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Abstract. The Big Bang model is the widely held theory of the evolution of the 
universe from a state of extremely high temperature and density that occurred 
13.7-13.8 billion years ago. The solar system, Sun and planets, was formed 
~4.5 billion years ago. For more than a billion years there was no biological 
life on the surface of the Earth. Now scientists know that primitive life began at 
least 3.5 billion years ago (discovery of oldest rocks with fossil evidence of life 
on Earth). Life on Earth was developed inside water (to be protected from the 
damaging UV radiation) and was very simple, microbial in size. The Cambrian 
explosion was a crucial period of rapid evolution in complex animals that 
began roughly 540 million years ago. Scientists investigated the evidence of 
Cambrian explosion which was significantly correlated with surges in Oxygen 
levels and followed by bursts in animal evolution and biodiversity. The pace of 
life‘s transformation abruptly accelerated with the appearance of nearly all 
major animal groups alive today. It was an extraordinary and baffling episode 
in evolutionary history. Why animal life got more complicated in such a hurry 
remains a burning question for paleontologists and evolutionary theorists. 
Was it just a matter of evolving the right combination of genes? There is 
strong evidence that aerobic organisms were developed when more oxidizing 
energy was available with increased concentration of O2. The process of 
metabolizing food in the presence of O2 releases much more energy (10-16 
times, in mitochondria) than most anaerobic pathways. Animals rely on this 
potent energy to drive evolutionary innovations as muscles, nervous systems, 
mineralized shells, exoskeletons and teeth. Scientific evidence by an 
international team of paleontologists, biochemical modelers and 
chemists offered detailed support for the idea that Oxygen levels and animal 
diversity (540 years ago) are positively linked, but with a twist. Instead of 
oxygen levels gradually increasing, Cambrian seas underwent rapid periods 
of oxygen booms and busts. These rapid fluctuations in Oxygen are 
correlated to bursts of diversification and extinction during the Cambrian 
explosion. Also, there is plentiful scientific literature on the subject of the 
fundamental role of Reactive Oxygen Species (ROS), free radicals and 
increased concentration of O2 in atmosphere and oceans in triggering the 
evolutionary animal biodiversity during the Cambrian Explosion. Although 
there also are factors, higher Oxygen levels were required to promote the 
explosive evolutionary animal radiation during the Cambrian period. 
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Introduction: The Bing Bang universe leading το the 
formation of galaxies and later solar systems and planets 

This introduction summarizes in simple terms the fundamental steps of 

how the universe was formed, the subsequent formation of galaxies and then 

millions of stars (solar system) and orbiting planets. Despite the different 

theories in the past, the broadly accepted theory now for the origin and 

evolution of the universe is the Big Bang model. The Big Bang theory in 

simple terms says that the universe as we know it started with an infinitely hot 

(billion of degrees where all universe matter was in the form of Quark-gluon 

plasma), infinitely dense singularity, then inflated — first at unimaginable 

speed, and then at a more measurable rate — over the next 13.7-13.8 billion 

years to the cosmos that is observable today.  Because current astronomical 

instruments don't allow astronomers to literally peer back at the universe's 

birth, much of what we understand about the Big Bang Theory comes from 

mathematical formulas and models. Astronomers can, however, see the 

"echo" of the expansion through a phenomenon known as the cosmic 

microwave background radiation (CMB). Electromagnetic radiation as a 

remnant from the early stage of the universe (―relic radiation‖) filling all spaces 

equally in all directions.i1,2,3 

 

Figure 1.  The phrase "Big Bang Theory" has been popular among 
astrophysicists for decades. ―BB‖ took place around 13.7-13.8 billion years 
ago, when everything was an infinitesimally small singularity, a point of infinite 
denseness and infinite heat. It followed by an explosive expansion, ballooning 
the universe outwards to the empty space faster than the speed of light.  

https://www.space.com/www.space.com/33892-cosmic-microwave-background.html
https://www.space.com/www.space.com/33892-cosmic-microwave-background.html
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The Big Bang explosion was very short, within the first second after the 

universe began, when the temperature of everything was about 10 billion 

degrees Fahrenheit (5.5 billion Celsius), according to NASA (National 

Aeronautics and Space Administration, USA). The cosmos now contained a 

vast array of fundamental particles such as neutrons, electrons and protons. 

These are the eventual building blocks or raw material for everything we see 

today. This ―early soup‖ of matter would have been very hot and extremely 

bright. Over time, however, the free electrons met up with nuclei and created 

neutral atoms. This allowed light to shine through about 380,000 years after 

the Big Bang. It is called the "afterglow" of the Big Bang, known as the cosmic 

microwave background.  

 

Figure 2. Detailed map of the cosmic microwave background radiation left 
over from the Big Bang. Scientists constructed in 2013 this detailed map with 
measurements taken by the ESA's Planck spacecraft, which captured the 
oldest light in the universe. This information helps astronomers determine the 
age of the universe. (Image credit: ESA and the Planck Collaboration). 

 

Some scientists think there could be as many as one hundred 

billion galaxies in the universe. The galaxy that contains the Earth and its 

solar system is called the Milky Way. This galaxy is thought to contain more 

than 200 billion different stars. The solar system and planets were 

formed about 4.5 billion years ago from a dense cloud of interstellar gas and 

dust. The cloud collapsed, possibly due to the shockwave of a nearby 

exploding star, called a supernova. When this dust cloud collapsed, it formed 

a solar nebula—a spinning, swirling disk of material. At the center, gravity 

http://science.nasa.gov/astrophysics/focus-areas/what-powered-the-big-bang/
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pulled more and more material in. Eventually the pressure in the core was so 

great that hydrogen atoms began to combine and form helium, releasing a 

tremendous amount of energy. With that, the Sun was born, and it eventually 

amassed more than 99% of the available matter. Matter farther out in the disk 

was also clumping together forming larger and larger objects. Some of them 

grew big enough for their gravity to shape them into spheres, becoming 

planets, dwarf planets and large moons. In other cases, planets did not form: 

the asteroid belt is made of bits and pieces of the early solar system. Other 

smaller leftover pieces became asteroids, comets, meteoroids, and small, 

irregular moons.4,5,6 

 

Figure 3. The Sun, the 8 planets and their moons, and smaller objects such 
as dwarf planets, comets, and meteoroids together make up the solar system. 
The Sun is at the centre, the hottest and the largest body. Planets are: 
Mercury Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune, revolving 
around the Sun.  

 
The evolution of living biological organisms on Earth 
 

The solar system was formed about 4.5 billion years ago from a dense 

cloud of interstellar gas and dust that collapsed forming a solar nebula (a 

spinning, swirling disk of molten and hot planetary material). Conditions were 

extremely hostile for organic and biological chemicals. Much of the Earth in 
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the first billion years of its existence was very hot and molten because of 

frequent collisions with other bodies which led to extreme volcanism. While 

the Earth was in its earliest molten and hot stage (Hadean eon), a giant 

impact collision with a planet-sized body named Theia is thought to have 

formed the Moon (one tenth of the size of Earth). Over time, the Earth cooled, 

causing the formation of a solid crust, and allowing liquid water outgassing 

from the core with explosive volcanoes eruptions and lava containing vast 

amounts of water. 

