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REVISED “TREE" OF LIFE retains a treelike structure at the top of the eukaryotic do- EUKARYOTES

main and acknowledges that cukaryotes obtained mitochondria and chloroplasts from Animals Fungl Plants
bacteria, But it also includes an extensive network of untreelike links between branch-
es. Those links have been inserted somewhart randomly to symbolize the rampant later-
al gene transfer of single or multiple genes that has always occurred between unicellu-
lar organisms, This “trec™ also lacks a single cell at the root; the three major domains
of life probably arose from a population of primitive cells that differed in their genes.

BACTERIA ARCHAEA
Other bacteria Cyanobacteria Crenarchaeota Euryarchaeota

Proteobacteria

.'. L Iy -y ' , L/J ‘
» veria that gave rise
A EE =\

Hyperthermq *:»‘ ',})‘,:'

Ciliates

y
Other single-
cell eukaryotes
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A,

http://www.detectingdesign.com/geneticphylogeny.html &£ V) Bx&j,



d SplitsTree File Edit View Data Distances Trees Networks Analysis Draw Window
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The post-Darwinist rhizome of life
Raoult D. (2010) Lancet 375, 104-105

Rhizome of life

Roots of genes of living species are shown

according to current classification of organisms:
eukaryotes (red), bacteria (blue), viruses (green),

archaea (yellow). In purple are genes without

identified origin (ORFans). At the surface, in form

of mushrooms, are the current species, containing mixture
Colour of mushroom envelope is determined by

origin of core genome of the species.
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Parasitic bacteria

Tree of Life H % _ R——
Rhizome of Life ~

Nano-archaea
(DPANN)

w

. Nano-archaea (DPANN)

. Archaea .
Eukaryote A < -
. Bacteria = \‘
- . T
@ S
. Giant virus ':/, ¢ ‘ -
. ORFans /T" < > = \- 5

Rhizome of Life:

Roots of each gene are represented according to the current reclassification of living organisms:
Eukarya (yellow), Archaea (blue), Nano archaea (light blue), Bacteria (red), CPR (dark red) Giant virus
(orange). In grey are genes without identified origin (ORFans).

Ibrahim et al. (2021) Rhizomal Reclassification of Living Organisms. Int. J. Mol. Sci. 22, 5643. Fig.3 &£ V)



clonal population
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c a7’ BTFFANITY T
)3/ B L\(Rhizobium)E RAEE L T XREYMOERZEEICES

) 4~ F 7 (Rockettsia) BRI Z2 /& LTk MIREZEF 7 X %I(ZL
HETHERBY Ty FTIEZS TR T,

M/ TIHIBIE T A WMRIEMBEANS AR (VY HLUIR)
MHPEAEEICEI->TI Oy FY T7oREE T -7

« BZATHNITYTH
—hAVEFR BEBREO—E, 7T 2B L TIEEER
ZHERL, EYOBRRETEICEZLREENZEL S

+ A4 1) 7%l (Neisseriaaceae) : WME. BEIRAEH
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cyvZATHNIT Y TR
1z M E B (Enterobacteriaeae) : Xz E (Eschelichia coli).
HILEXTHE. F7AXAHE. XX HE(Yersinia pestis)
£ 7 V) A &} (Vibrioaceae): AR LN/ T U 77 (Vibrio vulnificus).
aL 7
v 21— FEF XE(Pseudomonadaceae): k= E
HEEREBICERE L, ®WEADDLDTWBEADIEIEL T L




Bactenal strain Properties Source Species

Extremely piezophilic bacteria’

