BIO 111 - Principles of Life I: Biomolecules, Genetics
and Evolution

(Varsha 2025)

MODULE: OVERVIEW OF BIOLOGY

Part || — ORIGIN OF LIFE



* While all living organisms have the properties of life we

discussed earlier, explaining the origins of the following is
most challenging

nucleic acids (which store information)

proteins (capture energy, replicate nucleic acids)
membranes (which protect)

self-replication

Once we are able to explain the above, it is easier to explain
the origins of the remaining properties of living organisms



Spontaneous generation

* Believed for a long time that life can arise out of non-living
matter spontaneously

maggots from rotting flesh
‘recipes’ to grow mice, etc

* Pasteur's experiments disproved this theory



EXPERIMENT
Question: Pasteur asked “Does life generate spontaneously
or does it come only from already existing life”?

Experiment 1 METHOD Experiment 2

Swan neck flask
expt

/
Dust

RESULTS l

No microbial —
growth

Conclusion: All life comes from existing life.

2001 Sinauer Associates, Inc.



Panspermia hypothesis
Idea: Life could have originated elsewhere and travelled to
earth. Meteors could have dislodged large pieces of debris
which landed on earth

Exobiology / Astrobiology: Searching for life forms in space

However, no evidence for this hypothesis



Earth formed about 4.5 bya (billion years ago)
- Big Bang

Remained inhospitable for a few million years
- Meteors, high temperature, No free Oxygen in the
atmosphere, etc



No physical record of first biological events, must be reconstructed
from indirect evidence

Several tools used by biologists to put together parts like fitting parts
of a puzzle together

- physical, chemical, mathematical, biological



Oldest fossils — ca. 3.5 billion years

Chemical fossils — ca. 3.8 billion years

Best estimate for origin of life: ca. 4 billion years ago



Probable sequence of events

Inorganic molecules

'

Simple organic compounds (building blocks of life: nucleotides, amino acid)

'

Complex organic compounds (biological polymers: nucleic acids,
polypeptides)

Self replicating systems

Cellular Life



“What I cannot create, I do not understand”

- Richard Feynman (Theoretical Physicist)

Ideally, we should be able recreate the steps in the origin of life



Oparin-Haldane Model

Alexandr Oparin and JBS Haldane

Theoretical model for pre-biotic chemical evolution

Model: Under the atmosphere of the early earth (4- 3.5 bya),
inorganic molecules would spontaneously form organic
molecules (simple sugars and amino acids)



Miller-Urey experiments
Stanley Miller and Harold Urey

Simulated Oparin-Haldane's early earth & demonstrated how simple
biological molecules could arise abiotically through non-biological processes

* Boiled water
* Circulated hot vapour, atmosphere of methane, ammonia and hydrogen
® Passed electric current

* Condensed the vapour and directed it into a boiling flask



Simple organic compounds
Electrode  (amIno acids, sugars, lipids,
etc)

7 Water vapor

Cooled water
containing
organic
compounds

Sample for
chemical analysis

Copyright £ Pearson Education, Inc., publishing as Benjamin Cummings.



Formation of nucleotides

* Ribose sugars that form nucleotides have been
synthesized

* It has not been possible to synthesize all nucleotides
abiotically through Miller-Urey style experiments

e Active field of research



Simple organic molecules
to biological polymers

- e.g. polynucleotides & polypeptides have been synthesized on a
mixture of two minerals



Protobionts/Protocell: aggregates of abiotically produced
molecules surrounded by primitive ‘membrane’

Maintain internal chemical environment separate from
surroundings

Some properties associated with life, but could not self-
replicate



What was the first self-replicating system?

Artificial cells and membranes have been synthesised from non-
living sources.

But they require protein or DNA. What came first? Protein or DNA?

Proteins can perform complicated biological tasks but cannot
REPLICATE.

DNA can store and transmit genetic information by complementary
base pairing but cannot perform complex cellular tasks



Central Dogma of Molecular Biology

- Francis Crick

* DNA is TRANSCRIBED to RNA

* RNA is TRANSLATED to an amino acid chain, which makes up
proteins

Information cannot be transferred from protein back to
nucleic acids



The Enigma of the Origin of Life

“The largest stumbling block in bridging the gap between nonliving
and living still remains. All living cells are controlled by information
stored in DNA, which is transcribed in RNA (transcription) and then
made into protein (translation).