Also, models of the compositions of asteroids and comets suggest that 

they even harbour enough ice (water) to have delivered an amount of water 

equal to Earth's oceans. Scientific question remain until now, was comets or 

asteroids responsible for bringing Earth‘s water? Was it a single event, or 

many? And how long ago did this happen.7,8  

Recent research, however, indicates that hydrogen inside the Earth 

played a role in the formation of the Earth‘s oceans. Researchers investigated 

the arguments with studies of osmium isotope ratios, which suggest that a 

sizeable quantity of water was contained in the material that Earth accreted 

early on. Measurements of the chemical composition of lunar samples 

collected by the Apollo 15 and 17 missions further support this, and indicate 

that water was already present on Earth before the Moon was formed.9,10,11  

Earth is the only planet with a massive amounts of liquid water on its 

surface. Over 96% of water on Earth is saline water in the oceans. About 

3,100 mi3 (12,900 km3) of water, mostly in the form of water vapour, is in the 

Earth‘s atmosphere at any one time. Of the freshwater on Earth, much more 

is stored in the ground than is available in rivers and lakes. More than 

2,000,000 mi3 (8,400,000 km3) of freshwater is stored in the Earth, most within 

one-half mile of the surface. Most fresh water is stored in the 7,000,000 

mi3 (29,200,000 km3) of water found in glaciers and icecaps, mainly in the 

polar regions and in Greenland. [US Geological Survey, 

https://www.usgs.gov/special-topic/water-science-school/science/how-much-

water-there-earth?qt-science_center_objects=0#qt-science_center_objects ]. 

 Scientists exploring the presence of life on other planets in the 

universe are looking first for the presence of water. The Earth's crust has 

constantly changed since its formation, as has life since its first appearance. 

https://en.wikipedia.org/wiki/Theia_(planet)
https://en.wikipedia.org/wiki/Crust_(geology)
https://en.wikipedia.org/wiki/Osmium
https://en.wikipedia.org/wiki/Apollo_15
https://en.wikipedia.org/wiki/Apollo_17
https://www.usgs.gov/special-topic/water-science-school/science/saline-water-and-salinity
https://www.usgs.gov/special-topic/water-science-school/science/ice-snow-and-glaciers-and-water-cycle
https://www.usgs.gov/special-topic/water-science-school/science/how-much-water-there-earth?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/special-topic/water-science-school/science/how-much-water-there-earth?qt-science_center_objects=0#qt-science_center_objects
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The process of plate tectonics continues to shape the Earth's continents and 

oceans and the life they harbour. Volcanic outgassing probably created the 

primordial atmosphere and then the ocean, but the early atmosphere 

contained almost no oxygen. Oxygen is highly reactive and highly oxidative 

forming oxides with metals and the third-most abundant element in the 

universe [after Hydrogen (H) and Helium (He)]. Free oxygen has biogenic 

origin and appeared on Earth atmosphere, surface waters (rivers, lakes) and 

in oceans through the photosynthetic action of bacterial procaryotic 

organisms. Prokaryotes were microscopic single-celled organisms that have 

neither a distinct nucleus with a membrane nor other specialized organelles. 

Prokaryotes include the bacteria and archaea. 

 

Figure 4. The Earth‘s crust is broken up into massive tectonic plates. The 
movement of the plates is the result of the circulation of molten rock within the 
Earth. The supercontinent Pangaea has been breaking apart since about 250 
million years ago. Before the Pangaea there were earlier supercontinents, 
such as Rodinia (750 million to 1.1 billion years ago), and Columbia (1.5 to 
1.8 billion years ago) [Encyclopaedia Britannica Inc.].  

 

The primordial atmospheric environment was devoid of Oxygen (O2) 

but contained high amount of other gases, such as methane (CH4), hydrogen 

sulphide (H2S), carbon dioxide and monoxide (CO2, CO), nitrogen (N2), and 

small amounts of hydrogen (H2). All these gases are highly toxic. But they can 

https://en.wikipedia.org/wiki/Plate_tectonics
https://en.wikipedia.org/wiki/Outgassing
https://en.wikipedia.org/wiki/Atmosphere
https://en.wikipedia.org/wiki/Oxygen
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/archaeon
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become raw material for the primordial reactions to produce simple biological 

molecules which with the presence of abundant water keep a balanced 

situation of oxidative/anti-oxidative reactions. 

Scientists for years were speculating about the primitive conditions on 

the surface on the Earth, the simple chemicals that can play a critical role in 

the first reactions of synthesizing biomolecules, under the energy emanating 

from the Sun. The ―famous‖ origin of life experiment (Stanley Miller-Harold 

Urey, 1953,  University of Chicago), showed that by using a sparking device 

to mimic a lightning storm on early Earth in a mixture of CH4, NH3, H2, H2O 

can produced a brown broth rich in amino acids, the building blocks of 

proteins and organic acids under primordial Earth conditions. 

 

Figure 5. The ―famous‖ Miller-Urey experiment (Science 1953) tested the 
hypothesis of Oparin-Haldane for the synthesis of organic molecules from 
primordial inorganic gases and water under electrodes lightning sparks 
(energy). The ‗reducing primordial atmosphere‖ composition is not known, but 
scientists hypothesized that contained various neutral gases. 
   

However, many scientists have now abandoned the notion of a 

reducing early Earth atmosphere. Instead, they believe Earth had a neutral 

atmosphere, composed primarily of carbon dioxide, carbon monoxide, 

hydrogen cyanide (HCN) with smaller amounts of nitrogen and hydrogen. 

https://phys.org/tags/earth+atmosphere/
https://phys.org/tags/carbon+dioxide/
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The details of this model (Oparin-Haldane hypothesis: that life on 

Earth could have arisen step-by-step from non-living matter through a process 

of “gradual chemical evolution.”) are probably correct but under different 

conditions. For instance, geologists now think the early atmosphere was not 

reducing, and it's unclear whether pools at the edge of the ocean are a likely 

site for life's first appearance. But the basic idea – a stepwise, spontaneous 

formation of simple, then more complex, then self-sustaining biological 

molecules or assemblies – is still at the core of most origins-of-life hypotheses 

today and many experimental results support the synthesis of primordial 

biological molecules (nucleobases, amino acids, organic and fatty acids, etc). 

The Miller–Urey experiments pioneered modern research on the 

molecular -primordial origins of life, but their actual relevance in this field was 

later questioned because the gas mixture used in their research is considered 

too reducing with respect to the most accepted hypotheses for the conditions 

on primordial Earth. In particular, the production of only amino acids has been 

taken as evidence of the limited relevance of the results.  Experimental work, 

combined with state-of-the-art computational methods, in which both electric 

discharge and laser-driven plasma impact simulations were carried out in a 

reducing atmosphere containing NH3 + CO. The results   showed that RNA 

nucleobases are synthesized in these experiments, strongly supporting the 

possibility of the emergence of biologically relevant molecules in a reducing 

atmosphere. The reconstructed synthetic pathways indicate that small 

radicals and formamide play a crucial role, in agreement with a number of 

recent experimental and theoretical results.12   

 

What were the earliest primitive life forms on Earth? 

The earliest life forms on Earth were prokaryotic, microscopic, 

anaerobic, single-celled organisms, Examples are bacteria, archaea 

 and cyanobacteria (blue-green algae). They do not have a well-defined 

nucleus but a nucleoid region where their genetic material occurs generally as 

a single, circular molecule of DNA. They have high metabolic rate and high 

growth rate, reproduce asexually (by binary fission or budding). 

