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Levels of genome evolution

e (Genome as a set of genes:
* Losses, gains, duplications
* Horizontal transfer

* Genomeasa sequence.
 Macro level: genome rearrangements
 Macro level: homologous recombination
* Micro level: mutation signatures

e Genome as an instruction: evolution of regulatory networks

Basic assumptions:
 Conservation implicates function
 Parallel events indicate positive selection



Sprectral function (U-curve)
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Double pan-genome (Escherichia vs Salmonella)
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Double pan-genome (Escherichia vs Shigella)

Mumberof ortholog groups present in the given number of strains
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Triple pan-genome of Streptococcus spp.
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Definition of species via gene composition
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Example: Prochlorococcus spp.
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Burkholderia mallel specific OGGs

Buwkholderia pseudomaliel specific OGGs
Universal OGGs
Other OGGs

Yersinia pestis specific OGGs

Yersinia pseudotuberculosis specdic OGGs

Universal OGGs E
Other OGGs
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Fractional pan-genomes
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Ribosomal proteins in bacteria with tiny genomes
(losses start at genome size < 400 Kb)
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enomics — classification of habitats

0.3+ algae surface [1] freshwater small lake sediment [34]
57 @ animal (proximal) gut [2] @ freshwater small lake sediment [35)
40 @ animal gut [3] @ freshwater small lake sediment [36)
. animal gut/freshwater [4] . freshwater small river [37]
i . animal gut/freshwater [5] . freshwater small river sediment [38]
. animal gut/freshwater [6] : garden soil [39]
@ animal sebum [7] human gut [40]
@ animal sebum [8] @ human gut [41]
@ avian egg product [9] @ human mucus [42]
Q‘} . bovine gut metagenome [10] human saliva [43]
bovine gut rangeland [11] human/animal surface+secretion [44]
& @ cityair[12] @ insect gut [45]
@ cropland root/soil [13] @ intertidal zone surface [46]
cropland soil [14] @ marine contaminated sediment [47]
@ cropland soil [15) marine sediment [48]
@ @ cropland soil [16) @ marine water [49]
. . dam soil [17] . marine water [50]
@ dry lake soil [18] @ microbial mat hot spring [51]
B @ field soil [19] @ mine drainage contaminated water [52]
@ field soil [20] @ plant rhizosphere [53]
' @ fish surface [21] plant-associated soil [54]
freshwater [22] polar desert oil contaminated soil [55]
' . freshwater lake [23] . polar desert sand [56]
. freshwater large lake [24] primate gut [57]
@ freshwater large lake [25] @ primate gut [58]
UMAP @ freshwater large lake [26] @ rhizosphere cropland soil [59)
2 @ freshwater small lake [27] @ rhizosphere cropland soil [60]
freshwater small lake [28] sand [61]
. freshwater small lake [29] sand [62]
o4 o2 Y o2 o4 . freshwater small lake [30] . soil/ffreshwater/marine animal secretion [63]
freshwater small lake [31] @ strait marine water [64]
@ freshwater small lake [32] @ tropical soil [65]
The habitat classification developed using UMAP and DBSCAN consists of 66 @ freshwater small lake sediment [33] () tundra+tropical shrubland-+orest soil (66]

clusters. 14
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Ubiquitin ligases IpaH —
functional signature of Shigella spp.

D S. sonnei

[ s. boydii and S. dysenteriae

B s. flexneri

[ s. boydii and S. dysenteriae

[ ] s. dysenteriae
[ | s. dysenteriae

[ ] eEC

ipaH

@ Class 1, chromosomal
@ Class 2, chromosomal
@ Class 3, chromosomal
@ Class 4, chromosol
() Class 5, chromosomal

() Class 6, plasmid
@ Class 7, plasmid
@ Class 8, plasmid
@ Class 9, plasmid

Phyletic patterns of ubiquitin
ligases IpaH and functionally
linked T3SS secretion systems

Color: Shigella species

Colored dots: IpaH subfamilies
red-yellow: chromosomal
green-blue: plasmid

Blue lines:
no co-localized T3SS genes
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Increased inversion rate

in a young pathogen Burkholderia mallei
(a clade of paraphyletic B. pseudomallei)

il — B. mallei strain 6
ELl B. mallei strain 2002734306

- B. mallei strain 23344
Eld—! B. mallei strain B.MQ

@] B. mallei NCTC 10229
B. mallei strain 2002734299

[4] B. mallei NCTC 10247

5B. mallei NCTC 10247 2

B8 [s] B. mallei strain 11
B. mallei SAVP1
B. mallei strain India86-567-2
- B. mallei strain FMH 23344

Els— B. mallei ATCC 23344
& Blls— B. mallei strain 2000031063
n— 5 B. mallei strain 2002721276

length of tree branch
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Burst of inversions in Shigella spp.