This is a complicated system, and each of these three molecules
requires the other two - either to put it together or to help it work.
DNA, for example, carries information but cannot put that
information to use, or even copy itself without the help of RNA
and protein.”

Kenneth R. Miller and Joseph Levine, Biology: The Living Science (Upper Saddle River, New Jersey: Prentice Hall),
1998, p.406-407. (Slide by Chris Macosko)



Discovery of ribozymes (RNA enzymes) by Altman and Cech
in 1982 (shared the 1989 Nobel Prize)

Ribozymes - made of nucleic acid
- like protein enzymes, can catalyze chemical reactions

Till then RNA was considered to have the task of transferring
genetic information from the DNA to proteins, which in turn
carry out all the actual ‘work’ in the cell



RNA World Hypothesis

RNA preceded protein and DNA in the origin of life.
Idea: There was a time when life entirely was RNA based.

Walter Gilbert in 1986, Nobel Prize in Chemistry



Short RNA-like molecules called Pre-RNA (or Pro-RNA) are
thought to be the earliest self-replicating molecules.

The first cells are thought to have been formed by the
enclosure of self-replicating RNA and associated molecules in a
phospholipid membrane.



e DNA more stable than RNA

* DNA based replication systems eventually evolved,
and DNA took over as genetic material

* Proteins took over as the major catalysts and
structural components



The first prokaryotic cells were thus assembled
Diversified in metabolism and phenotypes

Photosynthetic bacteria — ca. 2 bya
Released Oxygen into the atmosphere

This allowed aerobic respiration and further
diversification



How did eukaryotes evolve?

* One of the main differences between prokaryotes and
eukaryotes is that eukaryotes have membrane enclosed

organelles.

* The endosymbiotic theory tries to explain the origin of
organelles such as mitochondria and plastids



Evolution of eukaryotes (ca. 2.1 bya) - Endosymbiont theory

Endosymbiosis in a nutshell:

1. Start with two 2. One bacterium 3. One bacterium now
Typical prokaryote cell Typical eukaryote cell independent bacteria. engulfs the other. lives inside the other.
\
] ,.._ nucleus
strand of DHA e {rontains DMA)
mitochandria 4. Both bacteria benefit 5. The internal bacteria are passed
from the arrangement. on from generation to generation.

L@
@ -22
__ @@

o

evolution.berkeley.edu/evolibrary/article/0_0_0/endosymbiosis_03



Evolution of multicellularty (> 1.5 bya)

- related to size advantage

- Unicellular organisms cannot be large (surface area: volume
ratio)

- Multicellularity allowed organisms to become large

- Multicellularity thus allowed organisms to have a size
advantage and also retain the advantage of small cell size

- Multicellularity eventually allowed living organisms to
diversity greatly in form
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EXPERIMENT
Question: Pasteur asked “Does life generate spontaneously
or does it come only from already existing life”?

Experiment 1 METHOD Experiment 2
Dust 1

<

Dust

&

l RESULTS
~ Microbial No microl‘EZ’lL?
growth growth
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Conclusion: All life comes from existing life.

2001 Sinauer Associates, Inc.








Short RNA-like molecules called Pre-RNA (or Pro-RNA) are
thought to be the earliest self-replicating molecules.

The first cells are thought to have been formed by the
enclosure of self-replicating RNA and associated molecules in a
phospholipid membrane.
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		While all living organisms have the properties of life we discussed earlier, explaining the origins of the following is most challenging

 nucleic acids (which store information)





 proteins (capture energy, replicate nucleic acids)

 membranes (which protect)

 self-replication



Once we are able to explain the above, it is easier to explain the origins of the remaining properties of living organisms  





Nucleic acids are the biopolymers, or small biomolecules, essential to all known forms of life. They are composed of nucleotides, which are the monomers made of three components: a 5-carbon sugar, a phosphate group and a nitrogenous base. If the sugar is a compound ribose, the polymer is RNA (ribonucleic acid); if the sugar is derived from ribose as deoxyribose, the polymer is DNA (deoxyribonucleic acid). 



