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Overview

> The bacterial species

> MLSA as a taxonomic tool 
— Approach: recN-rpoA-thdF
— Phylogeny of Cronobacter and related species
— %G+C content based on MLSA
— Genome relatedness based on MLSA

> Summary and conclusions



Validated bacterial species per year

Total number of species 7435 (8.1.2009)



Current agreement: species share ...

> 16S rRNA genes >97-98% similarity
— Low or no resolving power at species and 

subspecies level
— Different species with identical 16S rRNA gene
— Heterogeneity of operons in the genome

> DNA-DNA hybridization >70% DNA relatedness
— Low or no resolving power above species level
— Time consuming
— DNA isolation sometimes limited
— Reproducibility

– Between methods
– Between laboratories

— Full matrix hybridization never done



Alternatives to DNA-DNA hybridization?

„Only genomic and MLSA approaches appear to be useful
for the classification of bacteria from domain to species.“

James T. Staley (2006), Phil.Trans.R.Soc. B 361:1899

„Investigators are encouraged to propose new species based
upon other genomic methods [than DNA-DNA hybridization] …
The ad hoc committee recommends evaluation of protein-
coding gene sequence analysis for its applicability to 
genomically circumscribe the taxon ...”

Stackebrandt et al (2002), Int.J.Syst.Evol.Microbiol. 52:1043



MLSA in the genome sequence era?

> Biodiversity of a species requires analysis of multiple strains
> how to account for mobile sequences (prophages, PAI, IS, ...)?
> Core- versus Pangenome

Konstantinidis &Tiedje PNAS 2005
PangenomePangenome

CoregenomeCoregenome



MLSA as representative of genomes

> Sequencing representative genes would be a straighforward, 
cost- and time-efficient approach for taxonomic and 
phylogenetic investigations

> Zeigler (2003)
— 32 protein coding gene sequences from whole genome 

sequences
— 8 genes correlated strongly with overall sequence identity
— 1-3 genes enough for assigning strains to species 

SIgenome= -1.88+0.52(SIrecN)+1.78(SIthdF)+0.52(SIrpoA)

SIgenome= -1.30+2.25(SIrecN)



Enterobacteriaceae approach: 
conserved primers for PCR and sequencing

recombination and repair protein gene

recN 1665 bp

thiophene and furane oxidation gene

thdF 1365 bp

RNA polymerase a-subunit gene

rpoA 990 bp
ATG

ATG TAA

ATG



Analysis

> 142 strains investigated including available genome 
sequences

> recN sequence determined from all 142 strains
> recN-rpoA-thdF sequences determined from 115 strains
> Genera and species included:

— Citrobacter, Enterobacter, Erwinia carotovora, Escherichia, 
Klebsiella pneumoniae, Leclercia adecarboxylata, Pantoea, 
Salmonella, Shigella, Yersinia, Cronobacter

> Phylogeny, %G+C content, genome similarity



MLSA phylogeny based on recN-rpoA-thdF
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%GC-content based on recN, rpoA and thdF

 
Species % calculated  % genome 
Citrobacter koseri ATCC BAA-895 53.4  53 
Erwinia carotovora SCRI1043 51  51 
Escherichia coli W3110 51.5  50.8 
Cronobacter sakazakii BAA894 56.2  56.8 
Enterobacter sp. 638 52.2  53 
Klebsiella pneumonia MGH 78578 57.4  57.5 
Salmonella Typhi Ty2 53.5  52.1 
Yersinia enterocolitica 8081 47.6  47.3 
Yersinia pestis 91001 47.4  47.7 
 

r=0.981



First time determined %GC-content 

 
Species % calculated  
Cronobacter sakazakii DSM 4485T  56.3  
Cronobacter dublinensis CFS 237T  56.8  
Cronobacter malonaticus 18702T  56.5 
Cronobacter muytjensii ATCC 51329T  56.6  
Cronobacter turicensis 3032T  56.2  
Cronobacter genomospecies 1 NCTC 9529T  56.5  
Enterobacter cancerogenus DSM 17580T  54.9  
Enterobacter hormaechei ATCC 49162T  54.8  
Enterobacter ludwigii DSM 16688T  54.7  
Enterobacter radicincitans DSM 16656T  54.1  
 



Genome similarity: recN vs. all 3 genes



Calculated genome similarities with recN:

Full matrix comparison

„„ working valuesworking values ““ ::