DB21MT-2 Optimal growth at 70 MPa, 10 ° C ~ Mariana Trench, Shewanella benthica
No growth at less than 50 MPa  at 10,898 m depth
DB2IMT-5 Optimal growth at 80 MPa, 10 °C ~ Mariana Trench, Moritella yayanosii*
No growth at less than 50 MPa  at 10,898 m dept
Piezophilic bacteria’
DB5501 Optimal growth at 50 MPa, 10 °C  Suruga Bay, Shewanella benthic
at 2 485 m depth
DB6101 Optimal growth at 50 MPa, 10 ° C ~ Ryukyu Trench, Shewanella benthic
at 5,110 m depth
DB6705 Optimal growth at 50 MPa, 10 °C  Japan Trench, Shewanella benthica
No growth at 0.1 MPa at 6,356 m depth
DB6906 Optimal growth at 50 MPa, 10 °C  Japan Trench, Shewanella benthica
No growth at 0.1 MPa at 6.269 m depth
DB172F Optimal growth at 70 MPa, 10 ° C ~ Izu-Bonin Trench, Shewanella benthica
No growth at 0.1 MPa at 6,499 m depth
DB172R Optimal growth at 60 MPa, 10 ° C ~ Izu-Bonin Trench, Shewanella benthica
No growth at 0.1 MPa at 6.499 m depth
Moderately piezophilic bacteria®
DSS12 Optimal growth at 30 MPa. 8 ° C Ryukyu Trench, Shewanella violacea*
at 5,110 m depth
DSJ4 Optimal growth at 10 MPa, 10 °C ~ Ryukyu Trench, Photobacterium profundum*
at 5,110 m depth
DSK1 Optimal growth at 0.1 MPa, 10 ° C  Japan Trench, Moritella japonica*
at 6,356 m depth

1 Extremely piezophilic bacteria: 50MPall FCAH TX 3, 100MPaTH REFICET TE ?ﬁﬁﬁ]fﬁiﬂﬂg . Piezophilic

bacteria: 42 F#H /I H34O0MPabl ETREHETIRIZ EA EETF TERWEHEMME. °, Moderately piezophilic bacteria:

%ﬁgggﬂg 40MPa, AT ICH D, RRUETTH REFICET TE 24FHEMERME . *, SHARICE TS vk
D .

INEETEA. =T (2000) DRBEEREHFTOHEY) - 17 EF BT R D 0 BIE T RN e~ -

FEHEYFF 14, 341-352
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Moritella yayanosii

106 F 2R ICARBAENEROV [V 3 |
k2T EBRBRTF LUy~ BR (FE
11.000m) ~AOEKRATNFTONELL. SO
BECHONLABEY > Z s, S00RFEUTFD
EhATUHS{EBTEL. BeMHER (£
T2V Y/) o P1DB2IMT-658%) vl ng
L, ERUAROBFINBERTYT, /-0
R2B 1 umEFRLTUVED
(ERR= G 20NN JAMSTEC ]

88[ Shewanella benthica DB6705
84X Shewanella benthica DB172F
98 L Shewanella benthica (type strain)
Shewanella benthica DB2IMT-2
Shewanella violacea DSS12

Shewanella hanedai
Shewanella putrefaciens

Shewanella algae
581 Moritella marina
5 ‘Moritella japonica DSK-1

piezophiles branch

Shewanella

1

Moritella yayanosii DB21MT-5
Moritella sp. PE36

Aeromonas hydrophila
[ Photobacterium profundum DSJ-4

~— Photobacterium profundum SS9

Photobacterium phosphoreum

Vibrio cholera

Escherichia coli

Colwellia psychroerythrus

Alteromonas macleodii

Marinomonas vega

Bacillus stearothermophilus

60 rosarcina sp. DSK25
00 * I Spo Sp

Bacillus cohnii

Bacillus subtilis

Bl1 DI -iFESREYZE0EMED O, 16S IDNA OIFIERH 2 HEIGEBEREAEIC & b R & v (LS
Shewanella BOIFERE X, BDH T, sub-branch 2 L Tv> 3% (Shewanella piezophilic branch) ,

INEETRA. SFHHT (2000) DRBRRMF DAY - IFER BT RE D S BE THRRAHEY A~ -]

