Thursday, 2021-08-12

For the discussion of science...

Romal Kumar



Why have we gathered here? Sketch of the discussion

* |ntroduction

Key concepts of:
- Eukaryotic supergroup
— Mitochondrial ribosome

— Alphaproteobacteria

* Mitochondrial ribosome of the Last Eukaryaotic
Common Ancestor (LECA)

e Evolution of LECA in one of the supergroups
* [backup] Implications of LECA and the domains of life

We will be mostly following [1]

“What could be more interesting
than the problem of Genesis?” —
From, The First Three Minutes by
Steven Weinberg

In this case, we eventually want to
deal with the problem of
Eukaryogenesis



Eukaryotic supergroups

Endosymbiotic events led to
eukaryotes

Genetic reconstruction is
difficult

Concept of supergroup and
treat LECA as a “polytomy”

5/6 supergroups

Each supergroup is
monophyletic

Unikonts
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Opisthokonta Amoebozoa

Choanoflagellata
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Green algae Red algae
Land plants
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Apicomplexa
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Cryptophyta

Haptophyta
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About Mitoribosomes

Ribosomes inside a mitochondria
Ribosomes — rRNA + Proteins

Mitochondrial Ribosomal Protein
(MRP)

Losses and translocation of
mitochondrial genes throughout its
evolution

Bacterial-specific MRP (Bt-MRP)
Eukaryotic-specific MRP (Ek-MRP)

Dynamic evolution compared to
cytosolic ribosomes

Archaea Opisthokonta
H. marismortui Manmalian C. elegans

mitochondria mitochondria

coloured functional rRNA domains

From [3]

based on crystal structure of bacterial 50S subunit — rRNA
replaced by proteins

Bacteria — 57 MRP (cytosolic ribosome)
54 Bt-MRPs in the ancestor of mitochondria (known)
Mammals and yeast: ~70-80 MRPs with ~20 EK-MRP

Kinetoplastids Trypanosoma brucei — 133 MRPs! (no
homologues for 95 of these in other Eukaryotic lineages)



Now, we will mostly follow analysis done in [1] ...

* Analyzed 336 MRPs from a wide taxonomic sampling

e 38 complete nuclear and mitochondrial genomes
(representatives from all 6 supergroups)

* Reconstruct mitoribosome of LECA
* Phylogenomic and proteomic techniques
* Look for homologues of various MRPs in each taxa

* Amitochondrites — have lost all MRPs in the host genome

Key objectives at the end is to:

* Gain insights into the origin and early
evolution of Eukaryotes [via LECA]




LECA mitoribosome reconstruction (1)

* Recruitment of EK-MRPs, some are not
homologous to cytosolic ribosomal proteins

* Naming convention: Lxx and Sxx refer to 54 Bt-MRPs in the ancestor of
the large subunit and the small subunit in mitochondria (deduced from the
mammilian MRPs; of course analysis takes ribosome of alphaproteobacteria)
into account their homologues in other
lineages

See the spreadsheet for a quick overview




Possible practical application from the analysis (specific targets for antimalarial treatment)
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Better models and wider taxonomic sampling, there are no homologues of L6 and L25 in
humans, but they are present in P. falciparum (which causes the most fatal case of malaria)



LECA mitoribosome reconstruction (2)

Analyze fate of MRPs from the time of
endosymbiosis event up to LECA

|dentified 22 MRPs previously
unreported

Ambiguity of protein “Ppel” (MRP) in
amitochondrites

Absence of S20 in all eukaryotic
genome — lost early in eukaryotic
evolution

27 Bt-MRPs in Jacobid Reclinomonas
americana (9 of which not found in any
other mitochondrial genome)

Minimum of 27 Bt-MRP in
mitochondrial genome of LECA!

26 Bt-MRPs (=54 — 1 — 27) not
encoded in the mitochondrial genome,
may have been transferred to the host
nuclear genome prior to the divergence
of major eukaryotic supergroups

* Mitoribosome of LECA had 18 MRPs more than
alphaproteobacteria-like ancestor

* Novel Eukaryotic proteins were already accumulated

* Endosymbiosis happened before the evolution of
LECA to major Eukaryotic supergroups



LECA
reconstruction

(1) +(2)

less parsimonious

more parsimonious
(and preferable)

*independent and convergent translocation of Bt-MRP coding genes
could also happen in each eukaryotic lineage
[perhaps less parsimonious and minimal genome considerations?]