Mostly are unicellular, others are capable of forming stable aggregates.  

https://www.biologyonline.com/dictionary/bacteria
https://www.biologyonline.com/dictionary/archaea
https://www.biologyonline.com/dictionary/cyanobacteria
https://www.biologyonline.com/dictionary/nucleoid
https://www.biologyonline.com/dictionary/dNA
https://www.biologyonline.com/dictionary/asexual
https://www.biologyonline.com/dictionary/binary-fission
https://www.biologyonline.com/dictionary/budding
https://www.biologyonline.com/dictionary/unicellular
https://www.biologyonline.com/dictionary/stable
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Scientists for years worked very hard to find fossilized signals of their 

presence in primitive rocks starting at about 3.5 billion years ago because 

they were very rare. The most important were photosynthetic organisms that 

appeared between 3.5 and 2.4 billion years ago. These photosynthesizing 

microbes began enriching the Earth‘s atmosphere with oxygen (O2). Life at 

this stage remained inside the water, with simple anaerobic metabolic 

processes, microscopic in size and with prokaryotic structure (a single 

chromosome with a piece of circular, double-stranded DNA located in an area 

of the cell called the nucleoid). 

Evidence of microbial life was also preserved in the hard structures 

(―stromatolites‖) they made, which date to 3.5 billion years ago.  

Stromatolites were created as sticky mats of microbes trap that bind 

sediments into layers. Minerals precipitate inside the layers, creating durable 

structures even as the microbes die off. Scientists study today‘s, rare living 

stromatolite reefs to better understand Earth‘s earliest, primordial life forms.13 

 

Figure 6. Primitive life on Earth is estimated to have started at 3.5 billion 
years ago. Stromatolites, like those found in the World Heritage Area of Shark 
Bay (Australia), contain cyanobacteria, which were most likely Earth's first 
photosynthetic organisms. (Image credit: Rob Bayer/Shutterstock) 

 

How oxygen in Earth’s atmosphere was formed 

Stromatolites were primitive layered mounds in the primordial Earth like 

sedimentary rocks formed by the growth of layers of cyanobacteria, single-

celled photosynthesizing microbes. Cyanobacteria are primitive bacteria 

https://en.wikipedia.org/wiki/Photosynthetic
https://en.wikipedia.org/wiki/Life


 

10 
 

consisting of prokaryotic cells, the only form of life on Earth for the first 2.5-2 

billion years ago absorbing the energy of the Sun.  

It is well known that the primitive surface of the Earth at the early 

stages was devoid of Oxygen (O2). But when Cyanobacteria (called blue-

green algae) evolved at least 2.4 billion years ago, they set the stage for a 

remarkable transformation. These primitive bacteria produce oxygen during 

photosynthesis as they fix CO2 dissolved in the water. Cyanobacteria became 

the first photosynthetic producers of sugars and O2 and at the same time 

worked for the nitrogen fixation of nitrogen into ammonia. Simple reactions but 

with extremely important results in the revolutionary transformation of the 

surface of the Earth with rising oxygen.14,15  

   

Figure 7. The origin of Oxygen (O2) in Earth's atmosphere was derived from 

primitive life forms. Ancient microbes (single-celled, prokaryotic unicellular 

microorganisms that lack a distinct nucleus and membrane-bound organelles) 

first produced oxygen through photosynthesis of cyanobacteria. 

 

Earth‘s first photo-synthesizers, cyanobacteria, using existing CO2 and 

water with the plentiful Sun‘s energy, released vast amounts of Oxygen as a 

result. This catalyzed a sudden, dramatic rise in oxygen concentration, 

making the environment less hospitable for other microbes that could not 

tolerate oxygen and forced live organisms to be transformed into aerobic 

organisms. Evidence for this Great Oxidation Event is recorded in changes 

in seafloor rocks. When oxygen is around, iron reacts chemically with it (it 

gets oxidized) and gets removed from the system. Rocks dating to before the 

event are striped with bands of iron. Rocks dating to after the event do not 

have iron bands, showing that oxygen was now in the picture. It has been 

https://ocean.si.edu/through-time/ancient-seas/ocean-throughout-geologic-time-image-gallery
https://www.flickr.com/photos/nmnh/3552531850
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established that life began on Earth at least 3.5 billion years ago, because 

that is the age of the oldest rocks with fossil evidence of life on earth. These 

rocks are rare because subsequent geologic processes have reshaped the 

surface of our planet, often destroying older rocks while making new ones.16,17 

Oxygen produced from cyanobacteria only began to persist in the 

Earth‘s atmosphere in small quantities about 50 million years before the start 

of the Great Oxygenation Event (GOE). The GOE was a time period when 

the Earth's atmosphere and the shallow ocean first experienced a rise in 

oxygen, approx. 2.4–2.0 Ga (billion years ago).  

 

Figure 8. The Great Oxygenation Event (GOE), was a geological episode 
occurring around 2.35 billion years ago. With the GOE, the atmosphere 
switched from being oxygen free to having a small percentage (~10%) of 
oxygen, a second leap in O2 occurred, around 700 million years ago. The 
diagram shows approximate changes in the concentration of oxygen in 
Earth‘s atmosphere over the last 4 billion years. [Modified 
from https://link.springer.com/article/10.1007/s12576-016-0501-0 (175).]. 
 

 This mass oxygenation event of the atmosphere resulted in rapid 

buildup of free oxygen. At current rates of primary production, today's 

concentration of oxygen could be produced by photosynthetic organisms in 

2,000 years. In the absence of plants, the rate of oxygen production by 

photosynthesis was slower in the Precambrian, and the concentrations of 

O2 attained were less than 10% of today's and probably fluctuated greatly. 

Oxygen disappeared from the atmosphere again around 1.9 billion years 

ago. These fluctuations had little direct effect on life, with mass extinctions. 

 

https://en.wikipedia.org/wiki/Great_Oxygenation_Event
https://en.wikipedia.org/wiki/Earth%27s_atmosphere
https://link.springer.com/article/10.1007/s12576-016-0501-0
https://journals.physiology.org/doi/full/10.1152/ajpregu.00165.2017#B175
https://en.wikipedia.org/wiki/Primary_production
https://en.wikipedia.org/wiki/Photosynthesis
https://en.wikipedia.org/wiki/Evolutionary_history_of_plants
https://en.wikipedia.org/wiki/Precambrian
https://en.wikipedia.org/wiki/Bya
https://en.wikipedia.org/wiki/Bya
https://en.wikipedia.org/wiki/Bya
https://en.wikipedia.org/wiki/Mass_extinction
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Microfossils of primitive biological life on Earth 

Single-celled and simple multicellular organisms reigned on Earth for 

more than 3 billion years.  Evolution of life worked on a mostly microscopic 

scale, kept in check by a shortage of oxygen, the element that is believed to 

have fueled animal metabolism. Thanks to marine bacteria that generated 

oxygen as a product of photosynthesis, levels of the gas rose about two 

billion years ago but stayed relatively at low concentrations. Then, starting 

635 million years ago—after a long series of glaciations called ―snowball 

Earth‖—ice melted and oxygen reached a critical threshold in the oceans 

(more than 10%) that allowed more complex multicellular life to flourish. In 

the Cambrian period, animal life exploded into its myriad forms. 

