestor, 
when did that last common ancestor arise?
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Figure 9. An electron micrograph of a thin section of a green algal cell. This 

organism is a eukaryote (see Fig. 8), and like all eukaryotes, contains several 

internal organelles that are bound by membranes. In this algal cell, the organelles 

include a chloroplast (C), mitochondria (M), a nucleus (N), and a Golgi appa-

ratus (G). (Original photomicrograph by Myron Ledbetter and Paul Falkowski)
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Figure 10. A diagram of the structures of ribose and deoxyribose.  The former is 

found in ribonucleic acids (RNA) the latter is in deoxyribonucleic acid (DNA).

Palade discovered that the small balls contained both protein and a 
nucleic acid, but the function of the little components would not be 
understood for more than another decade. It was clear, however, that 
the nucleic acid in the nucleus was DNA, whereas that in the ribosome 
contained ribonucleic acid—another type of nucleic acid with a different 
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Figure 11. A cartoon showing the basic function of a ribosome. This nanoma-

chine makes proteins using a template of information originally encoded in 

DNA and transcribed by a messenger RNA molecule. The messenger RNA mol-

ecule provides the information for the sequence of amino acids for a specific 

protein; each protein in a cell has a specific messenger RNA. The ribosome, 

which also contains RNA but is organized into a larger structure with many 

proteins, “reads” the information from the messenger RNA and uses a third RNA 

molecule with a specific amino acid attached (transfer RNA) to build up the 

protein one amino acid at a time. The protein emerges from the ribosome to 

finds its proper place within the cell.

But even the best electron microscopes couldn’t resolve what was inside 
the ribosomes that Palade had isolated. Solving that problem needed an 
even more powerful imaging tool.

In the early twentieth century, shortly after the discovery of radioactiv-
ity, it was realized by physicists that X- rays, which are very high energy 
particles of light, are scattered by crystals in a very organized fashion. 
X- rays have much more energy than electrons and can resolve very tiny 
structures—even down to the level of individual atoms. By taking many
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which were in turn very different from the eukaryotes. While the dif-
ferences in the nucleic acid sequences in the ribosomal RNA allows us 
to trace the evolutionary history of all living organisms, the differences 
in the RNA sequences do not affect the basic function of the ribosome. 
All cells make proteins in exactly the same way.

But making proteins isn’t simple. Amino acids don’t spontaneously 
form chemical bonds with each other. To form the bonds between two 
amino acids requires energy. So where does the energy to make the 
proteins come from? It is made by another set of nanomachines, which 
are found elsewhere in the cell. Here the world inside the cell gets even 
more bizarre.

The basic currency of energy in all cells is a molecule called adenosine 
triphosphate (ATP), a single nucleic acid molecule that is found in both 
DNA and RNA and contains a sugar and three phosphate groups linked 
one after the other. When this molecule is used in a biochemical reac-
tion, it is cleaved to adenosine diphosphate (ADP) and a lone phosphate. 
The cleavage of ATP produces chemical energy, which is used for many 
purposes. One of the major functions of ATP in all organisms, especially 
in microbes, is in the synthesis of proteins. Another is for motility. Yet 
another is to pump ions, such as protons, sodium, potassium, and chlo-
ride, across membranes. All these functions and more are found across 
the tree of life. The universal distribution of ATP in all cells on Earth 
raises the question, how do cells make ATP?
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Figure 13. The basic currency of biological energy across the tree of life is 

adenosine triphosphate (ATP). When ATP is combined with water in enzymes, 

a phosphate group can be cleaved from the molecule to form adenosine 

diphosphate (ADP) and inorganic phosphate. That reaction releases the energy 

that all cells use for life.
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Figure 14. Adenosine triphosphate is made in cells by generating gradients of 

electrical charge across a membrane. In many cells and in two organelles, 

the mitochondrion and the chloroplast, the charge gradient is created by a 

proton gradient—that is, more protons (hydrogen ions) on one side of a mem-

brane than the other. As the protons are funneled through a coupling factor 

embedded within the membrane, ATP can be made (see Fig. 15).

than the other. When the protons moved from the side where they 
were more concentrated to the side where they were less so, ATP was 
formed. The process, which Mitchell called chemiosmosis, required that 
the membranes inside the mitochondria remain intact.

