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PHOTOSYNTHESIS SYSTEM II

• AT LEAST 24 PROTEINS

• AT LEAST 60 AUXILIARY PROTEINS INVOLVED 

IN ASSEMBLY, STABILITY AND REPAIR

• AT LEAST 5 PIGMENTS

• AT LEAST 20 LIPIDS



PHOTOSYNTHESIS SYSTEM I

• AT LEAST 17 PROTEINS

• AT LEAST 4 LIPIDS

• 5 PIGMENTS

• AT LEAST 3 COFACTORS



CYANOBACTERIA

• MOST NUMEROUS AND WIDESPREAD MICROBES

• THE ONLY OXYGEN-RELEASING PHOTOSYNTHETIC BACTERIA

• CONTRIBUTE ALMOST HALF OF THE EARTH’S TOTAL PRIMARY PRODUCTION

• CYANOBACTERIA ARE ARGUABLY THE MOST SUCCESSFUL GROUP OF MICROORGANISMS ON EARTH

• THEY ARE THE MOST GENETICALLY DIVERSE

• CAN BE FOUND IN ALMOST EVERY TERRESTRIAL AND AQUATIC HABITAT – OCEANS, FRESH WATER, 

DAMP SOIL, TEMPORARILY MOISTENED ROCKS IN DESERTS, BARE ROCK AND SOIL, AND 

EVEN ANTARCTIC ROCKS



CYANOBACTERIA AND THE GREAT OXYGENATION EVENT

• THEY MOST LIKELY GO BACK TO 

AT LEAST 2.7 BILLION YEARS AGO 

(GA: GIGA YEARS AGO)

• SOME RESEARCHERS PROPOSE 

THAT THEY GO BACK 3.3 GA

• THEY START DUMPING OXYGEN 

INTO THE ENVIRONMENT

• EVIDENCE: BANDED IRON 

FORMATION



BANDED IRON FORMATIONS

• SEDIMENTARY ROCK CONSISTING OF ALTERNATING 

LAYERS OF IRON OXIDES AND IRON-POOR SEDIMENT

• BANDED IRON FORMATIONS ARE THOUGHT TO HAVE 

FORMED IN SEA WATER AS THE RESULT 

OF OXYGEN PRODUCTION BY CYANOBACTERIA

• THE OXYGEN COMBINED WITH DISSOLVED IRON IN 

EARTH'S OCEANS TO FORM INSOLUBLE IRON OXIDES, 

WHICH PRECIPITATED OUT

• THEY ARE FOUND WORLDWIDE

• BANDED IRON FORMATIONS ACCOUNT FOR MORE 

THAN 60% OF GLOBAL IRON RESERVES



BANDED IRON FORMATIONS



WAS IT OXYGENIC PHOTOSYNTHESIS THAT LED TO 
BANDED IRON FORMATIONS?

• DEPOSITION OF A BANDED IRON FORMATION REQUIRES BOTH AN ANOXIC DEEP OCEAN 
CAPABLE OF TRANSPORTING IRON IN SOLUBLE FERROUS FORM, AND AN OXIDIZED SHALLOW 
OCEAN WHERE THE FERROUS IRON IS OXIDIZED TO INSOLUBLE FERRIC IRON AND 
PRECIPITATES ONTO THE OCEAN FLOOR

• THEY COULD FORM BY DIRECT OXIDATION OF IRON BY MICROBIAL ANOXYGENIC 
PHOTOSYNTHESIS

• HOWEVER, THE OXIDATION OF FE2+ TO FE3+ YIELDS VERY LITTLE ENERGY TO THE CELL  THE 
CELL MUST OXIDIZE LARGE AMOUNTS OF FE2+ TO FULFILL ITS METABOLIC REQUIREMENTS

• IRON-OXIDIZING METABOLISM WOULD HAVE MADE A REMARKABLE CONTRIBUTION TO THE 
FORMATION OF BANDED IRON DEPOSIT BEFORE THE ADVENT OF OXYGENIC 
PHOTOSYNTHESIS



BANDED IRON FORMATIONS



THE GLITCH EXPLAINED:
“SNOWBALL EARTH” HYPOTHESIS

• FOR SUCH IRON-RICH ROCKS TO BE DEPOSITED THERE WOULD HAVE TO BE ANOXIA IN THE OCEAN, SO 

THAT MUCH DISSOLVED IRON COULD ACCUMULATE BEFORE AN OXIDANT WOULD PRECIPITATE IT AS FERRIC 

OXIDE

• BUT AT THAT TIME, THE ATMOSPHERE WAS OXYGENATED

• FOR THE OCEAN TO BECOME ANOXIC IT MUST HAVE LIMITED GAS EXCHANGE WITH THE OXYGENATED 

ATMOSPHERE

• THIS COULD HAPPEN IN AN OCEAN SEALED BY SEA-ICE

• THE PLANET'S SURFACE BECAME ENTIRELY OR NEARLY ENTIRELY FROZEN WITH NO LIQUID OCEANIC OR 

SURFACE WATER EXPOSED TO THE ATMOSPHERE

• THE PERIOD OF SUCH GLOBAL GLACIATION IS BELIEVED TO HAVE OCCURRED SOMETIME BEFORE 

650 MILLION YEARS AGO



SNOWBALL EARTH

• TRIGGERS:

• ERUPTION OF A SUPERVOLCANO

• A REDUCTION IN THE ATMOSPHERIC CONCENTRATION OF 
GREENHOUSE GASES

• CHANGES IN SOLAR ENERGY OUTPUT

• REGARDLESS OF THE TRIGGER, INITIAL COOLING RESULTS 
IN AN INCREASE IN THE AREA OF EARTH'S SURFACE 
COVERED BY ICE AND SNOW

• THE ADDITIONAL ICE AND SNOW REFLECTS MORE SOLAR 
ENERGY BACK TO SPACE  ALBEDO EFFECT, LEADING TO 
FURTHER COOLING 

• THIS ‘RUNAWAY’ POSITIVE FEEDBACK LOOP COULD 
EVENTUALLY PRODUCE A FROZEN EQUATOR AS COLD AS 
MODERN ANTARCTICA.



SNOWBALL EARTH

SNOWBALL GLOBAL ICE AGES ARE TEMPORARY 
IN NATURE

OVER 4 TO 30 MILLION YEARS, ENOUGH CO2 

AND METHANE, EMITTED BY VOLCANOES AND 
PRODUCED BY MICROBES WOULD ACCUMULATE 
TO FINALLY CAUSE ENOUGH GREENHOUSE 
EFFECT TO MAKE SURFACE ICE MELT



