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Bacterial evolution 

vertical horizontal 

Bacteria can evolve not only by accumulating point mutations, but also by 
acquiring foreign DNA via genetic recombination.  
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Definition of recombination 

n Breaking and rejoining of two parental DNA molecules to 
produce new DNA molecules 
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+
Recombination of homologous chromosomal regions 

Bacteria can “reshuffle” alleles present in 
a bacterial population through this 
mechanism, which allows them to 

exchange homologous DNA regions.  
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Functional impacts of recombination on bacteria 

Recombination can mediate large evolutionary jumps in bacterial genomes by 
rapidly spreading variants associated with increased: 

§  virulence (surface proteins, antigenic variation, etc.)  
§  fitness (carbohydrates metabolism, etc.) 
§  antibiotic resistance 

parC 
Strain A 
Resistant to 
Fluoroquinolones (FQ) 
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Sensitive to FQ parC 

Variant R 

parC 

Variant S 
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RECOMBINATION 

= ONE SINGLE EVENT 
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Recombination is variable among bacterial species 

Clonal Non-clonal 

Helicobacter pylori Mycobacterium tuberculosis 

Polymorphic 
Free living 
Naturally transformable 
High rate of recombination 

Monomorphic 
Obligate intracellular pathogen 
Low level of genetic variation 
Very low rate of recombination 
 

Adapted from  
Amine Namouchi, 2012  
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Recurrent mutation Recombination 

Ancestral 
chromosome 
recombines 

Detecting recombination events 
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Recurrent mutation Recombination 

Ancestral 
chromosome 
recombines 

1st challenge: high sequence similarity 
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2nd challenge: older recombined regions may have evolved 

Recombination (older event)  
+ Mutation 
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3rd challenge: being in the big data era 
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Categories of recombination detection programs 

Distance-based 

Phylogenetic-based 

Compatibility-based 

Substitution distribution-
based 

Chan CX, Beiko RG, Ragan MA. Detecting recombination in 
evolving nucleotide sequences. BMC Bioinformatics. 2006 

Detect discordant phylogenetic relationships 
along a sequence alignment 

 

Model-based recombination detection methods using  

§  Bayesian inference 
§  Hidden Markov models 
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ClonalFrame 

Didelot X, Falush D. Inference of bacterial microevolution using multilocus sequence data. Genetics. 2007;175:1251–1266.  

§  estimates the clonal relationships between the members of a dataset 
§  estimates the chromosomal position of homologous recombination events 

that have disrupted the clonal inheritance 
§  used to be a gold standard method 

§  restricted to small datasets (theoretically scales up to whole genomes close 
to a 100) 

§  does not model the origin of genetic imports 
§  not appropriate if the recombination rate is too high 

- 
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ClonalOrigin: identify flux of recombination 

Didelot X, Méric G, Falush D, Darling A. Impact of homologous and non-homologous recombination in the genomic evolution of 
Escherichia coli. BMC Genomics 2012;13:256 

Number of recombination events 
inferred by ClonalOrigin relative to its 
expectation under the inferred 
recombination rate (predicted by model) 

§  models bacterial recombination as an event from a specific donor to a 
specific recipient 

§  but shares most of the drawbacks of ClonalFrame 
§  also requires a clonal genealogy (provided by ClonalFrame) 

Didelot X, Lawson D, Darling A, Falush D. Inference of homologous recombination in bacteria using whole-genome sequences. Genetics. 
2010;186:1435–1449 

- 
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BRATNextGen 

§  based on Bayesian change-point clustering model + permutation re-sampling 
procedure 

§  adapted to very large datasets (200-300 genomes and more) 

§  cannot model direction of recombination events (relative to cluster size) 
§  expects a more or less clonal population 

- 

+ 

Marttinen P, et al. Detection of recombination events in bacterial genomes from large population samples. Nucleic Acids Res. 2011. 

Color = Major cluster 
in which recombination 

is observed 
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Chromosome painting (Chromo Painter and FineSTRUCTURE) 

§  each genome is reconstructed using DNA chunks donated by other genomes 
§  well suited for highly recombinogenic (non-clonal) datasets (i.e. H. pylori) 
§  can model recombination events between the observed sequences 

§  initially developed for eukaryotes 
§  possible uncertainty when multiple haplotypes are equally close 
 

Yahara K. et al. Chromosome Painting In Silico in a Bacterial Species Reveals Fine Population Structure. Mol Biol Evol (2013) 

- 
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STRAINS SUBGROUPS 
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Choosing the appropriate recombination analysis program 

MARTIN, D. P., LEMEY, P. and POSADA, D. (2011),  Analysing recombination in 
nucleotide sequences. Molecular Ecology Resources, 11: 943–955 
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Superbugs: rise of the antibiotic resistance 



+
Superbugs… 

Petty, NK*, Ben Zakour, NL*, et al. (2014) PNAS 
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n  UTI is very common, especially among 
women and the elderly  

n  Multi-drug resistant organisms more 
common (XDR bacteria) 

n  Recurrent infections, difficult to treat 

 