Shortly after Mitchell published his hypothesis in 1961, a young 
researcher at Cornell University, André Jagendorf showed that a similar 
process exists in chloroplasts. Jagendorf isolated chloroplasts from leaves 
and bathed the organelles in an acidic solution but kept them in the 
dark. The chloroplasts could not photosynthesize because there was no 
light, but the inside of the organelles became acidic. He then transferred 
the chloroplasts to a neutral solution in the dark and showed that as the 
protons flowed out of them, ATP was formed. It would take another two 
decades to reveal the responsible machinery and how it operated, but in 
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Figure 15. A cartoon showing the basic mechanism by which a coupling fac-

tor generates ATP from the flow of protons. The protons pass through a stalk 

in the membrane; as they do so, the stalk physically turns, and the head of 

the nanomachine, which is on the opposite side of the membrane, oscillates. 

The physical oscillation allows ADP and inorganic phosphate (see Fig. 13) to 

attach to the head group, where they are chemically bonded to form ATP.

dependent on membranes, all organisms must maintain an electrical 
gradient across their cell membranes. Among other things, electrical 
gradients are essential for transporting essential nutrients into cells and 
for transporting waste products out. But the electrical gradients produced 
by operating a coupling factor in “reverse” consumes energy.

Somehow, somewhere, biological machines have to acquire energy 
from the environment to generate the intracellular energy required to 
create  the electrical gradients, or otherwise life would rapidly stop. The 
energy that powers all life on Earth is ultimately derived from the Sun. 

231518IKS_LIFE_cs6_pc.indd   60 14/01/2015   16:45:51



62  chAPter 4

Figure 16. A schematic illustration of a reaction center in oxygen- evolving organ-

isms. This is the only biological nanomachine capable of splitting water. It is 

composed of many proteins, and its primary role is to use the energy of the 

Sun to split water into oxygen, hydrogen ions, and electrons. The structure is 

embedded within a membrane, and the hydrogen ions from the water- splitting 

reaction are deposited on one side of the membrane. They flow through the 

coupling factor (Fig. 15) to generate ATP and eventually meet up with the 

electron on the other side of the membrane.

center emits red light—it literally glows. But more frequently, the energy 
of light is sufficient to push the electron on to another molecule that 
really doesn’t need it but will temporarily accept it. How does that work?

Let’s imagine for a moment you are an electron waiting for subway 
during rush hour. A train arrives at the station, but it is fairly full of 
other electrons. Now it is obvious that as an electron with a negative 
charge, you don’t want to be in the same car packed with a whole lot 
of other electrons, each of which has a negative charge. The atmosphere 
in the train is very negative. But as the doors open, a man dressed in a 
uniform and white gloves pushes you into the car. (This really happens 
during rush hour in some cities.) The man in the uniform acts like par-
ticle of light—pushing you into an environment where you don’t want 
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Figure 20. A vertical profile of the distribution of two forms of nitrogen, nitrate 

(NO3), and ammonium (NH4), in the Black Sea. Note that where oxygen becomes 

vanishingly low (Fig. 1), those forms of nitrogen also become extremely scarce.

reactions with nitrogen wasn’t an  ion, like sulfate—it was two gases,  
and went back into the atmosphere. The nitrogen cycle, driven totally 
by microbes, prevented the planet from having oxygen for a long time. 
Indeed, work with my colleagues at Rutgers, especially Linda Godfrey, 
suggests that for at least 300  million years before the Great Oxidation 
Event, the cyanobacteria had produced oxygen, which was ultimately 
used by other microbes to convert ammonium to nitrate, and then 
on to nitrogen gas, with the result that the ocean lost fixed nitrogen. 
 Without the fixed nitrogen, phytoplankton would not be able to make a 
lot of cell stuff and organic carbon could not easily be formed. If organic 
carbon can’t be easily formed, it can’t be buried. If organic carbon can’t 
be buried, oxygen could not accumulate in the atmosphere. In effect, it 
appears as if the entire microbial system of the early oceans was rigged 
by natural feedbacks to stay anoxic. Life almost certainly evolved under 
anoxic conditions, and the metabolism of microbes appears to have kept 
the planet anoxic for the first half of Earth’s history. At some point, 
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Figure 21. By turning the vertical profiles of oxygen, nitrogen, and hydrogen 

sulfide on its side, one can imagine the progression of how the chemistry of 

the ocean changed prior to the Great Oxidation Event, ~2.4 billion years ago, 

and after the oxygenation of the atmosphere and ocean.

N2 and N2O (nitrous oxide, or laughing gas) were produced. Both gases 
escaped the oceans  however, around 2.4 billion years ago, cyanobacte-
rial production of oxygen finally overtook the consumption of the gas 
by other microbes, and the atmosphere finally became oxidized. Perhaps 
amazingly, we really don’t know for certain how it happened.