# of syntheny groups in comparisons:
Red: E.coli vs E. coli
Blue: E. coli vs Shigella

Bottom: Shigella vs Shigella

(Many blocks = Numerous breakpoints
even at short phylogenetic distance)
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Burst of IS elements in Shigella spp.

ranch color — species
red — Shigella spp.
blue — E. coli strains

ars —
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Parallel inversions as a mechanism of phase
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... and in many other pathogens
work in progress

a cassette composition b cassette composition
p po . . Streptucocus preumarine ATGE 100565 : Sirptocuczus pyagenes NETH ATGE BAA-1631
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Phase variations in polymorphic membrane
proteins of Chlamydia spp.

Species:

[ chiamydia psittaci

Bl chiamydia abortus

D Chlamydia pneumoniae
B chiamydia pecorum
B chiamydia serpentis
[] chlamydia sanzinia

[ ] Chlamydophila felis
Bl chiamydophila caviae
[ chiamydia corallus
[ chiamydia poikilothermis
B chiamydia gallinacea
B cniamydia ibidis

Phylogenetic tree of OG1
(subfamily of PmpG).
« Color — chlamydia species
 Lines —
polynucleotide tracts
(polyG, polyA, polyC).
* Dots —
frameshifts / pseudogenes

Repeats and frameshifts:
. oo

I Fovc

B Fova

. Frameshifts near PolyG
[l Frameshifts near PolyC
[l Frameshifts near PolyA

Tree scale: 0.1 — Tifizee



Homologous recombination

Poisson: vertical inheritance Eglang: horizontal gene transfer
Ake™?/ k! AKX (kt)k—1 ekt / (k-1)!
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Histogram of # of
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% of HGT fragments
~ time to the common ancestor
... as it should be

E. coli phylogroupsA

cor =-0.8926528062411836 10 cor =-0.7362507366794181 12 ‘ cor =-0.39563617904055703

X-axis: Poisson lambda. Y-axis: Poisson weight



Decreased rate of homologous recombination
in Shigella spp. (due to frequent inversions)
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A, Poisson distribution W (weight of Poisson distribution), A in range [0,1.45]



Mutation signatures (E. coli)
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Mitation signatures ... ... ... ... ... ... ... ... their fraction in mutator strains



Mutation
profiles of wild
and lab strains

Ralatve contrbution

Ralative conbibuton
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Contribution of mutation signatures to
polymorphism of [ab (non-mutator) and wild strains
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Comparative analysis of regulatory sites

EC
3T
KF

EC
3T
KF

EC
aT
EP

E.

TP
YE
Eca
Ech

¥P
YE
Eca
Ech

TGCTTTTTACTTTGAGCTACATCAAAALARGC TCARACATCCTTGATGCARAGCACTATATATAGACTTTARAATGCGTCCCARCCCAATATGTTG TATT
TEATTTTTACC TTETTCTACATCAATARAATTGCAAACATCCTTGATGCAAA TCACTACATATAGACTTTAAAATGCACGCCGACCCAATATEGTTG TATT

ACCTTTTTACCTTETTCTGEETCARTARAATCGCARACATCTTTGATGCARATCACTACATATAGAACTTARAATGCGCCTCGECCCAACATATTG TATT
*hEEEEE kEE k% HEEE KEKE HhEAEF AL KA AARAIAEE AL AEE FAEEALE AAAAEEELE ®  kEEEE kE kEAAEAE

AATCEACTATAATTGCTACTACAGCTCCCCACG--AAARRAGETGCGECETIGTEEATAR GC - GEATGECGATTGCGEA-AAGCACCEEAAANCGAAACGEA
AATTGACTACAATTGCTACAACACCTGTTCACT - - CoACACAAGGTCAATIGTGEATAACCTGGETCAGGATTGCGGE- AAGTCATTGEAAAAGAGATGA

AATCETCTATTAT-GTCACCATATCTTGTCGAT GTCTEECEETEATGAGATETEEATARA N CGEEC CEEATCCGAAGETARACAGCACGAGCCGTAGCGET
kkk Kk kAR kk K kK Kk Kk k% * R KERAKRERE *% * k&% * * *