… And Urinary Tract Infections 
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Countries	  reported	  with	  E.	  coli	  ST131	  (Rogers	  et	  al	  2011)	  

Escherichia	  coli	  ST131	  	  
•  globally	  spread	  since	  2008	  
•  urinary	  tract	  and	  bloodstream	  infecAons	  	  
•  mulAdrug	  resistant	  (ESBL	  CTX-‐M-‐15a)	  
•  high	  prevalence	  of	  virulence	  factors	  

aCTX-‐M:	  acAve	  on	  CefoTaXime,	  first	  isolated	  in	  Munich	  

E. coli ST131: a multidrug resistant clone gone global 

Petty, NK*, Ben Zakour, NL*, et al. (2014) PNAS 

95 ST131 uropathogenic E. coli (UPEC) 
strains, spanning 2000-2011 
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Read quality control (QC) NGS reads 

Reference-based read 
mapping 

Variant detection 

SNP-based phylogeny Whole genome-based 
phylogeny 

Whole genome 
alignment 

Banzai genomic pipeline  (M. Stanton-Cook, E. Skippington) 

De novo assembly 
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Global phylogeny of the ST131 collection 

Petty, NK*, Ben Zakour, NL*, et al. (2014) PNAS 

A 

C 

B 

most divergent clade (~7,000 and ~8,900 
SNPs from B and C, respectively) 
 
clade B is very similar to clade C  
(~2,900 SNPs apart)  

clade C is the dominant clade  
(70% of strains sequenced in this study) 

Maximum Likelihood Tree 
Build using 142,950 SNPs 

95 ST131 strains + 
15 representative non-ST131 

UPEC genomes 

non ST131 UPEC strains 
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Lack of temporal and geographical clustering in ST131  

Petty, NK*, Ben Zakour, NL*, et al. (2014) PNAS 

A 

C 

B 

Clade specific variants of virulence/resistance 
determinants: fimH, parC, gyrA, ctxM… 

Little temporal or geographical association 
between clades 

Maximum Likelihood Tree 
Build using 142,950 SNPs 

95 ST131 strains + 
15 representative non-ST131 

UPEC genomes 
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Read quality control (QC) NGS reads 

Reference-based read 
mapping 

Variant detection 

Whole genome 
alignment 

Possible inputs for recombination detection (in Banzai) 

RECOMBINATION DETECTION 

De novo assembly 

Variant profile 
alignment 
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BRATNextGen: Proportion of Shared Ancestry hierarchical tree 

A C B 

Clustering of the samples on non-
overlapping 5 kb intervals to draw the 
proportion of shared ancestry (PSA) tree 
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BRATNextGen: recombination map 

BratNextGen predicted 137 combined regions eq. 0.94 Mb (1/3 of the core genome)  
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Example of clade-specific blocks of recombination 
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Estimating the amount of recombination 

A 

C 

B 

Example of distinct recombination events within-clade 
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Estimating the amount of recombination 

A 

C 
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Example of similar recombination events between-clade 
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Recombination regions distribution is not random 

NON RECOMB. 

RECOMB. 

Distribution of ST131-only core SNPs in non-recombinant vs recombinant regions 

§  Statistical analysis suggested association of recombinant regions with regions of interests 
(mobile genetic elements, genomic islands, etc.) 

§  Also established in other species (Everitt et al. Mobile elements drive recombination hotspots in the core 
genome of Staphylococcus aureus. Nature Comm. 2014) 

REFERENCE 
ROI 
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Proportion of ST131-specific SNPs in non-recombinant and recombinant regions 

68%$

32%$

Recombina0on$

Non2Recombina0on$

A large proportion of the SNPs has been introduced through 
recombination 

Petty, NK*, Ben Zakour, NL*, et al. (2014) PNAS 

vertical 

horizontal 
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Impact of recombination on ST131 phylogeny reconstruction 
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Impact of recombination on ST131 functional adaptation 

KEGG functional categories significantly different Example of virulence associated functions 

•  Flagellar locus 

•  Type 1 fimbriae 

•  Type 2 and 6 Secretion Systems 

•  Capsule biosynthesis 

•  Salt-resistance 

•  Iron transporter 

•  Resistance to FQ (parC variant)   

> 900 genes affected by recombination 

Petty, NK*, Ben Zakour, NL*, et al. (2014) PNAS 

over-represented 

under-represented 
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Summary 

n  Recombination was the major contributor of adaptive 
diversification (virulence factors, antibiotic resistance, niche 
adaptation) 

n  ST131 diverged some time prior 2000 into three closely related 
sublineages but is not strictly clonal 

n  What triggers higher recombinogenic potential? Antibiotic 
pressure? 

n  What makes ST131 so successful at colonising the urinary tract 
and other clinical sites?  
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Conclusions 

n  Importance of recombination in the evolution of bacteria 

n  Functional 

n  Evolutionary 

n  Multiple methods to detect recombination exist, choosing the right 

one is dependent on the dataset 

n  Relatedness of the strains 

n  Size of the dataset 

n  Huge increase of sequencing data available for bacterial populations to 

evaluate the impact of recombination more accurately  
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