FHAEYRIZE 14, 341-352
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cAZ7RATHFNITIVTH
FrEEIcillE & MM ETTHlE O KBS, FEAREIED K
R 7 &
c e7 ATFNITIUTH
A Y &E (Helocobacter pylori)
- (ZATHAFNITIVTH
A E BT 5 EKER L& (Mariprofundus ferrooxydans) 3
AL TWD,
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Thermus auaticus . ZAKEHFLICE R T S HFEE, < DDNA R ') AT =t
%a%ﬂ:CU X 7 —) "IZPCR (polymerase chain reaction)} Tﬁ I N D IBAER
=% Ch o7,

X IRIEIZ. BavhllEICHZE T AKODPfu. F7/7-E1F
MEEBEAARNAZER I C TEATthE b FEhbN T LA

¥ PCRIEDHFEEFxF v —ev X, TOWERTEIZ/ —NILE S
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/



T A S —EE RS

(polymerase chain reaction, PCR)

3

‘ (1) Denaturation
] 3

+

3t

l (2) Annealing ‘

- — v Sy

*(3_": Efongation. *

@
> -
¥ 2&3
D, 2&3)
_— t —————————
e
—_
P—) * — d
‘ D),2)&3)
— )  ——
_ —_— v
= . _

Exponential growth of short product

DNAZIEIR S B 5 &

PCRYHA4 7L

RIo& 294" CRREICME L., 30Mh 1o EhaEZRD.

DARSHDNAZ IR IC A NS D (HOD)

60° CI2E (7oA~ —ICL->TEFELS) ICXTEE

BRIl ZOIAREDNAE S oA — 42T =2—) v 7xg5
(K@) ,

T7AR—DODEENE ZTDNATR Y X T —EDIFEME(C

EEAEESRE T, BOMET 5, EEBREMICLY .,
ZDRE(360-72° CIREICEREINS, DNAD GRS
N3DICHELRFEE, BRETIRIICLIPBELY
M2, ZOREZEFERD (HO) .

CZETHIODHY A LT, LB O 5@ FTH
FlEZiEY) R L TWLETHTEDDNAKTF 18RI 5,

http://ja.wikipedia.org/7RY X 7 —t@E#EK L KLY



http://ja.wikipedia.org/%E3%83%9D%E3%83%AA%E3%83%A1%E3%83%A9%E3%83%BC%E3%82%BC%E9%80%A3%E9%8E%96%E5%8F%8D%E5%BF%9C
http://ja.wikipedia.org/wiki/%E3%83%97%E3%83%A9%E3%82%A4%E3%83%9E%E3%83%BC
http://ja.wikipedia.org/wiki/DNA%E3%83%9D%E3%83%AA%E3%83%A1%E3%83%A9%E3%83%BC%E3%82%BC

ZL7-%F 4P (HFHEE)

FELAEIFME O RRER
AT —% A 4P (HEE) (AL ~N)L, HlE2%
SHTWDS)

7747z ERKERLERE)

FIFEFZ7AM GFREY -EENT S LEBMEHE)

FoF/I52F70)7M (77 LBHYEG + C%)
NRNAAI 77 EFESHNE)

H—F MM (SRXA2ALEER) = hORESPF T E=TE{LE)

Fo7F4 Y0P (ERMTILE) k\

H—FEI 70E7M (EHMEER/E)

TR FI)TH (FEES HAE)

2R 2FITM (FEE)

77—32772AF (77 LBREG+C%)

T4/ AHA (BEHIRTEE) -

#—7 M (SHREES) 2N A4 2FAM (EHETE)

5M (MEiETE)
H—EFFHNT 2577 ) 7H(REETHE) JO0EAM(GanSEE)
o KoFOLFAM (IR T ARIERE)
R | TAFASIFUTM (5 LEME)
753 ITHM (BERENSER) 01

TGZy  [EREYORGEPFEENI TV TELO0T7—F7 (1))
B{E Vol 66 No 2 (2012)



Deinococcus radiodurans

SRR & L THER (FR X7y 7 ICHR TR AR
IZER WVHE & L TIEEX)