To solve the decision tree — look at the “trends” in bacterial endosymbionts

Order and timing of transfer from the ancestral
mitochondrial genome to the host nucleus by
looking at bacterial endosymbionts involved in
genomic reduction processes

Eukaryote

Psyllids

Cedar aphid,
Cinara cedri

Cicada
Diceroprocta
semicincta

Blue-Green
sharpshooter

Endosymbiont

gammaproteobacteria
Candidatus
Carsonella ruddii

Buchnera aphidicola
str. Cc

alphaproteobacteria
Candidatus Hodgkinia
cicadicola Dsem

Flavobacterium
Candidatus Sulcia
muelleri DMIN

Genomic
size
(reduced)
[Mb]

Protein- Comparison
encoding | with 54 Bt-MRPs
(missing ones)

In B. aphidicola no losses of
ribosomal proteins — ribosomal
proteins are among the last to
be lost during genome
reduction after endosymbiosis!

6 simultaneously missing in the
three most reduced
endosymbiont genome
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5 of the lost genes in three of the * 3 additional protein losses in two of the

endosymbionts also missing in the smallest (reduced) genomes [C. ruddii
inferred mitochondrial genome of LECA and H. cicadicola]

Candidatus carsonella ruddii  Buchnera aphidicola Cc Candidatus Hodgkinia cicadicola Dsem  Candidatus Sulcia muelleri DMIN  LECA

YP 802912
YP_802886
YP_802877
YP_802880
YP_802870
YP_802584

YP_802658 YP_003543201

YP_802664 YP_003
YP_802610 YP_003

Furthermore, 19 EK-MRP (9 LSU + 10 SSU) in at least one representative
of a Uniknot and a Bikont, and thus must have appeared before LECA
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LECA

reconstruction

(1) +(2)

\ 4 \ 4

Considerable time elapsed between the Translocation of Bt-MRPs to the host nucleus

endosymbiosis and the diversification of occurred rapidly after endosymbiosis;
present-day eukaryotic lineages independently in each supergroup
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Tribolium castaneum
Drosophila melanogaster
Caenorhabditis elegans
Homo sapiens

Mus musculus

Danio rerio

Monosiga brevicollis

IUNIKONTS ANCESTOR
L1,L2,L3,L4,L5,L6,L9,L10,L11,L12,L13,L14,L15,
IL16,L17,L18,L19,L20,L21,L.22,1.23,L.24,L.25,L.27,L28,
L29, L30 L31,L32,L33,L34,L35,L36

IL38,L41,0L43,L45 L49,0L52,L 55,054, 56
52.33,34.55,5 ,S7, 8.59,510 $11,512,513,514,
1515,516,517,518,519, 521
523,525,529,533,534,535,536,Rsm22,Ppe 1 ,Mmp10

Metazoa

Reconstructed
LECA!

LECA

L1,L2,L3,L4,L5,L6,L9,L10,L11,L12,L13,L14,L15,L16,

L17,L18,L19,L.20,L21,L22 123,124, 25,1 27,1.28,L.29,
L30,31,L.32,L.33,L.34,L35,L36
|L38,L417,043,045,146,046,1 52,153,154
51,52,53,54,55,56,57,58,59,510,511,512,513,514,
515,516,517,518,519,521

1523,525,529,533,534,535,536,Rsm22,Ppe1,Mmp 10

Aspergillus fugimatus
Neurospora crassa
Saccharomyces cerevisiae
Schizosaccharomyces pombe

