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D-Ala to D-Ser Vancomycin Resistance 

Previous experimental evolution showed 
vancomycin resistance in C. difficile is possible 
in vitro

Unknowns:

Alternative pathways to resistance, routes to 
high-level resistance, fitness costs
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Aims

i. Evolution – rate, extent

ii. Phenotypic – growth, fitness

iii. Genotypic – mutations, routes, population dynamics

iv. Mechanistic – novel mechanistic insights

Evolve 
resistance to 
vancomycin

Sequence 
genome

Identify 
responsible 
mutations

Validate 
mutations

Mechanism



Evolution of R20291 (027) ΔPaLoc

10 replicate lines 
– genetically 

barcoded 
(Bc) 1-11

30 transfers

No-vancomycin 
controls evolved 
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Vancomycin resistance evolves rapidly
M

IC
 (

µ
g/

m
L)

Transfer Number

Replicate 
line

End point MIC 
(µg/mL)

Ancestral 1

Bc1 32

Bc2 16

Bc3 16

Bc4 16

Bc5 32



Resistance is accompanied by growth and sporulation  defects

Growth Sporulation

Bc1

Bc4

WT

Resistant isolate 
sporulation efficiency 
defect

Total (Live + 
spore) 

Spore

15x 

75x 



Genetic Characterisation of resistance: Sequencing 

P0 P10 P20 P30
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Genetic Characterisation of resistance: Sequencing 

What do we want to gain from sequencing?

Isolates

• Mutations involved in an 
individual bacterium to 
promote resistance.

Populations

• Mutations involved in 
population resistance

• Frequency of these mutations 
in the population

• Frequency change over time 
(evolutionary dynamics)

5% 20% 50%



Resistance evolves in parallel in replicate lines



Resistance evolves in parallel in replicate lines



Population sequencing reveals evolutionary dynamics

Fixation



Population sequencing reveals evolutionary dynamics



Population sequencing reveals evolutionary dynamics
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Validating the role of dacS in resistance
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Validating the role of dacS in resistance
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Validating the role of dacS in resistance

Vancomycin can 
no longer bind

V



dacS SNP results in 4x increase in vancomycin resistance

WT
dacS

0 10.5 42

Recapitulated Bc1 dacS SNP in WT background to validate effects on resistance: 

Vancomycin (µg/mL)



dacS SNP results in increased expression of dacJRS
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dacS mediated overexpression of dacJ depletes D-Ala

Overexpression of 
dacJ results in 

vancomycin binding 
site depletion



Bc1ΔdacJ partially restores vancomycin binding

Bc1ΔdacJ

8-fold reduction in 
MIC

Partial restoration of 
vancomycin binding



dacJRS Summary
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dacJRS is not the sole mechanism of Bc1 resistance

Bc1ΔdacJ showed only partial 
restoration of vancomycin binding

No other vancomycin unique 
mutations in illumina data

Strain End point MIC 
(µg/mL)

Ancestral WT 1

Bc1 16

Bc1 dacS SNP 4

Bc1ΔdacJ 2



dacJRS is not the sole mechanism of Bc1 resistance

Nanopore identified two additional InDels

Gene Name Function Mutation

CDR20291_0979 44 bp deletion

vanS

two-component sensor 

histidine kinase 30 bp insertion

dacS

two-component sensor 

histidine kinase SNP



dacJRS is not the sole mechanism of Bc1 resistance



dacJRS is not the sole mechanism of Bc1 resistance

dacS + vanS
mutations fully 

recapitulate Bc1 
resistance

dacS + vanS
work 

synergistically



Implications of dacS + vanS synergy 

Only a single dacS SNP 
required to elevate vanS
resistance dramatically

vanS insertions never 
reported – may not be 
captured



vanS mutation results in van constitutive expression

Like previously identified vanS SNPs, vanSc.367_396dup results in constitutive 
expression of vanGXYT



Summary
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