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Defining Life

ÅIn fact, when we considerwhat life really is, and
how living systems can be distinguished from
nonliving ones, the ability to store and transmit
information (genotype)and the ability to express
t4hat information (phenotype) are perhaps the
most important criteria that set life apart from
nonlife.

ÅBesides,the ability to evolveis a crucialcomponent
of anydefinition of life.

by SS Nishank, Dept.of Zoology, Utkal 
University

4



Origin of Life ????

ÅIn 2004, a poliovirus was synthesized in lab using simple
chemicals. Thisvirus was capableof replicatingits genomeand
couldinfect livingcells.

ÅAlthough virusesare not cells, they show some similarities to
living thingsand maybe similar to someof the earliestforms of
life.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Origin of Life ????

ÅWhatconditionson Earthbillionsof yearsagocouldhaveallowed
for the creationof the first livingthing?

ÅWhat additional steps would be necessaryto get cells from
simplechemicals?

by SS Nishank, Dept.of Zoology, Utkal 
University
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Early Thoughts About the Origin of Life

ÅSpontaneousgeneration is the concept that living things arise
from nonliving material. Aristotle (384ς322 b.c.) proposedthis
concept and it was widely accepted until the seventeenth
century.

ÅPeoplebelieved that maggotsarose from decayingmeat; mice
developedfrom wheat stored in dark, damp places; lice formed
from sweat; andfrogsoriginatedfrom dampmud.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Early Thoughts About the Origin of Life

ÅIn 1668, FrancescoRedi, an Italian physician, performed an
experiment that challenged the concept of spontaneous
generation.

ÅRediconcludedthat the maggotsarosefrom the eggsof the flies
(biogenesis),not from spontaneousgenerationin the meat.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Current Thinking  About the Origin of Life

Åit isclearthat current livingthingsare the resultof biogenesis.

ÅBut that does not answer the question of how the first living
thing developed.

ÅThereare manydifferent hypothesesthat havesomesupporting
evidence.

ÅAn ExtraterrestrialOrigin for Life on Earth : Earlyin the 1900s,
Swedish scientist Svante Arrhenius popularized the idea of
panspermia. Panspermiais the concept that life arose outside
Earthandthat livingthingswere transportedto Earthto seedthe
planetwith life.

ÅIn 1996, a meteorite found in Antarcticageneratedexcitement
about the possibilityof life on other planets. Its chemicalmakeup
suggestedit hadbeena portion of the planetMarsthat hadbeen
ejectedfrom that planetasa resultof a collisionwith anasteroid.

by SS Nishank, Dept.of Zoology, Utkal 
University

11



Current Thinking  About the Origin of Life

ÅAn ExtraterrestrialOriginfor Lifeon Earth:

ÅAnalysisof the meteorite showed the presence of complex
organic molecules and tiny, microscopic objects that were
thought to be ancientmicroorganisms. While scientistsno longer
think theseobjectsare microorganismsor were formed by living
things,manystill think conditionson Mars may havebeen able
to supportlife in the past.

ÅEvidencefrom Mars and Beyond: The robotic vehiclerovers on
surfaceof mars in year 2003, by NASArevealedthat that it is
highly likely that in the past, liquid water existedin largeenough
quantitiesto form rivers,lakes,andperhapssaltyoceans.

ÅAlthough none of these discoveriesproves that life exists or
existedelsewherein the universe,they keepopen the possibility
that life mayhaveoriginatedelsewhereandarrivedon Earth.

by SS Nishank, Dept.of Zoology, Utkal 
University
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An Earth Origin for Life on Earth

ÅA popular alternative explanationfor the origin of life on Earth
focuseson chemical evolution. This hypothesisproposes that
chemical reactions between simple, inorganic chemicals
producedcomplex,carbon-containingorganicmolecules. These
organicmolecules,in turn, combinedto form the first livingcell.

ÅSeveralpiecesof evidencesupport the idea that life could have
arisenon Earth.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Origin for Life on Earth- Evidences
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hǊƛƎƛƴ ƻŦ ƭƛŦŜ ǘƘǊƻǳƎƘ ǘƘŜ ƭŜƴǎ ƻŦ ¢ƘŜ ά.ƛƎ .ŀƴƎέ ŀƴŘ
the Origin of the Earth

ÅTheά.ƛƎ.ŀƴƎέ:

Åour universebeganas a very densemassof matter that had a
great deal of energy. This densemassof matter explodedin a
άōƛƎōŀƴƎέabout 13 billion yearsago,resultingin the formation
of simpleatoms,suchashydrogenandhelium.

ÅWhenhugenumbersof theseatomscollectedin one place,stars
formed. Starsconsistprimarily of hydrogenand helium atoms.
Thelight from starsis the result of nuclearfusion,in which these
atomscombineto form largeratoms.

ÅAccording to this theory, all of the chemical elements were
formedasa resultof nuclearfusion.

by SS Nishank, Dept.of Zoology, Utkal 
University
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hǊƛƎƛƴ ƻŦ ƭƛŦŜ ǘƘǊƻǳƎƘ ǘƘŜ ƭŜƴǎ ƻŦ ¢ƘŜ ά.ƛƎ .ŀƴƎέ ŀƴŘ
the Origin of the Earth

ÅTheFormationof the PlanetEarth:

ÅMany scientistsbelieve that Earthτalong with other planets,
meteors,asteroids,and cometsτwas formed at least 4.6 billion
yearsago.

ÅThe protoplanet nebular model proposesthat the solar system
wasformed from a largecloud of gasesand elementsproduced
by previouslyexistingstars

ÅThe simplest and most abundant gases were hydrogen and
helium,but other, heavierelementshadbeenformed by nuclear
fusionandwerepresentaswell.

ÅA gravitational force was created by the collection of particles
within this cloud,which causedother particlesto be pulled from
the outer edgesto the center.

by SS Nishank, Dept.of Zoology, Utkal 
University
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hǊƛƎƛƴ ƻŦ ƭƛŦŜ ǘƘǊƻǳƎƘ ǘƘŜ ƭŜƴǎ ƻŦ ¢ƘŜ ά.ƛƎ .ŀƴƎέ ŀƴŘ
the Origin of the Earth

ÅTheFormationof the PlanetEarth:

ÅAsthe particlescollectedinto largerbodies,gravityincreasedand
more particleswere attracted to the bodies. Ultimately,a central
body (the Sun)was formed, with severalother bodies(planets)
movingaroundit.

