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Neisserial transformation
requires:

DNA uptake sequence (DUS)
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Transformation apparatus,
pili etc.

Recombination components




DNA uptake sequence -DUS

ATGCCGTCTGAA
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Bacterial sex

Mechanisms of Gene Exchange




Methanobacterium thermoautotrophicum

Methanococcus voltae
Deinococcus radioduransa

Thermus aquaticus
Thermus caldophilus
Thermus flavus

Thermus thermophilus
Nostoc muscorum
Synechococcus elongatusb

Synechocystis spp.c

Thermosynechococcus elongatus
Chlorobium limicola

Chlorobium tepidum
Agrobacterium tumefaciens
Methylobacterium organophilum
Bradyrhizobium japonicumd

Achromobacter spp.
Eikenella corrodens
Kingella denitrificans
Kingella kingae
Neisseria gonorrhoeae
Neisseria meningitidis

Ralstonia solanacearum
Thiobacillus thioparus
Thiobacillus sp. strain Y
Acinetobacter baylyi
Acinetobacter calcoaceticus

Actinobacillus actinomycetemcomitans

Actinobacillus pleuropneumoniae
Aggregatibacter aphrophiluse

Azotobacter vinelandii
Cardiobacterium hominis
Haemophilus influenzae
Haemophilus parainfluenzae
Haemophilus parasuis
Legionella pneumophila
Moraxella spp.
Pseudomonas fluorescens

Pseudomonas stutzeri and related species

Pseudomonas spp.f

Vibrio cholerae

Vibrio parahaemolyticus
Vibrio spp.
Campylobacter coli
Campylobacter jejuni
Helicobacter pylori
Bacillus amyloliquefaciens

Transformation, like sex,
IS everywhere!

Naturally competent prokaryotes (Johnsborg et al., 2007):

Bacillus licheniformis
Bacillus subtilis
Lactobacillus lactis
Leuconostoc carnosum
Streptococcus pneumoniae
Streptococcus mitis
Streptococcus oralis
Streptococcus crista
Streptococcus infantis
Streptococcus gordonii
Streptococcus sanguinisg

Streptococcus anginosus
Streptococcus intermedius
Streptococcus constellatus
Streptococcus thermophilush

Streptococcus bovis
Streptococcus mutans
Thermoactinomyces vulgaris
Mycobacterium smegmatis
Streptomyces spp.



DNA uptake sequence DUS




DUS was identified in 1988
as a 10-mer

—  —

601 tatgccttgt tctttttggc gcatttttte c;cc;cc;st tc;ts%csc cs;tttcahm

pGCU3
1 AAGCTTTGGA ATTGGATAAC CTGAGGTGGC GAAAGCGACT TTGGTGTICTG CCGAAGCACG TAAAGAATCA CGCGGTGCGC ACGCTTCAGA CGACCATCCT

101 GAGCGCGATG ACGAAAATTG GATGAaacac accc cac caatacctt cggtacacac cgagcctttg agcgtggaat
201 acatcaaacc ggccaaacgc gtttattgat gcgt IT CA GACGGHkttc 5cctM cctaaccata cccacattga actgcttgaa
301 tttataatac aaaatcattg ggscasttgA TGAGANWNOSSRNONONICTC ATGG T @ AATTTACCGT TACAACCCGG ACGTTGATGC
401 CAAGCCTTAT ATGCAGCGTT ACGAGTTGGA ATTGGAACCG ACCGACGTGA AACTITIGGA CGCTTIGGTA CGCCTGAAAG CACAAGACGA TACCTTGICT
501 TTCCGCCGCT CCTGCCGCGA AGGGATTTGC GGACCGGACG GTATGAACAT CAACGGCAAA AACGGCTIGG CGTGTCTGAC CGATTTACGC AGCTTGAAAC
6§01 AGCCTGTCAA AATCCGCCCG CTGCCCGGTC TGCCCGTCAT CCGCGACCTG ATTGTGGATA TGACCCAGTT CTTCAAACAA TACCATTCCG TCAAACCTTA
701 TGTTGTTAAC GACAATCCGA TTGGTGCGGA CAAAGAGCGT CTGCAAACTC AGGAAGAGCG CAAAGAGTTG GATGGTTIGT ACGAATGTAT TTTGIGCGCT
801 GTTCGACCGC CTGTCCGGTC ATTCTGGTGG AATCCCGACA AATTCGTCGG TCCGTCCGGC TTGCTGAACG CCTACCGCTT CATTGCGGAC AGCCGAGATA
901 CCATCACTAA TGAGCGTTTG GATAATTTGA ACGATCCGTA CCGTTIGTTC CGCTGCCACA CCATTATGAA CTGCGTAGAC GTATGCCCCA AACACTTGAA
1001 TCCGACCCGG GCCATCGGTA AGATTAAAGA GATTATGTTG AAACGGGTTG TTTAAgaaat gatggttttt gacgacattg ccaaacggaa aatccctttt
1101 caaacccgcc gggsattctt ggaactagat ttaatcttcs graggtttat ggaasaagaa ttc

Fic. 3. Nucleotide sequences of the cloned gonococcal DNA inserts. Uppercase letters are the sequences corresponding to open reading
frames; uppercase underlined sequences are of the proposed uptake sites.