£ R I310Gy(7 L 1), KIBEA60Gy D IR T A, D.
radiodurans|£5,000Gy = AU THILHE T . 15,000Gy % AT
$37% I3 &£ 77,

77 LiGHZ R A, REERIICIE
Y- XBEITEB, LA L. FE
IS mW, Y=< XEH RS
SR (F 7R & 72U,




Deinococcus radiodurans
BSHE O M5 ICDNAIBIE & 2| 32 = T8 1= 6 % R T

1956, 77X U HhoFLIVEEAKRG T, ADEGET SR=E
DH VR BETHIETHRETE AN RE, LAarL, £
FTICHONTWZEY IR I B D72 1TDREDBIIR =

B L THEBE--TLE-EEIHY ., TIHREINT,




D. radiodurans TIIDNABEEZOEEANE . ZNH
BARMEDORI DREAD—DEEZL5NTWNS,

X 7 LFF FBREEE (nucleotide excision repair, NER)

-
—e— — e — —
T — ) —
1205 29NE% 3.DNAT]Y 4. ) H—ET
i A BIEBE g
Bk

http://www.sc.fukuoka-u.ac.jp/~bc1/Biochem/repair.htm & V)

D. radiodurans D FXETHR T4 (. DNAMBIE/Z T TlEERBETE T,
+tAD A D ZALDFEET D EEZ LN TS,



http://www.sc.fukuoka-u.ac.jp/~bc1/Biochem/repair.htm

Extended structure of pleiotropic DNA repair-promoting
protein PprA from Deinococcus radiodurans

Motoyasu Adachi,*' Rumi Shimizu,* Chie Shibazaki,*

Issay Narumi,¥? and Ryota Kuroki*?

PorAlEF / Iy A RABR I ICHENZ Y VI E
PprAZ RIES 5 & BMEHRIHENIEEICTE< 25

PprAlZEWIHRE ICSE U TEZERETAL
S8EZEAE LIcGEZTSBABEZED
S5HABEDHFOICIEIDNAKESICEST %
EBNDT7 I /B(Lys122, Arg150, Arg252,
Lys256) MBS N TLN S

DNAZA$EAZ 1 5EFORSIC|EMHIELIZHDIC
FEELTWREEZSNTWS

Katsuya Satoh," Satoru Fujiwara,* Shigeki Arai,*

FASEB J 2019 Mar;33(3):3647-3658.

1

A 1
A139R (Dimer)
N '
— PprA (Oligomer)

1 g 3 4 5 6
I O W183R (Dimer) g 2 20
e o e o o o
l| |
4] L T JL T J
E:. A139R (Dimer) A

I
/:/r
| O W183R (Dimer)

oy
I Is

| A139R (Dimer)

£
: : Superimposed

@® Mutation A139R

® Mutation W183R

B wi1s3Rr+
A139R(A/B)

C wis3Rr+
A139R(C/D)
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CPR
Candidata Phyla Radiation

20154 (ZBanfield > 12L& >Tcam T R ERD T A 7ZIILHX D
HEKDASFEER

WEYOE/NY A4 X120.270.3um
02umD 7 A L Z—TRERLENZ D, ZDOT7 4 ILZ—%8
WLIHTKDARYT ) LN Z1T 272,

35FIUEIC DN BBHUVINEERD R HE S 7=,
HBEELEr oL DT, BEEEME N XA VIZBL TUW:,

Candidta Phyla Radiation (CPR) & P (X415,

CPRUUA D B TFHE > 5 #E Dultra-small and filterable bacteria % & & Tultramicrobacteria & W\ O E WA %
5T EHH D, cell volume of <0.1 um?3

Nakai (2020) Size Matters: Ultra-small and Filterable Microorganisms in the Environment. Microbe Environ 35, ME20025

https://www.youtube.com/watch?v=VyvSIPGHeTo



Candidate (Candidatus)

* The term “candidate” refers to an undescribed species
or to a single isolate of unknown species for which there
is insufficient information for it to be identified as a new

species according to the International Code of Bacterial
Nomenclature.