The evolution of this planet, containing oxygen in its atmosphere, 
was the culmination of hundreds of millions of years of evolutionary 
innovation of nanomachines that ultimately harnessed solar energy to 
split water. But the rise of oxygen also had a profound impact on the 
evolution of many microbes themselves.
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Figure 22. A schematic showing the difference between methane (CH4) and 

carbon dioxide (CO2). Both of these molecules are invisible, odorless gases. 

In the presence of oxygen, methane is converted to CO2 and water in the 

atmosphere and by microbes.

40% of humans. But 2.4 billion years ago, these organisms would have 
been extremely abundant in the coastal waters of the world.

Even in the presence of oxygen, several other kinds of microbes 
can use methane as a source of energy and for cell growth. The con-
sumption of methane by microbes is one of the fastest and most effi-
cient ways of destroying the gas. Once that capability evolved, the 
methane- destroying machinery must have dramatically reduced the 
flux of methane from the oceans to the atmosphere, and the oxygen 
in the atmosphere would have, with the aid of sunlight, destroyed 
atmospheric methane. A major infrared- heat- absorbing gas was gone, 
and the faint younger Sun could not provide enough heat to keep the 
oceans from freezing. The ensuing formation of ice or icy slush across 
the ocean surface almost surely reduced the area for the growth of 
photosynthetic microbes and simultaneously would have impeded the 
exchange of gases between the ocean and atmosphere. The geological 
record suggests that several extensive periods of cold, inhospitable oceans 
ensued. Kirschvink, who called the cyanobacteria microbial Bolsheviks, 
further whimsically dubbed the condition of global ice sheets across the 
oceans “snowball Earth.” If this scenario is true, it was the first time 
in the geological history of Earth that microbes completely disrupted 
the climate of the planet.

Snowball Earth conditions seem to have happened several times, 
the last being about 750  million years ago. Incredibly, in all cases, the 
instructions for making all the basic nanomachines appear to have been 
passed on to the small number of surviving microbes. These organisms 
were pioneers, ferrying life across vast swaths of planetary destruction.
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Figure 24. A distribution of nitrogenase genes across the tree of life. Note that 

pattern of the distribution does not follow that of descent from a common 

ancestor but, rather, is not easily predictable. The genes (and many others) 

were acquired by horizontal gene transfer between bacteria and between 

bacteria and archaeans. The genes for nitrogen fixation have never been 

found in the genomes of eukaryotic cells. (Courtesy of Eric Boyd)

common. A form of Rubisco that is prevalent in bacteria is also found 
in dinoflagellates, which are eukaryotic algae, but in no other eukaryotes. 
In fact, the pattern for the distribution for most of the core machines 
across the tree of life is often unpredictable.

Constructing trees of life that include nitrogenase, Rubisco, and many 
other core genes clearly reveals that Darwin’s model of evolution by 
descent with variation does not apply. Was Darwin’s concept of evolu-
tion wrong?

In the era of increasingly faster, cheaper, and better gene sequenc-
ing technologies and computers, the complete genomes of thousands of 
microbes have been analyzed. Inspection of the arrangement of genes 
in the genome has clearly shown that many genes were not vertically 
inherited; that is, they were not inherited from a previous generation. 
This mode of inheritance is called horizontal (or lateral) gene trans-
fer. Horizontal gene transfer is not a biological curiosity; it is a major 
mode of evolution in microbes. Simply put, genes that were preadapted 
via selection in one organism can somehow be transferred to another, 
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Figure 27. A schematic showing the two basic endosymbiotic events that led to 

the formation of eukaryotic cells. In the first event, the host cell (an archaean), 

engulfed a purple nonsulfur bacterium, which possibly was photosynthetic. The 

bacterium would evolve much later to become a mitochondrion. In the second 

event, a cell containing the protomitochondrion engulfed a cyanobacterium. 

The cyanobacterium would later evolve to become a chloroplast. These two 

primary symbiotic events are the basis of the evolution of microscopic organ-

isms, such as green algae (Fig. 9), that were prevalent in the oceans long 

before the evolution of animals and plants.

How did the ingested anaerobic photosynthetic bacterium ultimately 
become an oxygen- consuming mitochondrion? The nanomachines in 
the purple photosynthetic bacteria are exactly the same nanomachines 
we use to generate energy in every cell in our bodies—and that’s not 
coincidental; it is causal. Our power supplies, our mitochondria, were 
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Figure 30. The problem of diffusion of oxygen in multicellular animals. Without 

some circulatory system, oxygen can only be supplied to cells via diffusion. If 

an animal lives on the seafloor, the only source of oxygen is from the waters 

above. The oxygen reaching the first layer of cells is depleted by respiration, 

the second layer receives far less oxygen than the first, and so on. The diffu-

sion of oxygen almost certainly contributed to the evolutionary selection of 

thin animals in the early Ediacaran Period.