In 2017, researchers at UCLA (University of California Los Angeles) 

and the University of Wisconsin–Madison have confirmed that microscopic 

fossils discovered in a nearly 3.5 billion-year-old piece of rock in Western 

Australia are the oldest fossils ever found and indeed the earliest direct 

evidence of life on Earth (published Dec. 18, 2017 in the Proceedings of the 

National Academy of Sciences, USA, J. William Schopf, et al. ) 

 

Figure 9. The microfossils were first dug up in 1982 and formally described in 
1993. It took almost 25 years before scientists could access the right 
technology that enabled them to study the tiny bits and pieces that look like 
they were overcooked. JW Schopf. Cradle of Life: The Discovery of Earth's 
Earliest Fossils. Princeton University Press, New Jersey, 1999.  

http://www.pnas.org/
http://www.pnas.org/
http://www.pnas.org/
http://epss.ucla.edu/people/faculty/594/
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William Schopf (professor of paleobiology at the University of 

California, Los Angeles) and colleagues examined 11 microscopic specimens 

retrieved from the Australian ancient site using secondary ion mass 

spectrometry (SIMS).16  The microfossils were first described in the journal 

Science in 1993 by Schopf,  which identified them based largely on the fossils‘ 

unique, cylindrical and filamentous shapes. Schopf, director of UCLA‘s Center 

for the Study of Evolution and the Origin of Life, published further supporting 

evidence of their biological identities in 2002.17,18 

In recent years, other studies have reported microfossils holding 

evidence of ancient microbial life, such as tiny hematite tubes embedded in 

iron-rich volcanic rock in Quebec, which may have housed microbes that lived 

around 3.77 billion years after the formation of the Earth. Another study 

described cone-like structures detected in rocks in southwestern Greenland, 

which could represent sediments surrounding fossilized microbial colonies 

that lived 3.7 billion years ago.19,20 

 
The evolutionary burst that sparked the Cambrian explosion 
 

 The Cambrian explosion (540 million years ago), as it is called, 

produced arthropods with legs and compound eyes, worms with feathery gills 

and swift predators. Biologists have argued for decades over what ignited this 

evolutionary burst. Some think that a substantial and fast rise in Oxygen 

concentration in water and Earth atmosphere sparked the change, whereas 

others say that it sprang from the development of some key evolutionary 

innovations. The precise cause has remained elusive, in part because so little 

is known about the physical and chemical environment at that time. 

Microscopic and simple anaerobic (with single cells) biological 

organisms first emerged in the Earth‘s oceans more than 3.5 billion years ago, 

Complex biological animals are relative newcomers to Earth‘s oceans.  On the 

primitive Earth the lack of atmosphere exposes biological organisms to 

damaging UV (ultraviolet) radiation.   The evolutionary development inside 

water was inevitable because water can absorb the damaging ultraviolet 

radiation from the Sun. 

 

http://cseol.ess.ucla.edu/
http://cseol.ess.ucla.edu/
http://cseol.ess.ucla.edu/
https://www.livescience.com/58065-evidence-of-ancient-life-unearthed.html
https://www.livescience.com/55950-worlds-oldest-fossils-found-in-greenland.html
https://www.nature.com/news/ancient-fossils-sport-modern-brains-1.15565
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Figure  10. The Cambrian period (540 million years ago), part of the 
Paleozoic era, produced the most intense burst of evolution ever known. The 
Cambrian Explosion saw an incredible diversity of animal life emerge, 
including many major animal groups alive today. What sparked this biological 
explosion is not clear. Most scientists support the hypothesis the Oxygen in 
the atmosphere (emissions from photosynthesizing cyanobacteria and 
algae), were at levels needed to fuel the growth of complex biological 
organisms functioning through aerobic metabolism. 

These simple anaerobic organisms were thriving in environments that 

lacked oxygen. For their metabolism and energy they relied on compounds 

such as, methane (CH4),  carbon dioxide (CO2), sulfur-containing molecules  

(-S-) or iron minerals (Fe) that act as oxidizing agents to break down food for 

energy. Much of Earth's microbial biosphere still survives on these anaerobic 

pathways. But the biological organisms with more complex metabolism and 

structure need at least 10 times more energy to function properly and this can 

be provided only by Oxygen (O2) and oxidative reaction processes. Anaerobic 

bacteria can survive without O2 in the ocean floor by processing CH4 through 

the production of hydrogen sulphide (H2S) and bicarbonate (HCO3
‗
). 

Pioneering biochemical studies have long forged the concept that the 

mitochondria are the ‗energy powerhouse of the cell‘ in aerobic organisms. 

These studies, combined with the unique evolutionary origin of the 

mitochondria, led the way to decades of research focusing on the organelle 

as an essential, yet independent, functional component of the cell. 

Subsequent studies throughout the rest of the 20th century identified the 

mitochondria as an incredibly dynamic organelle involved in multiple cellular 
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processes in addition to energy production. The modern view of mitochondria 

is one that is much less isolated from the rest of the cell in the living aerobic 

organisms but have multiple metabolic roles within the prokaryotic aerobic 

cells. Mitochondria oxidize organic components in foods (carbohydrates) to 

form cellular energy and are the major source of ATP (Adenosine 

TriphosPhate) in aerobic organisms (oxidative phosphorylation generates 26 

of the 30 molecules of ATP that are formed when glucose is completely 

oxidized to CO2 and H2O). Glycolysis involves 10 reactions. Each reaction has 

its own unique enzyme. ATP is used during the energy-investing phase to 

power the glycolysis reaction.  ATP is produced during the energy-harvesting 

phase. The net reaction for glycolysis can be summarized as: 

Glucose+2NAD++2ADP3−+2Phosphate groups⇆2Pyruvates+2NADH+2ATP4− 

 

The products of glycolysis then enter the mitochondrion, where the 

citric acid cycle and oxidative phosphorylation occur. Most of the ATP made 

by the cell is produced in the mitochondrion through these later stages. 

 

 

Figure 11. Mitochondria are tiny organelles inside aerobic cells that are 
involved in releasing energy by oxidizing components of food. This process is 
known as cellular respiration and mitochondria are referred as the 
powerhouses of the cell. Also, Mitochondria are in charge of other essential 
biochemical tasks, such as transmitting signals between cells and  cellular 
differentiation (a means, and maintaining the cycle of cell growth and cell 
death cycles). But the most important, mitochondria create all the power, 
control communication, and decide what lives and dies in the cell. 
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The evolution of aerobic organisms developed with more oxidizing 

energy to use compared to anaerobic organisms. The process of metabolizing 

food in the presence of Oxygen releases much more energy (10-16 times) 

than most anaerobic pathways. Animals rely on this potent, controlled 

combustion to drive such energy-hungry innovations as muscles, nervous 

systems and the tools of defence and carnivory — mineralized shells, 

exoskeletons and teeth. 

Given the importance of Oxygen for animals, researchers suspected 

that a sudden increase in the gas O2 to near-modern levels in the ocean and 

atmosphere could have spurred the Cambrian explosion. To test that idea, 

they have studied ancient ocean sediments laid down during the Ediacaran 

(635-541 my) and Cambrian periods, which together ran from about 635 

million to 485 million years ago. Researchers in Namibia, China and other 

spots around the world have collected rocks that were once ancient seabeds, 

and analysed the amounts of iron, molybdenum and other metals in them. 

The metals' solubility depends strongly on the amount of oxygen present, so 

the amount and type of those metals in ancient sedimentary rocks reflect how 

much oxygen was in the water long ago, when the sediments formed.21,22 

 

 
Figure 12. Biological organisms (animals and plants) evolved with time as 
multicellular, aerobic and with prokaryotic cells.  This means that they depend 
on the presence of Oxygen which can produce 10-16 times more energy 
through the mitochondria, much richer energy pathway to make aerobic living 
with advanced metabolic system, antioxidant defences and mobility. 
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Only the increasing concentration of Oxygen sparked the 
Cambrian Explosion? 
 

