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Guiding Questions
What plausible hypothesis could account for the origin of life? s |

What intermediate stages could there have been between non-living matter and the first living cells?
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Linking Questions TS
For what reasons is heredity an essential feature of living things? g Theme: Unity and D:vers:l_y A
¥ Level of Organizabion : Cells o
What is needed for structures to be able to evolve by natural selection? p g -
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https://pdb101.rcsb.org/sci-art/goodsell-gallery/abiogenesis
https://www.noteworthyscience.com/
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Include the lack of free oxygen and therefore ozone, higher concentrations of carbon dioxide and methane,
resulting in higher temperatures and ultraviolet light penetration. The conditions may have caused a variety of
carbon compounds to form spontaneously by chemical processes that do not now occur.

Discuss the differences between something that is living and something that is non-living. Include reasons that
viruses are considered to be non-living.

Conditions on early Earth and the pre-biotic formation of carbon
compounds

Cells as the smallest units of self-sustaining life

Cells are highly complex structures that can currently only be produced by division of pre-existing cells.
Students should be aware that catalysis, self-replication of molecules, self-assembly and the emergence of
compartmentalization were necessary requirements for the evolution of the first cells.

NOS: Students should appreciate that claims in science, including hypotheses and theories, must be testable.
In some cases, scientists have to struggle with hypotheses that are difficult to test. In this case the exact
conditions on pre-biotic Earth cannot be replicated and the first protocells did not fossilize.

Challenge of explaining the spontaneous origin of cells

Evidence for the origin of carbon compounds Evaluate the Miller—Urey experiment.
Spontaneous formation of vesicles by coalescence of fatty acids ~ Formation of a membrane-bound compartment is needed to allow internal chemistry to become different
into spherical bilayers from that outside the compartment.
RNA can be replicated and has some catalytic activity so it may have acted initially as both the genetic
RNA as a presumed first genetic material material and the enzymes of the earliest cells. Ribozymes in the ribosome are still used to catalyse peptide

bond formation during protein synthesis.
Include the universal genetic code and shared genes across all organisms. Include the likelihood of other
Evidence for a last universal common ancestor forms of life having evolved but becoming extinct due to competition from the last universal common
ancestor (LUCA) and descendants of LUCA.

Students should develop an appreciation of the immense length of time over which life has been evolving on
Earth. Students should have a basic understanding of common approaches such as genomic analysis, fossils,
and carbon dating.

Evidence for the evolution of the last universal common Include fossilized evidence of life from ancient seafloor hydrothermal vent precipitates and evidence of
ancestor in the vicinity of hydrothermal vents conserved sequences from genomic analysis.

Approaches used to estimate dates of the first living cells and
the last universal common ancestor



HL A2.1.2—Cells as the smallest units of self-sustaining life
A2.1.3—Challenge of explaining the spontaneous origin of cells

What does it mean %o be ‘alive’ 7 A way of considen‘nj this guestion is to list what all living things do, i-e. the processes of life. € cellstructure A2 But these are what s rcyu;'rcd fo maintain life, not life itself

k* hvms ﬂ\mss (unl«ke_ non Inwnﬂ vse ieceflbzlz {0 keep themselves in an ordered state - they are self- sos{:aim'ns —> vi(uses are unable 1o maintain o steady state «'nt)epem)enkly (rcqunrc a host ccll) ‘

> living things pass the ability to maintain this highly-ordered state onto their offspring (reproduction) ——> viruses require o host to replicate .-

\>|wm3 ‘ﬂ\m35 (ot least on Earth) are composed of cells —> virvses are not made of cells bot a capsid swromd-‘ng genekic material - no internal metabslism .
Cell : fhe smallest unit of SCW-Sustm'm'na life

v use energy to maintain ordered state
4 grow and divide to produce new cells
v Per?orms all the fuactions of Iife

@ Evolvtion « Speciation AH.)

x cell companents are not self-svstaining « % NASA's definition of life:
X most cell components cannot self- replicate '/@%' yjjﬁ “sell- sustaining chemical system
X ind;'vid«la"] cannot pecform all fuactions of Iife &2 Y Capab\c of Darwinian evolution”

Spentancous Generation * cacly theory which, posits fhat living creatores covld appear from non-living matter, which is a. common. Occutrence (ex: maggots §iom rotting meat o frags from mud )

® Redi (I 668) - falsified that maggots arose spontaneously fcom meat ® [asteur (1857) - falsified that o stecile autrient broth covld alone give rise to life - contamination from air was required