ÅLike other stars, the Sun consistsprimarily of hydrogen and
heliumatomsthat arebeingfusedtogether to form largeratoms,
with the releaseof largeamountsof thermonuclearenergy.

ÅThermonuclearreactionsalso occurredas the particlesbecame
concentratedto form Earth. Thus, the early Earth would have
been a very hot place. Geologically,this period in the history of
Earth is called the άHadean Eon.έThe term Hadean means
άƘŜƭƭƛǎƘ.έAlthoughnot as hot as the Sun,the material of Earth
formed a molten core, which becameencasedby a thin outer
crustasit cooled. by SS Nishank, Dept.of Zoology, Utkal 

University
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The Chemical Evolution of Life on Earth
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How did life originate on earth?
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CHEMICAL REACTIONS NEEDED TO START LIFE

ÅThechemicalreactionsessentialto start life on Earthare calledredox reactions.
These involve exchange of electric charge (resulting from movement of
electrons)betweenthe reactingatomsand molecules. Forexample,the process
producingwater is a redox reaction. First, a hydrogenmoleculeis convertedto
two hydrogennuclei (positivelychargedprotons) and two electrons(negatively
charged):

ÅSecond,the two protons and two electronsare combinedwith an oxygenatom
to producewater

ÅHere oxygen acceptsan electron becoming more negatively chargedτcalled
reducedτwith the chargeof hydrogenincreasedor hydrogenbecomesoxidized
(becauseit combineswith oxygen; the word redox comesfrom the combined
first letters in reducedandoxidized).

ÅA redox reaction involvestransfer of one or more electronsfrom an electron
donor (oxidized)to anelectronacceptor(reduced). Thistransferproducesenergy
that canthen drivebiochemicalreactionsresponsiblefor life.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage 1: Organic Molecules Formed 
Prior to the Existence of Cells
ÅLogic: Conditionof early earth was more conductiveto

spontaneousformationof organicmolecules.

Å1938, Russianbiochemist Alexander Oparin & Scottish
biologist J.B.S. Haldaneproposedspontaneousorigin of
organic molecules(known as primordial soup) on early
earth

ÅPrebioticsynthesisof organicmolecules(or synthesisof
moleculeswithout livingcell)

ÅAccumulationof organicmoleculeson oceanfloor/earth
surfaceformedprebioticsoup

ÅWhat is the mechanism?
by SS Nishank, Dept.of Zoology, Utkal 

University
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Hypothesis made to answer this Question

Å1. Reducingatmospherehypothesis:

ÅAtmosphereon early earth enriched with water vapor, hydrogen
gas(H2), methane(CH4), ammonia(NH3) but lackedoxygen

ÅMethane& ammoniareadilygiveup electronsto other molecules.
Suchredox reactionare required for formation of complexorganic
moleculesfrom simpleinorganicmolecules

ÅIn 1953, American chemist Stanley Miller & Harold Urey gave
evidenceof abioticoriginof organicmolecules(seeFigure)

ÅIn 2011, scientistisolated23 aminoacidsfrom Miller sampleleft in
1958.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Hypothesis made to answer this Question

Å1. Reducingatmospherehypothesis:

ÅHowever,this hypothesiswas criticizedbecauserecent analysisof
volcanicgasshowedthat early earth atmospherehad mixture of
neutral gases: CO,CO2, N2, H2O from which organicmoleculescan
bemadeabioticallyin different circumstances.

ÅHighlevelof UVradiationdestroysCH4 & NH3

by SS Nishank, Dept.of Zoology, Utkal 
University
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2.Extraterrestrial hypothesis

ÅOrganic molecules came from meteorites belonging  
to a class known as carbonaceous chondrites

ÅCriticized : these organic molecules destroyed by 
collision with earth

by SS Nishank, Dept.of Zoology, Utkal 
University
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3. Deep-sea vent Hypothesis
ÅIn 1988by GermanphysicistGunterWachtershauser

ÅDeep sea vents are cracksin the ŜŀǊǘƘΩǎsurfacewhere
superheatedwater (3000C)rich in metal ions& H2Smixes
abruptlywith coldseawater.

ÅReactionbetween iron & H2S yieldspyrites & H2. This is
foundto provideenergyfor reductionof N2 to NH3.

ÅConversion of at deep sea vents may have led to
productionof aminoacids& nucleicacids

ÅIn 2007, 1.43 billion year old fossils discovered near
ancient deep sea vent by American scientist Timothy
Kusky& colleaguesindicatingoriginof life on oceanfloor.

ÅVarious types of fish, worms, clams, crabs, shrimp,
bacteriaarefound in significantabundancetill dateby SS Nishank, Dept.of Zoology, Utkal 

University
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(a) Deep-sea vents are cracksin the 9ŀǊǘƘΩǎsurface that release hot gasessuch as
hydrogen sulfide (H2S). This heats the water near the vent and results in a gradient
between the very hot water adjacentto the vent and the cold water farther from the
vent. Thesynthesisof organicmoleculescanoccurin this gradient.

by SS Nishank, Dept.of Zoology, Utkal 
University
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(b) Photograph of a biological community near a deep-sea vent, which includes 
giant tube worms and crab

by SS Nishank, Dept.of Zoology, Utkal 
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the competing scenarios that attempt to explain the origin 
of first living organisms.

ÅThemetabolic-first hypothesis/Iron-SulfurWorldHypothesis

ÅThe metabolism-first scenario argues that the presenceof hydrogen and
carbon dioxide in hydrothermal vents, combined with an iron-nickel-sulfur
catalyst,yield a number of chemicalsubstancesthat assembleand react to
conductthe processof reverseKrebscycle.

ÅThe surfaceof iron sulfide support a complex,self-sustainingsequenceof
metabolic reactions, leading to the formation of new and more complex
catalystsand metabolicpathways. Becauseof its dependenceon iron sulfide,
the metabolic-first scenarioisalsoknownasIron-SulfurWorldHypothesis.

by SS Nishank, Dept.of Zoology, Utkal 
University
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the competing scenarios that attempt to explain the origin 
of first living organisms.
ÅThemetabolic-first hypothesis/Iron-SulfurWorldHypothesis.