ARRAACCGEAAARCGCCTTTCCCAATTTC TG TGEATARCCTGTT CTTARARATAT GCAGCGATCATGACACCGCATGTGATGARRCGAGA
ATARACCTGTTA-TGGCTTCCCCGECCTCIGTGEATAACCTGTTCTTACAAATAT GCAGTGATCATGACACCGCATGTGATGARACGAGA

GCAGCGCCTTC G- GEATAACCTCCGCCTCIGTEGEATAACCTGTTCT- - - ATATAT GGAGTGATCATGACACCGCATGTGATGARACGTGA
* * * * % EEEF AR ERRT AKX AR AT H T H * okEEEEEKE AFAIEFAFAFAKEFEEE AT AR AEEELE K E

ARCAGGGAATAACCC-TAACGCC--AATTTCCTTGTTC TAGETC ARCAATATTGECTATCAGTTGAC TG TCACTCATCCAGATACCCATATATAGTETCT
AACAGGGAATAAACC-TAAAGC T--GATTTCCTTGTTC TAGGTC AATTAT - - - - - ———— GTTGACTETCACTTC TGCCATTACCCATATATAGTETCT
AAGTTCGATTTATC TACTAGGGAGGAATTTCTT TGCTC TACATC ARTTTTGCAGC GATAAAAGTGC AAACACCCCTACGCAATTTCAATATATAGTGCCT

AAGACTGATTTCTCTACGATGC CGGAATTTCCTTGAGCCAGETCAATTCTAACGC AR TAAAACCGGETCCCCCTCCAGGCGAATTCAATATATAGTETCT
** ** & * * * kEEEk* kAE ok K AAAK * * * * kAEAEAAEEE A

ATARATATTTTAAGCATCTATAT GTAGTAGTTATCCACAR A AGCATCCACATCCCCCTCGCAGCCCTGATETGC TEC GEETTGC - CT G TEEATAS - ————
ATAGTAATTACGATACCTATATGTAGTAGTTATCCACAR R ACCATCCACA - CCCCCTCGCAGCCCTGATETGC TEC GETTTGC - CTIGTSEATAA S ATGE
ATCCTETAAACATTACCTACATATAGTGTITATCCACAR A GTCATCCACH - GCCCTCTETAACCCTTGCCAGTTACGGTTCTCGCCTETEEATAAC — ———

ATCCTTTTACAAGAARCCTACATAT TG TG T I TAT CCACAR GARACATCCACH - GCC- TCCGCACCCETTETCAGCCEGC GG TTCCETCIGTEEATARAC - ———
EE * Khk kEF Kk kEh  KAAEEAAEER EE T T L L) * K kE % * *kE ok * EEEEkRELE

———————————— CCCTATGCGECGETATACAGGAGTGACATTIGTGAAAACAGTAGTGATTARACGGGACGGCTGCCAGET
TTTTEEEECTAATCCTACGCGECAGGATACAGGAGCGACATTIGTGARAACAGTAGTGATTARACGEGACGETTGTC AGET
———————————— CTTTCCAG-—-———--———-AGGAAGAA-AACGTGAAACCAGTAGTGATTARACGGGACGGTTGCCAGET

————————— ATCAACARAGEAR GAACACCGAGGAACANC- - -ATGAANCCAGTAGTGATTARACGEGACGEATETCAGET
kEEE * hhEEE FEEEXAAAEENAXLEAAAANLES KX A EAAE

Close genomes

(~ genus) —
regulatory sites as
conserved islands.

Distant genomes
(~ family, order) —
the presence of a
site is conserved



Plasticity of regulatory interactions

(iron metabolism in alpha-proteobacteria)
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Evolutionary plasticity

(catabolism of aromatic compounds in gamma-proteobacteria)
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Expansion of regulatory systems

(central metabolism of y- and a-proteobacteria)

( Embden-Meyerhof )
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Evolution of binding motifs