NN
S 9 o = / = particles could enter
Sealed jar Jar covered pacticles collected in bend
@ with gavze <« — — broth became cloudy
swan neck allowed flow of air = growth occured
flies went £o meat flies or air couldnt maggots appeared but blocked access to broth — nutrient beoth is neck broken only when broth
and magqots appeared enter.  No maggets on gavze , not meat —> clear broth. no growth ﬁ sterilized by boiling off from €lask covld be accessecl

Conclusion. maaso’cs on|y qppcarcd with presence of flies, not sponhzneously Conclusion Spontancaus 3cncrn£ian does not occur corrently and thus all cells must come from pee-existing cells - biogmesis

If cells can only be produced by division. of pre-existing cells - how did The first cells come to be ? ——> over a very long period of time., in inciemental stages (ot speatancously or as a single event )

Abiogenesis : natural process where life arose fom non-living matter such as simple organic compounds

NOS: Claims in science (soch as hypotheses and heories) must be testable
S The evolution of the first cells via abioaemsis rcqu.'rer) the 'Follawing (and Proceede(} in s+43es)"

observations —> reseacch qucsh'on. —— kyfwﬂ\csis —> test —> resuvlts

Non-living synthesis of m  self- assembly of lacger, Self- replication of Comparkmentalization. through formation X science requires hypotheses 1o be falsifiable ang for data to be replicable
simple organic molecules moce complex pa|ymer5 from molecules enabling of membranes o enclose cell contents,
from inocganic molecules simple organic molecules inheritance and evolution

allowing Seporation of intemal and

external environment ({"w homcoskasns)
ob o gg 95&3

Oﬁ(%??g? \> the exact conditions of pre-biotic Earth are unKnown, thus any replication
?? gc{é% W and test of these conditions are imPerfgct and carry un“r.tm-"!,'y and doubt
pob .

Some hypoiheses are difficult (nol impossib)e) to test such as abiogenesis:

&g

- dgéf?fééﬁo‘o \> the first pratocells 9id not fossilize due fo a lack in hard pacts and rocks
X Catalysis is also required in arder to control and speedvp chemical reactions and metabolism protocell likely ecoded or were allered from heat, thvs direct evidence is missing




A2.1.1 —Conditions on early Earth and the pre-biotic formation of carbon compounds A2.1.4—Evidence for

HL

the origin of carbon compounds A2.1.5—Spontaneous formation of vesicles by coalescence of fatty acids

into spherical bilayers. A2.1.6—RNA as a presumed first genetic material

~ 4.5 billion years ago (gyaL) The Sun formed , followed soon afier by the Earth. and the Solar
System. Corly Eacth had very different atmospheric conditions than today:

® Jack ol’ c(ec oxygen (O;) Sun Sun
> no photosynthesis (no produd:ion)md any uv-|A

reacts with other elements soch as iron

O, oner blocKs
uv-|A| 8| le most UV from

A renohhs surface

! ! \ 0, UV _,0+0
/\

0,40 >0

X ovr atmosphere ('pda)' 1S 721 % O, vilh an ozone [a)ler in the Stratosphere

ozone (03) cannot form, .- anouing more Solar
oltraviglet light (UV) to hit the Earths sutface

® high concentrations of carbon dioxide (CO,) and methane (CHq)
S l\iah levels dve to mouch volcanic ackivity and meteorite bombardment
\> both are greenhouse gases * absorb and fe-emit. longwave radiation (heat)
intense greenhouse effeck cesulls in a lot of heat (emitted from the

Infrared
(kea&)

Eacihs sucface) bein3 trapped in the atmosphere —> higher temperatures
> very high temperatures also resulbed in frequent lightning storms

X our atmosphere todoy is ~0.04% (O, and ~ 0.00019 % CHy . The majority is Nitrogen (N,) at ~78%

These very harsh and Jiffecent conditions in eorly pre- biotic €arth may have enabled the spontaneous formation
of corbon compounds (je. biomolecules) via. chemical processes which do not octur today:

ob O S
s hiak-cmrgy UV light can destroy molecoles into smaller, more cactive T o @ p —LY> 0 W
pacts, allowing the formation of Iager , more complex molecules A DO < L)
\> substances produced dissolve in water in jhe atmosphere and ore degosited 6 o.0
os rainfall into pools /oceans creating o “sovp” of carbon compounds 6o o°

