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Background

-There are three proposed primary domains of life: 
Eukaryotes, Bacteria and Archaea 
- Eukaryotes were formed by the endosymbiosis of an 
alpha-proteo bacteria in an Archaea-like host 
- The origin of Eukaryotes is unresolved, differing 
opinions lead to two hypotheses: 
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The Origins Of The Eukaryotic Cell
Investigating the origins of the host for the mitochondrial endosymbiont
Param Bharaj 140551370, Andrew Watson, T. Martin Embley

- To investigate the potential host for the endosymbiosis 
by comparing the sequences of highly conserved Fe-S 
containing proteins, and analysing their relationships to 
one another.
- To explore whether the addition of newly sequenced 
Archaea can help to resolve the origin of the host.

Suggested site of 
endosymbiosis that 
created Eukaryotic 
cells =

Fe-S cluster 
containing proteins 
e.g RAD3/DNA pol

Mitosome

Fe-S cluster forming 
proteins

Fe-S cluster forming 
proteins

Prokaryotic Fe-S cluster Archaeal-likeAlpha-proteo 
bacterial

Cytosol

Key

Fe-S cluster pathway

Microbulbifer variabilis GI 521081888

Volvox carteri f. nagariensis GI 302847399

Pyrococcus sp. NA2 GI 503514353

Tetrahymena thermophila SB210 GI 829180698

Nitrosopumilus maritimus SCM1 GI 160339697
Haloquadratum walsbyi GI 504368673

Thermofilum Pendens GI 500077459

Drosophila melanogaster GI 24639946

Pyrococcus furiosus DSM 3638 GI 18892976

Candidatus Bathyarchaeota archaeon B26-1 gi|1007510894|gb|KYH38988.1|

Trichomonas vaginalis G3 GI 123451564

Trichomonas vaginalis G3 GI 123399986

Arabidopsis thaliana GI 15218736

Arabidopsis thaliana GI 42563365

Cyanidioschyzon merolae strain 10D GI 544210165

Caenorhabditis elegans GI 17506821
Trypanosoma cruzi strain CL Brener GI 71660707