The role of Oxygen (O2) as a driver for early animal evolution during 

the Cambrian explosion is widely debated among scientists. There are very 

strong scientific indicators that oxygen concentrations in the oceans rose in 

several steps, approaching today's sea-surface concentrations at the start of 

the Cambrian, around 541 million years ago — just before more-modern 

animals suddenly appeared and diversified. This supported the idea of 

Oxygen as a key trigger for the evolutionary Cambrian animal explosion. 

Other factors which might have influence the Cambrian explosion are: 

a. geochemical changes on the surface of Earth and oceans that might have 

played critical role, b. volcanoes delivered vast amounts of nutrients, such as 

sulfur (S) and potassium (K) that have been correlated with the Cambrian 

explosion, c. reactive oxygen and nitrogen species (ROS, RNS) and free 

radicals caused significant mutations, influenced cellular signaling and played  

a role in redox homeostasis, d. redox regulation influenced key genes that 

affected embryonic development and stem cell renewal and differentiation.  

 

Figure 13. These fossils from the recently discovered Qingjiang site in China 
(an excitingly rich record of the early Cambrian Period more than a half-billion 
years ago) show a jellyfish, a comb jelly and a ―mud dragon‖ (kinorhynch). 
Samples from another site in Siberia now suggest that the rapid proliferation 
of animal forms during the Cambrian was related to fluctuating oxygen levels. 
[Quanta Magazine 9.5.2019, Rapid Oxygen Changes Fueled an Explosion in 
Ancient Animal Diversity [https://www.quantamagazine.org rapid-oxygen-
changes-fueled-an-explosion-in-ancient-animal-diversity-20190509/ ]. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
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Researchers have established that living biological organisms began at 

least 3.5 billion years ago, because that is the age of the oldest rocks with 

fossil evidence of life on earth. These rocks are rare because subsequent 

geologic processes have reshaped the surface of planet Earth, often 

destroying older rocks while making new ones. For more than a billion years 

after animal life arose, it stagnated in simplicity; sponges represented the 

height of complexity. Then around 541 million years ago, the pace of life‘s 

transformation abruptly accelerated. This period, known as the Cambrian 

explosion, roughly bracketed the appearance of nearly all major animal 

groups alive today. Within a few tens of millions of years the living world 

expanded into a semblance of its current fullness. Although recent work 

suggests that important and sudden expansions in animal biodiversity also 

happened before and after the Cambrian explosion, there is no doubt that it 

was an extraordinary and baffling episode in evolutionary history.23,24 

Scientific evidence (2019, Nature Geoscience) by an international team 

of paleontologists, biochemical modelers and chemists) offered detailed 

support for the idea that Oxygen and animal diversity (540 years ago) are 

positively linked, but with a twist. Instead of oxygen levels gradually 

increasing, Cambrian seas underwent rapid periods of oxygen booms and 

busts. These rapid fluctuations in Oxygen lead to bursts of diversification and 

extinction during the Cambrian explosion. During the Cambrian explosion, 

episodic radiations of major animal phyla occurred coincident with repeated 

carbon isotope fluctuations. However, the driver of these isotope fluctuations 

and potential links to environmental oxygenation are unclear. The 

investigation reported high-resolution carbon and sulfur isotope data for 

marine carbonates from the southeastern Siberian Platform that document the 

canonical explosive phase of the Cambrian radiation from ~524 to ~514 Myr 

ago (million years). These analyses demonstrate a strong positive covariation 

between carbonate δ13C and carbonate-associated sulfate δ34S through five 

isotope cycles. Biogeochemical modeling suggests that this isotopic coupling 

reflects periodic oscillations in the atmospheric O2 and the extent of shallow-

ocean oxygenation. Episodic maxima in the biodiversity of animal phyla 

directly coincided with these extreme oxygen perturbations.24  

https://doi.org/10.1038/s41559-019-0821-6
https://doi.org/10.1038/s41559-019-0821-6
https://doi.org/10.1038/s41559-019-0821-6
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The research group used additional research evidence from previous 

studies on the Cambrian conundrum and early Cambrian radiation in 

connection with concentration fluctuations of Oxygen.25,26,27,28,29 

 

Challenges for explaining the essential role of high Oxygen 
levels triggering the Cambrian explosion 

  

The origin of life on Earth remains one of most challenging themes in 

science for the last two centuries.  Chemical composition of the Earths‘ 

atmosphere and surface and pH of sea-water, thickness of the oceans and a 

number of physical parameters have constrained the initiation and 

development of life on Earth. Questions remain among scientists, such as 

why was life on Earth mostly dominated by single-celled archaea and bacteria 

for about 3 billion years?  Questions remain as to other types of geochemical 

changes on the surface of Earth and oceans that might have played critical 

roles. Scientists also think that other ecological and developmental processes 

are needed to adequately explain the origin and earliest evolution of diverse 

animal life on Earth. The Earth for millions of years had active widespread 

volcanoes delivering vast amounts of nutrients to the oceans. Some theories 

support the notion that the oxygenation level plus the sulfur and potassium 

concentrations have been correlated with the Cambrian explosion.30,31  

Also, other geophysical parameters of planet Earth play a crucial role.   

The magnetic field on Earth plays a fundamental shield for containing the 

rocky planets' atmosphere which was the primary shield against damaging UV 

radiation and its thickness and composition determined its effective protection 

of primitive biological organisms inside water. Terrestrial ecosystems did not 

develop en masse until later in the Paleozoic, but if life existed on land earlier 

than that, it was likely to be very simple and these were covered (under the 

water) to decrease the influence of  high-energy X rays, gamma rays and UV 

which can cause mutations to primitive organisms.31  

Advantages of atmospheric O2 and dissolved in water Oxygen for 

eukaryote evolution appear in many aspects. The formation of the ozone (O3) 

layer acted as shelter, protecting eukaryotic organisms from Sun‘s UV 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxygenation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/terrestrial-ecosystem
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/paleozoic
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/gamma-radiation
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radiation. The rise of Oxygen levels also allowed aerobic respiration, 

multicellularity, and large body size (needs high energy) compared to 

anaerobic organisms. It is well known that the aerobic metabolism is many-

fold (10-16 times) more efficient in extracting energy from foodstuffs.  

 Oxygen plays a dual role in aerobic life. In the atmosphere is a mixture 

of N2/O2: 78%/21%, 1% other secondary gases) with fundamental functions 

for the aerobic biological world. Aerobic metabolism can lead to accumulation 

of oxygen and the formation of Reactive Oxygen Species (ROS) as a 

byproduct. Some of the most common ROS are: 1O2, O2•−, H2O2, •OH. These 

are   superoxide anion (SOD, O2•
‗), hydrogen peroxide (H2O2), hydroxyl 

radical (•OH) and singlet oxygen (1O2) and a variety of organic radicals ROO•. 

Some ROS are free radicals, highly reactive oxidative species due to the 

presence of unpaired electron. In mammalian biology, singlet oxygen is one of 

the reactive oxygen species, which is linked to oxidation of LDL cholesterol. 

Whereas O2 itself is a totally harmless molecule and vital for the aerobic 

biochemistry and eukaryotic organisms.  