- 1952

Miller - Urc_y Experiment

Goal : ceplicate pre-biotic €arth conditions and observe if ofganic carbon Compaunds could be produced

Methodology

@ Flask with woter is boiled fo simolate evaporation

during water cycle and €arth's high temperatores “atmosphere”

E cold water

[{ |
rain '

® Waker vapour enters flogk containing gases which
eplicate pre-biotic reducing atmosphere CHy , NHy , H,

@ Electrodes generate spacks which mimic l§3h¥nin3
@ Condenser cools gases. Water becomes @ C}L

liquid and dissolves molecoles

® Pen'odicall_y , samples are collected for analysis
Resvlts : Afber [week 1he sample was dark and found to contain organic molecules Such. as amino acids
Evalvation - make an appraisal by weighing vp The Slrenglhs and limitations

X composition of tested atmosphere was incorrect -
should have a lot more COz and less NHy and CHy

4 Nsh\y repestable methodology - experiment
has been replicated with similar resvlts

X main energy Source likcly UV radiation (due

v Variables can be aliered (ex'-sas composition
fo lack of 03) and not lightning

of energy source) with similar resvlts

Amphipa‘ihic molecules hove bofk hydl‘oph;ll'c. (polﬂf) and kyd[aphobic (non- polar) PfOPCrl:iCS m

vavs/u::
carboxyl o RAAAAAA hydracnrban. ﬁc)’\’\/! ‘P'*i* phosphate grovp \> The (‘orma'l:ion 0{) bilayer

'Fa{(y acid phospholipid membganeS provides a boundary
v between the inside of vesicle
\> When in contact with water their hydrophilic end will c&@ﬁﬂﬁff&; and the external environment
face water and their hydropkobic tails are pushed away, §§QM{%% ie. compartmentalization
spontaneously forming micelles which can coalesce into %Z‘.S %é?
sphcrical bilayer vesicles (happivg €luid and molecules) ‘%@’ﬁﬁﬂ‘@iﬁ? \S> Allows the internal chemistry
JC/M ﬂ\\%% to 0iffer from surroundings -

X (—'aity acids likely formed the first membranes due fo fheic simplicity crucial for homeostasis

S ke DNA, RNA stores genetic information. which can be used fo synthesize proteins _/
ex: some viruses (like SARS-CoV-2 and HIv) still vse RNA as genetic material J

\> RNA con act as a catalyst for chemical reactions
ex: ribozymes (ribonucleic acid enzymcs) are RNA in ribosomes which catalyze peptide bonds

ex: ribozymes can cvt RNA ot specific base Sequences R
Uy, >y W

S RNA may be able 4o catulyze its oun replication (unlike DNA which requires Several prokein. enzymes)
{urthermore, RNA mutates teadily which can lead fo variation and evolution



A2.1.7—Evidence for a last universal common ancestor. A2.1.8—Approaches used to estimate dates of
HL the first living cells and the last universal common ancestor. A2.1.9—Evidence for the evolution of the last
universal common ancestor in the vicinity of hydrothermal vents

A 0] c
All life on Earth today is hypothesized Ho be descended from o single species - The " Last Universal Common Ancestor (LUCA)' X common ancestor = most. recent species feom which
Z or more species have evolved common ancestor of B,C
Pkyloacncl-.ic teee of life Evidence for o LUCA @ Chudistics A32 common ancestor of AB.C
showing 3 Domains: Archaea

Qe Al organisms (and viruses) use fhe same universal genetic code (with on ly minor variations) @ Prokein synthesis DI-2

Bacteria. > more likely this code evolved once (in LUCA) and was passed down rajher than it evolving ic)cnh'cal!y indepeadeatly multiple times
eukarya
@ Clodistics A3.2 Qp hundreds of genes are common in all organisms with celatively minor variations
AN onlikely the same base seguence, coding for 1he same protein evolved independently multiple bimes R T L s
X LUCA is not the first life form bot fhe - ghare) genes likely originated in LUCA ond wee inherited —  —r— L.
most recent all B domains have in common LUCA T T e
X likcly olher lifeforms also evolved hot became extinct due to com petition from LUCA and/or its descendants
Diffecent approaches fo estimati es of past biological events/activit
Fossils ‘remains or impression of a once-livinj O(ganiSm fiom the pasl-. o Kaﬂiomeln'c d“*""ﬂ : -}ec}m,-qu where trace ® Molecular dock : genomic base Segoences fiom diFfecent species are

radioactive impun’ties in malerials are dated wmparecJ for .c-‘m.'lan't_y and vsed to estimate time since Jivergence
b) comparing the abundaace of radioactive