Spontaneous generation



		Believed for a long time that life can arise out of non-living matter spontaneously

 maggots from rotting flesh

 'recipes' to grow mice, etc





		Pasteur's experiments disproved this theory













Swan neck flask expt



He put a nutrient rich broth in the flask, which he called the “infusion.” He then boiled the infusion killing any microorganisms which were already present. Then he allowed the infusion to sit



Panspermia hypothesis 



Idea: Life could have originated elsewhere and travelled to earth. Meteors could have dislodged large pieces of debris which landed on earth



Exobiology / Astrobiology:  Searching for life forms in space



However, no evidence for this hypothesis





https://www.smithsonianmag.com/smart-news/building-blocks-of-life-found-on-samples-collected-from-an-asteroid-180980231/



Researchers say they have found more than ten types of amino acids, the building blocks of proteins, in samples collected from a diamond-shaped asteroid 200 million miles from Earth. The detection is the first time amino acids have been found to exist on asteroids in space and may have implications in understanding how organic molecules arrived on Earth, reports the Japan Times. The findings were presented at the Lunar and Planetary Conference in March 2022. 



 A total of 23 types of amino acids were found in asteroid samples brought back by Japan's Hayabusa2 space probe, according to new studies published in the journal Science and elsewhere, shedding further light on the origins of life on Earth.



Earth formed about 4.5 bya (billion years ago)

 - Big Bang





Remained inhospitable for a few million years

 - Meteors, high temperature, No free Oxygen in the atmosphere,  etc











No physical record of first biological events, must be reconstructed from indirect evidence



Several tools used by biologists to put together parts like fitting parts of a puzzle together

-  physical, chemical, mathematical, biological

 







Oldest fossils – ca. 3.5 billion years





Chemical fossils – ca. 3.8 billion years 





Best estimate for origin of life: ca. 4 billion years ago



The oldest known fossils, in fact, are cyanobacteria from Archaean rocks of western Australia, dated 3.5 billion years old. This may be somewhat surprising, since the oldest rocks are only a little older: 3.8 billion years old!  UC BErkley



Chemical fossils, or chemofossils, are chemicals found in rocks and fossil fuels (petroleum, coal, and natural gas) that provide an organic signature for ancient life. Molecular fossils and isotope ratios represent two types of chemical fossils.[49] The oldest traces of life on Earth are fossils of this type, including carbon isotope anomalies found in zircons that imply the existence of life as early as 4.1 billion years ago



Probable sequence of events



Simple organic monomers (building blocks of life) - from inorganic molecules



Polymers



Self-replicating systems



At least one of them evolved to using DNA to store heritable information and proteins to express that information



Eventually this system gave rise to all the lineages of life



 



A monomer is a molecule that "can undergo polymerization thereby contributing constitutional units to the essential structure of a macromolecule" Large numbers of monomers combine to form polymers in a process called polymerization. - Wiki



Usually, polymers are organic (but not necessarily



In chemistry, an organic compound is generally any chemical compound that contains carbon



 all known life is based on organic compounds



Organic Monomers: carbohydrates, lipids, nucleic acids and amino acids

Polymers: Polysaccharides, polypeptides, and polynucleotide





Inorganic molecules 





Simple organic compounds (building blocks of life: nucleotides, amino acid)



Complex organic compounds (biological polymers: nucleic acids, polypeptides)



 

Self replicating systems



 

Cellular Life













Probable sequence of events













Oparin (Russian) and Haldane (Brit) independently came up with idea.  



Simple molecules H2, H2O, NH3 (Ammonia), CH4 (Methane)





Biochemist Robert Shapiro has summarized the theory in its "mature form" as follows:[6]



 Early Earth had a chemically reducing atmosphere.

 This atmosphere, exposed to energy in various forms, produced simple organic compounds ("monomers").

 These compounds accumulated in a "soup", which may have been concentrated at various locations (shorelines, oceanic vents etc.).

 By further transformation, more complex organic polymers – and ultimately life – developed in the soup.



https://www.ncbi.nlm.nih.gov/books/NBK9841/



It was first suggested in the 1920s that simple organic molecules could form and spontaneously polymerize into macromolecules under the conditions thought to exist in primitive Earth's atmosphere. At the time life arose, the atmosphere of Earth is thought to have contained little or no free oxygen, instead consisting principally of CO2 and N2 in addition to smaller amounts of gases such as H2, H2S, and CO. Such an atmosphere provides reducing conditions in which organic molecules, given a source of energy such as sunlight or electrical discharge, can form spontaneously. The spontaneous formation of organic molecules was first demonstrated experimentally in the 1950s, when Stanley Miller (then a graduate student) showed that the discharge of electric sparks into a mixture of H2, CH4, and NH3, in the presence of water, led to the formation of a variety of organic molecules, including several amino acids (Figure 1.2). Although Miller's experiments did not precisely reproduce the conditions of primitive Earth, they clearly demonstrated the plausibility of the spontaneous synthesis of organic molecules, providing the basic materials from which the first living organisms arose. 