Åfirst developed by German chemist Günter Wächtershäuserin the 1980s,
whichsays,the first metabolicreactionsbeganon the surfaceof mineralssuch
as iron sulfide and nickel sulfide around hydrothermalventsdeep in oceans.
Thesemineralsact as catalystsproducingcarbonfrom the existinginorganic
material like carbon monoxide (CO)existing in the vents or carbon dioxide
(CO2) generatedby volcanicactivities and finding their way to oceanfloors
throughridgesat the floor of the oceans.

ÅTheprocessof carbonreleasefrom thesecompoundsrequireshydrogen. The
hydrogenwill be suppliedfrom hydrogensulfide (H2S) in the vents or from
oceanwater.

ÅUsingthe reducingpowerof hydrogensulfide(the ability to releaseelectrons),
iron sulfide and nickel sulfide catalyzedthe reduction of carbon dioxide to
small organic molecules, accelerating conversion of inorganic to organic
molecules. Thebasicsubstratematerial for this reaction is iron sulfide in the
surfaceof the rocks.

by SS Nishank, Dept.of Zoology, Utkal 
University
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the competing scenarios that attempt to explain the origin 
of first living organisms.

ÅThemetabolic-first hypothesis/Iron-SulfurWorldHypothesis.

ÅFurthermore, the iron sulfide donated electrons to carbon monoxides,
converting them into acetic acid and starting reactions that led to the
formation of large chainsof amino acids that formed proteins (Plaxoand
Gross, 2006). Theenergyneededfor these reactionscamefrom the redox
processbecauseof the chemicaldisequilibriumwhen the hot water from the
hydrothermalventsmergedinto the colderoceanwater.

by SS Nishank, Dept.ofZoology, Utkal 
University

34



Stage2: Organic Polymers May Have Formed on the 
Surface of Clay
Åclayworld hypothesisor Genefirst hypothesis:

ÅA kind of mineralcalledclayis likely to haveplayedthat role in the assemblyof
the genesand the origin of life. The oldest known terrestrial material, zircon
grains,indicatesthat claysexistedin greatabundanceon Earth4.4 billion years
ago, implying that clays were common at the time we believe life started
(BennettandShostak,2004)

ÅStructurally, the clay minerals consist of layers of moleculesto which other
moleculescanattach.

ÅAsa result,when organicmoleculescombinewith clay, they are kept in close
proximity to eachother, allowing them to react with one another, creatinga
long chain of molecules. Different layersof clay consistof different chemical
elementsandcompounds. Thisvariabilitybetweendifferent layersof claycould
makethemfunctionlikegenes.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage2: Organic Polymers May Have Formed on the 
Surface of Clay
Åclayworld hypothesisor Genefirst hypothesis:

ÅFor example,the chargedions in one layer of claycould act as templatesand
catalyze the formation of the next layer of clay. Any errors in replication
(mutation), which is the packingof alumina and silica that occur during the
copyingprocess,would be reflected in all of the next layers. If thesemistakes
increasethe efficiencyof the replicatingprocess,they will generatea selective
advantageby speedingup the replication and production of new chemical
compoundsthat wouldsatisfyour definitionof life.

ÅAlso,ions in claylayerscouldact ascatalyststo speedup the organicreactions
and polymerizationof the RNA. Given this scenario,it is likely that clays in
9ŀǊǘƘΩǎoceansmay be responsiblefor generatingthe first organicmolecules
able to replicate themselves(hencefulfilling one of the definitions of a living
system). Thisis the so-calledclayworld hypothesis.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage2: Organic Polymers May Have Formed on the 
Surface of Clay

ÅLogic: Polymerswith at least 30-60 monomersneeded to store
enough information to make a viable genetic system. But since
hydrolysiscompeteswith polymerization,synthesisof polymers
did not occurin a watery prebioticsoupbut insteadtook placeon
a solidsurfaceor in evaporatingtidal pools.

Åclay particles may have been a factor in concentratingsimple
organicmolecules. Smallparticlesof clayhaveelectricalcharges,
which can attract and concentrate organic molecules,such as
proteins, from a watery solution. Once the moleculesbecame
concentrated,it would have been easierfor them to interact to
form largermacromolecules.

Å1951, Irish X-ray crystallographerJohnBernalclaimedin his book
Thephysicalbasisof life that clays,muds& inorganiccrystalsare
powerfulmeansto concentrate& polymerizeorganicmolecules.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage2: Organic Polymers May Have Formed 
ƻƴ ǘƘŜ {ǳǊŦŀŎŜ ƻŦ /ƭŀȅΧΧΧΧΧΧΧΧ

ÅBut in 2004, AmericanchemistLukeLeman,EnglishchemistLeslie
Orgel& Iranian-AmericanchemistM.RezaGhadiri indicatedthat
polymerscan also form in aqueoussolution. Carbonylsulfide, a
simplegaspresent in volcanicgases& deep seavent emissions,
canbringabout the formation of peptidesfrom aminoacidsunder
mild conditionsin water.

ÅTheseresultsindicatethat synthesisof polymerscouldhavetaken
placein the prebioticsoup.

by SS Nishank, Dept.of Zoology, Utkal 
University
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A Possible Role for Clay. Chains of nucleotides 
may have formed on clay templates. In this 
ƘȅǇƻǘƘŜǎƛȊŜŘ ǎŎŜƴŀǊƛƻΣ ƛǊƻƴ ǇȅǊƛǘŜ όάŦƻƻƭΩǎ 
ƎƻƭŘέύ ǿŀǎ ǘƘŜ Ŏŀǘŀƭȅǎǘ ŦƻǊ ǇƻƭȅƳŜǊ ŦƻǊƳŀǘƛƻƴΣ 
and sunlight provided the energy.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
When Polymers Were Enclosed by a Boundary

ÅTheterm protobiont is usedto describean aggregateof
prebioticallyproducedmolecules& macromoleculesthat
acquireda boundarysuchaslipid bilayer that allowedit
to maintain an internal chemicalenvironment distinct
from that of its surroundings.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΧ

ÅWhat characteristics make protobionts possible
precursors of living cells? Scientists envision the
existenceof four keyfeaturesattributed to protobionts

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΧ

ÅProtobiontmayhaveexistedascoacervatesor liposomes.

