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Hoskor: 90-es évek

The Complete Genome Sequence of

Escherichia coli K-12

Frederick R. Blattner,” Guy Plunkett Ill,* Craig A. Bloch, Nicole T. Perna, Valerie Burland,
Monica Riley, Julio Collado-Vides, Jeremy D. Glasner, Christopher K. Rode, George F. Mayhew,
Jason Gregor, Nelson Wayne Davis, Heather A. Kirkpatrick, Michael A. Goeden, Debra J. Rose,

Bob Mau, Ying Shao

The 4,639,221-base pair sequence of Escherichia coli K-12 is presented. Of 4288
protein-coding genes annotated, 38 percent have no attributed function. Comparison
with five other sequenced microbes reveals ubiquitous as well as narrowly distributed
gene families; many families of similar genes within E. coli are also evident. The largest
family of paralogous proteins contains 80 ABC transparters. The genome as a whole is
strikingly organized with respect to the local direction of replication; guanines, oligo-
nuclectides possibly related to replication and recombination, and most genes are so
oriented. The genome also contains insertion sequence (15) elements, phage remnants,
and many other patches of unusual composition indicating genome plasticity through
horizontal transfer.

The firse 1.92 Mb (13, [4), positions
2,686,777 to 4,639,221 [in base pairs (bp)],
was sequenced from our overlapping set of
15- to 20-kb MG1655 lambda clones ([5)
by means of radicactive chernistry and was
deposited in GenBank between 1992 and
1995, Subsequently, we switched to dve-
terminator fluorescence sequencing (Ap-
plied Bicsystems). In addition to greater
speed and lower cost, this new technology
avoided electrophoretic compression arti-
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The complete genome sequence

of the Gram-positive bacterium
Bacillus subtilis
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A nyers genom szekvencia kimenetel:



Table 1.Functional classification of the Bacillus subtilis protein-codinggenes.
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Funkcionalis géncsoportok

Table 4. Distrbution of E. colf proteins among 22 functional groups (simplified achemasa).

: Percent of
Functional class Mumibs total
Regulstory function 45 1.06
Putative regulatorny proteins 1243 210
Cell structurs 182 4.24
Futative membrans proteins 13 030
Futative structural proteins 42 028
Fhage, trareposons, plasmids BT 203
Transport and binding proteins 281 6.66
Futative transpaort proteins 146 .40
Erergy metabolizm 243 B.BT
DMA replication, recombination, modification, and repair 116 2 .68
Transcription, BMA synthesis, metabolism, and modification 1 1.28
Translation, posttranslational protein modification 182 4.24
Call processes (including adaptation, protection) 188 4.38
Biosyrithesis of cofactors, prosthetic groups, and camers 103 240
Futative chaperores Y 0.2
Mucleotide bicsynthasis and metabaolism bR 1.36
Amino acid biosyrthesia and metabolism 1241 306
Fatty acid and phospholipid metabolism 45 1.12
Carbon compound catabolism 120 203
Cantral intenrediary metalbolism 188 4.38
Futative erzymes 261 &.BE
Other known geres (gene product or phenotyps known) 26 061
Hypothetical, unclassifisd, unknown 1632 35,06
Total 4288 100,00

*Total of thass roundsd values is 90 97%,



Funkcionalis E. coli géncsoportok

, Percent of
Functional class Mk total
Regulatony function 45 1.06
Putative regulatory proteins 133 3.10
Call structurs 182 4.24
Putative membrans proteins 13 .30
Putative structural proteins 42 RS
Phage, trarsposons, pasmids BT .03
Transport and binding proteins #51 6.66
Putative transpont proteins 146 .40
Erengy metabalizm 243 6.67
DMA replication, recombination, modification, and repair 116 2 .68
Transcription, RMNA syrthesis, metabolism, and modfication (1 1.28
Tran=lation, posttranslational protein modification 182 4,24
Call processss (including adaptation, protection) 185 4.38
Biosyrithesia of cofactors, prosthetic groups, and camiers 103 .40
Putative chaperonss i 021
Mucleotide bicsynthasis and metabolism &8 1.36
Amino acid biosyrithesiz and metabolism 131 3.0
Fatty acid and phospholipid metabalism 45 1.12
Carbon compound catakbolism 130 3.03
Cartral intemrediary rmetabaolism 185 4.38
FPutative encymes 251 6.Bb
Other known geres (gens product or phenotype known) 26 061
Hypathetical, unclassified, unknown 1632 23806
Total 4288 100,007