“What I cannot create, I do not understand”

- Richard Feynman (Theoretical Physicist)



Ideally, we should be able recreate the steps in the origin of life





Oparin-Haldane Model

 Alexandr Oparin and JBS Haldane 

Theoretical model for pre-biotic chemical evolution 



Model: Under the atmosphere of the early earth (4- 3.5 bya), inorganic molecules would spontaneously form organic molecules (simple sugars and amino acids)













Oxidation occurs when an atom, molecule, or ion loses one or more electrons in a chemical reaction.



https://www.thoughtco.com/definition-of-oxidation-in-chemistry-605456



When oxidation occurs, the oxidation state of the chemical species increases.

Oxidation doesn't necessarily involve oxygen! Originally, the term was used when oxygen caused electron loss in a reaction. The modern definition is more general

A reducing atmosphere is an atmospheric condition in which oxidation is prevented by removal of oxygen and other oxidizing gases or vapours, and which may contain actively reducing gases such as hydrogen, carbon monoxide, and gases such as hydrogen sulphide that would be oxidized by any present oxygen



oxygen-poor atmosphere in which molecules tend to donate electrons



Miller-Urey experiments

Stanley Miller and Harold Urey



Simulated Oparin-Haldane’s early earth & demonstrated how simple biological molecules could arise abiotically through non-biological processes



		Boiled water





		Circulated hot vapour, atmosphere of methane, ammonia and hydrogen





		Passed electric current





		Condensed the vapour and directed it into a boiling flask 









H20, NH3, CH4, H2 (methane, ammonia, hydrogen)



 Although Miller's experiments did not precisely reproduce the conditions of primitive Earth, they clearly demonstrated the plausibility of the spontaneous synthesis of organic molecules, providing the basic materials from which the first living organisms arose. 





Simple organic compounds (amino acids, sugars, lipids, etc)



CH4 methane

NH3 Ammonia









		Ribose sugars that form nucleotides have been synthesized



		It has not been possible to synthesize all nucleotides abiotically through Miller-Urey style experiments



		Active field of research







Formation of nucleotides



HCN Hydrogen Cyanide



One criticism of Miller-Urey style experiments is that they typically don’t produce nucleotides, the building blocks of RNA and DNA. A nucleotide is a relatively complex, three-part molecule with a sugar ring, a nitrogenous base, and one or more phosphate groups. As such, it's less likely to form through simple chemical reactions than a typical amino acid.

However, one recent study using a different approach (not an approach similar to Miller and Urey) found that RNA nucleotides could be formed from inorganic components under conditions thought to resemble those of early Earth



 

• e.g. polynucleotides & polypeptides have been synthesized on a mixture of two minerals



Simple organic molecules to biological polymers



HCN Hydrogen Cyanide



Protobionts/Protocell:  aggregates of abiotically produced molecules surrounded by primitive ‘membrane’





Maintain internal chemical environment separate from surroundings

 



Some properties associated with life, but could not self-replicate

Protobionts:  aggregates of abiotically produced molecules surrounded by membrane



Protobionts- Aggregated structures which produced prebiotic molecules. They were not capable of reproduction, hence didn't satisfy the criteria of a living organism (biont), thus they were termed as Protobionts. Conditions for Protobionts (conditions for living formation created): 1.Presence of duplicating molecules (molecules which are capable of duplicating molecules): Should be chances of variations. 2.Must have some source of energy/ simple metabolism (Energy is required for keeping molecules together i.e, if we keep molecules together they have tendency to disperse, called Entropism i.e., to control entropy). 3.Partial isolation from the surroundings/ scope of diversification (i.e., error of duplication or variations). All organisms are open system because they exchange the energy and matter. If it is isolated it can be able to maintained its own condition, but isolation should be partial because it has to be involved with the exchange of matter and energy. Coacervates: Term given by Oparin. He heated mixture of proteins, polysaccharides and aggregated mixture is formed without any limiting membrane. So, it can not be protobiont. }\text{Sydney Fox (1957) obtain microspheres with a primitive membrane. He heated a dry mixture of amino acids at 130-180 degree Celsius. If formed Proteids (polymer of amino acid). When these proteids poured in Cool water along with lipids, microsphere gets separated. (size 1-2 ) and show simple metabolism, motility. They were lack the source of diversity/ scope for diversification. Therefore, they also cannot be considered for protobiont. 