Drosophila melanogaster GI 45551134

Polaromonas sp. CF318 GI 495149994

Caenorhabditis elegans GI 392896452

Tetrahymena thermophila SB210 GI 829183936

Ostreococcus tauri GI 308810260

Sulfolobus solfataricus GI 497676421

Enterococcus GI 498431718

Trypanosoma cruzi strain CL Brener GI 71661269

Caenorhabditis elegans GI 71994598

Ostreococcus tauri GI 308802574

Methanosaeta thermophila PT GI 116666411

Cyanidioschyzon merolae strain 10D GI 544211840

Cyanidioschyzon merolae strain 10D GI 544216076

Haloferax volcanii GI 502800610

Metallosphaera sedula GI 500928760

Trypanosoma cruzi strain CL Brener GI 71413162

Naegleria gruberi strain NEG-M GI 290983090

Arabidopsis thaliana GI 240254129

Thermoplasma acidophilum GI 499202945

Entamoeba histolytica HM-1IMSS GI 67466685

Candidatus Nitrosoarchaeum limnia GI 851173559

Caldivirga maquilingensis GI 501137147

Trypanosoma cruzi strain CL Brener GI 71400429

Bdellovibrio bacteriovorus GI 916291206

Arabidopsis thaliana GI 15220007

Haloferax volcanii GI 490144709

Clostridium acetobutylicum GI 499267586

Thermococcus cleftensis GI 504602375

Neurospora crassa OR74A GI 758999281

Caenorhabditis elegans GI 17507137

Tetrahymena thermophila SB210 GI 829193231

Candidatus Bathyarchaeota archaeon B26-2 gi|1007512965|gb|KYH40882.1|

Nosema ceranae BRL01 GI 300707205

Nosema ceranae BRL01 GI 300706292
Plasmodium falciparum 3D7 GI 124513258

Thermoproteus uzoniensis GI 503444268

Naegleria gruberi strain NEG-M GI 290987559

Volvox carteri f. nagariensis GI 302839689

Giardia lamblia ATCC 50803 GI 159107698

Cupriavidus pinatubonensis GI 499621198

Chlamydomonas reinhardtii GI 159485656

Trachipleistophora hominis GI 440494239

Phytophthora infestans T30-4 GI 301094332

Schizosaccharomyces pombe 972h- GI 19115889
Drosophila melanogaster GI 18543219

Methanoregula boonei GI 851012732

Phytophthora infestans T30-4 GI 301117338

Trichomonas vaginalis G3 GI 123486053

Entamoeba histolytica HM-1IMSS GI 67470878

Trichomonas vaginalis G3 GI 123437769

Cyanidioschyzon merolae strain 10D GI 544215223

Cyanidioschyzon merolae strain 10D GI 544216991

Naegleria gruberi strain NEG-M GI 290991586

Dictyostelium discoideum AX4 GI 66827895

Lokiarchaeum sp. GC14 75 gi|816392926|gb|KKK44596.1|

Saccharomyces cerevisiae S288c GI 398365073

Candidatus Koribacter versitalis GI 499844697

Ostreococcus tauri GI 308806570

Schizosaccharomyces pombe 972h- GI 19113937

Pyrococcus horikoshii GI 499187251

Enterococcus hirae GI 736695035

Pseudomonas aeruginosa GI 501023492

Methanosarcina acetivorans GI 851005556

Volvox carteri f. nagariensis GI 302836153

Metallosphaera sedula GI 500271616

marine gamma proteobacterium HTCC2148 GI 494436616

Chlamydomonas reinhardtii GI 159467054

Encephalitozoon cuniculi GB-M1 GI 19074270

Methanolinea tarda GI 494525861

Candidatus Thorarchaeota archaeon SMTZ1-83 gi|998178787|gb|KXH78097.1|

Ostreococcus tauri GI 308812532

Tetrahymena thermophila SB210 GI 829197989

Chlamydomonas reinhardtii GI 159472757

Encephalitozoon cuniculi GB-M1 GI 19173439

Cryptosporidium parvum Iowa II GI 66475604

Giardia lamblia ATCC 50803 GI 159118615

Cryptosporidium parvum Iowa II GI 66362610

Ostreococcus tauri GI 308812971

Phytophthora infestans T30-4 GI 301097762

GI 750159589

Nosema ceranae BRL01 GI 300706996

Phytophthora infestans T30-4 GI 301111400

Entamoeba histolytica HM-1IMSS GI 67469709

Giardia lamblia ATCC 50803 GI 159113110

Plasmodium falciparum 3D7 GI 124808195

Halorhabdus utahensis GI 506269391

Halorhabdus utahensis GI 506270420

Cryptosporidium parvum Iowa II GI 126654047

Volvox carteri f. nagariensis GI 302829651

Phytophthora infestans T30-4 GI 301097939

Neurospora crassa OR74A GI 758989795

Haloquadratum walsbyi GI 504370025

Thermococcus litoralis GI 490168773

Saccharomyces cerevisiae S288c GI 6325249

Trichomonas vaginalis G3 GI 123493892

Dictyostelium discoideum AX4 GI 66807703

Pyrobaculum aerophilum str. IM2 GI 18161301

Methanocella paludicola SANAE GI 282155816

Sulfolobus islandicus GI 502109187

Plasmodium falciparum 3D7 GI 124507219

Encephalitozoon cuniculi GB-M1 GI 19074028

Trachipleistophora hominis GI 440491198

Geobacter daltonii GI 501817976

Pedosphaera parvula GI 750252448

Tetrahymena thermophila SB210 GI 829198577

Trachipleistophora hominis GI 440492760
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Thermoproteus uzoniensis GI 503445721