*Total of thass rounckesd values s 90 97%,



Horizontalis transzferrel felvett gének aranya a
baktéerium genomokban

Ezcharichiz col K12
Mycobactarum fubarcwlosis
Bacilus subtilis
Synachocystic POCES03
Deinococcws radicdurans

Archasoglobus fuiigldus |A
Asropyrum pearnix |4

Thermatoga maritima

Fymooccus horkoshii |A
tethanobacterium tharmosuiotrophicum |A

Haamophilus inflvanzae
Helicobacter pylon 26595
Aquifex asalicus

Wethanooooous jannaschii |A

Treponama pailidurm
Eorrelis burgdorfar
Ricketisia prowazsski
ycoplasma pnaumaonias
fycoplasma gendialium

A0
0.1
0.0
11.6

0.0

75
16.6
52
52
3.2
6.4
- 2.7 Original sequence

A4
4.5
6.2 Transferred sequences

8.4

0
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review article

Lateral gene transfer and the nature of
hacterial innovation
Howard Ochman*, Jeffrey G. Lawrence! & Eduardo A. Groismani



Delécidk és inszercidk frekvenciaja a
baktérium genomokban
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A bakterialis genomok evoluciés dinamikaja

A DNS tartalom novekedése A DNS tartalom csokkenése

gén felvétellel (HGT) és duplikaciéval deléciokkal

of fragments
mg one or
QEHES

\

tivation Erosion
rm a by deletional
udogene / bias

i /

Bacterial
genome

HGT: horizontalis géntranszfer



Példa: a patogén Shigella evoluciodja az
E. coli genombol

Yirulence
plazmid

sHI-1 SHI-2

"-:-._% aHI-2

N ‘\' SHI-1
¥

E. coll ancestor ompT cadA Shigella

~100 millié év



DNS atvitel mechanizmusai baktériumokban

1. Konjugacio (plazmidok)
2. Transzdukcio (fagok)

3. Természetes genetikai transzformacio
(kulso DNS aktiv felvétele)



1. Konjugacio

5 : Konjugalé E. coli sejtek

o1y s

Szex (F) pilusok (E. coli)



3. DNS transzfer baktérium fagok segitségevel -
transzdukcio

T4 fagok egy E. coli sejt felszinén

o

3-28. abra. T3 bakteriofag okozta tarfoltok (plakkok) bak-
tériummal el6zdleg stiran bendtt agarlemezen, petricsészé-
ben [C. S. Gowans szivességébdl]



Természetes genetikai transzformacio

1. donor DNA

2a. DNA binds
to cell surface
receptor ;

2b. transformasome

Kompetencia

(fiziologias/mesterséges)

/+
" 5. recombination

recipient's
chromosome

cell membrane/wall /



Természetes Genetikai Transzformacio
‘Kompetencia
*Aktiv (energiaigényes) folyamat
‘Patogenitasi faktorok (Streptococcus pneumoniae)

*Szorosan kapcsolt gének egyutt transzformalédnak -

terképezeés

‘Kapcsoltsag meértéke: kettdos transzformaciok / osszes

transzformans
Faj Eléhely DNS felvétel Szabalyozas
Streptococcus pneumoniae Respiracios traktus Nem specifikus Nem stacioner
fazis
Bacillus subtilis Talaj Nem specifikus Tapanyag jelenléte
Neisseria gonorrhoeae Genitaliak Szekvencia specifikus Konstitutiv

Haemophilus influenzae Respiracios traktus Szekvencia specifikus Ehezés indukalja



Bakterialis genom: ,,k0zosségi” genom szervezodés
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E. coli tenyészet (egyedei sejtek) 1 hdnapos éheztetés utan.



A természetes baktéerium populaciok morfolégiailag is diverzek

E. coli tenyészet 1 héonapos éheztetés utan.



Transzformacio: uj (adaptiv) szekvenciak felvétele
mas populaciokbol




Transzformacio: uj (adaptiv) szekvenciak felvétele
mas populaciokbol
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Transzformacio: bakterialis szex
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A transzformacios rendszer stabilan fennmaradhat!
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Genome evolution in eukaryotes:
Recombination - meiotic sex

X
B |B

(incorrect model!)




Two important questions related to recombination:

1, how can non-functional sequences (e.g., microsatellites) evolve?

2, why does meiotic sex (syngamy and meiotic recombination) exist at all?



1, Remember: individual (beneficial) mutations arise
primarily in individual genomes

how do they spread within species?

(genome evolution)

But what about non-functional sequences? (e.g., AATGCA)



An example:
The evolution of Hox clusters
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Evolution of functional sequences (e.g., Hox genes)
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Why does sex exist in nature?

this is a fascinating, fundamental and long-standing problem in
biology

»every week a new paper on the origin of sex
> are there asexual organisms at all?