Lacl/ScrR MerR

Brwgsereffoceon  DAAMICG;ON KON Bz Taoatoanss’ Phylogenetic tree of HMR transcriptional regulators from MerR family
— 0.1 — .. SerR - Psychromonadaceae/ T, (CTaA.cGGTTTAGCra ] Sucrose0P  scrd, sciB, scrK, scr¥
1.000 Aeromonadales
———..... ScrR - Enterobacteriales _ ccTAAACOGGTTTACas | swrososp  seon, sert serk serv
e ScrR - Lactobacillaceae Ta]GreAa~C0. TT<aCA. - ]Suue.o-dP scrh, scrB, serK g mm .|. CAA b
0.997 \/\/\<: v sl
Josor T ScrR - Streptococcaceae TaTlroAAaCEzTToaCATA | Sucrosesp  sort ses oo PMM“ME:‘E”N:”%@ MhT AT CTQQA T
L e R RN ScrR - Bacillales TATGTCAAGOGQITGACATA Sucrose cscB/isacFGH, cscA N o WHETR R @ She e e 9 R N
«« ScrR - Bifidobacteriaceae ., T AACCOGTTOA A,  Sucose ser, serP CadR-PbrR
ScrR2 - Lactobacillaceae Ty THGAACCGATTCC ala | sucrosesp  scon, scrm, se
oo SR -Staphyococcacese __ ToGANCOGsTraChare | swewese  son s som
................. scrR2 - Bacillales  Tx_TGOAACCGGTTCC. aAa | sucrosesp e, sers, sex
............ SerR - Clostridia-1 e'|'A'|'G§AA(:'|' QATAGCATAT Sucrose-8P  ser, scrB, serk
o550 | b—————— e, ScrR - Vibrionales ”T*G;‘_¢MCGT|'¢QCQMA Sucrose6P  scrA, scB, scrk
...................... ScrR - Ralstonia e?bTGGTATCGAT eCCA o _ Sucrose-6P  scrA, serB, scrO
............ ScrR - Burkholderia __v¢CAAACCGGTTTGgA. :I Sucrose serB, sacB
[ OscR-Enterobacteriales x,T(TTAACGTTAACST .. |Suouee  coctcoct
- 1.000
fe==- ScrR - Pseudomonadaceae WAIGTTAAmnAACQIﬁo = Sucroes BagE, oo orY QT T Al A € I
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PTS, porins; Sucrese or Sucrose-6P hydrolases, Sucrose phosphorylase, Levansucrase, Fructokinase

First 3 positions in sequence logos are the 3’ end of 10 promoter boxes.



TﬁAeAcATcﬁl?A%cT¥CCA

Co-evolution of TFs and motifs

Heatmap showing correlation of substitutions
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Co-evolution of TFs and motifs
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Robert Afasizhev (IITP) — homologous recombination
Olga Bochkareva (IITP => IST Austria) — pan-genomes, rearrangements, phase variatons
Natalya Dranenko (Skoltech => IITP) — pan-genomes, IS-elements, phase variation

Sofya Garushyants (IITP => NBCI USA) — tiny genomes, specialists and generalists, mutation
signatures

llya Zharov (IITP) — co-evolution of TFs and motifs

Yuri Korostelev (lITP) — co-evolution of TFs and motifs

Mikhail Moldovan (MSU => Skoltech) — pan-genomes, definition of species

Darya Nikolaeva (MSU => Skoltech) — tiny genomes, specialists and generalists

Dmitry Ravcheev (lITP => Galway U. Ireland) — regulatory sites

Dmitry Rodionov (IITP => Burnham Inst.) — regulatory sites, evolution of regulatory systems
Zaira Seferbekova (MSU) — rearrangements, homologous recombination

Ariadna Semenova (MSU) — inversions and IS-elements

Pavel Shelyakin (lITP) — pan-genomes, intergenic regions

Olga Sigalova (IITP => EMBL, Germany) — phase variations

Inna Suvorova (IITP) — evolution of regulatory systems, co-evolution of TFs and motifs
Maria Tutukina (lITP, Skoltech) — regulation of transcription



2000: Mbl 3Haem UeHYy MWpy, 3Haem, 4TO MUpP — 3TO, Npexae BCEero,
NPOYHOCTb 3KOHOMUKM U Brarononyymne nroaeun.

2009: CoBpemeHHasa umMBMAM30BaAaHHAA MNOJIMTUKA [AO0N*KHA OCHOBbLIBATLCA
Ha 0OWMX MOPAIbHbBIX M eAMNHbIX MPaBOBbIX MPUHLMNAX.

2017: Poccma Bceraa byaet Ha CTOpPOHE CUI MUPaA, C TEMU, KTO Bblbmpaet
NyTb PaBHOMPABHOrO NapTHEPCTBA, KTO OTPMLAET BOWHbLI Kak MNPOTMBHbIE
CaMOW CYTU }KM3HUN N npupoae Yenoseka. Mbl 0653aHbl nepeaaTb NOTOMKaM
CTAaObMNBbHOCTb U MNP HA NNAHETe.

2019: BonHa npuHecna CTo/IbKO HEBbIHOCUMbIX UCMbITAHUN, TOPA U CNE3, YTO
3a0bITb 3TO HEBO3MOXKHO. M HET NpoLweHna N onpaBaaHUA TEM, KTO BHOBb
3aMblLIIAET arpeccuBHbIE MAAHbI.