 

Figure 14.  ROS serve as signaling molecules to regulate biological and 
physiological processes in aerobic organisms. It appears that, early in 
evolution, nature selected ROS as a signal transduction mechanism to allow 
for adaptation to changes in environmental nutrients and the oxidative 
environment. (NADPH, Nicotinamide adenine dinucleotide phosphate, SOD 
superoxide dismutase, CAT catalase) [Schieber M, Chandel NS. ROS 
Function in redox signaling and oxidative stress. Current Biology 24(10: R453-
R462, 2014].  
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Reactive oxygen species (ROS) and nitrogen species (RNS) and free 

radicals (with unpaired electron) are formed continuously as natural by-

product of the normal metabolism of aerobic multicellular organisms with 

significant roles in cellular signaling and redox homeostasis.  But excessive 

intracellular accumulation of ROS or free radicals can cause damage to lipids, 

proteins-enzymes and DNA. However, elevated ROS-free radicals can also 

act as signaling molecules in the maintenance of physiological functions. 

Redox biology involves a small increase in ROS levels that activates signaling 

pathways to initiate biological processes, while oxidative stress denotes high 

levels of ROS that result in damage to DNA, protein or lipids.32 

Redox homeostasis is an essential requisite for aerobic organisms. 

They are dependent on the balance between the rate and the magnitude of 

oxidant production and their antioxidant elimination over time. ROS are short-

lived molecules with unpaired electrons deriving from partially reduced 

molecular oxygen that are perpetually generated, transformed and eliminated 

in a variety of cellular processes including metabolism, proliferation, 

differentiation, immune system regulation and vascular remodeling. ROS and 

free radicals are part of the normal metabolism but in excessive 

concentrations can be damaging to biological components. To cope with 

ROS, RNS and free radicals, organisms have evolved a number of antioxidant 

mechanisms which they use for defense, e.g. scavenger molecules, 

detoxicating enzymes, antioxidants polyphenols of food.33 

A recent review accumulated evidence from the scientific literature on 

the subject of influence of ROS and increased concentration of Oxygen on 

their essential role in triggering the evolutionary animal explosion during the 

Cambrian Explosion. It was concluded that higher oxygen levels would be 

required to promote evolutionary animal radiation.34  

It is well known to researchers studying the geochemical stages of 

primitive Earth that highly reactive Oxygen in the atmosphere did not exist 

because it was captured by oxygen sinks, such as dissolved iron and organic 

matter. The Great Oxygenation Event occurred at about 2.45 billion years 

ago, then between 1.800 and 850 million years ago the Oxygen level in the 
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Earth‘s atmosphere remained low, no more than 10% PAL (present 

atmospheric level).35  

 Some researchers have estimated that during much of 

the Proterozoic Eon (2.5 billion-541 million years ago), atmospheric oxygen 

could have been as low as 0.1% PAL.36   Between 850 and 540 million years 

ago, there was a rapid increase in the atmospheric Oxygen content. The 

causes of this rise remain uncertain, although plausible explanations have 

been proposed, such as increased burial of organic carbon. At the end of this 

period, the level of oxygen in the atmosphere was close to that of the present, 

which could lead to oxygenation of the deep ocean.37  

Another recent geochemical study on sedimentary rocks from the 

late Ediacaran (635-541) revealed that these rocks formed under a more 

oxygenated environment than the underlying Cryogenian deposits. This 

finding suggests that immediately before the Cambrian Explosion, water of the 

deep ocean had already transitioned from anoxic to fully oxygenated.38  

Scientific research indicated that a high oxygen level is essential for 

metabolically active aerobic animals, since oxygen is necessary for 

synthesizing collagen. Collagen is the most abundant protein present in 

animals, representing more than 25% by weight of body protein tissue. 

Oxygen is involved in the synthesis and stabilisation (via cross‐linking) of this 

protein. Oxygen deprivation (in hypoxic tissues under repair), can lead to the 

synthesis of inferior collagen that is unstable in nature. Because collagen is 

essential for the formation of tissues, a minimum level of Oxygen is required 

for the evolution of complex animals. Furthermore, because of their thick 

muscle layers and mesodermally derived internal organs, it is more difficult 

for triploblastic animals to obtain sufficient oxygen via diffusion, and their 

maximum body sizes should be related to oxygen availability. Therefore, the 

diversification of bilaterians (animals with bilateral symmetry in embryos) 

could only take place after the oxygen level at the seafloor increase. All 
―oxygen theories‖ suggest that the major role of Oxygen was to remove an 

environmental barrier to the evolution of larger, metabolically active animals 

and release the morphological potential of developmental genes that had 

already evolved. 39,40 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/proterozoic
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-carbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ediacaran
https://en.wikipedia.org/wiki/Animal
https://en.wikipedia.org/wiki/Symmetry_(biology)#Bilateral_symmetry
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One critical issue is the minimum oxygen requirements of animals. 

Studies of extant animals have also revealed considerable tolerance 

for hypoxic conditions. For example, in an oceanic environment where the 

oxygen level was only about 0.3–0.5 mL/L, dense communities of animals, 

such as starfish, crabs, sponges and shrimp, were identified.41,42 

The role of Oxygen was not simply to overcome an environmental 

barrier, but to directly enhance the evolutionary rate, because although extant 

animals can survive in low-oxygen environments, higher oxygen levels would 

be required to promote evolutionary radiation.  Increased oxygen consumption 

generates more Reactive Oxygen Species (ROS) and these contributed to 

explosive evolution according to some theories. 

 

Oxygen, reactive oxygen species (ROS) and antioxidants in 
biological metabolism 
 

Oxygen has a dual role in aerobic biological systems, and rightly it has 

been called a double-edged molecular sword. Oxygen is necessary for 

aerobic metabolism, but at the same time the reduction of molecular oxygen 

in biological systems results in the formation of reactive oxygen species 

(ROS) and free radicals which are highly oxidative and damaging. At the 

same time, O2 deficiency hinders normal growth and development of 

multicellular aerobic eukaryotic organisms.  

The most common ROS include singlet oxygen (1O2), the superoxide 

anion and free radicals (R
•
) are highly reactive species of Oxygen because 

they contain single (unpaired) electrons. These reactions occur in particular in 

the mitochondrial respiratory chain, where 85% of O2 is metabolized from 

partially reduced O2 intermediates.  

All aerobic organisms were evolved in combination with specialized  

antioxidant defences to protect them from damaging adverse events by the 

presence of oxygen and ROS.  Investigating metabolic processes in aerobic 

organisms reveals a sophisticated balance of ROS and antioxidant  chemicals 

(vitamins, enzymes, polyphenolic compounds, etc) regulating the internal 

aerobic cell metabolisms. For example, superoxide anion (O2
•‒), is a radical 

which is continuously produced as a byproduct of the mitochondrial electron 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hypoxic-condition
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transfer reactions and are generally converted to hydrogen peroxide by the 

antioxidant  Superoxide dismutase (SOD) which is an enzyme that alternately 

catalyzes the dismutation SA into ordinary molecular oxygen and hydrogen 

peroxide. SOD is a highly conserved enzyme, that is abundantly expressed in 

the cytoplasm of aerobic organisms and plays a fundamental role in 

protecting cells from oxidative stress.43 

Prooxidants and antioxidants and oxidative stress are physiological 

phenomena in all aerobic organisms. Under normal conditions, the 

physiologically important intracellular levels of reactive oxygen species (ROS) 

are maintained at low levels by various enzyme systems. There is a great 

variety of antioxidants in aerobic eukaryotic organisms which regulate the 

antioxidant defences and keep physiological balance.44,45  

 In all aerobic biological organisms there is a sensitive balance of  

oxidants/antioxidants which is called ―Redox Homeostasis‖. Redox 

homeostasis is essential to aerobic organisms for health requirements.  It is 

maintained because aerobic prokaryotic cells have evolved a sophisticated 

system to counterbalance excessive and normal Oxygen radicals produced in 

physiologically in the body by various natural metabolic processes. The redox 

homeostasis  encompasses antioxidant enzymes, such as  superoxide 

dismutase (SOD),  glutathione peroxidase (GPx), catalase (CAT), but also 

simple non-enzymatic chemicals, such as vitamin C, vitamin E, plant 

polyphenolic compounds, carotenoids, etc. Excessive generation and lack of 

removal of ROS causes oxidative stress that damage biological molecules. 

