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Data Is coming ...

BaCterla Organisms
. M Complete
479 320 assemblies W Funai
Invertebrate
10.000 M Wicrobial
B Witochondrion
M Flant
B Flasmid
16 527 complete genome o Placts
aSSGmb|y |eve| 1,000 l Protozoa
B vertebrate
Mammalian
i B vertebrate
Other
] 100 M viral
1 631 representative
genomes
2004 2006 2008 2010 2012 2014

https://www.ncbi.nlm.nih.gov/refseq/statistics/
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What is bacterial genome?

1. Chromosome(-s) 2. Plasmids

- circular, double-stranded DNA molecule - circular, double-stranded DNA
-1Mb - 6 Mb molecules

- one origin of replication - 15 kb — 200 kb

- carry house-keeping genes - replicate independently

- carry genes that benefit the survival
of the organism.

wikipedia.org

Olga Bochkareva / Kondrashov group | 3
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How does It evolve?

What we can observe in genomes

« Mutations — genes sequences

ASASC3, 1 14 SIKLEPPSOTTRLLE + ¥BSLSKEEAREHAKD 'EEVRCSTRHQ. aes

BaFS17,1 13 B PFSESTRI! «MRLLGKOEAHENAKT IEELCEALADE. , .

ASSIVZ, 1 R « FARIELABROEHARATEEYAEGARCE

BIGSH7, 1 13 FIT. .P§ + YELLSKEEREEDAK TEEVAFRRAND. . . . . HYEED]

0BHOSE, 1 - YGAVPRADAEPAARGIEAERFDARRR . . SGEAARTASVEERT

000423, 2 - YGAVPER| WYAAVTES . i
/8.1 35T . SKR. . VGTIPKEEASEASRRE

QOIVES, L FAVWIPPTRRT i FYGRVPRADAZRARRA

ASHILE, 1 + YELLSKEERAEHAKR]

230500, 1 YGTLKSDDATTVAKL

Q2HRIZ. 1 ¥GTHSADEASAAATD

Q37N . ¥EVIPEEDATSAARL

O3M7HE, 1 - ¥ETLPODEASET}

Q3LEB2. 1 PSKSTRLHLVE] - YGLLSVEEREQDAKR!

03MES] . 2 IKLWPPSLFTRKALIERETHI ¥ESLTKDORTENRKR

BIR748. 1 L SIWFFTARTROAMI TRET ETES FGTISHDERESAARRIEDEAFGVANT . . .
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How does It evolve?

What we can observe in genomes

« Mutations — genes sequences

ASASC3, 1 14 SIKLEPP: ¥ESLSKEEAREHAKQT
BAF917,1 13 BIKLWPPSESTR. H¥RLLGKOEAHENAKT
AZS1V2,1 23 VFKLWPPSQGTRI EHRRA
BOGSH7.1 13 EDRKE;
0BHOS6.1 30 PRERG
00D423.2  4d

8.1 56 EASRRT
QoIves,t 2% ERARRAVEAQ
ASHJAE, L 13 IFENAKRT
Q3C500.1 57 SOBATTVAKL)
Q2HRI7.1 25 51 AARLO
Q7NI. 1 28 GVIPEEDATSAARL
03M7NG. 1 25 QDEASETHARL
09LEBZ 1 1d £ ADAKE!
Qoes1z 13 E TENAKE!
BIR748.1 48 BLSIWPI ESARRR]

e Gene gain/loss — genes content

* Rearrangements - genes order

200000 400000 600000 800000 1000000 1200000 1400000 1600000 1800000 2000000 2200000 2400000 2600000 2800000 3000000 3200000 3400000 3600000 3800000 4000000 4200000 4400000 4600000
%ﬂr’r‘l AN ] Il. 108 | D [ E) D00 @0
‘ .

DT

tis KIM
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How does It evolve?