0.60.6--0.87: same genus0.87: same genus
>0.87: same species>0.87: same species



Cronobacter species genome similarities

0.95

0.91 0.95

0.91 0.91 0.95

0.91 0.91 0.95 0.95

0.92 0.92 0.92 0.92 0.95

0.76 0.76 0.77 0.77 0.76 0.95

0.75 0.75 0.76 0.76 0.75 0.93 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95 0.95

0.74 0.74 0.75 0.75 0.74 0.84 0.84 0.90 0.90 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95 0.95 0.90 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95 0.95 0.90 0.95 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95 0.95 0.90 0.95 0.95 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95 0.95 0.90 0.95 0.95 0.95 0.95

0.74 0.73 0.75 0.75 0.74 0.84 0.84 0.89 0.89 0.93 0.89 0.89 0.89 0.89 0.95

0.74 0.73 0.74 0.74 0.73 0.84 0.83 0.95 0.95 0.90 0.95 0.95 0.95 0.95 0.89 0.95

0.73 0.73 0.74 0.74 0.73 0.84 0.84 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.91 0.95

0.74 0.73 0.74 0.74 0.73 0.83 0.83 0.95 0.95 0.90 0.95 0.95 0.95 0.95 0.89 0.95 0.91 0.95

0.79 0.79 0.80 0.80 0.79 0.75 0.75 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.95

0.79 0.79 0.80 0.80 0.79 0.75 0.74 0.74 0.74 0.73 0.74 0.74 0.74 0.74 0.73 0.74 0.73 0.73 0.93 0.95

0.79 0.79 0.79 0.79 0.79 0.74 0.74 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.72 0.73 0.72 0.73 0.93 0.94 0.95

0.79 0.79 0.79 0.79 0.79 0.74 0.74 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.72 0.73 0.72 0.73 0.93 0.94 0.95 0.95

0.79 0.79 0.80 0.80 0.79 0.75 0.75 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.73 0.95 0.93 0.93 0.93 0.95

0.73 0.74 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.73 0.73 0.73 0.73 0.73 0.95

0.73 0.74 0.74 0.74 0.75 0.82 0.82 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.84 0.83 0.73 0.73 0.72 0.73 0.73 0.90 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95

0.73 0.74 0.74 0.74 0.74 0.82 0.82 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.87 0.86 0.87 0.86 0.75 0.75 0.75 0.75 0.75 0.88 0.88 0.88 0.88 0.95

0.73 0.73 0.74 0.74 0.74 0.82 0.82 0.84 0.84 0.85 0.84 0.84 0.84 0.84 0.86 0.84 0.85 0.84 0.73 0.74 0.73 0.73 0.73 0.91 0.91 0.92 0.92 0.89 0.95

0.73 0.73 0.74 0.74 0.74 0.82 0.82 0.84 0.84 0.85 0.84 0.84 0.84 0.84 0.85 0.84 0.85 0.84 0.73 0.74 0.73 0.73 0.73 0.91 0.90 0.91 0.91 0.89 0.92 0.95

0.73 0.73 0.73 0.73 0.74 0.83 0.83 0.84 0.84 0.85 0.84 0.84 0.84 0.84 0.85 0.84 0.85 0.84 0.73 0.73 0.73 0.73 0.73 0.93 0.91 0.91 0.91 0.89 0.91 0.91 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95 0.88 0.92 0.91 0.91 0.95

0.73 0.73 0.74 0.74 0.74 0.82 0.82 0.84 0.84 0.85 0.84 0.84 0.84 0.84 0.86 0.84 0.86 0.84 0.74 0.74 0.73 0.73 0.74 0.91 0.91 0.92 0.92 0.91 0.92 0.93 0.92 0.92 0.95

0.73 0.74 0.75 0.75 0.75 0.83 0.83 0.84 0.84 0.85 0.84 0.84 0.84 0.84 0.86 0.84 0.86 0.84 0.74 0.74 0.73 0.73 0.74 0.89 0.91 0.92 0.92 0.89 0.92 0.91 0.89 0.92 0.92 0.95

0.73 0.74 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.73 0.73 0.73 0.73 0.73 0.95 0.90 0.91 0.91 0.88 0.91 0.91 0.93 0.91 0.91 0.89 0.95

0.73 0.74 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.73 0.73 0.73 0.73 0.73 0.95 0.90 0.91 0.91 0.88 0.91 0.91 0.93 0.91 0.91 0.89 0.95 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95 0.88 0.92 0.91 0.91 0.95 0.92 0.92 0.91 0.91 0.95