ÅCoacervates(L. coacervareto assembletogether)aredropletsthat
form spontaneouslyfrom the associationof charged polymers
such as proteins, carbohydratesor nucleic acids surroundedby
water.

ÅMeasure1-100µm with osmoticproperties

ÅAlexanderI. Oparin,speculatedthat a structurecouldhaveformed
consistingof a collection of organicmacromoleculessurrounded
by a film of water molecules. This arrangement of water
molecules,althoughnot a membrane,couldhavefunctionedas a
physical barrier between the organic molecules and their
surroundings. Hecalledthesestructurescoacervates.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΦΦ

ÅEvidenceof coacervatesthat exhibitsomelifeliketraits:

ÅTheycanselectivelyabsorbmoleculesfrom the surroundingwater
and incorporate them into their structure. Also, the chemicals
within coacervateshave a specific arrangementτthey are not
randomcollectionsof molecules.

ÅSome coacervatescontain proteins (enzymes) that direct a
specifictype of chemicalreaction. For instance,when glucose-1-
phosphatewas madeavailableto coacervatecontainingenzyme,
glycogenphosphorylase,it producedstarchthat mergedwith wall
of coacervate& increasedthe size.

ÅWhen enzymeamylasewas included, the starch broke down to
maltose,whichwasreleasedfrom coacervates.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΦΦ

ÅEvidenceof coacervatesthat exhibitsomelifeliketraits:

ÅBecausethey lack a definite membrane, no one claims that
coacervatesare alive,but thesestructuresdo exhibit somelifelike
traits: Theycanincreasein sizeandcansplit into smallerparticles
if the right conditionsexist.

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΦΦ

by SS Nishank, Dept.of Zoology, Utkal 
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΦΦ

by SS Nishank, Dept.of Zoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΧ

ÅAn alternative hypothesis is that the early, cell-like structure could have
consistedof a collectionof organicmacromoleculeswith a double-layeredouter
boundary. Thesestructureshavebeencalledmicrospheres.

ÅSomeof the protein material producesa double-boundarystructure enclosing
the microsphere. Althoughtheseboundariesdo not contain lipids, they exhibit
some membrane like characteristicsand suggestthe structure of a cellular
membrane.

ÅMicrospheresswell or shrink, depending on the osmotic potential in the
surroundingsolution. Theyalsodisplaya type of internalmovement(streaming)
similarto that exhibitedby livingcellsandcontainsomemoleculesthat function
asenzymes.

ÅUsing ATPas a source of energy, microspherescan direct the formation of
polypeptidesand nucleicacids. Theycanabsorbmaterial from the surrounding
mediumandform buds,resultingin a secondgenerationof microspheres.

by SS Nishank, Dept.ofZoology, Utkal 
University
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Stage3: Cell-Like Structures May Have Originated 
²ƘŜƴ tƻƭȅƳŜǊǎ ²ŜǊŜ 9ƴŎƭƻǎŜŘ ōȅ ŀ .ƻǳƴŘŀǊȅΧΧ

ÅLiposome: vesiclessurroundedby a phospholipidbilayer.

ÅLipids when dissolved in water spontaneously form
liposomes

ÅSome liposome store energy in form of an electrical
gradient. Suchliposomescan dischargethis energyin a
neuronlike fashion.

ÅLiposomescan grow & divide, a primitive form of self
replication shown by a expt. by DanishchemistMartin
Hanczyc,Americanchemist ShellyFujikawa,Canadian-
American biologist Jack Szostak. If RNA is on clay
liposomecanuptakeRNA.

by SS Nishank, Dept.of Zoology, Utkal 
University
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ÅRNAworld Hypothesis:

ÅThe RNA World hypothesis proposes that catalytic RNA molecules were a
transitionalform betweennonlivingmatter andthe earliestcells.

ÅIn 1989, SidneyAltmanand ThomasCech,sharedthe NobelPrizefor discovery
of ribozyme.

ÅThe RNAWorld hypothesisposits that the primordial form was an RNA-based
living systemthat later evolvedinto life-forms like thosewe seetoday, in which
DNAstoresbiologicalinformationandproteinsmanifestthis information.

ÅRNAwas living systemswhich can be distinguishedfrom nonliving ones, by
havingthe ability to storeandtransmit information (genotype)andthe ability to
expressthat information(phenotype).

by SS Nishank, Dept.of Zoology, Utkal 
University
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ÅRNAworld Hypothesis:

ÅBesidesit hadthe ability to evolve.

Å Evolutionτdescentwith modificationτrequiresboth the ability to record and
make alterations in heritable information and a sorting process that
distinguishesvaluablechangesfrom detrimental ones. Theformer is a property
of genotype, while the latter occursasa result of variationamongindividualsin
phenotype. Thesearethe characteristicsfeatures of RNA.

ÅThe phenotypesof most involve the formation and breakingof phosphoester
bonds in RNAor DNA. The chemistry of these reactions is preciselywhat is
neededto replicatenucleicacids.

ÅThisobservationgivessupport to the idea of a primordial RNAWorld, where
RNAwouldbe responsiblefor replicatingitself.

ÅIf an RNA molecule could make a copy of itself while accommodatingthe
possibility of mistakesτmutationsτthen it would exhibit many of the
characteristicsof modernlife andcouldthereforebeconsideredalive.

by SS Nishank, Dept.of Zoology, Utkal 
University
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ÅRNAworld Hypothesis:

ÅIt saysthe first living thingson earth usedRNAasboth geneticmaterialand for
catalyticactivity,whichincludesthe replicationof geneticmaterial.

ÅIn RNA World hypothesis,the first living things consistedof three parts: a
ribozyme with RNA polymerize activity (the formation of a complex RNA
molecule by combining smaller and simpler molecules),a template RNA to
direct polymerization,and a physicalcontainer (membrane)(Plaxoand Gross,
2006).

ÅTwo RNAmolecules(not just one) are neededto start this processand for the
ribozymesto catalyzereactions.