What we can observe in genomes What are the mechanisms?

e Mutations — genes sequences 1. Homologous recombination

ABASCE, 1 14 SIKLBPRSETTRL L ol vsm.sx:aqaznnl(ﬂ 'EEVRCSTRHQ f SKLILE
BAF917.1 LKLWPP 1 Al Grl .TIEEL CEALADE IF REI SKHLE
A9S1V2, L 23 VFKLUPP .. An::m _un ATEEVAFGAROE ¥ ETLI M M M
Rl : : s : ntra-genomic recombination
0BHOS6.1 30 SFSIMERT P 20 PRERG .
00D4Z3. 2 L STWPP: REVATEVA. . TEVL QR SKI K 135

I8 F STWPET . . . YGTIF A ".Emssnm__ i K 141
QoIveS, 1 AV PTRRT 1
ASHILE, 1 TELLIPP H
Q3C500, 1 L RILPPTEKT]
Q2HRIZ. 1 SIWPPLORT EDE .
Q37N FEILPPTORT] ET| .
i 3 LN et orizontal gene transfer
O9LEBZ.1 I GLL SVEEAZODAKR . .
03MES] . 2 kI LhI’PSL n GSLTKDAATENAKR:
B3RT4E. 1 LSIWPFTARTR GTISHDEAESAARRIEDERAFGVANT

transformation
transduction
bacterial conjugation

e Gene gain/loss — genes content

* Rearrangements - genes order

200000 400000 600000 800000 1000000 1200000 1400000 1600000 1800000 2000000 2200000 2400000 2600000 2800000 3000000 3200000 3400000 3600000 3800000 4000000 4200000 4400000 4600000

Y. pestis KIM~ :

0000 | 400000 600000__§60000==T00BAEE==FI00000 14 6 500000 20C 260008 2 a0 e 3000381 4 00000 4400000460 00
] 1] Ry o - ~ ] IO ] 1 | \‘%
m CICT NI TR | = = = . ] I W
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From Biology to Maths

Rearrangement Math illustration
> Deletion 12-34-56 —_>12-3-56

> Insertion 12-34-56 —>12-347-56
> Translocation 12-34-56 —> 1-34-526

> Inversion 12-34-56 —> 125-436

> Duplication 123456 —> 12-3-34-56

Olga Bochkareva / Kondrashov group | 7
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Intra-genomic recombination

Circular chromosome Intra-chromosome Inversion of the segment
with repeats recombination between repeats

T ”\)

Olga Bochkareva / Kondrashov group | 8
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Intra-genomic recombination

Circular chromosome Intra-chromosome Inversion of the segment
with repeats recombination between repeats

o “"’\
2. ( )

Olga Bochkareva / Kondrashov group | 9
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Genomic repeats:

- mobile elements (transposase) — up to 100 copies per genomes
- rRNA gene operons — up to 15 copies per genomes
- gene paralogs
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Intra-genomic recombination

Circular chromosome Intra-chromosome Inversion of the segment
with repeats recombination between repeats
- gene paralogs

§2 (—h\>
e
- short fragments - (ISESpeGHEIIEEa)

Olga Bochkareva / Kondrashov group | 10
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Genomic repeats:

- mobile elements (transposase) — up to 100 copies per genomes
- rRNA gene operons — up to 15 copies per genomes
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IS gene order conserved?

(a) Nearly complete decay of synteny; Streptococcus sanguinis
SK36 and Streptococcus pneumoniae R6.

(b) Virtual absence of rearrangements; Chlamydophila caviae
GPIC and Chlamydophila abortus S26/3.

(c) Multiple inversions with limited transposition of individual
genes; Yersinia pestis Antiqua and Y. pestis CO92.

(d) No inversion; hot spots of transposition of individual genes;
P. marinus AS9601 and P. marinus MIT 9215.

(e) Multiple inversions and transposition of individual genes;
Pseudomonas fluorescens PfO-1 and P. fluorescens Pf-5.

Novichkov PS, Wolf YI, Dubchak |, Koonin EV.
Trends in prokaryotic evolution revealed by
comparison of closely related bacterial and
archaeal genomes. J Bacteriol. 2009

Olga Bochkareva / Kondrashov group | 11
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IS gene order conserved?

(a) Nearly complete decay of synteny; Streptococcus sanguinis
SK36 and Streptococcus pneumoniae R6.

(b) Virtual absence of rearrangements; Chlamydophila caviae
GPIC and Chlamydophila abortus S26/3.

(c) Multiple inversions with limited transposition of individual
genes; Yersinia pestis Antiqua and Y. pestis CO92.

(d) No inversion; hot spots of transposition of individual genes;
P. marinus AS9601 and P. marinus MIT 9215.