CYANOBACTERIA FACE A CONUNDRUM

• OXYGEN IS A VERY REACTIVE CHEMICAL SPECIES

• TOXIC EFFECTS THROUGH THE PRODUCTION OF PEROXIDES AND FREE RADICALS THAT CAN 

DAMAGE ALL COMPONENTS OF THE CELL, INCLUDING PROTEINS, LIPIDS AND DNA

• THE FIRST CYANOBACTERIA HAD EVOLVED THE CAPACITY TO CARRY OUT OXYGEN-

PRODUCING PHOTOSYNTHESIS BUT HAD NOT YET EVOLVED MECHANISMS TO COUNTERACT 

OXIDATIVE DAMAGE

• THEY WOULD HAVE BEEN PROTECTED FROM THEIR OWN POISONOUS OXYGEN 

WASTE THROUGH ITS RAPID REMOVAL VIA THE HIGH LEVELS OF REDUCED FERROUS IRON, 

FE(II), IN THE EARLY OCEAN



• TO COPE WITH OXIDATIVE STRESS THERE ARE ENZYMES THAT EVOLVED TO 

NEUTRALIZE THE REACTIVE OXYGEN SPECIES

• THIS ENDED SELF-POISONING AND PRODUCED A POPULATION EXPLOSION IN THE 

CYANOBACTERIA THAT RAPIDLY OXYGENATED THE OCEAN AND ENDED BANDED

IRON FORMATION DEPOSITION

• BY ~1.8 GA THESE REDUCTANTS HAD LARGELY BEEN TITRATED, AND MOLECULAR 

O2 LEVELS GRADUALLY ROSE IN THE ATMOSPHERE

• ATMOSPHERIC O2 STABILIZED AT ~10% OF CONTEMPORARY LEVELS, BEFORE IT 

FINALLY ROSE AGAIN STARTING 0.8 GA



THE RISE OF OXYGEN IN THE ATMOSPHERE



EARTH’S ATMOSPHERE CHANGES

• WHEN THE EARTH WAS FORMED AROUND 4.5 BILLION YEARS AGO, IT HAD VASTLY DIFFERENT 

CONDITIONS

• AT THAT TIME, THE EARTH HAD A REDUCING ATMOSPHERE, CONSISTING OF CARBON DIOXIDE, 

METHANE AND WATER VAPOR

• EVENTUALLY, OXYGEN STARTED TO ACCUMULATE IN THE ATMOSPHERE

• OXYGEN LIKELY OXIDIZED ATMOSPHERIC METHANE (A STRONG GREENHOUSE GAS) TO 

CARBON DIOXIDE (A WEAKER ONE) AND WATER

• THIS WEAKENED THE GREENHOUSE EFFECT OF THE EARTH'S ATMOSPHERE, CAUSING 

PLANETARY COOLING

• THIS TRIGGERED A SERIES OF ICE AGES KNOWN AS THE HURONIAN GLACIATION, 

BRACKETING AN AGE RANGE OF 2.45–2.22 GA



• THE COMBINATION OF INCREASING FREE OXYGEN (WHICH 

CAUSES OXIDATIVE DAMAGE TO ORGANIC COMPOUNDS) AND CLIMATIC 

STRESSES LIKELY CAUSED AN EXTINCTION EVENT

• THIS WAS THE FIRST AND LONGEST LASTING IN THE EARTH'S HISTORY

• IT WIPED OUT MOST OF THE ANAEROBE AND ARCHAEAL POPULATIONS AND 

MICROBIAL MATS BOTH ON THE EARTH’S SURFACE AND IN SHALLOW WATERS 

EFFECTS OF THE HURONIAN GLACIATION



OXYGEN’S SILVER LINING: RESPIRATION

• RESPIRATION IS THE PROCESS BY WHICH BIOLOGICAL FUELS ARE MORE 

EFFICIENTLY METABOLIZED TO CONVERT CHEMICAL ENERGY FROM 

NUTRIENTS INTO ATP

• THE OVERALL REACTION OCCURS IN A SERIES OF BIOCHEMICAL STEPS

• THE SLOW, CONTROLLED RELEASE OF ENERGY FROM THE SERIES OF REACTIONS 

IS USED TO PRODUCE ATP





MICROBIAL DIVERSIFICATION

• THE INCREASED OXYGEN CONCENTRATIONS PROVIDED A NEW OPPORTUNITY FOR 
BIOLOGICAL DIVERSIFICATION

• LIFE HAD REMAINED ENERGETICALLY LIMITED UNTIL THE WIDESPREAD AVAILABILITY OF 
OXYGEN

• THE AVAILABILITY OF OXYGEN GREATLY INCREASED THE FREE ENERGY AVAILABLE TO 
LIVING ORGANISMS, WITH GLOBAL ENVIRONMENTAL IMPACTS

• AFTER THE COMBINED IMPACT OF OXIDIZATION AND CLIMATE CHANGE DEVASTATED THE 
ANAEROBIC BIOSPHERE, AEROBIC ORGANISMS CAPABLE OF OXYGEN RESPIRATION WERE 
ABLE TO PROLIFERATE RAPIDLY AND EXPLOIT THE ECOLOGICAL NICHES VACATED BY 
ANAEROBES IN MOST ENVIRONMENTS



WHILE BACTERIA WERE EVOLVING TO PRODUCE AND 
USE OXYGEN, WHAT WAS HAPPENING IN THE 

ARCHAEAL/EUKARYAL BRANCH?



2214 archaeal genomes as of 4/3/24





LOKI

• AS DEPICTED IN AN 18TH-CENTURY ICELANDIC 

MANUSCRIPT

• SHAPE-SHIFTING NORSE GOD

• A TRICKSTER

• LOKI WAS THOUGHT TO BE THE CAUSER OF 

KNOTS/TANGLES/LOOPS, OR HIMSELF A 

KNOT/TANGLE/LOOP

• HE HAS BEEN DESCRIBED AS "A STAGGERINGLY 

COMPLEX, CONFUSING, AND AMBIVALENT FIGURE WHO 

HAS BEEN THE CATALYST OF COUNTLESS UNRESOLVED 

SCHOLARLY CONTROVERSIES"



LOKI’S CASTLE

• LOKI'S CASTLE IS A FIELD OF FIVE ACTIVE HYDROTHERMAL VENTS 

LOCATED AT 73 DEGREES NORTH ON THE MID-ATLANTIC 

RIDGE BETWEEN ICELAND AND SVALBARD (NORWAY) AT A DEPTH OF 

2,352 METRES (7,717 FT)