ÅIn order for an RNAmoleculeto serveas a template to synthesizea new RNA
molecule,a moleculemust be unfoldedand exposedto the monomer(simpler
molecule)that would polymerizeon it. In this scenario,the formation of two
ribozymesis essential. A container is alsoneededto keeptogether the genetic
materialand the moleculesit encodes. Without this, the materialwould diffuse
awayandnot interact.

by SS Nishank, Dept.of Zoology, Utkal 
University

52



ÅRNAworld Hypothesis:

ÅTo summarize,in the RNAWorld hypothesis,our very first ancestorsstarted life
as two RNAmolecules(a self-replicating ribozyme)within a lipid membrane.
NucleotidemonomersthenάƭŜŀƪŜŘέinto the membraneand polymerizedinto
new copies of ribozymes. This process continued, generating more RNA
molecules and leading to increased molecular weight within the lipid
membrane.

ÅThe RNA World hypothesis proposes that catalytic RNA molecules were a
transitionalform betweennonlivingmatter andthe earliestcells.

ÅThe RNAWorld hypothesisis basedon the realization,that RNAcan possess
both a genotypeanda phenotype

by SS Nishank, Dept.of Zoology, Utkal 
University
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ÅRNAworld Hypothesis: saysRNAisancient. Sowhat is the evidence?

Å1. RNAis involvedin protein synthesismachinerye.g. ribosomalRNAcarriesout
the catalyticstepsin protein synthesis.

Å2. the basiccurrencyfor biologicalenergyis ribonucleosidetriphosphates,such
as ATPand GTP. Thesemoleculesare involved in almost every energy-transfer
operation of all cells and are even componentsof electrontransfercofactors
such as NAD (nicotinamide adenine dinucleotide), FAD (flavin adenine
dinucleotide),andSAM(S-adenosylmethionine).
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ÅRNAworld Hypothesis:

ÅThe genotype is the primary sequenceof nucleotidesalong the RNA(Figure
17.2a), much like the genotype of a modern organism, is the sequenceof
nucleotidesalongthe DNAin the chromosome.

ÅCatalyticRNA,for example,containsbetween30 and1,000ribonucleotidesthat
form its primarysequence,andhenceits genotype.

ÅThe Tetrahymenaribozyme was discoveredby Cechand colleaguesstretches
some400 nucleotidesfrom head(the 5Ω end) to tail (the 3Ω end). ThisRNAis
an intron (an intervening sequencebetween two genes)that separatestwo
regionsof the Tetrahymenagenomethat codefor ribosomalRNA(rRNA)genes.

ÅIn ribozymes,the folded state can havean active site that enablesthe RNAto
catalyzea chemicalreactionon a substrate,like a protein enzyme. Thisreactivity
givesRNAits phenotype.
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ÅRNAworld Hypothesis:
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ÅRNAworld Hypothesis:

ÅIn test tubes,a shortenedversionof the ribozymecancatalyzea phosphoester
transfer reactionon a short RNAsubstrate,calledan oligonucleotide(a pieceof
single-strandednucleicacid 5 to 30 nucleotidesin length). In the reaction, the
3Ω half of the substrate is broken off by the ribozyme and attached to the
ǊƛōƻȊȅƳŜΩǎown 3Ωend(Figure17.2b).
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ÅRNAworld Hypothesis:

ÅIf RNAisancientform of life nextquestionis, canRNAevolve????
ÅA good exampleis the life cycleof the HIVvirus. HIVusesthe protein enzyme

reversetranscriptaseto copyits RNAstrandinto a DNAcomplement,which can
then be convertedinto double-strandedDNA. Giventhat RNAcanstore genetic
information,populationsof RNAmoleculesshouldbeableto evolve.

ÅIf an RNAmoleculehasa phenotypethat involvescatalyzinga specificchemical
reaction, can we apply selection to improve or modify this phenotype and
observea heritablechange?

ÅAmber Beaudryand GeraldJoyce(1992) exploitedthe catalyticcapacityof the
Tetrahymenaribozymeto addressthis question. TheyusedtheǊƛōƻȊȅƳŜΩǎability
to pickup a new 3 tail, asshownin Figure17.2b, to distinguishribozymesthat
perform this catalysisfrom those that do not. The acquisitionof the ability to
self-replicateby a collectionof organicmolecules,suchasRNA,is arguablythe
point at whichnonlivingmatter cameto life.
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Test-tube selection and reproduction of RNA shown in previous  slide

(a) Selection. A pool of RNAs (orange), made by random mutagenesis of a ribozyme, is 
challenged to perform a desired chemical reaction. Only those that perform the reaction 
ŀŎǉǳƛǊŜ ŀ ǎƘƻǊǘ άǘŀƛƭέ ƻŦ 5b! ƴǳŎƭŜƻǘƛŘŜǎ ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜƛǊ оΩ   ŜƴŘ όōƭǳŜύΦ

όōύ wŜǇǊƻŘǳŎǘƛƻƴΦ wb! ǎŜǉǳŜƴŎŜǎ ǘƘŀǘ ƘŀǾŜ ŀŎǉǳƛǊŜŘ ŀ оΩ  ǘŀƛƭ όǘƻǇύ ōƛƴŘ ǇǊƛƳŜǊ м ōȅ 
complementary base pairing and are copied by reverse transcriptase into complementary 
DNA (cDNA). A second primer then binds to the cDNA so that the reverse transcriptase,
which copies DNA in addition to RNA, can make the DNA double stranded. Primer 2 
contains the promoter region for RNA polymerase, so that the doublestranded DNA can be 
copied back into RNA.

The task in this case was that the substrate oligonucleotide was provided in the form of 
DNA, not RNA. The  naturally occurring sequence of the TetrahymenaǊƛōƻȊȅƳŜ όǘƘŜ άǿƛƭŘ 
ǘȅǇŜέύ ǳǎŜŘ ǘƻ ǎǘŀǊǘ ǘƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘǎ ŎƻǳƭŘ ŎƭŜŀǾŜ ŀ 5b! ǎǳōǎǘǊŀǘŜ ƻƴƭȅ ŀǘ ŀ ƳƛǎŜǊŀōƭȅ 
slow rate. Beaudry and Joyce hoped that in the mutant pool there were variant 
sequences that, by chance, had an increased capacity for DNA cleavage.



ÅRNAworld Hypothesis:

ÅAfter 10 suchgenerations, the activity of the averageRNAin the population in
cleavingDNAsubstratesandattachingone of the resultingfragmentsto its own
3Ω endhadimprovedbya factor of 30.