\S law of Supecpasition * 2. @ ® Shomatolites : layered sedimentary formadions
@ i\@ isotope b its decay products (cx: ':C -> l:N)

dut to Scdimenl:ation., e 0 formed from mats of photosynthetic cyanobac'otrio. S mo tations cavse change in DNA which can be inherited and these

new matecials are 2 &gi in Shallow seawater. They secrete CaCO, which \> different isotopes have known rates of decay accumulate over time. The rate these occur can be determined and
deposited ouer olderones [ traps sediments , forming fossils layer by layer (% ln‘"le:l = amount of time for half of atoms to decay) vsed fo estimabe how long ago species
cohe decPer the |ayer, .52 - ex: 5-},-¢||¢) Poo) Formation in ex: ‘C Mly dates samrchs vp o mso,ooo)years divcrae.d from 0. common ancestor g §

the older it is and .;g.t Australia. has been dated ex: if motation rate for a geae is |base pair §~§

the materials therein < @%_ Jo be ~ 3.43 gya ex: **U to™Pb has a half-life of 45 billion years every 100,000 years and two species have b g%

& => the more ml’b, the older the specimen Oifferences they diverged ~ 600,000 years ago
X {fossilization is generally a cace, chance event and not all dissoes fossilize | fossil | measure “°U/**Pb in rocks fo defermine age K using this techaigve, LUCA lived ~ 4.2 gya. Lime since divergence
SH58ye \—-'-)Fossils within /acound. these rocks ace + this age
Evidence for LUCA first euoluing in_1he vicinil:'y of hydrothermal vents in This case, between 340 and 345 gya , i.e. ~ 3425 gya

Archaean Paleopraterozoic Ncapmf.

kydroﬂwmal venks  are {issures (openin&s) in the deep sea floor where geothermally O# among the oldest fossilized traces of Iife hove been found = s
- heaked, mineral -rich (reduced inorganic chemicals ) water s discharged at hydrothelmal vents where precipitates (like {hose produced ® Packeria
Q by microordnnims) have been dated to be at least 3.77gya *
& alkaline hy()ro’rhermo,! vents (ex: *Lost dty'cield) hove conditions suitable 1o the origin of Iife: /
® wuim tempeatures - pot enough to drive reactions but cool enough thot organic molecoles arent destroyed Q? genomic analysis of hundreds of consecved genes LUCA _| —,?i:
® rich in redoced, chemicals ( H; ,CHy, H,5) that supply both eneigy and materials for polymzrizqﬁion. su3395£ LUCA shared many genes (and thos clr\arac.tcdsh'cS) (3.5-43gy0) - _‘E Evkarya.
of chemicals (cxz{‘aﬂy acids vsed in membranes in common. wifh extremophiles living ot deep- sea vents:
® natvral redox - 7 warm, alkeline redox cld, acidic p)
pH gradient : H, , 1S HCOOH \S anaerobic metabolism (lived without ox 3en) 2 Archaea,
drives reduction S thermophilic (tolerant to high kmpcraburcsg £
of €0, into 7.H+, S Cco, ,H* S chemoavtotiophic: covld fix CO, and nitrogen o
orgunic molecules to build biomolecules

4.5| I3.5| Iz.5| I/.5| Io.5| GYA= 10" years



& Resovrce Links

€ach. resource is hyperlinked
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Betts, H. C., Puttick, M. N., Clark, J. W., Williams, T. A., Donoghue, P. C. J., &
Pisani, D. (2018). Integrated genomic and fossil evidence illuminates
life’s early evolution and eukaryote origin. Nature Ecology & Evolution,

In the early '50s, Urey and | designed a system that
simulated the pre-life, pre-biotic conditions on Earth

Moody, E. R. R., et al. (2024). The nature of the last universal common ancestor
and its impact on the early Earth system. Nature Ecology & Evolution, 8(9),

Weiss, M. C., Preiner, M., Xavier, J. C., Zimorski, V., & Martin, W. F. (2018). The last
universal common ancestor between ancient Earth chemistry and the onset


https://www.dnaftb.org/26/animation.html
https://evolucion-uam.com/MillerUrey_ExperimentSimulation/
https://dinosaurpictures.org/ancient-earth#750
https://www.biointeractive.org/classroom-resources/deep-history-life-earth
https://www.noteworthyscience.com/