Plasmodium yoelii
/_I—: Plasmodium falciparum

Theileria annulata
\—xi Cryptosporidium parvum

[BIKONTS ANCESTOR

514,515 S$16,517,518,519,521

523,525,528,533,534,535,536,Rsm22,Fpe

L1,L2,L3,L4,L5,L6,L9,L10,L11,L12,L13,L14,L15,
L16,L17,L18,L19,L20,L21,L22,L.23, 24,125,127,

L28,L.29,1.30,31,L32,L.33,L.34,L.35,L 36
|L36,L47,L43,L45,146,049,1 52,153,154

I51,52,53,54,55,56,57,58,59,510,511,512,513,

1,Mp10

Paramecium tetraurelia
{ Tetrahymena thermophila

anosoma oru

anosoma

Naegleria gr
Reclinomonas mitochondria

Giardia lamblia

Trichomonas vaginalis

The inference shows that LECA mitoribosome must have at least 72 MRPs
(42 LSU + 30 SSU); 72=54 -1 + 19 i.e. 53 Bt-MRPs and 19 Ek-MRPs

y
Choanoflagellata

Land plants
Green algae
Red algae

Apicomplexans

Ciliates

Kinetoplastids
(Euglenozoa)

Heterolobosea
Jacobids
Diplomonads
Parabasalids
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18 more
proteins than
the original
alphaprotebact
erial ribosome
(i.,e. +54 MRPs
already)

26 Bt-MRPs
may have
already
translocated to
the nucleus

Expanded to 33 SSU and 46
LSU (possibly 49), so 79 MRPs
see [5]




ANIMALS ANCESTOR

L27,L28,L29,L30,L32,L33,L34,L35,L36
. NPT 431 a5

L37 L3¢ L41,L42,143,1441 45,

a
10,511,512,514,515,516,517, 518,521

L1,02,L3,L4,L9,L10,L11,L12,L13,L14,L1516,L17,L18,L19,L.20,L 21,122 23, 24,

Tribolium castaneum

Drosophila melanogaster

ﬁ Caenorhabditis elegans

Homo sapiens

525,

OPISTHOKONTS ANCESTOR
L1,L2,L3,L4,L5,L6,L9,L10,L11,L12,L13,L14,L15,L16,
L17,L18,L19,L20,L21,1 22,1 23,1 24,1 27,1.28,L.29,L.30,
L31,L32,L33,L34,L35,36
58 40041, L4314

a1 4 (a0 ﬁ!}amﬂmn’a
52,53,54,55,56,57,58,59,510,511,512,513,514,515

516,517,518,519,521

Mus musculus

UNIKONTS ANCESTOR
L1,L2,L3,L4,L5,06,L9,L10,L11,L12,L13,L1

}4,L15,L16,L17,L18,L19,L20,L.21,L22,L23,L
24,1251 27,1 28,1.29,1.30,L.31,L.32,133,L 34,

L11,L20,L22,132, L
511,815,518,521,

Monosiga brevicollis

E Aspergillus fugimatus

Neurospora crassa

Saccharomyces cerevisiae

Schizosaccharomyces pombe

Cryptococcus neoformans

[FUNGI ANCESTOR
L1,L.2,L3,L4,L5,6,L9,L10,L11,L12,L13,L14,L15,L16,L17,
L19,L21,L22,123,124,L27 L28,L29,L30,L31,L32,L33,L34,
L35,L.36

Ustilago maydis

Encephalitozoon cuniculi

Entamoeba histolytica

Dictyostelium discoideum

Animals

Choanoflagellates

Fungi

Amoebozoa
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Comparing with
archaeal ribosomes

Dynamic and
chaotic
evolutionary
history of
archaeal
ribosomal
proteins

[ARCHAEA ANCESTOR
L7ae.L13a,L1 L L1 8e
L21e,L:

L1,L213,L4.L5L6L10,L10e,
L11.L12e L13L15,L18,L22 | 23 L2
3o, L24, 1201 30
S2,53,54 85,57 58,89, 510,811,8

12,513.514,515.817.519

¥ |

LX,L29,L35ae L 38e,L3% L41e|

Halobacterium halobium
Natronomonas pharaonis
Haloarcula marismortui
Halorubrum lacusprofundi
Haloguadratum walsbyi

Haloferax volcanii

Candidatus Methanoregula boonei
Methanospirillum hungatei
Methanoculleus marisnigri

L Methanocorpusculum labreanum

Methanococcus vannielii

Methanococcus maripaludis (4 strains)
Methanococcus aeolicus
Methanocaldococcus jannaschii
Methanothermaobacter thermautotrophicus
Methanosphaera stadtmanae
Methanopyrus kandleri