* This term can be assighed also to uncultured
prokaryotic organisms obtained by metagenomic
analyses
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CPRIZ. T ELR Y D—HLRIRETIZDEIRTH 5 H,
T REBTH SR Tl 2 HUMK

f/Aﬁ4jimé<\ﬁ%§%$®%@MmEm
(K& E 1E£300/5bp)
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(I ELRELTFHITI0002E L EZZINTLD)
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EDLDICL THRERZFERL TWBDH ?

Y77 2D X —XDRTIE. 7EICPRICE T /N— 7
NOTFYUTThHOONTEY ., ZOWBELERINTWS (FDEBIE
WA 7007LF>, 77—IFa2—TXERLELCHVDEET)

EDLHOICLTDNAYRT I /Bx=A L. ATPZIEFRL TWBDOH 7

CPRAWAEE T AIRIE TIICPRAZHUR T, MMOMREICHFEET S &
2T TITEELDH 5,

F/o. EEREICIEEEILIZEAEEVO THEED NAJEE

FHITE LIAFHWIRIBLA O THEKIZTTE W

LR D= DB FHEGARE L TEZDBKECA RV IEIH B D,
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BT IV AU IR D TKEIFKEBILAF > Eba L TKICHE-T
LEUL., KEDEREDREZ/ENTHERL TE L0
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Black Queen Hypothesis (Morris et al., 2012)

The Black Queen hypothesis (BQH) is reductive evolution theory which seeks to explain how

Natural selection (as opposed to genetic drift) can drive gene loss. In a microbial community,

different members may have genes which produce certain chemicals or resources in a "leaky fashion"
making them accessible to other members of that community. If this resource is available to certain
members of a community in a way that allows them to sufficiently access that resource without generating
it themselves, these other members in the community may lose the biological function (or the gene)
involved in producing that chemical. By accessing resources without the need to generate it themselves,
these microbes conserve energy and streamline their genomes to enable faster replication.

The name of the hypothesis—"Black Queen hypothesis"—is a play on the Red Queen hypothesis,
an earlier theory of coevolution which states that organisms must constantly refine and adapt to keep up
with the changing environment and the evolution of other organisms.

Nakai (2020) Size Matters: Ultra-small and Filterable Microorganisms in the Environment. Microbe Environ 35, ME20025



7734 b= RROBEZITO KEEIEME
Candidatus Uab amorphum 1
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77 AT N = XROMEBEZTO REET

Candidatus Uab amorphum 2

ARTICLE

Phagocytosis-like cell engulfment by
a planctomycete bacterium

1245 Shigekatsu Suzuki 34 Yukako Kakizawa' & Ken-ichiro Ishida’

Nat Commun. 2019 Dec 11;10(1):5529

77 730 DFHRTCAEOMIEAR LT,
7734 F— XD LD ICHBOEIFHE
WG BERZEYE DIHAATHET 22 N
BESMICHR STz, LA L. EREYOEFEH
L RTICEDbhBT, TTTDT /L
MO IFEREYBEOBERFIIFEAL
Bohuigh -7,

Takashi Shiratori

7T 7HABEKEY &I L TEREY)
D& S = EL T ET-

771100} 76/1.00 64/1.00 _._ECandlda!us Scalindua brodae’
\ ‘Candidatus Scalindua wagneri’
a \ ‘Candidatus Brocadia sp.’
‘Candidatus Anammoxoglobus propionicus’
° 83/1.00 ‘Candidatus Brocadia anammoxidans’
‘Candidatus Kuenenia stuttgartiensis’
59/1.00 . . .
Phycisphaera mikrensis
_ Isosphaera pallida
82/W o l—E Singulisphaera acidiphila
92/1 Nostocoida limicola
Planctomyces limnophilus
97/1.00 .
Planctomyces maris
70/0.99 G obscuriglobu:
Pirellula staleyi
74/0.98 55/- I =
94/1.00 Pirellula marina