Imagine that an organism is a flat plane, like a paper napkin, living 
on a surface, such as a rock or a muddy sediment. Let’s assume that, like 
a folded napkin, the organism is made up of layers, but instead of thin 
layers of paper, they are composed of layers of respiring cells, like the 
fossil animals in the Ediacaran. As oxygen diffuses into the top layer, 
90% is consumed by the cells comprising that layer, leaving only 10% for 
the next layer of cells. The next layer consumes 90% of that remaining 
10%, leaving less than 1% for the third layer. Clearly the cells at the 
bottom are going to be starved for oxygen and won’t function very well.

The situation could be helped if the initial concentration of oxygen was 
high and if the cells were organized into a shape that allowed oxygen to 
come from other sides, or if the cells developed a system that efficiently 
distributed oxygen. All of these solutions ultimately evolved, but the 
initial condition required a significant boost in the oxygen concentration 
of Earth’s atmosphere.

The burial of organic matter in the ocean’s sediments, and the attendant 
rise of oxygen in Earth’s atmosphere, was dramatically hastened with the 
evolution of phytoplankton. Unlike their prokaryotic ancestors, which 
barely sank in the oceans because they were so small (the viscosity of 
water helped keep them suspended), eukaryotic phytoplankton could sink 
rapidly. Their evolution and subsequent death and burial in the sediments 
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Figure 31. An illustration of our present- day reconstruction of oxygen over geo-

logical time. Note that the scale for oxygen is logarithmic. Oxygen concentra-

tions during the first half of Earth’s history were vanishingly low, on the order of 

0.0001% of the present atmospheric level (PAL). The concentration may have 

risen to approximately 1% of PAL during the Great Oxidation Event, 2.4 billion 

years ago, and then rose again to approximately 10% during the Ediacaran and 

Cambrian Periods, about 600 to 500 million years ago. Over the past 500 mil-

lion years, oxygen concentrations have remained relatively high and relatively 

stable, varying between approximately 50 and 150% of the present value.

of the ancient oceans led to a long- term sequestration of organic matter 
and, as a consequence, helped give a boost in Earth’s oxygen concentra-
tion (see chapter 5). The boost in atmospheric oxygen occurred about 
700  million years ago, approximately 1.7 billion years after the Great 
Oxidation Event. The second rise in oxygen almost certainly was critical 
for the evolution of animals.

No one knows with certainty what the concentration of oxygen was 
when animals evolved, but best- guess reconstructions are that it was 
somewhere between 1% and 5% of the atmospheric volume. Today it 
is 21%. It is somewhat ironic that the death and burial of eukaryotic 

231518IKS_LIFE_cs6_pc.indd   130 14/01/2015   16:45:57



suPersizing in wonderlAnd  135

Choano�agellate
Single-celled protist

Sponge choanocyte
Single-celled animal

Colonial
choano�agellates

Sponge cavity lined
with choanocytes

Nucleus

Stalk

Water �ow

Microvilli

Flagellum

Collar

Figure 32. Drawings of colonial choanoflagellates (left), showing the flagella they 

use to push bacteria and other particles into the collar, where they are ingested, 

and the strikingly similar types of cells, the choanocytes, found in sponges (right).

using their flagella to capture and ingest the material for the colony. The 
movement of the flagella is synchronized to create a unidirectional flow 
of water through the animal, similar to the way rowers coordinated their 
strokes on triremes to move the latter through the water. Amazingly, 
however, sponges don’t have a nervous system. It is unclear how the 
individual choanocytes communicate with each other or what signal may 
be responsible for the synchronization of millions of flagella. Regardless, 
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Figure 33. A typical growth curve for microbes. Upon inoculation, the cells 

undergo a lag phase before beginning to grow exponentially. At some point, 

a nutrient or other resource (for example, light in the case of algae) becomes 

limiting and the growth rate declines, eventually stopping. This is the stationary 

phase. If left for a long period of time without replenishment of nutrients and 

dilution, the cells will start to die.

This basic growth trajectory is more complicated in the real world, 
where many, many other microbes are inevitably competing for the 
same resources and predators and viruses are always present to keep any 
individual population of microbes in check. In the real world, individual 
species very seldom escape an exponential growth phase to dominate the 
ocean or landscape, unless they are an introduced species with no preda-
tors or else have other unique features that allow them to outcompete 
the indigenous organisms.

The basic concept of checks and balances in growth of microbes applies 
to any organism, including us. In year 1 CE of the Gregorian calendar, 
it is estimated there were between 250 and 300 million humans across 
the globe. In 1809, when Darwin was born, there were about 1 billion 
people on Earth. By the end of the nineteenth century, there were about 
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Figure 34. A growth curve of the human population since the year 1000  CE. 