(e) Multiple inversions and transposition of individual genes;
Pseudomonas fluorescens PfO-1 and P. fluorescens Pf-5.

symmetric inversions
Novichkov PS, Wolf YI, Dubchak I, Koonin EV. around the repllcat|0n Orlgln

Trends in prokaryotic evolution revealed by
comparison of closely related bacterial and
archaeal genomes. J Bacteriol. 2009

Olga Bochkareva / Kondrashov group | 12
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Chromosome structure
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Copyright © 2006 Pearson Education, Inc., publishing as Benjamin Cummings.
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Chromosome structure

Parental Oy
strand (,_—,J —
Replication forks 5}

Origin
l Daughter

Replication

roceeds in "
oth directions W Q‘[
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If the Inversion occurred

Leading .
strand Origin
Lagging

strand

Terminus

Olga Bochkareva / Kondrashov group | 15
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If the Inversion occurred

Leadin . .
Lagging =
strand

Terminus Terminus

[ ] Intra-replichore inversion

>

Olga Bochkareva / Kondrashov group | 16
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If the Inversion occurred

Leadin . . . .
strandg Origin Origin
Lagging =
strand

/

Terminus Terminus

[ 1 Inter-replichore inversion

—

Terminus Terminus

Olga Bochkareva / Kondrashov group | 17
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If the Inversion occurred

Leadin . .
strandg Origin Origin
Lagging =
strand
p— __/"’

Terminus Terminus

[ TInter-replichore inversion

—

Terminus Terminus

Olga Bochkareva / Kondrashov group | 18
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What we see on the data

Red — intra-replichore inversion,
blue — inter-replichore inversions.

KonnyecTtBo 6/10Kk0B

500 1000 1500
A/IMHA CUHTEHHOro 6noka, kb

Olga Bochkareva / Kondrashov group | 19
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What we see on the data

BeposTHOCTb MHBEPCUM OJIMHON M NPONTU
yepes ToUKY Havyana (KoHua) pennukauum:

p(l)=m/L,

Red — intra-replichore inversion, _
blue — inter-replichore inversions. ede L — pasviep pen/iuxopb!.

KonnyecTtBo 6/10Kk0B

[lons nHeepcumn
C KOHLAMW Ha pasHbIX penimxopax:
58 n3 101

500 1000 1500
AIMHA CMHTEHHOoro 6n10ka, kb

BeposiTHOCTb NOAYUYUTb Takoi Habop
NHBEPCUIA:
p ~10—33

Olga Bochkareva / Kondrashov group | 20
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What we see on the data

BeposATHOCTb MHBEPCUM OJIMHON M NPONTU
yepes ToUKY Havana (KoHua) pennvkauum:

p(l)=m/L,

Red — intra-replichore inversion, _
blue — inter-replichore inversions. ede L — pasmep penniuxopbi.

KonnuecTtso 6/10Kk0B

[lonsa nHBepcuin
C KOHLLaMM Ha pasHbIX pensimxopax:
58 n3 101

500 1000 1500
A/IMHA CUHTEHHOrO 6/10Ka, T.M.H.

BeposiTHOCTb NOAYUYNTb Takoh Habop
NHBEPCUI:
p ~10—33

Olga Bochkareva / Kondrashov group | 21
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|ISs expansion drives rearrangements

Yersinia pseudotuberculosis -> Y. pestis

200000 400000 600000 800000 1000000 1200000 1400000 1600000 1800000 2000000 2200000 2400000 2600000 2800000 3000000 3200000 3400000 3600000 3800000 4000000 4200000 4400000 4600000
-l"' e ,; . (8 L S A Gl i . ] 1CC 00

e B |
./ "

0 175K 2350K 3525K 4700K

Y. pestis 91001
200000 oooo eooooo 80000 03600000 3300000 400 J066Q_ 4600000
{ _\_'-ll 0] I ﬁll T—ql !
el ——
Y pestis CO92

zoooo u /oot

: | | !L--
Y. pestis Nepal516 ‘

%) | g
@ 209000 _400000_¥500000— 4000003 804000000\ 4200800 4440 oJ §
Rl o s “‘) ' Qﬁ aé.
c \ 7 —
-% Y. pestis 15-70 Pest0|des b
—_— 200( :: 000 4400 00 460
2 - Il/l' ) e | B
o ! ————— \
Qo Y. pseudotuberculos:s IP31 75 = ‘\
< lj:'zoooo 400000 aooo 7:-,---- /,_ 30089 20~3606000..4000000 4200000 4400000 460 giﬁj
H ] T D |
! 0 -

pseseq

Y. pseudotuberculosis 1P32953
AE, Miklés |, Ragan MA. Dynamics of genome rearrangement in bacterial populations. PLoS Genet. 2008
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Pathogenic E.col