97/1.00

59/0.98 Chlamydiae
Verrucomicrobia

‘Candidatus Uab amorphum’

- B

Cyanobacteria

32% Actinobacteria
57/ | Chloroflexi

 97/1.00

83/1|Q< Gammaproteobacteria
|—o—q Betaproteobacteria

Alphaproteobacteria

| Spirochaetes

Chlorobi

Firmicutes

| Aquificae

—< Thermotogae 0.2

Maximum likelihood tree of ‘Ca. Uab amorphum’ and other bacterial 16S rRNA gene sequences.

Anammox
bacteria

1 Phycisphaerae

Planctomycetia

sajeoAwojoue|d


https://www.ncbi.nlm.nih.gov/pubmed/?term=Candidatus+Uab+amorphum

PVC bacteria

* Planctomycetes—Verrucomicrobia—Chlamydiae (PVC) bacteria
e Gram negative bacteria®D —71&

* complex endomembrane system surrounding their nucleoids

Cytoplasmic membrane ? \ Outer membrane
O

Periplasm

Outer cytoplasm

Intracytoplasmic membrane ° Inner membrane

Inner cytoplasm — Cytoplasm

TRENDS in Microbiology

Gram negative bacteria@cell plan®variation

Devos, D.P. (2014) PVC bacteria: variation of, but not exception to, the Gram-negative cell plan
Trends in Microbiology, 22, 14 -20.



the evolutionary link between PVC
bacteria and the eukaryotes/archaea

The Gram negative bacteria derived
PVC cell plan supports the hypothesis
of periplasm internalization at the
origin of the eukaryotic endomembrane
system and suggests possible early

intermediate steps
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TRENDS in Microbiology

Devos, D.P. (2014) PVC bacteria: variation of, but not exception to, the Gram-negative cell plan

Trends in Microbiology, 22, 14 -20.



Candidatus Thiomargarita magnifica

A centimeter-long bacterium with DNA contained in
metabolically active, membrane-bound organelles

Volland et al. (2022) SCIENCE 376, 1453-1458

https://www.science.org/doi/10.1126/science.abb3634

g7 RIL—=Toxr7a—7 TRI1t Y FUEFH0.9cm, mAR2cm)ICE L SEMEONI T U TDOEER
ANBRTEIROLIRNLA MY A XIOEINSWVWA (RRTRZ %)

Candidatus : 3Z&ICKI L TWA WEHRBEY ICEENICS X © 1 5 R
Thiomargarita - F A <L A Y — X8
Magnifica : 7 7 > 5T LK

7/ LY A4AXHKEWN
11,000,000 bp, 11,000 genes


https://www.science.org/doi/10.1126/science.abb3634

A e NS

Ca. Thiomargarita magnifica

%:% JoX <
%g

Patescibacteria/ Saccharomyces largest bacterium

CPR cerevisiae Ca. T. namibiensis
O @ Drosophila
largest fresh melanogaster
average water b'acterlum Caenorhabditis
A. oxaliferum elegans

bacterium: E. coli

0.1 um 1 um 10 pm 0.1 mm 1T mm 1cm 10 cm
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central vacuole

seawater with 1.2 to 1.8 mM of sulfides

Light microscopy image and model proposed for the subcellular organization in Ca. T. magnifica
showing how the pepin organelles might develop into other cellular compartments, resulting in
an increase of surface area of the bioenergetic membranes.

