In search of the first bacterium
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i * D-Xylulos @ S-phosphate
thiol-containing L3:4-Dihydroxybutan-2-one

redu

Thiol-containing

ctant
N-Substituted

3-Phospho-D-erythronate

e Hydride transfer

2-C-Mathyl-O-erythritol
D-Ribulos @ 5-phosphate 4-phosphate

reductant aminoacyl-tNA .o rmyl-L-methionylaminoacyl-tRNA T
aicohol H-substitute d aming acid weiony pepgd "L atom! Giycaton s phesphute Sphapite
onyl pej epti ~
Iph sn-Glycero | 3-phosphate
L Sy Fructos e 6-phosph, * * thionylaminoacyl-tANA - Mathylselen ic acid
P Shikimate 3-phosphate @ * pyridonal m,‘gwﬂmh Nt nsaianel Thioredox In disulfide
* Waps -Thioinosine-5'-monophasphata i
s RN A containing * D-Glyceraldahyda B protein]
6-phasphate 3-phosphate L-Aspartate . *
e 5-0-(1-C: (R)-3-Hydroxyoctadecanoyl-[acp]
Dimethylallyl 2-Phospho-D-glycarate
diphosphate 74 NADH .
Nop s * * 4-Phospho-L-aspartate + 3-Hydroxypimeloyl-lacp]
* " . Formate mathyl ester
* HA dme * . -
* 3 * .’ (3R)-2-Hydroxyoctanayl-[acyl-carrier
Phosphoenclpyruvate : N e % Vo oo
* - 5 b 5 2 NADP+ (3R)-3-Hydroxydecanoyl-lacyl-carrier
Prruvan . Ortho hat
o Wy * phospl a.l H20 o 0“" Hydrogan selenide . * 3-Oxostearoyl-[acp]
date e & Thioguanosine L-Glutamata kel i e NADPH T 3-Oxohexadecanoyh-{acp]
hosphat -Oxooctanoyl-lacp!
o * T LGlutamyb Al Eho-Dglycstoyl 5,10 Methenyltatrahydrofolate
dap @ * ® 4 LGlutamine e BOGIEAIR i . i wathyl sstar
Xanthosin e 5-phosphate . 3-Oxododecanoyl-facp]
o Nudleoiid e triphosphate 'un: ol * $ 5.10-Mathylenatatrahydrofolate -~ # 4 (R
dATP * 3-Phospho-D-glycerate . =
o -Oxodecanoyl-{acpl
. Y . 2-Deoxyinasine . A ) ; 3
ar . (3 5"-phosphata Y ) yh-acp)
3 * . R)-3-Hydroxyh protein]
CoPducrighceral & @ L . . . . > , (3 Hkeyaeaey Ber) (3R)-3-Hydroxyacyl-lacyl-carriar ¢, Tonsdecanoyliacpl
'S P * I-Ketoglutaryl-{acp)  PrOtOR N
* 5 @ methyl ester xoscyl-lacyl-carrier
Phosphatidate * e iy U auTP 3 tiydronyolutarykiach] Acotoacatyl-lacp]  protain]
P s . .G!vr.inc mathyl aster 3-Oxchexanoyl-facp]
* = f
DNA A o * LAsparty RMAASR) LCystoine 567 B-Tetrahydromethanopterin Ot atradycandyk it IHhen
. L (3R)-3-Hydroxytetradecanoyl-lacyl-carrier
s * f % L A wl'ﬁ""ﬂ Tetrahydrofolate psin .
* Fim ~ o N cluiansk e lkstis Glutathione * Acyl-lacyl-carrler
g ¥ . . . 3 ¢ 5,10-Methylenetetrahydramethanopterin <o, protain]
L-Thaory!-tRRA( T s [ FAD - L-Cystainyl-tRNA(Cys) £ Dacanoyl-ince)
L-Threonine + AT * . oy * Acyl-carrl or protein
“wNAThy  Thiamin diphosphate o RNALRSN) . ANALCys) Malonyl-{ac p] mathyl T
e AMP Glyeyl-tRHA(Gl) Coh * *
L-Sery-tRNA(Sar) .
" Thiami n triphosphata * e heltbhic-Con Sorvrytines] Dodacanoyl-[acyl-carriar
1RNAPro) = RHAG) ADP-glucose ‘. . . . protain]
. L-Asparagina * L-Mathionyl-tRNA Acetyk-lacybcamior  “patonyl-con
¥ . : 4
L-proline . * " . i LieyRNAGR)  * ety alonyl-Co. Acatyl-CoA
rolyl-tRNA(Pro) *  tANAPhe) * . NAG WNASe) L-Methionine
. L-Arginyl-tRNA{Arg) L-Histidyl-tRNA(HIs)  L-Aspartate Anthraniloyl-CoA Protoporphyrinog an X
[Enzymel-cystals . w . . iy i [< hyei u
nzymal-cysteine :nun'r“mm | o A Lanie s N 2-Methylquinolin-4-ol oproparphyrinoge n a r O n
A P} L-Arginine Y N thNAfle) RNAVal) partyl (Asp) s-adanosyl-L-methionine
L-Tryptophanyl4RNA(Trp) s'-Deoxyadenosi
[Enzymal-S-sulfanylcystaing i L-valing . RNAAsD) e ST o R
. -Alanyl- o 3 contalning . A
MK doae L-Tryptophan ¥ D<Glucos @ 1-phosphate LHistidine o A ot e B TRNA
L-Tyrasyl-tRNA(Tyr) L-Leucing RNA Adenina in rANA
oLVTmIM 5 ‘LPhenylalanyl-tRNA(Phe) L-Valyl-tRNA(Val) *
RN A psoudouridina o L-Phenylalanine  « L-isoleucyl-tRNA(lle) AN A containing
RN A containing . WRNAL) : . Protein glutamine N1-methylguanine
2-thiouridine RNALYs) L-LeucyHRNA
] T ." RN A adenine + s-Adenasyl-L-homocysteine
ol L-Lysina We-L Theaomicarbamoyladenine N5-methyl-L-glutamine RN A guanine
trans,rans-Farnasyl LiLysyl-tANA . S
Ene r / sl L-Threonylcarbameyladenylate mesa-2,6-Disminoheptanadioate . .
di-trans.poly-cis-Undecaprenyl
diphosphata LL-2,6-Diaminoheptanedioate Guanina (AN A quatin