• THEY ARE THE MOST NORTHERLY BLACK SMOKER VENTS, 

DISCOVERED IN JULY 2008

• NAMED FOR THE SHAPE-SHIFTING NORSE GOD LOKI, IN AN 

ALLUSION TO THE HYDROTHERMAL VENT COMPLEX FROM WHICH 

THE FIRST GENOME SAMPLE ORIGINATED

• IT IS THE HOST SITE OF A BIOLOGICALLY DISTINCT ARCHAEA, THE 

LOKIARCHAEOTA, A BRANCH OF THE ASGARD SUPERGROUP



SINCE THEN

• DESCRIBED IN 2015

• 2 CULTURED IN 2019

• 59 WHOLE GENOME SEQUENCES AS OF 3/4/24

• ALL GROUPS ARE GIVEN NORSE MYTHOLOGY 

NAMES, HENCE ‘ASGARD’, THE RESIDENCE OF THE 

GODS



SURPRISES FROM THE FIRST AVAILABLE ASGARD SEQUENCE

• THE GENOME CONSISTS OF 5,381 PROTEIN CODING GENES

• OF THESE, ROUGHLY 32% DO NOT CORRESPOND TO ANY KNOWN PROTEIN

• 26% CLOSELY RESEMBLE ARCHAEAL PROTEINS

• 29% CORRESPOND TO BACTERIAL PROTEINS

• THIS SITUATION IS CONSISTENT WITH: (I) PROTEINS FROM A NOVEL PHYLUM (WITH FEW 

CLOSE RELATIVES, OR NONE) ARE DIFFICULT TO ASSIGN; AND (II) EXISTING RESEARCH THAT 

SUGGESTS THERE HAS BEEN SIGNIFICANT INTER-DOMAIN HORIZONTAL GENE

TRANSFER BETWEEN BACTERIA AND ARCHAEA

• A SMALL, BUT SIGNIFICANT PORTION OF THE PROTEINS (175, 3.3%) THAT THE GENES 

CODE FOR ARE VERY SIMILAR TO EUKARYOTIC PROTEINS

• SUBSEQUENT ASGARD GENOMES HAVE VALIDATED THE OBSERVATION



THE EUKARYOTIC COMPONENT

• EUKARYOTIC SIGNATURE PROTEINS (ESP) INVOLVED IN A BROAD RANGE OF EUKARYOTIC 

PROCESS (THESE REPRESENT A STAGGERING 50% OF ALL ESP’S) INCLUDING MEMBRANE-

RELATED PROCESSES AND CELL SHAPE DYNAMICS

• PROTEINS INVOLVED IN EUKARYOTIC MEMBRANE TRAFFICKING MACHINERY

• EUKARYOTIC-LIKE STRUCTURAL AND CYTOSKELETON PROTEINS

• SORTING COMPLEX REQUIRED FOR TRANSPORT ACROSS CELL MEMBRANE

• EUKARYOTIC-LIKE RIBOSOMAL PROTEIN

• THE FUNCTION OF THESE SHARED PROTEINS INCLUDE CELL MEMBRANE DEFORMATION, CELL 

SHAPE FORMATION, AND A DYNAMIC PROTEIN CYTOSKELETON

• ANOTHER SHARED PROTEIN, ACTIN, IS ESSENTIAL FOR PHAGOCYTOSIS (THE ABILITY TO 

ENGULF AND CONSUME ANOTHER PARTICLE) IN EUKARYOTES



SOME PIX REVEAL SMALL COCCOID CELLS WITH 
EXTENSIVE PROTRUSIONS





THE EUKARYOTES’ ANCESTOR: AN EMERGING PICTURE

• THE ASGARD ARCHAEA EVOLVED MORE THAN 2 BILLION YEARS AGO

• ALTOGETHER, THE ASGARD ARCHAEAL ANCESTOR OF EUKARYOTES HAD, COMPARED WITH OTHER 
ARCHAEA, A RELATIVELY LARGE GENOME THAT RESULTED MAINLY FROM MORE NUMEROUS GENE 
DUPLICATIONS

• IT IS TEMPTING TO SPECULATE THAT THE INCREASED GENE DUPLICATION RATES OBSERVED ARE AN 
ANCESTRAL FEATURE AND THAT IT REMAINED THE PREDOMINANT MODE OF GENOME EVOLUTION 
DURING THE EARLY STAGES OF EUKARYOGENESIS

• ALTHOUGH ASGARD ARCHAEA PROBABLY HAD A THERMOPHILIC ANCESTRY, THE LINEAGE FROM 
WHICH EUKARYOTES EVOLVED WAS ADAPTED TO MESOPHILIC CONDITIONS. THIS FINDING IS 
COMPATIBLE WITH A GENERALLY ASSUMED MESOPHILIC ANCESTRY OF EUKARYOTES

• COMPLEX PATHWAYS INVOLVED IN PROTEIN TARGETING AND MEMBRANE TRAFFICKING AND IN 
GENOME MAINTENANCE AND EXPRESSION IN EUKARYOTES WERE PRESENT IN THE ASGARD
ARCHAEAL ANCESTOR

• POTENTIAL FOR MEMBRANE DEFORMATION, CYTOSKELETON PROTEINS AND THE ABILITY TO DO 
PHAGOCYTOSIS WOULD BE INSTRUMENTAL IN THE EVOLUTION OF EUKARYOTES



THE EMERGING TREE OF LIFE