ÅIndividual ribozymescarrying mutations at positions 94, 215, 313, and 314
proved to havea catalyticefficiency(i.e. Ability to pick up a new 3Ω tail using
DNAsubstrates) over100timesgreaterthan that of earlierancestralsequence.

ÅThis experiment demonstrated that RNA molecules in solution can possess
featuresof livingorganismsthat allow them to evolve. EachRNAhasa function
of both survival(substratecatalysis)and reproduction(ability to be reverse- and
forward-transcribed).
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ÅRNAworld Hypothesis:

ÅA main premiseof the RNAWorld hypothesisis that RNApredatesthe use of
proteins to do most biologicalwork. Thepieceof evidencethat we lack is thus
the demonstrationthat RNAcancopyitself.

ÅWhether the RNAWorld usedonly one type of self-replicatingRNAor a suite of
interactingRNAs, anRNAwith a replicasephenotypewouldbenecessary.

ÅDavid Bartel and coworkers, for example, have used test-tube evolution to
searchfor ribozymescapableof synthesizingRNA(Barteland Szostak1993) by
seeingat the ability of which RNA(from the pool of long RNAstrands)bind the
maximumnos. of sameshortRNAstrand.
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
anRNAWorld

ÅUnlike other polymers, RNA exhibits three key functions:

How did the RNA molecules that were first made prebiotically
evolve into more complex molecules that produced cell-like 
characteristics?
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Stage 4: Cellular Characteristics May Have
Evolved via Chemical Selection, Beginning with
anRNAWorld

ÅAns. Chemicalselectionfollowedby chemicalevolution.

ÅChemicalselection occurs when a chemical within a
mixturehasa specialpropertiesor advantagesthat cause
it to increasein numberrelativeto other chemicalsin the
mixture.

ÅChemical selection results in chemical evolutionτa
populationof moleculeschangesover time to becomea
newpopulationwith a different chemicalcomposition
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ÅIn this scenario, protobionts containing RNA exhibited 
the properties of life due to RNA genomes that were 
copied and maintained through the catalytic function of 
RNA molecules. 
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ÅFurther mutation in these RNA molecules could have 
added more new functions that is selected by nature-
a process called chemical selection.

ÅChemical selection would have eventually produced 
an increase in complexity in these protobionts, with 
RNA molecules accruing activities such as the ability 
to link amino acids together into proteins and other 
catalytic functions.
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Lab investigation:
Chemical selection of RNA molecules in the 
laboratory can result in chemical evolution
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Conducted by American biologist David Bartel 
& Jack Szostak in 1993
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Research question was: can we find a RNA which can act as ribozyme i.e. having  ability 
to make phosphoester bond with a single stranded oligonucleotide?? 
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Thisresult showsthat chemicalselectioncanchangethe
functional characteristicsof a group of RNAmolecules
overtime by increasingthe proportionof thosemolecules
with enhancedfunction
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Å.ŀǊǘŜƭ ŀƴŘ {ȊƻǎǘŀƪΩǎ ŜȄǇǘΦ {Ƙƻǿǎ ǘƘŀǘ ǊƛōƻȊȅƳŜǎ ŜǾƻƭǾŜ ǘƻ ǎȅƴǘƘŜǎƛȊŜ wb! 

ÅIn this expt. the RNAs most likely to survive from one generation to the next 
are the ones that are most efficient at catalyzing phosphoester bonds. After 
10 rounds of selection, the RNA pool had evolved ribozymes that could 
catalyze the  formation of phosphoester bonds at a rate 7 million times 
faster than such bonds form without a catalyst.
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ÅAnielaWochnerandcolleagues(2011), usinga strategysimilarin spirit to that
of Bartel and Szostak,produced a ribozyme that can synthesizeanother
ribozyme.

ÅIn this expt. researchersstarted with R18, a ribozymegeneratedby Wendy
Johnstonandcolleagues(2001) that canusean RNAtemplate to add14 RNA
nucleotidesto anRNAprimer.

ÅWochnerandcolleaguessubjecteda populationof R18 copiesto selectionfor
the ability to synthesizelonger RNAs. They identified particular sequence
changes responsible for improved performance, then used genetic
engineeringto incorporatethesebeneficialmutationsinto R18.

ÅTheresult wasa new ribozyme,tC19, that can synthesizeRNAmolecules95
nucleotideslongτnearlyhalf tC19Ωǎown size.

ÅThescientistssubjecteda secondpopulationof R18copiesto selectionfor the
ability to copya greatervariety of template sequences,identified mutations
conferringimprovedperformance,andengineeredthem into tC19.
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ÅThe final result, tC19Z, proved ability to synthesize, with 99.8% accuracy,
functional copies of a different ribozyme a hammerheadnuclease(Figure
17.7). RibozymetC19Zisnot capableof self-replication.
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TheDevelopmentof MetabolicPathways

ÅFossil evidence indicates that there were primitive forms of life on Earth about 
3.5 billion years ago.

ÅRegardless of how they developed,these first primitive cells  would have 
needed a way to add new organic molecules to their structures as previously 
existing molecules were lost or destroyed.

ÅThere are two ways to accomplish this.  

ÅHeterotrophs capture organic molecules, such as sugars, amino acids, or 
organic acids, from their surroundings, which they use to make new molecules 
and provide themselves with energy.

ÅAutotrophsuse an external energy source, such as sunlight or the energy from 
inorganic chemical reactions, to combine simple inorganic molecules, such as 
water and carbon dioxide, to make new organic molecules. 

ÅThese new organic molecules can then be used as building  materials for new 
cells or can be broken down at a later date to provide energy.
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The Development of Metabolic Pathways-The
HeterotrophHypothesis
ÅEarly heterotrophs would have been anaerobic organisms. The compounds that 

could be used easily by these cells would have been the first to become 
depleted. However, some of the heterotrophs may have contained a mutated 
form of nucleic acid, which allowed them to convert previously unusable 
material into something they could use. 

ÅHeterotrophic cells with such mutations could have survived, whereas those 
without such mutations would have become extinct as the compounds they 
used for food became scarce. 