0.73 0.74 0.74 0.74 0.74 0.82 0.82 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.87 0.86 0.87 0.86 0.75 0.75 0.75 0.75 0.75 0.88 0.88 0.88 0.88 0.95 0.89 0.89 0.89 0.88 0.91 0.89 0.88 0.88 0.88 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95 0.88 0.92 0.91 0.91 0.95 0.92 0.92 0.91 0.91 0.95 0.88 0.95

0.73 0.74 0.74 0.74 0.74 0.82 0.82 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.87 0.86 0.87 0.86 0.75 0.75 0.75 0.75 0.75 0.88 0.88 0.88 0.88 0.95 0.89 0.89 0.89 0.88 0.91 0.89 0.88 0.88 0.88 0.95 0.88 0.95

0.73 0.74 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.73 0.73 0.73 0.73 0.73 0.95 0.90 0.91 0.91 0.88 0.91 0.91 0.93 0.91 0.91 0.89 0.95 0.95 0.91 0.88 0.91 0.88 0.95

0.73 0.74 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.73 0.73 0.73 0.73 0.73 0.95 0.90 0.91 0.91 0.88 0.91 0.91 0.93 0.91 0.91 0.89 0.95 0.95 0.91 0.88 0.91 0.88 0.95 0.95

0.73 0.73 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.73 0.74 0.93 0.91 0.91 0.91 0.89 0.91 0.92 0.95 0.91 0.92 0.90 0.93 0.93 0.91 0.89 0.91 0.89 0.93 0.93 0.95

0.73 0.73 0.74 0.74 0.74 0.82 0.82 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.90 0.92 0.92 0.89 0.92 0.95 0.91 0.92 0.93 0.91 0.91 0.91 0.92 0.89 0.92 0.89 0.91 0.91 0.92 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95 0.88 0.92 0.91 0.91 0.95 0.92 0.92 0.91 0.91 0.95 0.88 0.95 0.88 0.91 0.91 0.91 0.92 0.95

0.73 0.73 0.74 0.74 0.74 0.82 0.82 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.84 0.74 0.74 0.73 0.74 0.74 0.91 0.90 0.91 0.91 0.89 0.92 0.95 0.92 0.91 0.93 0.91 0.91 0.91 0.91 0.89 0.91 0.89 0.91 0.91 0.92 0.95 0.91 0.95

0.73 0.73 0.74 0.74 0.74 0.82 0.82 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.84 0.74 0.74 0.73 0.74 0.74 0.91 0.90 0.91 0.91 0.89 0.92 0.95 0.92 0.91 0.93 0.91 0.91 0.91 0.91 0.89 0.91 0.89 0.91 0.91 0.92 0.95 0.91 0.95 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95 0.88 0.92 0.91 0.91 0.95 0.92 0.92 0.91 0.91 0.95 0.88 0.95 0.88 0.91 0.91 0.91 0.92 0.95 0.91 0.91 0.95

0.74 0.75 0.75 0.75 0.75 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.74 0.74 0.73 0.74 0.74 0.91 0.91 0.95 0.95 0.88 0.92 0.91 0.91 0.95 0.92 0.92 0.91 0.91 0.95 0.88 0.95 0.88 0.91 0.91 0.91 0.92 0.95 0.91 0.91 0.95 0.95

0.73 0.74 0.74 0.74 0.74 0.83 0.83 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.85 0.73 0.73 0.73 0.73 0.73 0.95 0.90 0.91 0.91 0.88 0.91 0.91 0.93 0.91 0.91 0.89 0.95 0.95 0.91 0.88 0.91 0.88 0.95 0.95 0.93 0.91 0.91 0.91 0.91 0.91 0.91 0.95

0.74 0.74 0.75 0.75 0.75 0.83 0.83 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.81 0.82 0.81 0.81 0.75 0.74 0.74 0.74 0.75 0.81 0.80 0.81 0.81 0.80 0.80 0.80 0.81 0.81 0.80 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.80 0.81 0.81 0.81 0.95

0.74 0.74 0.75 0.75 0.75 0.83 0.83 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.81 0.82 0.81 0.82 0.75 0.75 0.74 0.74 0.75 0.81 0.80 0.81 0.81 0.80 0.80 0.80 0.80 0.81 0.80 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.80 0.81 0.81 0.81 0.94 0.95