Nanoarchaeum equitans
Hyperthermus butylicus
Aeropyrum pernix
Staphylothermus marinus
Ignicoccus hospitalis
Sulfolobus tokodaii
Sulfolobus acidocaldarius
Sulfolobus solfataricus
Metallosphaera sedula
Pyrobaculum arsenaticum
Pyrobaculum aerophilum
Pyrobaculum islandicum
Pyrobaculum calidifontis
Caldivirga maquilingensis
Thermofilum pendens
Candidatus Korarchaeota

] Methanobacteriales

- Nanoarchaea /
- -\

j Thaumarchaeota

Halobacteriales

Methanomicrobiales

Euryarchaeota

Methanococcales

Methanopyrales

Desulfurococcales

Sulfolobales

Crenarchaeota

Thermoproteales

— Korarchaeota




Combing results of various other studies and after LECA reconstruction, we find:

LECA had (and what we definitely know by now)

Mitochondrion
Meiotic machinery

Fully differentiated endomembrane system
And subsequently, many lineages

Phagocytosis simplified various cellular aspects and the
driving reason behind diverse eukaryotic
lineages (and perhaps helped some move
towards a multicellular lifestyle)

Actinomyosin and tublin-based
cytoskeletal system

Large complement of motor proteins Thanks to the sophisticated cell of LECA!

Moreover, there was a time frame
between the endosymbiosis event
and LECA
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Backup/Additional (BA) slides



Alphaproteobacteria

Diverse and ancient group of
bacteria

Most abundant and metabolically
versatile group of bacteria on Earth

Many live inside cells of other
organisms, parasites

Mitochondria originated from an
alphaproteobacteria-like ancestor

57 proteins in its ribosome, must
also be present in the
alphaproteobacteria-like ancestor
of mitochondria

0.55

MarineAlpha11

wrinempha*i Bin2
- MarineAlphai2 Bin1

MarineAlpha9 CompositeBin56
1 MarineAlphag Bind
1 , MarineAlpha® CompositeBin12
MarineAlpha9 Bin3

MarineAlphag
MarineAlpha7y
— MarineAlphaté CompositeBin56

I MarineAlphas Bin1

Alpha protecbacterium HIMB59
MarineAlphas CompositeBing78

MarineAlpha5 CompositeBin123

MarineAlphas Bin9

MarineAlphas CompositeBin1011

MarineAlphas Bin12

Physcomitrella patens mt

Ostreococcus tauri mt

Phytophthora infestans mt
Malawimonas jakobiformis mt
Seculamonas ecuadoriensis mt

Jakoba libera mt
Jakoba bahamiensis mt
| Reclinomonas americana mt
L—  Histiona aroides mt
Andalucia godoyi mt
‘Candidatus Arcanobacter lacustris’
Rickettsiales bacterium Ac37b

Rickettsiaceae bacterium Os18
Rickettsia bellii OSU 85-389

1_|1— Endosymbiont of Acanthamoeba sp. UNCS8
‘Candidatus Midichloria mitochondrii IricVA’
0.7 — Wolbachia endosymbiont of Drosophila melanogaster
1

| , Anaplasma centrale str. Israsl
Ehriichia chaffeensis str. Arkansas

1

MarineAlpha3 Bin7
MarineAlpha3 CompositeBin12
MarineAlpha3 Bin5
Thalassospira xiamenensis M-5 = DSM 17429
Rhodospirillum rubrum ATCC 11170
Magnetospirillum magneticum AMB-1

Alpha lla {outgroup)




Interesting class — amitochondriates

In 2016, a microbial eukaryote
oxymonad Monocercomonoides sp.
was found to have complete lack of
mitochondria [secondary loss] &
functions such as Fe-S cluster

In 2020, first multicellular eukaryote
was found which had no
mitochondria organelle

About HMMER (for homologues)

Start with a multiple
sequence alignment

3

Insertions / deletions can
be modelled

¥

Occupancy and amino acid
frequency at each position in
the alignment are encoded

4

Profile created

N

— M1 — M
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insertion F D
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2 p— M3 7 pr—
(D2} (3 ; {04 (Ds)
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Human mitochondrial DNA

Highly reduced genome

Mostly tRNA and rRNA
genes remaining

Other genes translocated
to the host nuclear genome

Usually the case with most
endosymbionts!