R EV(pepin) : EIEE. EGYE L VR Y — Lz &N
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Electric Bacteria ARMEIEY YTk

p =y
(1A= 2=y

= = A\
B X\Aa EJZ
. o DR .
Electric bacteria :SXEZ Uil O —1& B CRAEET BT OB BT 38 END—
Acidithiobacillus ferrooxidans . ISR R . BRIXLF—ERALT. REH

KIBE LR Ly 707 /577 U 7 O F e R
%f B L LAKNEAICHND EEBANEL D
E@um%'fﬁ > T, CO,1 L BEEY = &Rk

Communications

5 ’ DOI: 10.1002/anie.201003311
Marine Chemistry /

Electrical Current Generation across a Black Smoker Chimney**

Ryuhei Nakamura,* Toshihiro Takashima, Souichiro Kato, Ken Takai, Masahiro Yamamoto, and
Kazuhito Hashimoto

In environments isolated from solar radiation, diverse micro- a large surface area with the potential of mediating the
bial populations and ecosystems are sustained by the chemical  efficient electron transport.”¥! Herein we therefore examine
energy supplied from Earth’s interior."! The most outstanding  the electrochemical characteristics of the black smoker
example is a deep-sea hydrothermal vent, which discharges  chimney and seek to estimate the redox potential between
enormous amounts of reductive energy in the form of reduced  the hydrothermal fluid conduit and ambient seawater across

Angew. Chem. Int. Ed. 2010, 49, 7692 —7694
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Motility of Electric Cable Bacteria

Jesper Tataru Bjerg,®® Lars Riis Damgaard,® Simon Agner Holm,® Andreas Schramm,®® Lars Peter Nielsen®®

PNAS | September 17, 2019 | vol. 116 | no. 38 | 18759-18761

Cable bacteria, living electrical conduits in the

microbial world
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Cable bacteria are globally occurring
multicellular filamentous bacteria that
are electrically conductive: they transfer
electrons from sulfide oxidation at one
end over centimeter distances to oxygen
. reduction at the other end.
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An archaeal origin of eukaryotes supports
only two primary domains of life

Tom A. Williams', Peter G. Foster?, Cymon J. Cox® & T. Martin Embley’

The discovery of the Archaea and the proposal of the three-domains ‘universal’ tree, based on ribosomal RNA and core
genes mainly involved in protein translation, catalysed new ideas for cellular evolution and eukaryotic origins. However,
accumulating evidence suggests that the three-domains tree may be incorrect: evolutionary trees made using newer
methods place eukaryotic core genes within the Archaea, supporting hypotheses in which an archaeon participated in
eukaryotic origins by founding the host lineage for the mitochondrial endosymbiont. These results provide support for
only two primary domains of life— Archaea and Bacteria—because eukaryotes arose through partnership between them.

Archaea have figured prominently in hypotheses for eukaryotic

origins"?. Although similar to Bacteria in terms of cell structure,
molecular phylogenies for ribosomal RNA and a small core of genes, that
mainly have essential roles in protein translation’, suggested that the Archaea
were more closely related to the eukaryotic nuclear lineage; that is, to the
host cell that acquired the mitochondrion®. The idea that Archaea and
eukaryotes are more closely related to each other than either is to Bac-
teria depends on analyses suggesting that the root of the tree should be

nlarad Aan tho hartorial ctorm Ar urithin tho Ractoria®12 jmnlhrinathat ths

S ince their discovery by Carl Woese and his co-workers in 1977, the

eocytes (or Crenarchaeota'*), one of the major archaeal divisions (Fig. 1).
However, the three-domains-eocyte debate remains controversial because
different phylogenetic methods have delivered different results, often from
the same data'. This disagreement is due, at least in part, to the difficul-
ties associated with resolving ancient divergences in phylogenetic trees.

Challenges of reconstructing ancient relationships

A major issue in reconstructing ancient relationships is the strength and
quahty of historical signal remammg after the millions of years since the
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Williams et al. (2013) Nature 504,231 236-
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Lokiarchaeota® % &

Spang et al. (2015) “Complex archaea that bridge the gap between prokaryotes
and eukaryotes” Nature 521, 173-179.
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Asgard archaea illuminate the origin of
eukaryotic cellular complexity

Katarzyna Zaremba-Niedzwiedzka'*, Eva F. Caceres'*, Jimmy H. Saw'*, Disa Bickstrom!, Lina Juzokaite!,
Emmelien Vancaester't, Kiley W. Seitz?, Karthik Anantharaman?, Piotr Starnawski*, Kasper U. Kjeldsen*, Matthew B. Stott®,
Takuro Nunoura®, Jillian F. Banfield®, Andreas Schramm?, Brett J. Baker?, Anja Spang' & Thijs J. G. Ettema!