0.74 0.74 0.74 0.74 0.75 0.84 0.84 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.81 0.82 0.82 0.82 0.75 0.75 0.75 0.75 0.75 0.82 0.81 0.81 0.81 0.80 0.81 0.81 0.81 0.81 0.81 0.81 0.82 0.82 0.81 0.80 0.81 0.80 0.82 0.82 0.82 0.81 0.81 0.81 0.81 0.81 0.81 0.82 0.91 0.91 0.95

0.74 0.74 0.74 0.74 0.75 0.84 0.84 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.81 0.82 0.82 0.82 0.75 0.75 0.75 0.75 0.75 0.82 0.81 0.81 0.81 0.80 0.81 0.81 0.81 0.81 0.81 0.81 0.82 0.82 0.81 0.80 0.81 0.80 0.82 0.82 0.82 0.81 0.81 0.81 0.81 0.81 0.81 0.82 0.91 0.91 0.95 0.95

0.74 0.74 0.74 0.74 0.74 0.84 0.84 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.81 0.82 0.81 0.82 0.75 0.75 0.75 0.75 0.75 0.81 0.79 0.80 0.80 0.80 0.79 0.79 0.81 0.80 0.80 0.79 0.81 0.81 0.80 0.80 0.80 0.80 0.81 0.81 0.81 0.79 0.80 0.79 0.79 0.80 0.80 0.81 0.90 0.90 0.93 0.93 0.95

0.74 0.74 0.74 0.74 0.75 0.85 0.84 0.81 0.81 0.82 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.74 0.74 0.74 0.74 0.74 0.81 0.80 0.81 0.81 0.80 0.80 0.80 0.81 0.81 0.80 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.80 0.81 0.81 0.81 0.91 0.91 0.91 0.91 0.91 0.95

0.74 0.74 0.74 0.74 0.75 0.83 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.81 0.82 0.81 0.81 0.75 0.75 0.74 0.74 0.75 0.81 0.81 0.81 0.81 0.80 0.80 0.80 0.80 0.81 0.80 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.81 0.81 0.81 0.80 0.81 0.80 0.80 0.81 0.81 0.81 0.93 0.93 0.90 0.90 0.90 0.91 0.95

Cronobacter dublinensis (Type strain)

Cronobacter dublinensis

Cronobacter dublinensis

Cronobacter dublinensis

Cronobacter dublinensis

Cronobacter genomospecies 1 NCTC9529T (Type strain)

Cronobacter genomospecies 1

Cronobacter malonaticus (Type strain)

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter malonaticus

Cronobacter muytjensii ATCC 51329T (Type strain')

Cronobacter muytjensii

Cronobacter muytjensii

Cronobacter muytjensii

Cronobacter muytjensii

Cronobacter sakazakii Type strain

Cronobacter sakazakii ATCC12868

Cronobacter sakazakii ATCC29004

Cronobacter sakazakii NCTC 8155

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter sakazakii

Cronobacter turicensis (Type strain)

Cronobacter turicensis

Cronobacter turicensis

Cronobacter turicensis

Cronobacter turicensis

Cronobacter turicensis

Cronobacter turicensis

C. dublinensis

C. malonaticus

C. muytjensii

C. sakazakii

C. turicensis

Cronobacter genomosp. 1



Enterobacter



Putative genera delineated from our study

E. aerogenes
K. pneumoniae

Citrobacter
Yersinia

E. asburiae
E. cancerogenus

E. cloacae
E. hormaechei

E. kobei
E. ludwigii

E. amnigenus

E. helveticus
E. pulveris

E. cowanii
E. radicincitans

Es. coli
Shigella

E. turicensis
Es. hermannii
Es. vulneris
L.adecarboxylata
Pantoea
Er. carotovora

C. sakazakii
C. dublinensis
C. turicensis
C. muytjensii

C. malonaticus
C. genomosp. 1

Salmonella

E. gergoviae
E. pyrinus



Conclusions

> MLSA based on recN-rpoA-thdF can replace DNA-DNA 
hybridization to investigate genetic relationship within 
Enterobacteriaceae

> recN alone provides condensed information (phylogene)
> First time full matrix comparisons are possible
> The genus Cronobacter is genetically well separated from 

other genera and species (diagnostic implication)
> The species within Cronobacter can genetically be separated 

from each other (diagnostic implication)
> The genus Enterobacter consists of diverse species some of 

which might be attributed to new genera 
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