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Present situation 
Resistance in bacteria 
WHO’s 2014 report on global surveillance of antimicrobial 
resistance reveals that antibiotic resistance is no longer a 
prediction for the future; it is happening right now, across the 
world, and is putting at risk the ability to treat common infections 
in the community and hospitals. Without urgent, coordinated 
action, the world is heading towards a post-antibiotic era, in which 
common infections and minor injuries, which have been 
treatable for decades, can once again kill. 

In	  2012,	  there	  were	  about	  450	  000	  
new	  cases	  of	  multidrug-‐resistant	  
tuberculosis	  (MDR-‐TB).	  
Extensively	  drug-‐resistant	  
tuberculosis	  (XDR-‐TB)	  has	  been	  
identified	  in	  92	  countries.	  MDR-‐TB	  
requires	  treatment	  courses	  that	  
are	  much	  longer	  and	  less	  effective	  
than	  those	  for	  non-‐resistant	  TB.	  

Antibiotic resistance is 
one of the greatest threats to human health.  

 
The World Economic Forum 
Global Risks reports 

In	  Europe	  25,000	  people	  die	  each	  year	  as	  a	  result	  of	  mulBdrug-‐
resistant	  bacterial	  infecBons	  and	  that	  this	  costs	  the	  European	  

Union	  economy	  1.5	  billion	  EUR	  annually.	  
	  

In	  the	  USA	  more	  than	  2	  million	  people	  are	  infected	  with	  anBbioBc-‐
resistant	  bacteria	  annually,	  with	  23,000	  deaths	  as	  a	  direct	  result.	  

	  



AnBbioBc	  resistance	  in	  bacteria	  

•  Intrinsic	  resistance	  
–  The	  absence	  of	  a	  suscepBble	  target	  
–  Outer	  membrane	  barrier	  (Gram-‐negaBve)	  
	  
	  

•  Acquired	  resistance	  
– Minimizing	  the	  intracellular	  concentraBons	  of	  the	  
anBbioBc	  (poor	  penetraBon	  into	  the	  bacterium,	  anBbioBc	  
efflux)	  

– ModificaBon	  of	  the	  anBbioBc	  target	  (geneBc	  mutaBons,	  
post-‐translaBonal	  modificaBon)	  

–  InacBvaBon	  of	  the	  anBbioBc	  by	  hydrolysis	  or	  modificaBon	  



•  Resfams	  –	  a	  curated	  database	  of	  protein	  
families	  and	  associated	  profile	  hidden	  Markov	  
models	  (HMMs),organized	  by	  ontology	  and	  
confirmed	  for	  anBbioBc	  resistance	  (AR)	  
funcBon.	  

•  To	  quanBtaBvely	  understand	  the	  relaBonship	  
between	  human-‐associated	  and	  
environmental	  resistomes.	  



Training	  and	  benchmarking	  of	  Resfams	  profile	  HMMs	  
•  Proteins	  from	  Comprehensive	  AnBbioBc	  Resistance	  Database	  

(CARD),	  The	  AnBbioBc	  Resistance	  Database	  (ARDB),	  the	  Lactamase	  
Engineering	  Database	  (LacED)	  and	  collecBon	  of	  curated	  beta-‐
lactamase	  proteins.	  

•  All	  proteins	  were	  hand-‐curated	  using	  phylogeneBc	  analysis	  and	  
literature	  searches.	  

•  119	  Resfams	  profile	  HMMs	  were	  trained	  using	  CARD,	  LacED	  and	  
curated	  collecBon	  of	  beta-‐lactamases.	  

•  ARDB	  was	  an	  independent	  test	  set.	  
•  Gathering	  thresholds	  were	  set	  to	  achieve	  the	  precision	  and	  recall	  

metrics	  as	  close	  to	  1.0	  as	  possible.	  

•  Precision	  =	  (the	  total	  number	  of	  correct	  annotaBons)/(total	  number	  
of	  annotaBons)	  

•  Recall	  =	  (the	  total	  number	  of	  correct	  annotaBons)/(the	  total	  
number	  of	  proteins	  in	  ARDB	  with	  annotaBons	  matching	  the	  
annotaBon	  of	  the	  profile	  HMM)	  





FuncBonal	  metagenomic	  selecBons	  

1)	  MulBdrug	  resistant	  cultured	  soil	  isolates	  
2)	  Pediatric	  human	  fecal	  samples	  
3)	  Cedar	  Creek	  and	  Kellogg	  Biological	  StaBon	  Soils	  