What was the first self-replicating system?



Artificial cells and membranes have been synthesised from non-living sources. 



But they require protein or DNA. What came first? Protein or DNA?

 

Proteins can perform complicated biological tasks but cannot REPLICATE.



DNA can store and transmit genetic information by complementary base pairing but cannot perform complex cellular tasks





Protobionts:  aggregates of abiotically produced molecules surrounded by membrane



Central Dogma of Molecular Biology

- Francis Crick



		DNA is TRANSCRIBED to RNA





		RNA is TRANSLATED to an amino acid chain, which makes up proteins



Information cannot be transferred from protein back to nucleic acids











The Enigma of the Origin of Life 





 “The largest stumbling block in bridging the gap between nonliving and living still remains. All living cells are controlled by information stored in DNA, which is transcribed in RNA (transcription) and then made into protein (translation). 



	This is a complicated system, and each of these three molecules requires the other two - either to put it together or to help it work. DNA, for example, carries information but cannot put that information to use, or even copy itself without the help of RNA and protein.”  

 

 Kenneth R. Miller and Joseph Levine, Biology: The Living Science (Upper Saddle River, New Jersey: Prentice Hall), 1998, p.406-407.  (Slide by Chris Macosko)













Central dogma of molecular biology is a phrase by Francis Crick, who proposed the double helix structure of DNA. It means that information passes from DNA to proteins via RNA, but proteins cannot pass the information back to DNA



Discovery of ribozymes (RNA enzymes) by Altman and Cech in 1982 (shared the 1989 Nobel Prize)



Ribozymes - made of nucleic acid

			  - like protein enzymes, can catalyze chemical reactions



Till then RNA was considered to have the task of transferring genetic information from the DNA to proteins, which in turn carry out all the actual ‘work’ in the cell









RNA preceded protein and DNA in the origin of life. 



Idea: There was a time when life entirely was RNA based.



Walter Gilbert in 1986, Nobel Prize in Chemistry



RNA World Hypothesis



The RNA world hypothesis suggests that life on Earth began with a simple RNA molecule that could copy itself without help from other molecules.



Only later in evolutionary time did DDNA take over as the genetic material and proteins become the major catalyst and structural component of cells. 



Support for RNA World Hypothesis



RNA

 - can store & transmit genetic information: e.g HIV

 - is a universal component of information processing and transfer of genetic information 

 - replicate: build a complementary sequence with base pairing

 - mutate and evolve (shown in test-tube experiments in 1967)





Khan Academy: So how did RNA evolve on Earth? Scientists think RNA building blocks (nucleotides) emerged in a chaotic soup of molecules on early Earth. These nucleotides bonded together to make the first RNAs. No sooner were they made than they broke down; however, new ones were made in their place. Some RNAs turned out to be more stable than others. These RNA strands grew longer and bonded nucleotides more quickly. Eventually, RNA strands grew faster than they broke down. This was RNA’s chance to start life



Short RNA-like molecules called Pre-RNA (or Pro-RNA) are thought to be the earliest self-replicating molecules.





Clay particles with RNA adsorbed onto their surface could have catalyzed the formation of a lipid envelope - membrane



Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or dissolved solid to a surface



Short RNA-like molecules called Pre-RNA (or Pro-RNA) are thought to be the earliest self-replicating molecules.





The first cells are thought to have been formed by the enclosure of self-replicating RNA and associated molecules in a phospholipid membrane.

Adsorption is the adhesion of atoms, ions or molecules from a gas, liquid or dissolved solid to a surface



		DNA more stable than RNA



		DNA based replication systems eventually evolved, and DNA took over as genetic material



		Proteins took over as the major catalysts and structural components 













		The first prokaryotic cells were thus assembled



		Diversified in metabolism and phenotypes





		Photosynthetic bacteria – ca. 2 bya



		Released Oxygen into the atmosphere



		This allowed aerobic respiration and further diversification















How did eukaryotes evolve?

		One of the main differences between prokaryotes and eukaryotes is that eukaryotes have membrane enclosed organelles.