»can we recognize sex every time?

»twofold cost of sex



The origin of sexual reproduction

The most accepted hypothesis for the origin of sex:

Mutational deterministic hypothesis

An increased efficiency of selection against synergestically
interacting deleterious mutations (Kondrashow 1982; Crow 1983)



»It iIs postulated that sex provides the advantage
of generating novel, adaptive gene
combinations and/or preventing the accumulation
of deleterious mutations.

However, these advantages rely upon selection
between populations (group selection)

to maintain sex and do not address the
short-term advantage of sex to individuals,

an advantage that appears necessary if sex

is to be maintained long enough for such

group selection to operate...”

Goodwin et al. 2003 Science




Cell cycle




Mitosis

Prophase
Metaphase
Anaphase

Telophase
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Meiosis
Prophase .

*Leptotene

‘Zygotene leptotene

(homologous
pairs,
synaptonemal

complex) .
‘Pachytene

(chiasmata, K—/—J
crossovers) pachytene

‘Diplotene

*Diakinesis

Metaphase

Anaphase

Telophase diakineses () Metaphase |



Synaptonemal complex

Synaptonemal complex

Hyalophora cecropia
2n =62, SC = 31

Lilium tyrinum
2n =62, SC = 31



Revolution in our understanding how meiotic
recombination occurs (1980-2007...)

homology search precedes double-strand DNA break
that induces meiotic recombination!!!



Recombination

(sex occurs as a result
of fertilization and
meiotic recombination)




Chromosome breakage and reunion in A phage
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Point-like event

Meselson and Weigle, 1961



Chiasmata: the crossover points

Chiasma

—

(a) (b) ©

Crossing-over between dark- and light-stained non-sister
chromatids



chromatid [

The Holliday model:

Enzymatic cleavage

Creation of heteroduplex DNA

/Holliday structure/

Branch migration

Resolution

Recombination is not a point-like event
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Extended form of the
Holliday model

(Chaos — heteroduplex)
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Recombination: double-
strand DNA break and
rejoining

Between non-sister chromatids

Homologous

4 chromosomes

:\:t:a:\#\:\:n:n:\:\:\:\J'dwmnmm
l\:sm:\:\:t:t:\:\:\:tl chromatid

QOO IIOXTIODONONX chromatid
AN TAOQRTAODRNOK chromatid

Recombination



Tetrad analysis

Fruiting body
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Gene conversion
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Gene conversion
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Gene conversion Gene conversion + crossing over




Cell, Vol. 33, 05-35 May 1983, Copyright © 1983 by MIT

The Double-Strand-Break

Jack W. Szostak,” Terry L. Orr-Weaver,*
Rodney J. Rothstein, and Franklin W. Stahl*
* Dana-Farber Cancer Institute

and Department of Biological Chemistry
Harvard Medical School

Boston, Massachusetts 02115

t Department of Microbiology

New Jersey Medical School

Newark, New Jersey 07103

¥ |nstitute of Molecular Biology

University of Oregon

Fugene, Oregon 97403

Summary

Gene conversion is the nonreciprocal transfer of
information from one DNA duplex to another; in
meiosis, it is frequently associated with crossing-
over. We review the genetic properties of meiotic
recombination and previous models of conversion
and crossing-over. In these models, recombination
is initiated by single-strand nicks, and heterodupiex

Pl i A 2l Mamea rranusarceian e avinlainad by
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Review

Repair Model for Recombination

however, like to acknowledge the contributions of those
investigators whose extensive analysis of segregation in
the fungi has provided the facts upon which this discussion
of our model is based.

Conversion, Postmeiotic Segregation, and
Crossing-Over
Upon the completion of premeiotic DNA replication, a
diploid cell contains four DNA duplexes. The examination
of eight-spored asci (Ascobolus, Neurospora, Sordoria) or
of sectored-spore clones (Saccharomyces, Schizosac-
charomyces) allows one to determine the genetic content
of each of the eight single strands present at the beginning
of meiosis. We will discuss all recombination in terms of
these eight meiotic products. Any heterozygous marker
will normally segregate 4*:4~. The examination by tetrad
analysis of all of the products of individual meiotic recom-
bination events shows that recombinants between distant
markers are produced in pairs (Figure 1a), with all markers
showing 4:4 segregation. Such recombination events are
called reciprocal exchanges or Crossovers.