AIEC ETEC Croxen et al. Recent Advances in
Understanding Enteric Pathogenic
enteropathogenic (EPEC), \? CF, LT and/or Sy Escherichia coli. ASM. 2013
enterotoxigenic (ETEC), : S stx2
EPEC == Eschench:a coli > EAEC STEC O104:H4
enteroinvasive (EIEC),
LEE, nle,
enteroaggregative (EAEC), bfp? Afa/Dr LEES, nle®,
stx
Shiga toxin-producing (STEC), DAEC STEC
diffusely adherent (DEAC), Shigella PAls, pINV, stx" ™
\ antivirulence genes, t+ Primarily S.dysenteriae 1
adherent invasive (AIEC). flagella/fimbria*, * Not all EIEC
catabolic genes § LEE-positive STEC
\J 9 Typical EPEC

EIEC/Shigella

Olga Bochkareva / Kondrashov group | 23
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|ISs expansion drives rearrangement

| B. pseudomallei NCTC 13179
B. pseudomallei 576
] — B. pseudomallei strain MS
L B. pseudomallei strain M1

B. pseudomallei MSHR840 -
T and results in genome
B. pseudomallei strain MSHR 1655 LI}
| B. pseudomallei MSHR5855
| B. pseudomallei MSHR5848 = - -
reduction in young intra-
B. pseudomallei MSHR62

r B. pseudomallei NAU20B-16
[ B. pseudomallei MSHR511

3 peeidanal MSHias cellular pathogens

B. pseudomallei K42
[ B. pseudomallei A79A

i—u L B. pseudomallei BO3

B. pseudomallei NCTC 13178

| B. pseudomallei strain MSHR668

—@— B. pseudomallei 668

B. sp. TSV202
B. pseudomallei MSHR2543
B. pseudomallei TSV 48
r B. pseudomallei strain BDP
Lr B. pseudomallei MSHR305
B. pseudomallei MSHR520
B. pseudomallei strain Bp1651
S| B. pseudomallei 7894
4‘ r B. pseudomallei strain vgh16W
| B. pseudomallei strain vgh16R
B. pseudomallei 1026b 2
Ll B. pseudomallei strain BGR
B. pseudomallei 1026b
r B. pseudomallei K96243
L—II— B. pseudomallei strain K96243
| B. pseudomallei genome assembly BP 3921g
B. pseudomallei HBPUB10134a
|—l—,7 B. pseudomallei Pasteur 52237
B. pseudomallei 1710b
B. pseudomallei strain PHLS 112
—| — B. pseudomallei 406e
! B. pseudomallei strain BSR
B. pseudomallei MSHR5858

4|—|—73. pseudomallei HBPUB10303a
I B. pseudomallei BPC006

B. pseudomallei 1106a
\—':— B. pseudomallei strain 1106a

B. pseudomallei strain Mahidol-1106a
e e L el B. pseudomallei strain vgh07

B. pseudomallei strain 982
B. pseudomallei PB08298010 @%}Bmallei strain 6
B mallei strain 2002734306
B mallei strain 23344
B mallei strain BMQ

/ B mallei NCTC 10229
B mallei strain 2002734299
B mallei NCTC 10247

mallei NCTC 10247 2
B mallei strain 11

=]

=

B mallei strain 2000031063

2.0E-5 B mallei strain 2002721276

4.0E-4
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Genome reduction by deletions

O, BAmaz
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Parallel inversions — genomic switch?

| B. pseudomallei NCTC 13179
B. pseudomallei 576
] — B. pseudomallei strain MS
L B. pseudomallei strain M1
B. pseudomallei MSHR840
B. pseudomallei MSHR491
pseudomallei strain MSHR 1655
B. pseudomallei MSHR5855
B. pseudomallei MSHR5848