The origin and cellular complexity of eukaryotes represent a major enigma in biology. Current data support scenarios
in which an archaeal host cell and an alphaproteobacterial (mitochondrial) endosymbiont merged together, resulting
in the first eukaryotic cell. The host cell is related to Lokiarchaeota, an archaeal phylum with many eukaryotic features.
The emergence of the structural complexity that characterizes eukaryotic cells remains unclear. Here we describe
the ‘Asgard’ superphylum, a group of uncultivated archaea that, as well as Lokiarchaeota, includes Thor-, Odin- and
Heimdallarchaeota. Asgard archaea affiliate with eukaryotes in phylogenomic analyses, and their genomes are enriched
for proteins formerly considered specific to eukaryotes. Notably, thorarchaeal genomes encode several homologues of
eukaryotic membrane-trafficking machinery components, including Sec23/24 and TRAPP domains. Furthermore, we
identify thorarchaeal proteins with similar features to eukaryotic coat proteins involved in vesicle biogenesis. Our results
expand the known repertoire of ‘eukaryote-specific’ proteins in Archaea, indicating that the archaeal host cell already
contained many key components that govern eukaryotic cellular complexity.

The origin of the eukaryotic cell is regarded as one of the major evolu-
tionary innovations in the history of life on our planet. Yet, the emer-
gence of the complex and compartmentalized nature of eukaryotic
cells represents a major conundrum in modern biology' . Most
recent insights support symbiogenic scenarios of eukaryotic
evolution®*—that the emergence of the first eukaryotic cell was triggered
by a merger between an archaeal host cell>® and an alphaproteobacterial
(mitochondrial) endosymbiont'’. Whereas the alphaproteobacterial
provenance of mitochondria is overwhelming, the identity and nature
of the archaeal host cell have remained elusive until recently. The iden-
tification and genomic characterization of Lokiarchaeota, a clade of
archaea found in deep marine sediments, has provided several crucial
insights into the archaeal origin of eukaryotes'!. First, phylogenomic
analyses of carefully selected genomic data sets placed Lokiarchaeota
as the most closely related group to eukaryotes, providing further com-
pelling evidence for the two-domain tree of life'2, in which eukaryotes
branch from within the archaeal domain. Furthermore, a careful analy-
sis of genome content of the composite Lokiarchaeum genome revealed
that it encodes a multitude of genes that were previously regarded

PSROG 7 R St ISR S U [ o) ICCIRI R | . DA Ot Dt IS s i [ )

metabolism?"?2, leading to renewed efforts to explain the origin and
early evolution of eukaryotes. Though insightful, these deductions are
preliminary as they are based, so far, on a single genomic data set. Here
we describe the metagenomic discovery of the Asgard superphylum,
which, as well as Lokiarchaeota, includes several new uncultivated
archaeal lineages that reside in a wide variety of environments. We
show that these lineages comprise novel phylum-level groups that rep-
resent the closest archaeal relatives of eukaryotes. Detailed analyses of
their reconstructed genomes provide new insights into the identity and
genetic nature of the archaeal ancestor of eukaryotes and the primal
stages of eukaryogenesis.

Metagenomic discovery of Asgard archaea

To gain insight into the archaea-to-eukaryote transition, we aimed to
identify and characterize novel archaeal lineages related to the recently
described Lokiarchaeota', an archaeal clade that was previously shown
to be more closely related to eukaryotes than any other prokaryotic
lineage. We sampled aquatic sediments from seven geographically
separated sites which differed markedly with respect to their biological
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