D Loop
Oy

tRNA Phe

12S rRNA

tRNA Prq
tRNA Thr
Cytb
tRNA Glu

NDg

=

tRNA Val

4Mm|1BSrRNA

ND ll";l tRNA Leu

Human mtDNA
16569 bp :

ND1
tRNA lle
tRNA Gin

tRNA Leu ]
tRNA Ser \ B

tRNA His e
N D4 tRNA Met

ND4L \\ ¥ ND2
tRNA Arg tRNA Trp

ND3 \ R / ~
tRNA Gly
B 03 QUSSR

Cox3 ATPG6 Cox1
tRNA Ser

ATP8\Cox2 O

tRNA Asp {RNA Cys

tRNA Ala

tRNA Asn

tRNA Lys
tRNA Tyr



[PLANTE ANCESTOR
L1,L2,L3,L4,L5,L6,L9,L11,L12L13,L14,L15,L16,L17, 1 ' "
L1B,L19,L20,L21,L.22,L23,L24,L.25,L.27,L.28,L.29,L30, = X R Lanap lants
L32,L33,L34,L35,L36 yWwza sativa

EVOlUtlon In Blkon S .s ,é’s,lég,gi'u,911,swz,s13,314,81

s21

Green alg:

9,L25,L34°
17Ch, 51950, 521

[ALVEOLATES/HETEROKONTS ANCESTOR Plasmodium yoelii
L1,L2,L3,L4,L5,L6,L9,L10,L11,L12,L13,L14,L15,L16,
L17,L19,L20,L21,L22,L.23,L.24,L.25,L.27,L.26,L.29,L.33,
IL34,L35L36 Plasmodium falciparum
41,L43,L46,1 49,153 L 54 = T P :
52,53,54,55,56,57,58,59,510,511,512,513,514,515] _ Apicomplexans
l516,517,518,512 L35 ] 3 Theileria annulata
525,534, ' sm22,Ppe

Cryptosporidium parvum

Paramecium tetraurelia

02558810811 ———— lefrahymena thermophila
,L25,58,510,

[BIKONTS ANCESTOR
IL1,L2,L3,L4,L5,LE,L9,L10,L11,L12,L13,L14,L15,L 16
L47,L16,L19,L.20,L.21,L.22,L23,L 24,25, 27,L28,L.29

515,516,517,518,51
523

04 new proteins

[EXCAVATES ANCESTOR
L1,L2,L3,L4,L5,L6,L9,L10,L11,L12,L13,L14,L15,L1§ *

L17,L18,L19,L20,L21,.22,123,L24,L27,L.28,1.29,L.30 T0827.8.3300 5,L6,L35,L36,. 57
L31,L32,L33,L34,L35,L36 $2,53,54,57,510
52,154 N $13,514,519,525

IS1,52,53,54,85,86,57,58,59,510,511,512,513,514,
12,L13,L30

515.516.5171518, L1,L10,L18,L19
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Crenarchae
Euryarchaea
Euryarchaea
Crenarchaea
Asgard archaea

However, recent studies find

that asgard archaeal-unique
contributions to protein families
of the LECA was only 0.3%

(see [6])

2020
Current Biology




© Archaea
o a-protecbacteria
Three primary domains =t @ Mitochondrial endosymbiont

_ © Fubacteria
Late transitional
eukaryote/~LECA

Two primary domains

11T -

\

Bacteria
Eukaryota Prokaryote O O

Archaea




Multicellular organisms
E— Transition
Aquisition of nucleus (N),
mitochondrion (MT) and Amoeba
Yeasts
Complex bacteria/Archaea
Simple algae

?

w

Simple bacteria

0 ® f

Cellular complexity

MTIM M

\AA

Syntrophic model Complex transition:
multiple steps




Inferred:AB
Actual: ABCDEF /

/

Homogeneous LECA

Interbreeding
subpopulations

Inferred:ABCDF
Actual:ABCDEFG

Heterogeneous LECA
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