Prior to the Industrial Revolution and the discovery of how to separate sewage 

from clean drinking water, the human population was relatively constant, analo-

gous to the lag phase in a microbial culture (Fig. 33). From the middle of the 

nineteenth century, however, the human population has grown exponentially. 

Demographers estimate that it will plateau in the middle of the twenty- first 

century at approximately 9.5 to 10 billion people. Compare with Figure 33.

1.6 billion people, and the global average life expectancy was only about 
30 years. By the end of the twentieth century, there were more than 
6 billion people, and global life expectancy had more than doubled, to 
about 65. By 2050, it is estimated that more than 9.5 billion humans 
will inhabit this planet, each one of which will require food, water, 
energy, and fibers. Demographers hope that that is the plateau of human 
population, but no one can be absolutely certain.

Given massive population growth, how can we sustain ourselves? 
Something is ultimately going to limit our population. Will it be food? 
Water? Energy? Space? Will microbes become increasingly resistant to our 
most advanced antibiotics and once again be able to kill us en masse? 
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Figure 35. The change in concentration of carbon dioxide in Earth’s atmosphere 

since 1000  CE. Until the Industrial Revolution, atmospheric carbon dioxide 

concentrations were relatively constant at approximately 280 parts per million 

by volume (i.e., 0.028%, compared with oxygen at 210,000 parts per million, or 

21%). Since the Industrial Revolution, the concentration  of the gas has risen 

almost exponentially, and in 2014 reached 400 parts per million. Unlike nitrogen 

and oxygen, carbon dioxide is a greenhouse gas and traps heat. The relatively 

small concentration of this gas in Earth’s atmosphere is critical to controlling 

climate. The curve for the change in carbon dioxide is strikingly similar to the 

growth curve for the human population (Fig. 34).

we will shortly see, we have placed a lot of hope on microbes to help 
save us. But even more unintended consequences were to follow the 
fossil fuel problem.

The development of fossil fuels led to a massive change in how we 
grow, harvest, process, and transport our food. Fields, which previously 
had been plowed by oxen or horses, could now be plowed by machines 
driven by internal combustion engines fueled by petroleum. The harvesting 
of wheat, corn and other bulk crops, which once required back- breaking 

231518IKS_LIFE_cs6_pc.indd   155 14/01/2015   16:46:07



the FrAgile sPecies  159

1900 1920 1940 1960 1980 2000

50

100

150

200

250

G
lo

ba
l n

itr
og

en
 �

xa
tio

n 
(T

g/
y)

Year

Figure 36. The change in the total amount of nitrogen fixed during the past 

century. Prior to the invention of the Haber- Bosch reaction for fixing nitrogen, all 

nitrogen was fixed by microbes with a small contribution from lightning. Natural 

biological nitrogen fixation is approximately 100  teragrams (1012  grams) per 

year (darker area). After the introduction of the Haber- Bosch reaction, human 

production of fixed nitrogen increased dramatically and presently exceeds 

natural biological nitrogen fixation by almost a factor of two (lighter area).

Germany had to protect its supply of nitrate as it was transported 
from South America to Europe. In 1915, during the First World War, 
the British navy destroyed the German naval vessels that protected the 
nitrate supply. Germany’s supply of nitrate was stopped, thus halting 
the production of gunpowder and creating a shortage of ammunition. 
It was potentially a key factor in Germany’s defeat in the First World 
War. Regardless, when Hitler took power of Germany, he demanded that 
BASF find a pathway to convert ammonia to nitrate. German chem-
ists obliged, and the primary source of fertilizer on the world market 
to this day is ammonium nitrate, which does not exist in nature (and 
is extremely explosive). The production of ammonium nitrate was an 
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Figure 37. The codon wheel. This is the Rosetta stone of how the individual 

bases, or nucleotides, in DNA encode for specific amino acids in a protein. The 

code for each amino acid is contained in a sequence of three nucleotides 

called a codon. Starting in the center of the wheel and working out, one 

can determine which amino acid is encoded from the sequence of DNA. For 

example, a sequence of AGC encodes for the amino acid serine, whereas 

ACC encodes for threonine. With the exception of methionine and tryptophan, 

all amino acids have more than one possible codon.

Proteins, RNA, and DNA are polymers, and sequencing any biological 
polymer poses a huge challenge. The reaction has to cut off each monomer 
of the parent polymer in a specific order. Sequencing DNA was originally 
even more difficult because the polymer is double stranded, and although 
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