Occasionally a heterozygous marker will not segregate
4:4. but will show some aberrant pattern of segregation.
Tha moet common tvpe of aberrant seqgreqgation in yeast



Crossing over

= ‘ A B A B
chromatid
Tl B A b _
L chromatid : remprocal
a X b —» a B
[ chromatid
a b ae b
L chromatid
b Gene conversion Recombination
_ A B
chromatid A B l
A b
L chromatid A E; !
_ a s e S b Non-reciprocal
chromatid b
a
| chromatid 2 b

Figure 1. Crossing-Over and Conversion

(a) Crossing-over results in the production of complementary pairs of
recombinant chromatids, with both markers segregating 4:4.
(b) Gene conversion resuits in the 6:2 segregation of one marker, and is

therefore a nonreciprocal transfer of information from one chromatid to
another.



The double-strand vesis
break (gap) repair b, b

model for
recombination 4
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Recombination events:
100% Gene conversion

50% crossing over

Crossover is often but NOT ALWAYS associated with
gene conversion — these two processes are regulated
independently

Remember: gene conversion always generates
recombinant DNA ¢ . Al 1.

B > lp —m B| IB
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The current model +
of recombination ”
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What we know about the mechanism...

*Meiotic recombination is induced by a DSB
*‘Homologs inteact before DSB occurs
*Chromatin structure highly affects DSB formation
*‘DSB formation is influenced by sequences at allelic position
‘DSB is generated by Spo11
*a topoisomearse and NOT an endonuclease
*can interact simultaneously with two duplexes

*Certain sequences act as hotspots only because of a more
accessible conformation for proteins involved in making the break

: !

Recombination may be induced by a self-promoting element



Most evolutionary models have assumed that recombination is the
evolutionary value of sex

Population genetics model for the evolution of recombination (sex)
have usually ignored gene conversion

Gene conversion at the site of initiation is strong
enough to promote the transmission of an allele
— even if it gives no advantage to the individual
or to the population



Disparity in gene conversion!!!!

Gene conversion events involving heterozygous
deletions or insertions often show disparity in
favour of the conversion events that duplicate the
insertion or results in loss of the deletion

In contrast, gene conversion events involving
heterozygous point mutations usually show no
disparity



Meiotic Recombination Involving Heterozygous Large Insertions in
.'Sacchﬂmmy{?ﬂi cerevisiae: Formation and Repair

of Large, Unpawed DNA Loops

Hutton M. Kearney, David T. Kirkpatrick,' Jennifer L. Gerton’ and Thomas D. Petes

Depariment of Biology, Curriculum in Genetics and Molecwlar Bology, University of Novih Carolina, Chapel Hill,
Naorth Carolina 273993280
Manuscript received March 30, 2001
Accepted for publicaion May 24, 2001

ABSTRACT
Meiotic recombination in Saccharomyees cerevistae involves the Tormation ol heteroduplexes, duplexes
containing DNA strands derived from two ditferent homologues. If the two strands of DNA differ by an
insertion or deletion, the heteroduplex will contain an unpaired DNA loop. We found that unpaired

loops as large as 5.6 kb can be accommodated within a heteroduplex. Repair of these loops involved the
nucleotide excision repair (NER) enzyvmes Radlp and Rad 10p and the mismatch repair (MMRE) proteins
MshZ2p and Msh3p, but not several other NER (Rad2p and Radl4p) and MMRE { Msh4p, Mshtp, Mlhlp,
Pmslp, MlIhZp, Mlh3p) proteins. Heteroduplexes were also formed with DNA strands derived from alleles
containing two different large insertions, creating a large “bubble”; repair of this substrate was dependent
on Radlp. Although meiotic recombination evenls in yeast are initated by doublestrand DINA breaks
(D¥sBs), we showed that DSBs ocourring within heterozyvgous msertions do not stimulate interhomologue
recombination.
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Insertions like to be spred

Meiotic segregation patens of strains with langer insertions and bubbles
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Deletions like to be lost

Meiotic segregation patterns of strains homozypous for the kisd-51 allele and isopenic controls
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The evolution of microsatellites
through gene conversion



The evolution of genome size (DNA content) in
eukaryotes

Junk DNA - selfish gene

Repetitive elements

Large fraction of non-functional sequences

C-value paradox

More complex... more larger: Generally, genome size and
biological complexity are correlated
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A general negative relationship between selection efficiency
and genome complexity: complex genomic structures have
originated via non-adaptive, stochastic processes

mutations that are mutations that
efficiently removed are susceptible
by natural selection to genetic drift
N~ 108 _f___
prokaryotes

unicellular eukaryotes

N~ 108

invertebrates

N~ 10¢

land plants, vertebrates
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Selective Effects of Mutations
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