ÅSuch cells could use chemical reactions to convert unusable chemicals into 
usable organic compounds. Thus, additional steps would have been added to 
their metabolic processes, and new metabolic pathways would have evolved.
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The Development of Metabolic Pathways -
TheAutotrophHypothesis
Åthe first organisms were autotrophs. 

ÅEvidences for it: many different kinds of prokaryotic organisms are autotrophic 
and live in extremely hostile environments resembling the conditions that may 
have existed on the early Earth. These organisms are found in hot springsτ
such as those found in Yellowstone National Park; in Kamchatka, Russia 
(Siberia); and near thermal ventsτareas where hot, mineralrich water enters 
seawater from the deep ocean floor. 

ÅThey use energy released from inorganic chemical reactions to synthesize 
organic molecules from inorganic components. Because of this, they are called 
chemoautotrophs. 

ÅIf the first organisms were autotrophs, there would have been competition 
among different cells for the inorganic raw materials they needed for their 
metabolism, and there would have been changes in the metabolic processes as 
mutations occurred.

ÅThere could have been subsequent evolution of a variety of cells, both 
autotrophic and heterotrophic, which could have led to the diversity of 
prokaryotic organisms seen today.
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TheDevelopmentof MetabolicPathways-

Åcurrently there are three competing theories of the origin of life on Earth as 
shown in figure:
1. Life arrived here from an extraterrestrial source.
2. Life originated on Earth as a heterotroph.
3. Life originated on Earth as an autotroph.
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The Chemical Evolution of Life: 
This diagram summarizes the steps 
necessary for primitive cells to
evolve from inorganic molecules.
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TheDevelopmentof MetabolicPathways-

ÅPhotoautotrophsperform photosynthesis. Theyuselight astheir energysource
and carbon dioxide (CO2) as their carbon source. E.g. cyanobacteriausing
chlorophyll a & produce oxygen. However phototrophic bacteria use
bacteriochlorophyll rather than chlorophyll a as their key photosynthetic
pigment, and they do not produce O2. Instead, some of these
photosynthesizersproduce particles of pure sulfur becausehydrogensulfide
(H2S),rather than H2O,is their electrondonor for photophosphorylation.

ÅPhotoheterotrophsuse light as their energy source but must obtain their
carbonatomsfrom organiccompoundsmadeby other organisms. TheirάŦƻƻŘέ
consists of organic compounds such as carbohydrates,fatty acids, and
alcohols.
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TheDevelopmentof MetabolicPathways-

ÅChemoautotrophsobtain their energyby oxidizinginorganicsubstances,and
they use some of that energy to fix carbon. Some chemoautotrophsuse
reactionsidentical to thoseof the typical photosyntheticcycle,but others use
alternative pathwaysfor carbon fixation. Somebacteria oxidizeammoniaor
nitrite ionsto form nitrate ions. Othersoxidizehydrogengas,hydrogensulfide,
sulfur,andother materials. Manyarchaeaarechemoautotrophs.

ÅChemoheterotrophsobtain carbonatoms from one or more complexorganic
compoundsthat havebeensynthesizedby other organisms,andusuallyobtain
energy from breakingdown these organic compoundsas well. Most known
bacteriaandarchaeaarechemoheterotrophsτasareall animalsandfungiand
manyprotists.
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THE ORIGIN OF DNA

Å It is believedthat DNApredatesthe earliestlife on the planet. It is likely that
DNAoriginatedfrom RNAin anRNA/proteinworld.

ÅThishypothesisis supportedby the evidenceshowingthat DNAis a modified
form of RNA,with the ribose sugarin RNA(OH)reducingto deoxyribosein
DNA, and the base uracil (U) into thymidine (T) through the methylation
process[additionof a methylR-CH3 group].

ÅA complicationhere is that DNAsynthesisrequiresprotein asa catalystand
proteinscannotbe synthesizedwithout DNAto fix the order andsequenceof
the nucleotides.

ÅThe first step in the synthesisof DNA was the formation of U-DNA (DNA
containing uracil). This took place through a chemical reaction converting
deoxyuridineTriphosphate(dUTP) to deoxyuridineMonophosphate(dUMP):

Åcatalyzedby the enzymedUTPdiphosphatase.
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THE ORIGIN OF DNA

ÅThis enzyme has two functions: first it removes dUTP from the
deoxynucleotides,reducingthe likelihoodof this basebeingincorporatedinto
DNAandhenceDNAcontaininguracil,and

Åin a secondstep,dTTPbeingproducedin moderncellsby the modificationof
deoxyuridine monophosphate (dUMP) into deoxythymidine triphosphate
(dTMP)by thymidylatesynthases,followedby phosphorylation

ÅThisis how uracil in RNAis replacedby thymine in DNA. ThemoleculedTTPis
producedin the cellsby the modificationof dUMPinto dTMP(and dTTP)by
the enzymethymidylatesynthases(followed by phosphorylation). Theabove
explainsformationof DNAfrom RNA.

ÅIn ǘƻŘŀȅΩǎcells, dUMP is produced from dUTP by deoxyuridine
triphosphatases,or from deoxycytidinemonophosphate(dCMP)by dCMP
deaminases. This is another sign that thymidine (T)-DNAoriginatedafter U-
DNA.
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THE ORIGIN OF DNA

ÅThe evolution of DNA also required the appearanceof enzymesable to
incorporate dNTPs,firstly using RNAtemplates (reversetranscriptases)and
later on usingDNAtemplates(DNApolymerases).
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how did amino acids polymerize and form proteins and peptides 
on primitive Earth?

ÅInvestigatorshaveproposedseveralwaysin which proteinsandpeptidesmay
havebeenformed,theseinclude:

ÅHigh energy radiation and ion polycondensationwhich polymerizedamino
acids

ÅControlledexposureto heat at 175°Ccausingamino acidsto polymerizeinto
proteins

ÅSaltinducedpeptidepolymerizationwith the assistanceof claymaterials

ÅCondensationof aminoacidsin ammoniaat 160°C,whichgeneratedpolymers

ÅCreation of volcanic settings in which amino acids were converted into
peptidesby the useof coprecipitated(Ni,Fe)SandCOin conjunctionwith H2S

ÅCarbondisulfide,a gasdischargedfrom volcanoes,which causeshomo- and
hetero-peptidesto beproduced

ÅHCNand other ingredientsof primitive atmospherescan polymerizeamino
acids

by SS Nishank, Dept.ofZoology, Utkal University 91



how did amino acids polymerize and form proteins and peptides 
on primitive Earth?