— 10-mer
1 12-mer
—1 degenerate

Goodman and Scocca, 1988



Transformation frequencies (10-7)

DUS revised
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DUS inverted repeat forms
transcriptional terminator/attenuator

DUS
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A single DUS iIs
sufficient for transformation
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Ambur et al. J. Bacteriol. 2007



DUS and neisserial sex

Outline/hypothesis:

Analysis of DUS conservation and
distribution may reveal its
evolutionary history and perhaps that
of transformation/sex itself



Treangen, Ambur et al., Genome Biology 9:2, 2008



Genome Genome| No of DUS distribution
% in %
size (kb) | genes | CDS alignment | cDUS Total | DUS -1

'N.menz2491 | 2184 | 2065 | 345 | 896 | 405 | 1892 | 815

N. menMC58 2272 2079 34.6 87,7 431 1935 809

N. menFAM18 2194 1976 34.0 89,8 431 1888 818

N. men8013 2277 2126 34.7 88,7 422 1915 816

N. gonorrhoeae 2153 2185 38.6 89,9 396 1965 774

N. lactamica 2233 2067 42.0 88,9 500 2245 562

Core genome
More DUS in N. lactamica




Phylogeneny with
strong consensus

(+/- 1000 nt)
surrounding
DUS

Strong consensus phylogenetic tree that may guide us in detection of recombination



Two hypotheses for the
manifestation of DUS

DUS emerge by mutation

DUS emerge by recombination (and
sex)



DUS distribution

|s there an association between DUS
distribution and the recombinogenic
past of neisserial genomes?



Comparing
seguence columns

>DUS



DUS more conserved but In
permissive regions

_DUS



DUS conservation

71% of the DUS in the multiple alignment were
exactly conserved in all genomes.

DUS, much more conserved (97%) than the
average conserved sequence (~85%)



Purifying selection or mutation
selection balanceof DUS

non-degenerate, in all the other 5 genomes
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Program: GENECONV

(Sawyer, 1989)

Detection of gene conversion
elements

finds the most likely candidates for
aligned gene conversion events (signs

of recombination) between pairs of
sequences



DUS distribution Is "tuned”

N. meningitidis
Z2491

)
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Average DUS distance Average conversion fragment length
Ca. 1500 nucleotides Ca. 1500 nucleotides



Signs of recombination

DUS facing
sequences with no
similarity to DUS
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2 lines of evidence for
recombinational acquisition of
DUS In populations

The spacing of DUS matches the
conversion fragment lengths

Unique DUS in sequence columns are
complete and show origin by
recombination



DUS outside the core
genome?

Are DUS present in new laterally
transferred sequences?

New= present only in one genome (34
genes)

Are DUS present in "old” lost
sequences?

Lost=absent in one and only one
genome (29 genes)



DUS are absent in newly

acquired and old lost sequences

No. of DUS | No. of geneg p-value
Ubiquitous 467 1192
genes
New genes 0 34 <107
Lost genes 0 29 <10°




Genetic variation Is generated
without DUS

Phase variable genes are DUS-less

Genes encoding outer membrane
proteins are DUS-less



DUS and genome stability

DUS are overrepresented in the core
genome

..underrepresented in regions under
selective pressure driving diversification

..totally absent in both recently acquired
genes and recently lost genes



Summary of DUS evolution

DUS Is a 12-mer

IR-DUS terminate/attenuate
transcription

Inter DUS distance iIs "tuned”

Unigue DUS suggest origin by
recombination

DUS are absent outside core genome



Sources of variation

Spontaneous mutation
Mutation rate modifiers (hypermutators)
Mobile genetic elements (HGT)

Evolved mechanisms for genetic variation

Intrachromosomal recombination

pili, phase variable genes encoding surface prot
Antigenic variation

Nucleotide tracts



Measuring genome
Instability

Monitoring of phase variation
Polynucleotide tract expansion and
retraction

Mutator phenotypes
Effects of stress



DNA repair
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