		The endosymbiotic theory tries to explain the origin of organelles such as mitochondria and plastids









Evolution of eukaryotes (ca. 2.1 bya) - Endosymbiont theory















 











evolution.berkeley.edu/evolibrary/article/0_0_0/endosymbiosis_03





https://royalsocietypublishing.org/doi/10.1098/rstb.2014.0330





Prokaryotes (pro-carry-oats) are small and simple and have rings of circular DNA floating free inside the cell. Eukaryotes (you-carry-oats) are large and more complex. They have a nucleus, which holds strings of linear DNA within a lipid membrane.



As early as 1883, botanist Andreas Schimper was looking at the plastid organelles of plant cells using a microscope. He watched the plastids divide and noticed something odd. The process looked very similar to the way some free-living bacteria divided.



During the 1950s and 60s, scientists found that both mitochondria and plastids inside plant cells had their own DNA. It was different from the rest of the plant cell DNA. When scientists looked closer at the genes in the mitochondrial and plastid DNA, they found that the genes were more like those from prokaryotes. This tells us that organelles are more closely related to prokaryotes.



https://www.nature.com/articles/ncomms11500



Fossils of macroscopic eukaryotes are rarely older than the Ediacaran Period (635–541 million years (Myr)), and their interpretation remains controversial. Here, we report the discovery of macroscopic fossils from the 1,560-Myr-old Gaoyuzhuang Formation, Yanshan area, North China, that exhibit both large size and regular morphology. Preserved as carbonaceous compressions, the Gaoyuzhuang fossils have statistically regular linear to lanceolate shapes up to 30 cm long and nearly 8 cm wide, suggesting that the Gaoyuzhuang fossils record benthic multicellular eukaryotes of unprecedentedly large size. Syngenetic fragments showing closely packed ∼10 μm cells arranged in a thick sheet further reinforce the interpretation. Comparisons with living thalloid organisms suggest that these organisms were photosynthetic, although their phylogenetic placement within the Eukarya remains uncertain. The new fossils provide the strongest evidence yet that multicellular eukaryotes with decimetric dimensions and a regular developmental program populated the marine biosphere at least a billion years before the Cambrian Explosion.



- related to size advantage

- Unicellular organisms cannot be large (surface area: volume ratio)

- Multicellularity allowed organisms to become large

- Multicellularity thus allowed organisms to have a size advantage and also retain the advantage of small cell size

- Multicellularity eventually allowed living organisms to diversity greatly in form



Evolution of multicellularty (> 1.5 bya) 



https://royalsocietypublishing.org/doi/10.1098/rstb.2014.0330





Prokaryotes (pro-carry-oats) are small and simple and have rings of circular DNA floating free inside the cell. Eukaryotes (you-carry-oats) are large and more complex. They have a nucleus, which holds strings of linear DNA within a lipid membrane.



As early as 1883, botanist Andreas Schimper was looking at the plastid organelles of plant cells using a microscope. He watched the plastids divide and noticed something odd. The process looked very similar to the way some free-living bacteria divided.



During the 1950s and 60s, scientists found that both mitochondria and plastids inside plant cells had their own DNA. It was different from the rest of the plant cell DNA. When scientists looked closer at the genes in the mitochondrial and plastid DNA, they found that the genes were more like those from prokaryotes. This tells us that organelles are more closely related to prokaryotes.



https://www.nature.com/articles/ncomms11500



Fossils of macroscopic eukaryotes are rarely older than the Ediacaran Period (635–541 million years (Myr)), and their interpretation remains controversial. Here, we report the discovery of macroscopic fossils from the 1,560-Myr-old Gaoyuzhuang Formation, Yanshan area, North China, that exhibit both large size and regular morphology. Preserved as carbonaceous compressions, the Gaoyuzhuang fossils have statistically regular linear to lanceolate shapes up to 30 cm long and nearly 8 cm wide, suggesting that the Gaoyuzhuang fossils record benthic multicellular eukaryotes of unprecedentedly large size. Syngenetic fragments showing closely packed ∼10 μm cells arranged in a thick sheet further reinforce the interpretation. Comparisons with living thalloid organisms suggest that these organisms were photosynthetic, although their phylogenetic placement within the Eukarya remains uncertain. The new fossils provide the strongest evidence yet that multicellular eukaryotes with decimetric dimensions and a regular developmental program populated the marine biosphere at least a billion years before the Cambrian Explosion.
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