B.
|
1

B. pseudomallei NAU35A-3
B. pseudomallei MSHR62
r B. pseudomallei NAU20B-16

B. pseudomallei MSHR511

B. pseudomallei MSHR146

B. pseudomallei K42

| [ B. pseudomallei A79A

= L B. pseudomallei BO3

B. pseudomallei NCTC 13178

| B. pseudomallei strain MSHR668
—@— B. pseudomallei 668

B. sp. TSV202
B. pseudomallei MSHR2543
B. pseudomallei TSV 48
I B. pseudomallei strain BDP
Lr B. pseudomallei MSHR305
B. pseudomallei MSHR520
B. pseudomallei strain Bp1651
B. pseudomallei 7894
—| r B. pseudomallei strain vgh16W
| B. pseudomallei strain vgh16R
B. pseudomallei 1026b 2
LI B. pseudomallei strain BGR
B. pseudomallei 1026b
r B. pseudomallei K96243
L—II— B. pseudomallei strain K96243
| B. pseudomallei genome assembly BP 3921g
B. pseudomallei HBPUB10134a
|———|—,7 B. pseudomallei Pasteur 52237

B. pseudomallei 1710b

=]

B. pseudomallei strain PHLS 112
—| — B. pseudomallei 406e
! B. pseudomallei strain BSR
B. pseudomallei MSHR5858
4|—|——B. pseudomallei HBPUB10303a
I B. pseudomallei BPC006

B. pseudomallei 1106a
\—E— B. pseudomallei strain 1106a

B. pseudomallei strain Mahidol-1106a

e e L el B. pseudomallei strain vgh07

B. pseudomallei strain 982

B. pseudomallei PB08298010 ggama”ei strain 6 ]
B mallei strain 2002734306 |

B mallei strain 23344 ‘
[

B mallei strain BMQ

B mallei NCTC 10229

B mallei strain 2002734299
B mallei NCTC 10247

{1

B mallei strain 2000031063
B mallei strain 2002721276

4.0E-4
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Site-specific micro-inversions

Phase variation — Site specific inversion Expression of multiple types of flagellin by S. typhimurium
E. coli .
I—l' = : SiCp
on [me L me L p> < 7B /4 e
pB pE IRL pA R o ; B Phase 1
FimB DNA inversion FimE or FimB dgf[,/' l
between IRRand IRL
’_()lucﬁN_‘A\
OFF < [im] R
pB pE | H inversion
v Bt
Phase variation — site specific inversion. pB, pE and pA are promoters for FliC

the genes fimB, fimE and fimA respectively. IRL and IRR are inverted
repeats. FimB and FimE are recombinases that bind to the open triangles

IRL an IRR. The result is an inversion of the DNA sequence (shaded bar) JiBp JiCp
that turns ON or OFF the transcription of fimA. hin fIjB 1liA 1iC
Phase 2
fliBA mRNA OP  /1iC mRNA

l l Translational repression
The dual controlling system governs flagellar phase . o Rapid mRNA degradation

variation; one part of the system is Hin-mediated FI'B FliA

inversion of the H segment containing the promoter for . J S L A
the fljBA operon, and the other is FljA-mediated

inhibition of fliC expression. FljA binds to the 5'-UTR of

fliC mRNA, which inhibits its translation and facilitates

its degradation.

Olga Bochkareva / Kondrashov group | 27
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Parallel inversions — genomic switch?

A SLEE o e The same inverted sequence length 15kB

73

Streptococcus pneumoniae JJA

e it s Breakpoints are formed by genes encoding

Streptococcus pneumoniae CGSP14

4 Streptococcus pneumoniae NT 110 58 protelns PhtB and PhtD
Streptococcus pneumoniae gamPNI0373 .7

Streptococcus pneumoniae P1031

58

69
60 Streptococcus pneumoniae NCTC7465
Streptococcus pneumoniae 70585

Streptococcus pneumoniae TIGR4 ATCC BAA-334
Streptococcus pneumoniae D39

100 | Streptococcus pneumoniae R6

Streptococcus pneumoniae PCS8235
Streptococcus pneumoniae INV104
Streptococcus pneumoniae ASG‘
Streptococcus pneumoniae A45

L Streptococcus pneumoniae APZOO‘
Streptococcus pneumoniae G54

Streptococcus pneumoniae OXC141

100 100 | Streptococcus pneumoniae SNP034183
Streptococcus pneumoniae SNP994039

100 | 100/ Streptococcus pneumoniae SNP994038

Streptococcus pneumoniae SNP034156

_? Streptococcus pneumoniae Hungary19A-6
o4 1 Streptococcus pneumoniae 670-6B
100 Streptococcus pneumoniae ST556‘
1 1 Streptococcus pneumoniae Taiwan19F-14 ‘
100

Streptococcus pneumoniae TCH8431 19A
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Parallel inversions — genomic switch?