Naegleria gruberi strain NEG-M GI 290985690

Methanohalophilus mahii gi|502803455|ref|WP 013038431.1|

Hyperthermus butylicus GI 500146419

Rattus norvegicus gi|564379940|ref|XP 006249624.1|

Encephalitozoon cuniculi GB-M1 gi|392512664|emb|CAD26619.2|

Thermoproteus uzoniensis GI 503445332

Paraburkholderia phymatum gi|501371400|ref|WP 012402966.1|

Archaeoglobus fulgidus gi|499180464|ref|WP 010878004.1|

Thermofilum sp. 1910b gi|530785513|ref|WP 020962279.1|

Candidatus Bathyarchaeota archaeon B26-1 gi|1007514370|gb|KYH42222.1|

Absidia glauca gi|1021062816|emb|SAM01088.1|

Escherichia coli gi|928884670|ref|WP 053919755.1|

Candidatus Korarchaeum cryptofilum gi|501266822|ref|WP 012309840.1|

Entamoeba histolytica HM-1 IMSS GI 67478112

Volvox carteri f. nagariensis gi|302850307|ref|XP 002956681.1|

Aliiglaciecola lipolytica gi|496121712|ref|WP 008846219.1|

Drosophila melanogaster GI 24664937

Trachipleistophora hominis gi|440493562|gb|ELQ76017.1|

Saccharomyces cerevisiae S288c gi|330443503|ref|NP 010181.2|

Cenarchaeum symbiosum gi|3599407|gb|AAC62712.1|

Tetrahymena thermophila SB210 GI 118400060

Archaeoglobus fulgidus gi|499180656|ref|WP 010878196.1|

Arabidopsis thaliana gi|12324676|gb|AAG52299.1|AC011020 6

Arabidopsis thaliana gi|8777309|dbj|BAA96899.1|

Volvox carteri f. nagariensis gi|302845040|ref|XP 002954059.1|

Candidatus Thorarchaeota archaeon SMTZ1-45 gi|998172228|gb|KXH71985.1|

Nicotiana tomentosiformis gi|697098975|ref|XP 009629457.1|

Halorhabdus utahensis GI 502461257

Saccharomyces cerevisiae S288c gi|398364843|ref|NP 014297.3|

Thermofilum sp. 1910b gi|530785408|ref|WP 020962174.1|

Photobacterium marinum gi|441430327|gb|ELR67777.1|

Ectocarpus siliculosus gi|298714506|emb|CBJ27528.1|

Trypanosoma cruzi strain CL Brener GI 71661998

Haloferax volcanii GI 490143030

Theobroma cacao gi|590587086|ref|XP 007015878.1|

Homo sapiens gi|106507301|ref|NP 058633.2|

Hyperthermus butylicus GI 500146060

Setaria italica gi|514712655|ref|XP 004952565.1|

Ochotona princeps gi|837828919|ref|XP 012785308.1|

Volvox carteri f. nagariensis GI 302852093

Cellvibrio japonicus gi|501465025|ref|WP 012488470.1|

Pyrobaculum arsenaticum DSM 13514 gi|145282802|gb|ABP50384.1|

Dictyostelium discoideum AX4 gi|66824397|ref|XP 645553.1|

Neurospora crassa OR74A GI 164424154

Homo sapiens gi|181622|gb|AAA35768.1|

Candidatus Korarchaeum cryptofilum gi|501266805|ref|WP 012309823.1|

Candidatus Caldiarchaeum subterraneum gi|315425716|dbj|BAJ47372.1|

Arabidopsis thaliana gi|10177597|dbj|BAB10944.1|

Myotis brandtii gi|521030314|gb|EPQ12100.1|

Penicillium chrysogenum gi|1021544469|gb|KZN91715.1|

Dictyostelium discoideum AX4 gi|66809121|ref|XP 638283.1|

Candidatus Thorarchaeota archaeon SMTZ1-45 gi|998173671|gb|KXH73353.1|

Microbotryum lychnidis-dioicae p1A1 Lamole gi|634352888|gb|KDE07988.1|

Caenorhabditis elegans GI 392896657

Volvox carteri f. nagariensis gi|302848187|ref|XP 002955626.1|

Acidilobus saccharovorans gi|503031074|ref|WP 013266050.1|

Ostreococcus tauri GI 308800812

Dictyostelium discoideum AX4 gi|66812196|ref|XP 640277.1|

Lokiarchaeum sp. GC14 75 gi|816390261|gb|KKK42279.1|

Caenorhabditis elegans GI 17559488

Methanolobus psychrophilus gi|851283181|ref|WP 048147526.1|
Methanomethylovorans hollandica gi|505136570|ref|WP 015323672.1|