For example, the oxidative DNA adduct 8-oxo-deoxyguanosine (8-oxo-dG) 

can cause G/T transversions and double-strand breaks.46 

ROS and free radicals have the potential at high concentrations to 

cause oxidative stress producing mutations in biological molecules. Scientists 

hypothesize that major environmental disturbances resulted in considerable 

oxidative stress at a large ecological scale, which promoted mutations in the 

genomes of primitive bilaterians (are animals with bilateral symmetry as an 

embryo, i.e. having a left and a right side, mirror images of each other), and 

may have laid the foundation for the Cambrian Explosion.47 

  ROS can also directly regulate the embryonic developmental process 

which can contribute additionally to the evolution of new species.  As signaling 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/glutathione
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/catalase
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
https://en.wikipedia.org/wiki/Animal
https://en.wikipedia.org/wiki/Symmetry_(biology)#Bilateral_symmetry
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molecules, ROS can regulate a variety of cellular functions, including 

proliferation, differentiation, migration and apoptosis. ROS are thought to 

interact with several pathways to affect the transcription machinery required 

for stem cell differentiation. From the perspective of the Cambrian Explosion, 

it is notable that a small increase in the complexity of a combinatorial 

developmental system can lead to an extraordinary range of stable spatial 

patterns of gene expression, and thereby release rich morphogenetic potential 

ROS through redox regulation of key genes that affect embryonic 

development and stem cell renewal and differentiation which have played a 

central role in creating the disparity and diversity of Cambrian animals.48,49 

 

Figure 15. The Cambrian Explosion was an event that has earned the 
nickname ―biology‘s Big Bang‖, one of the most important events in the history 
of life on Earth.  In 1958 the Precambrian fossils (Burgess Shale) were first 
recognised, but even they did little to diminish the seeming leap in complexity. 
When the Burgess Shale were properly studied from the 1970s onwards and 
by the 1990s the evolutionary diversification had been established as one of 
the key mysteries of palaeontology of life on Earth. 

 

ROS may have broader implications in evolution of life 

 

Evolution driven by ROS may explain other evolutionary events in 

addition to the Cambrian Explosion, including the origins of eukaryotes and 

insects. Different models have been proposed to explain the origin of 

eukaryotes.   The traditional ―archezoa hypothesis‖ suggests a proto-

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
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eukaryotic cell that had already evolved a nucleus, a cellular skeleton and the 

endomembrane system before it acquired mitochondria through 

endosymbiosis. The major difficulty facing this model is the failure to identify 

any living eukaryotes that lack mitochondria or mitochondrion-

related organelles. Therefore, an alternative model has been proposed 

whereby the fusion of archaea and bacteria preceded the formation of other 

features of eukaryotes. 50,51  

Mitochondria are found in the cells of nearly every eukaryotic organism, 

including plants and animals. Cells that require a lot of energy, such as 

muscle cells, can contain hundreds or thousands of mitochondria. After all 

these million years of animal and plant evolution, mitochondria are the major 

sites of ROS production. Therefore scientists assumed that when archaea 

procaryotic  organisms first acquired mitochondria (by endosymbiosisi), they 

would have faced intense oxidative pressure because primitive mitochondria 

produced more ROS than new cells could scavenge.  

Archaea are microorganisms that define the limits of life on Earth, 

originally discovered in extreme environments, such as hydrothermal vents 

and terrestrial hot springs. They are found also in a diverse range of highly 

saline, acidic, and anaerobic environments.. 

Oxidative stress caused by excessive ROS may have led to DNA 

damage and mutations, which would not only drive the diversification of 

eukaryotes but also cause the vast expansion of their genomes. New 

eukaryotic cells would be subject to selective pressure to limit the effects of 

ROS. This may have led to the evolution of the endomembrane system, 

particularly the nuclear envelope, to decrease the diffusion of ROS and 

protect the genomic DNA from damage. 

Symbiotic interactions are ubiquitous in nature and play a major role in 

driving the evolution of life.  Such processes have been occurring for billions 

of years, including the increase in Earth's atmospheric oxygen and the 

subsequent evolution of mitochondria. Given the pleiotropic role of ROS-RNS 

in cell–cell communication, development and immunity, and associated 

physiological costs, their regulation can influence the establishment, the 

maintenance and the breakdown of various symbiotic associations, leading to 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organelle
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evolutionary diversification. Pleiotropy describes the genetic effect of a single 

gene on multiple phenotypic traits.52 

Insects are the most diverse group of animals, with at least one million 

described species in the 3.5 billion year history of life evolution on Earth.  It 

has been estimated that there may be as many as 6-10 million species within 

this class (more than 90% of all animal species). Genomic data indicate that 

insects evolved during the Ordovician period  (lasted almost 45 million years, 

beginning 488.3 million years ago and ending 443.7 million years ago), 

roughly at the same time as the first land plants, although the oldest known 

insect fossils occur in Devonian strata.53  

From the perspective of the Cambrian Explosion, it is notable that a 

small increase in the complexity of a combinatorial developmental system can 

lead to an extraordinary range of stable spatial patterns of gene expression, 

and thereby release rich morphogenetic potential. Scientific evidence showed 

that through redox regulation of key genes that affect embryonic 

development and stem cell renewal and differentiation, ROS may have played 

a central role in creating the disparity and diversity of Cambrian animals, with 

insects as a typical example of the most highly diverse animal group.34 

 

From prokaryotic single cell to multicellular eukaryotes and 
the presence of Oxygen and metabolism 

 

The appearance of eukaryotic cells ~2 billion years ago has been 

linked to the introduction of Oxygen in the atmosphere and therefore aerobic 

metabolism. The increased presence of oxygen produces a more efficient 

energy source in the form of aerobic metabolism, producing 10–16 times 

more energy [in the form of adenosine triphosphate (ATP) per hexose sugar] 

than anaerobic metabolism. Since aerobic metabolism generates more 

energy, approximately 1000 more reactions can occur than under anaerobic 

metabolism. This allowed the generation of new metabolites, for example, 

steroids, alkaloids, isoflavonoids and polyunsaturated fatty acids, which are 

important elements of membranes. These effects must have been involved in 

promoting organelle formation and cell compartmentalization in eukaryotic 

multicelular organsims.54,55 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ordovician
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/devonian
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/embryonic-development
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As some of the metabolites produced from oxygenic respiration are 