A ﬂEStreptococcus pneumoniae ATCC 700669

73

Streptococcus pneumoniae JJA
1—|—_Streph:zcc>ccus pneumoniae INV200
100 Streptococcus pneumoniae CGSP14

4 Streptococcus pneumoniae NT 110 58

58

Streptococcus pneumoniae gamPNI0373 @
69 Streptococcus pneumoniae P1031

60 Streptococcus pneumoniae NCTC7465
l Streptococcus pneumoniae 70585

Streptococcus pneumoniae TIGR4 ATCC BAA-334
Streptococcus pneumoniae D39

100 | Streptococcus pneumoniae R6

Streptococcus pneumoniae PCS8235
Streptococcus pneumoniae INV104
Streptococcus pneumoniae A66 @
Streptococcus pneumoniae A45
Streptococcus pneumoniae AP200 @
Streptococcus pneumoniae G54

Streptococcus pneumoniae OXC141

100 100 | Streptococcus pneumoniae SNP034183
Streptococcus pneumoniae SNP994039
100 | 100/ Streptococcus pneumoniae SNP994038

Streptococcus pneumoniae SNP034156

_? Streptococcus pneumoniae Hungary19A-6
P4 1 Streptococcus pneumoniae 670-6B

100) Streptococcus pneumoniae ST556 @
1 1E Streptococcus pneumoniae Taiwan19F-14 @
100
Streptococcus pneumoniae TCH8431 19A

Olga Bochkareva / Kondrashov group

B Nucleotide alignments
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® The same inverted sequence length 15kB
Breakpoints are formed by genes encoding
proteins PhtB and PhtD
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These two out of four pneumococcal histidine triad
(Pht) proteins are considered to be good vaccine
candidates.

PhtD was already used in several phase I/l clinical
trials.

Yun et al.* (PLoS One. 2015) analyzed the diversity of
phtD alleles from 172 clinical isolates and concluded
that the sequence variation was minimal.
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in bacteria. Nat Commun. 2017
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1. Chromosome(-s) 2. Plasmids

- circular, double-stranded DNA molecule - circular, double-stranded DNA
-1Mb - 6 Mb molecules

- one origin of replication - 15 kb — 200 kb

- carry house-keeping genes and a lot of - replicate independently

others - carry genes that benefit the survival

of the organism.
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Bacterial tree of life

Sinorhizobium, Rhizobium,
Agrobacterium, Mesorhizobium,

Brucella, Methylobacterium
¢ oEETT

Novosphingobium, \ iy

Azospirillum
~-

Rhodococcus

Deinococcus

Burkholderia, ;
Cupriavidus, Ralstonia

0.4
diCenzo GC, Finan TM. The Divided Bacterial
Genome: Structure, Function, and Evolution.
2017

~ ] Leptospira ,

Prévoteﬁa 3‘ i
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Colors:

red for species with no
megaplasmid or chromid

green for species with a
megaplasmid(s) but no
chromid

blue for species with a
chromid(s) but no
megaplasmid

purple for species with
both a megaplasmid(s)
and a chromid(s).
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Multipartite genome evolution
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megaplasmid | niche range

o

If fitness costs
are greater than

the benefits, the r
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is lost

Gain of niche- | Increased benefits
specific traits | and metabolic load

Gain of core genes | Chromid formation:
from chromosome | replicon stabilized

diCenzo GC, Finan TM. 2017 O @
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Chromid formation hypothesis
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Dikow, Rebecca B, and William Leo Smith. “Genome-level homology and
phylogeny of Vibrionaceae (Gammaproteobacteria: Vibrionales) with three
new complete genome sequences.” BMC Microbiology vol. 13 80. 11 Apr.
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