ÅHeatedammoniumcyanidewhichcausesaminoacidsto polymerize.

ÅClay and water subjected to cyclic variations in temperature formed
oligopeptides
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Biochemistry of Early Life
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Biochemistry of Early Life

ÅThe starting original life-form developsor evolveswith time forming Simple
Life-1

ÅSimple Life-1 gains the simplest energy system, the carbon monoxideς
Methane/adenosinetriphosphate (ATP) energy system. This uses carbon
monoxide, expels methane and generatesATP. This pathway requires two
enzymes,whichcanbeprovidedby randomribozymes.

ÅThe carbon monoxideςMethane/ATP energy system generated ATP. This
permitted high energyATP,cytidine triphosphate(CTP),uridine triphosphate
(UTP),and guanosinetriphosphate (GTP)generation, and allowed ATP to
powerfuture enzymaticandpresentribozymereactions.
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Biochemistry of Early Life

ÅThesecondevolutionarystep (SimpleLife-2, Fig. 2.1) involvedpolymerization
of amino acids to make oligopeptides and proteins. Ten independent
approacheshavebeenproposed

ÅHighenergyradiationand ion polycondensationmayhavepolymerizedamino
acids

ÅControlledexposureto heat at 175°C causedamino acidsto polymerizeto
proteins

ÅSaltinducedpeptidepolymerizationwith the assistanceof claymaterials

ÅCondensationof aminoacidsin ammoniaat 160°Cgeneratedpolymers

ÅIn volcanicsettings,aminoacidswereconvertedinto their peptidesby the use
of coprecipitated(Ni,Fe)SandCOin conjunctionwith H2S

ÅIn the presenceof carbondisulfide,a gasdischargedfrom volcanoes,homo-
andhetero-peptideswereproduced

ÅPolymerizationof amino acids was possibleusing HCNand ingredients of
primitive atmospheres
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Biochemistry of Early Life

ÅAmino acids from a primitive environment polymerized using heated
ammoniumcyanide

ÅIn clay and water subjected to cyclic variations in temperature, longer
oligopeptideswere formed

ÅPeptideformation in the prebiotic era by thermal condensationof glycinein
fluctuatingclayenvironments
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Biochemistry of Early Life

ÅThe third evolutionary step (SimpleLife-3Ҧ{ƛƳǇƭŜLife-7, see Figure) is a
multistep evolutionaryevent involvingthe activationof RNA-dependentRNA
translationin the simplelife-form.

ÅFirstly, Simple Life-3, is the determination of the genetic code; secondly,
SimpleLife-4, is the synthesisof amino acidstRNAs; thirdly, SimpleLife-5, is
the activation of translation using ribozymesto substitute for the specific
aminoacyl tRNA synthetases; fourthly, Simple Life-6, is the synthesis of
aminoacyltRNAsynthetases; and finally, SimpleLife-7, RNAis codedfor the
synthesizedproteins.

ÅIn SimpleLife-8 (seeFig.) , activesynthesisof aminoacidsandproteinsoccurs.
In SimpleLife-9, RNAisplacedin chromosomesinsidethe cellularnucleoid(an
organelle). In SimpleLife-10, cellsmakeenzymesandusethem andribozymes
for the Calvincycle,using CO2 and ATPfrom the carbon monoxideenergy
cycleto makeglucose.

ÅCellsthen becomecyanobacteria,adoptingphotosynthesisandreplacingRNA
coding with DNA. Additional references describe sugar synthesis,energy
pathways,aminoacidsynthesisandRNAsynthesis
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Endosymbiotic theory
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Evidences in favour of Endosymbiotic theory
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Endosymbiotic theory
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Eukaryotic algae
live inside this protist, Paramecium 
bursaria. This partnership and others 
like it provide evidence for the 
endosymbiosis theory.
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Evolution of Early Life

ÅA proposition of possible advancement steps needed to advance to
prokaryoticlife is presentedin Figure. Thisis simplychemicallife advancingto
simplechemicallife with RNAand RNAenzymeor ribozymes,advancingto a
simplechemicallife with randomproteinsor enzymeactivities,advancingto a
simple chemical life with an adenosine triphosphate energy pathway,
advancingto a simplechemicallife with photosynthesis,advancingto a simple
chemicallife with RNA/DNAprotein coding,advancingto a simple chemical
life with enzymaticreproduction,advancingto a prokaryoticlife.

ÅTheevolutionof eukaryotesprobablytook placeafter the developmentof the
oxygen-nitrogenrich atmosphere,2.8billion yearsago.

ÅHow did the eukaryoticcell evolve?How did prokaryoticbacteriummakethis
evolutionaryleap to the more complexeukaryoticcell?Theanswerseemsto
besymbiosisor teamwork.
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Evolution of Early Life

ÅPreviousFigureshowsthe wide evolution of eukaryotes,and how animalare
just a tiny part of the eukaryoticsphereor organisms.

ÅEukaryotescan be classedas opisthokonts, the animal and funguskingdoms
together with the microorganismsthat are conventionallyassignedto the
protist kingdom.

ÅAmoebozoa, a major taxonomic group containing about 2400 speciesof
amoeboidprotists,or amoebaandprotozoa.

ÅRhizaria, a species-rich supergroupof mostly unicellulareukaryotes. Plants,a
groupincludingall the flowersandplantsfoundon Earth.

ÅAlveolatesisa majorgroupsof protistsor singlecelledorganisms. Heterokonts
or stramenopilesare a major line of eukaryotescurrently containingmore
than 25,000 known species. Most are algae, ranging from the giant
multicellularkelp to the unicellulardiatoms,which are a primary component
of plankton.

ÅDiscircristatesclade consistsof euglenozoaplus percolozoa. Excavatesclade
are a major subgroupof unicellulareukaryotes,containinga variety of free-
living and symbiotic forms, and also includessome important parasitesof
humans.
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Evolution of Early Life

ÅThroughopisthokonts,and just oneavenueof eukaryoticevolutionchannelof
eukaryotesanimalsevolvedwith multiple organs.
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