involved in processes that target nuclear receptors, it has been hypothesized 

that higher ambient Oxygen promoted these nuclear signalling systems within 

cells. Nuclear factors have conserved volumes and are highly hydrophobic, 

since they must pass through cell membranes. Experiments comparing the 

volume and hydrophobicity of both aerobic and anaerobic metabolites to 

those known for nuclear ligands indicate that aerobic metabolites are more 

hydrophobic and more closely match the required volumes of appropriate 

molecules for nuclear factors compared to the anaerobic molecules. Since 

these appear important in superior eukaryotes, it has been hypothesized that 

such events influenced by increased Oxygen levels have influenced biological 

evolution during the Cambrian period.56 

There is able research that eukaryotic organisms assign more 

communication roles to proteins than prokaryotes, allowing for more complex 

and variable signalling pathways. The ratio of receptors to channels was 

higher, with a greater amount of oxygen-rich proteins, in more highly 

developed organisms. It has been shown that approximately 68% of 

transmembrane proteins in humans are high-oxygen content, whereas in most 

bacteria, such as E. coli, only 36% are oxygen rich. The size of the 

extracellular domains of transmembrane proteins increased as ambient 

oxygen concentration increased. Larger and higher oxygen-containing 

proteins are more energy demanding than those lacking oxygen in their side 

chains. However, the primary hypothesis suggests that the presence of large 

and oxygen-rich amino acids as side chains would have resulted in weak 

protein structures during anoxic eras.55,57 

Eukaryotes have an abundance of oxygen in the plasma membrane, as 

oxygen is utilized in the mitochondria. This compartmentalisation may have 

evolved as a mechanism to protect the transmembrane proteins, which are 

rich in oxygen. Multicellular organisms may have required both the 

accumulation of oxygen-rich amino acids in their transmembrane proteins and 

the allocation of respiration to specific intracellular compartments, that is, 

mitochondria.57 

All scientific evidence showed that there is an association between 

evolution and changes in atmospheric oxygen concentration. Although not a 



 

29 
 

sole contributor to these changes, endothermy, placentation and animal size 

were all affected by oxygen increases. During the Carboniferous era (359–299 

million years ago), terrestrial invertebrates (e.g., insects) developed new 

characteristics including larger bodies and the ability to fly. Insects rely mostly 

on an oxygen diffusion system, with tubes extending from their surface to 

tracheoles deep within cells. Higher oxygen concentrations would have 

allowed a greater diffusive penetration and thus, larger bodies.58,59 

  

Figure 16. Acquisition of morphologically novel structures can facilitate 
successful radiation during evolution. The emergence of wings in hexapods 
represents a profound moment in eukaryotic evolution, making insects one of 
the most successful groups. [ Linz DM, Tomoyasu Y. Dual evolutionary origin 
of insect wings supported by an investigation of the abdominal wing serial 
homologs in Tribolium. Proceedings Nat Acad Sci USA 115(4):E658-E667, 
2018.]. 

In addition, the ability to fly was enabled by a hyperoxic atmosphere. 

The first forms of wings were seen in insects during the Carboniferous period 

(35% oxygen), with wings having mainly a respiratory function and only 

additionally used for locomotion. This novel addition to the body form of 

organisms would have necessitated constantly high oxidative metabolism, 

which would have been achieved in a hyperoxic environment. Therefore, the 

addition of wings aided ventilation and minimized the limitations associated 

with a solely diffusion-based air exchange system.60  

Periodical decreases and increases in oxygen concentration 

(atmosphere and oceans) have affected evolution and natural selection in the 

animal kingdom. Following one of three post-extinction periods, fish and 

arthropods evolved with an increased ability for oxygen uptake, as they were 
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able to force larger water volumes across their gills, therefore adapting to new 

oxygen conditions with more effective respiratory systems, thus maximizing 

their survival.61 

The first terrestrial vertebrates (animals with a backbone who spend 

the majority of their lives on land, primarily include reptiles, birds, and 

mammals) are believed to have evolved during a hyperoxic era. With the 

increasing need for effective gas exchange, gills were not as effective as in 

aquatic species, with ineffective carbon dioxide discharge, cutaneous 

respiration was inadequate and more sophisticated lungs for respiration 

evolved in such vertebrates.62 

It is estimated that the appearance of the first placental mammals 

(whales, elephants, shrews, and armadillos) was somewhere between 65 and 

100 million years ago, when oxygen levels were high enough to support the 

mammalian placental species. High atmospheric oxygen was required to 

support the transfer of oxygen between maternal arterial blood and placental 

venous blood.58 

Conclusions 

The solar system was formed 4.5-4.6 billion years ago, but the hot, 

turbulent and unsettled environment on the surface of Earth with volcanoes 

outgassing toxic gases there was not friendly environment for the beginning of 

biological life forms. The Earthly atmosphere and the primitive oceans devoid 

of oxygen and high in methane (CH4), were unwelcoming places for even 

simple anaerobic single-cell life forms.  The earliest life forms (know to 

scientists from fossils) were microscopic organisms (single-celled microbes) 

that left signals of their presence in rocks about 3.7 billion years old.  

Evidence of microbial life was also preserved in the ―stromatolites‖ dated to 

3.5 billion years ago.   

The earliest life forms on Earth were prokaryotic, microscopic, 

anaerobic, single-celled organisms, such as bacteria, archaea  and 

cyanobacteria (blue-green algae). Scientists for years worked very hard to 

find fossilized signals of their presence in primitive rocks starting at about 3.5 

billion years ago because they were very rare. The most important were 

photosynthetic organisms that appeared between 3.5 and 2.4 billion years 

https://www.biologyonline.com/dictionary/bacteria
https://www.biologyonline.com/dictionary/archaea
https://www.biologyonline.com/dictionary/cyanobacteria
https://en.wikipedia.org/wiki/Photosynthetic
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ago. These photosynthesizing  cyanobacteria  set the stage for a remarkable 

transformation. They became Earth‘s first photo-synthesizers, making food 

using water and the Sun‘s energy, and releasing Oxygen as a result. This 

catalyzed a sudden rise in oxygen, making the environment more friendly. 

The Cambrian Explosion around 540 million years ago was a key event 

in the evolutionary history of life. But what exactly controlled the Cambrian 

Explosion has been a subject of scientific debate since Darwin's time. A 

multidisciplinary study (Nature Geoscience, 2019) by a joint China-UK-Russia 

research team, gave strong support to the hypothesis that the Oxygen (O2) 

content of the atmosphere and oceans was the principal controlling factor in 

early animal evolution, the so called Cambrian explosion. 

In past decades, important fossil discoveries revealed a puzzling pattern of 

episodic radiations and extinctions in early animal evolution. This pattern 

coincides with dramatic fluctuations in the carbon isotopic composition of 

seawater. The isotopic signatures of the rocks correlate with the global 

production of oxygen during the Cambrian Period. 

All scientific evidence showed that there is a clear association between 

life evolution and changes in atmospheric oxygen concentration.  Also, 

Reactive Oxygen Species (ROS) and free radicals play an important role in 

the Cambrian explosion, because of their potential at high concentrations to 

cause oxidative stress producing mutations in biological molecules. Scientists 

hypothesize that major environmental disturbances resulted in considerable 

oxidative stress at a large ecological scale, which promoted mutations in the 

genomes of primitive and may have laid the foundation for the Cambrian 

Explosion. 

The role of Oxygen was not simply to overcome an environmental 

barrier, but to directly enhance the evolutionary rate, because although extant 

animals can survive in low-oxygen environments, higher oxygen levels would 

be required to promote energy requirements and evolutionary radiation.  

Increased oxygen consumption generates more Reactive Oxygen Species 

(ROS) and these contributed to explosive evolution and diversification 

according to some theories. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/oxidative-stress
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