Thermofilum pendens gi|500076054|ref|WP 011752067.1|

Neurospora crassa OR74A GI 85103616

Chlamydomonas reinhardtii gi|159463358|ref|XP 001689909.1|

Methanospirillum hungatei GI 499767448

Chlamydomonas reinhardtii GI 159463358

Giardia lamblia ATCC 50803 gi|159115336|ref|XP 001707891.1|

Arabidopsis thaliana gi|334182383|ref|NP 172303.5|

Rhizopus microsporus gi|729707677|emb|CEI95841.1|

Nitrosopumilus maritimus SCM1 gi|160339757|gb|ABX12844.1|

Thermofilum pendens gi|500075960|ref|WP 011751973.1|

Spizellomyces punctatus DAOM BR117 gi|1026955935|ref|XP 016610755.1|

Ostreococcus tauri GI 308806656

Pseudomonas chlororaphis subsp. aureofaciens 30-84 gi|397889582|gb|EJL06064.1|

Metallosphaera sedula GI 850987343

Thermoplasma acidophilum GI 499203777

Entamoeba histolytica HM-1 IMSS GI 67484306

Plasmodium falciparum 3D7 GI 124802365

Giardia lamblia ATCC 50803 gi|159108384|ref|XP 001704463.1|

Encephalitozoon cuniculi GB-M1 gi|85014201|ref|XP 955596.1|

Moesziomyces antarcticus T-34 gi|443895418|dbj|GAC72764.1|

Lokiarchaeum sp. GC14 75 gi|816389806|gb|KKK41880.1|

Methanoregula boonei GI 851012727

Drosophila melanogaster GI 24648780

Cyanidioschyzon merolae strain 10D GI 544214377

Metallosphaera sedula GI 500929309

Chlamydomonas reinhardtii gi|159472581|ref|XP 001694423.1|

Halorhabdus utahensis GI 506269857

Homo sapiens gi|2665742|gb|AAB88486.1|

Chlamydomonas reinhardtii gi|159481277|ref|XP 001698708.1|

Sorangium cellulosum gi|501195110|ref|WP 012238128.1|

Naegleria gruberi strain NEG-M GI 291001623

Homo sapiens gi|62089390|dbj|BAD93139.1|

Pan paniscus gi|397487078|ref|XP 003814638.1|

Phytophthora infestans T30-4 GI 301090780

Trypanosoma cruzi strain CL Brener GI 71412800

Cryptosporidium parvum Iowa II gi|66359706|ref|XP 627031.1|

Sulfolobus solfataricus gi|497676875|ref|WP 009991059.1|

Methanosarcina acetivorans GI 499330437
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Model fit B family DNA polymerase tree

- The models used to compare molecular sequences do 
not always accurately reflect the complexity of the 
dataset
- After comparing multiple models, the trees shown here 
were constructed using models that best fit the data with 
regards to mutation saturation

- RAD3 is a DNA helicase conserved in all 3 domains 
- In all models used, newly sequenced Candidatus 
Bathyarcheota (TACK member) is identified as a sister 
group to eukaryotes 
- Support for this increases with better models 
- This tree is more consistent with two domains 
hypothesis

- B family DNA polymerases are the main polymerases in 
nuclear DNA replication
- The epsilon subunit emerges from within a TACK 
dominated clade
- Other subunits are sister groups to this TACK clade, 
with some Euryarcheotes emerging from within them.
- This is similar to Tahirov1 which suggested epsilon has 
a different origin to the other subunits.

Conclusion

- The phylogenies created using Fe-S cluter containing 
proteins show topologies that are more consistent with 
the 2 domains tree 
- With new Archaea, support for this increases
- To improve result, larger sampling and better models 
should be used 

RAD3 tree
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