Protein synthesis

L
-aminomathyl-7-<arbaguanine

7-Aminomathyl-7-carbaguanine

The metabolic network of the last bacterial common ancestor, LBCA. The small
circles are metabolites or compounds; the diamonds are reactions. Arrows
indicate the flow of compounds to and from reactions. Three large functional
modules of the network are highlighted as large regions. Credit: HHU / Joana
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Roughly five years ago, Institute Head Prof. Dr. William (Bill) Martin
and his team introduced the last universal common ancestor of all living
organisms and named it '"LUCA..' It lived approximately 3.8 billion years
ago 1n hot deep sea hydrothermal vents.

Now the evolutionary biologists in Duesseldorf have described a further
ancient cell named 'LBCA' (last bacterial common ancestor). It is the
ancestor of today's largest domain of all living organisms: Bacteria. In
Communications Biology, they report on their new research approaches
which led to the successful prediction of the biochemistry of LBCA and
its phylogenetic links.

Bacteria are almost as old as life itself. LBCA lived around 3.5 billion
years ago in a similar environment to LUCA. In order to unlock LBCA's
genetic code, its properties and its story, the research team examined the
genomes of 1,089 bacterial anaerobes or bacteria that survive without
oxygen. "Abandoning aerobes made sense for our work", explains first
author Dr. Joana C. Xavier. "If bacteria originated at a time when the
Earth was anoxic, it does not make sense to investigate their origin
considering species full of adaptations caused by oxygen."

Higher life forms pass on their genetic code from parent to offspring via
vertical gene transfer. As a result, the genome provides information on
phylogenetic history. But bacteria are masters in another form of gene
transfer, namely lateral gene transfer (LGT). This allows bacteria to
exchange genetic information across different strains. This posed a
major challenge in reconstructing the LBCA genome, as it renders the
traditional phylogenetic methods incapable of inferring the root in the
bacterial evolutionary tree.

For this reason, the researchers in Duesseldorf used biochemical
networks together with thousands of individual trees. They investigated

1,089 anaerobic genomes and identified 146 protein families conserved
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in all bacteria. These proteins make up a nearly complete core metabolic
network.

To complete LBCA's biochemistry, just nine further genes had to be
added for the reconstructed metabolic network to include all essential
and universal metabolites. To be fully independent and self-generated,
LBCA's network would still require further genes inherited from the last
universal common ancestor, LUCA, and nutrients from the environment.

With LBCA's metabolic network in hand, the authors then used
statistical methods to determine which of the modern bacterial groups
are most similar to LBCA. They did this using a method called Minimal
Ancestor Deviation, MAD, previously developed by one of the co-
authors, Fernando D. K. Tria: "The analyses revealed that the earliest
branch of Bacteria to diverge was most similar to modern Clostridia,
followed closely by Deltaproteobacteria, Actinobacteria and some
members of Aquifex. In common, these groups have the acetyl-CoA
pathway for carbon fixation and/or energy metabolism."

Prof. William Martin, senior author of the study, explains: "This is the
only carbon fixation pathway present in both archaea and bacteria and
that traces to LUCA. This result, obtained independently, is also in line
with our most recent findings on the origin and early evolution of life in
hydrothermal vents."

"We can infer with confidence that LBCA was most likely rod-shaped",
says Xavier. "If it was similar to Clostridia, it is possible that LBCA was
able to sporulate." This hypothesis was recently laid out by other
researchers "and is highly compatible with our results", says Xavier.
Forming spores would allow early cells to survive the inhospitable
environment of the early Earth.

More information: Joana C. Xavier et al, The metabolic network of
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the last bacterial common ancestor, Communications Biology (2021).
DOI: 10.1038/s42003-021-01918-4
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