•  Metagenomic	  plasmid	  libraries	  in	  E.coli	  
•  Kanamycin	  +	  the	  anBbioBc	  of	  interest	  
•  Resistant	  inserts	  were	  amplified	  and	  sequenced	  using	  Illumina	  

Hi-‐Seq	  PE	  76	  or	  101	  bp	  sequencing	  protocol	  
•  PARFuMS	  (Parallel	  AnnotaBon	  and	  Re-‐assembly	  of	  FuncBonal	  

Metagenomic	  SelecBons)	  pipeline	  
•  Open	  reading	  frame	  predicBons	  –	  MetaGeneMark	  
•  Protein	  annotaBon	  using	  Resfams	  database	  of	  profile	  HMMs	  
•  Resistome	  comparisons	  







AnBbioBc	  resistomes	  and	  ecology	  

•  Environmental,	  nonpathogenic	  and	  commensal	  
organisms	  have	  long	  been	  shown	  to	  harbor	  
funcBonal	  AR	  genes.	  

•  It	  was	  only	  recently	  established	  that	  exchange	  of	  
mulBple	  classes	  of	  AR	  genes	  has	  occurred	  
between	  nonpathogenic	  environmental	  bacteria	  
and	  human	  pathogens.	  

•  Environmental	  bacteria	  serve	  as	  potenBal	  
reservoirs	  of	  AR	  genes	  primed	  for	  exchange	  with	  
pathogenic	  bacteria.	  







•  The	  separaBon	  of	  soil	  and	  gut	  resistomes	  is	  driven	  
mainly	  by	  beta-‐lactamase	  and	  tetracycline	  resistance	  
funcBons.	  

•  Subclass	  B3	  beta-‐lactamases	  are	  mainly	  associated	  
with	  soil	  resistomes.	  

•  CblA	  (class	  A)	  and	  CMY/LAT/MOX	  (class	  C)	  beta-‐
lactamases	  are	  found	  mainly	  associated	  with	  human	  
gut.	  

•  Class	  A	  beta-‐lactamases	  in	  general	  are	  prevalent	  
across	  all	  environments	  and	  samples	  (94%	  of	  soil	  
resistomes	  and	  89%	  of	  human	  gut	  resistomes).	  

•  class	  C/class	  B	  =	  0.42	  in	  soil	  and	  4.3	  in	  gut	  

	  



•  There	  are	  no	  significant	  differences	  in	  the	  
number	  of	  dis>nct	  AR	  genes	  between	  the	  human	  
gut	  and	  soil	  microbiota	  when	  screened	  for	  
funcBonal	  AR.	  

•  Resistomes	  cluster	  by	  ecology,	  suggesBng	  that	  
the	  soil	  and	  human	  gut	  microbiota	  consist	  of	  
func>onally	  dis>nct	  AR	  gene	  architectures.	  

•  There	  is	  no	  “core”	  resistome	  –	  no	  single	  Resfams	  
family	  that	  was	  shared	  across	  all	  samples.	  	  

•  Only	  two	  families	  were	  shared	  across	  >50%	  of	  
metagenomic	  samples	  (class	  A	  beta-‐lactamases	  
and	  MFS	  AnBbioBc	  efflux).	  	  

•  Only	  six	  Resfams	  families	  were	  found	  in	  at	  least	  
one	  sample	  from	  every	  habitat	  invesBgated.	  



AnBbioBc	  resistance	  potenBal	  encoded	  in	  
microbial	  genomes	  

•  84%	  of	  microbial	  genomes	  invesBgated	  encode	  at	  
least	  one	  AR	  gene.	  

•  There	  is	  significant	  AR	  mechanism	  enrichment	  by	  
bacterial	  phyla	  and	  habitat.	  











Conclusions	  

•  AnBbioBc	  resistomes	  cluster	  by	  ecology,	  with	  no	  core	  
resistome	  shared	  between	  all	  samples.	  

•  Pairwise	  sequence	  alignment	  method	  to	  characterize	  
resistome	  composiBon	  is	  biased	  toward	  human-‐
associated	  organisms,	  vastly	  underesBmaBng	  the	  
potenBal	  impact	  of	  environmental	  resistance	  
reservoirs	  on	  AR	  in	  pathogens.	  

•  By	  using	  a	  consensus	  model	  approach,	  we	  are	  able	  to	  
significantly	  increase	  our	  ability	  to	  characterize	  highly	  
diverse	  and	  understudied	  reservoirs	  of	  resistance	  while	  
minimizing	  bias.	  


