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   SUMMARY	
  
	
  
	
  
Highly-­‐drug	
   resistant	
   bacteria	
   are	
   becoming	
   an	
   increasing	
   threat	
   to	
   the	
   public	
   health	
   systems.	
   This	
  
development	
  can	
  also	
  be	
  observed,	
  although	
  to	
  a	
  minor	
  extent,	
  in	
  the	
  veterinary	
  health	
  systems.	
  The	
  
assumption	
   that	
  horizontal	
   transmission	
  could	
  be	
  a	
  driving	
   force	
   for	
   the	
   spread	
  of	
   resistance	
  genes	
  
between	
  the	
  animal	
  and	
  human	
  reservoirs	
  has	
  been	
  mentioned	
  manifold	
  however	
  firm	
  evidences	
  are	
  
still	
  scarce.	
  	
  	
  
In	
   this	
   thesis	
   we	
   focused	
   on	
   the	
   accomplishment	
   of	
   two	
   parts.	
   The	
   first	
   part	
   was	
   to	
   investigate	
  
potential	
   links	
  between	
  the	
  human	
  and	
  animal	
  reservoirs	
  that	
  could	
  indicate	
  active	
  transmission.	
  To	
  
fulfil	
   this	
   goal	
   basic	
   information	
   was	
   needed	
   regarding	
   the	
   molecular	
   characteristics	
   of	
   extended-­‐
spectrum	
  cephalosporin	
  resistant	
  Enterobacteriaceae	
  (ESC-­‐R	
  Ent)	
  from	
  the	
  various	
  reservoirs.	
  Hence	
  
molecular	
  analysis	
  was	
  performed	
  on	
  ESC-­‐R	
  Ent	
   in	
  hospitalized	
  humans,	
  in	
  raw	
  poultry-­‐meat,	
  and	
  in	
  
pet	
   food.	
  Analysing	
   isolates	
   from	
  hospitalized	
  patients	
  an	
  overall	
  prevalence	
  of	
  6.5%	
  ESC-­‐R	
  Ent	
   has	
  
been	
   reported.	
   Examining	
   the	
   poultry-­‐meat	
   as	
  well	
   as	
   the	
   pet	
   food	
   collections	
   70%	
  of	
   the	
   samples	
  
were	
  contaminated	
  with	
  ESC-­‐R	
  Ent	
  in	
  both	
  of	
  the	
  studies.	
  The	
  prevalence	
  and	
  molecular	
  data	
  from	
  the	
  
poultry-­‐meat	
  were	
  comparable	
  to	
  other	
  studies	
  from	
  the	
  Netherlands.	
  Noteworthy	
  was	
  a	
  discovery	
  of	
  
a	
  P.	
  mirabilis	
   strain	
   carrying	
   a	
  ~17	
   kb	
   class	
   1	
   integron	
  which	
  was	
   previously	
   reported	
   in	
   a	
   human	
  
patient	
  from	
  France.	
  	
  
The	
  pet	
  food	
  samples	
  were	
  heavily	
  contaminated	
  with	
  acquired	
  β-­‐lactamase	
  (bla)	
  genes.	
  Interestingly,	
  
the	
   majority	
   of	
   the	
   detected	
   bla	
   genes	
   were	
   usually	
   more	
   related	
   to	
   the	
   human	
   reservoir.	
   The	
  
comparison	
  of	
  the	
  three	
  studies	
  showed	
  that	
  the	
  ST	
  types	
  as	
  well	
  as	
  the	
  major	
  bla	
  genes	
  are	
  distinct	
  in	
  
the	
  human	
  and	
  animal	
  reservoirs,	
  however	
  one	
  bla	
  gene	
  (blaCMY-­‐2)	
  that	
  was	
  prevalent	
  in	
  both	
  settings.	
  
Investigating	
   the	
   genetic	
   background	
   of	
   blaCMY-­‐2	
   carrying	
   strains	
   showed	
   that	
   some	
   of	
   them	
   were	
  
carried	
   on	
   IncK	
   plasmids.	
   Full	
   sequencing	
   of	
   the	
   blaCMY-­‐2/4-­‐carrying	
   plasmids	
   resulted	
   in	
   the	
  
identification	
  of	
  a	
  novel	
  plasmid	
  incompatibility	
  variant	
  of	
  the	
  IncK	
  group,	
  named	
  IncK2.	
  This	
  finding	
  
provides	
  strong	
  evidence	
  that	
  there	
  is	
  transmission	
  between	
  the	
  animal	
  and	
  human	
  reservoirs.	
  	
  
The	
  second	
  part	
  of	
   the	
  thesis	
  was	
   focused	
  on	
  the	
   identification	
  of	
  emerging	
  resistance	
  genes	
   in	
  new	
  
genetic	
   backgrounds.	
   The	
   first	
   study	
   describes	
   the	
   first	
   case	
   of	
   an	
   OXA-­‐48-­‐producing	
   S.	
   enterica	
  
outside	
   Egypt	
   as	
  well	
   as	
   the	
   first	
   report	
   of	
  Salmonella	
   co-­‐producing	
  OXA-­‐48	
   and	
  VEB-­‐8.	
   In	
   another	
  
study	
  a	
  double-­‐carbapenemase	
  producing	
  XDR	
  Klebsiella	
  pneumonia	
  was	
  detected	
  in	
  a	
  patient	
  who	
  got	
  
transferred	
  back	
   from	
  Belgrade	
   to	
  Bern.	
   In	
   the	
   last	
   report	
  a	
  MDR	
  double-­‐carbapenemase	
  producing	
  
Citrobacter	
   freundii	
   was	
   identified	
   in	
   a	
   sample	
   from	
   a	
   patient	
   who	
   got	
   also	
   transferred	
   back	
   from	
  
Belgrade	
   to	
   Basel.	
   Interestingly,	
   the	
   blaNDM-­‐1	
   gene	
   could	
   be	
   identified	
   in	
   a	
   novel	
   IncHI2	
   plasmid	
  
background.	
  	
  
To	
  sum	
  up,	
  the	
  thesis	
  gives	
  firm	
  evidence	
  of	
  horizontal	
  gene	
  transfer	
  between	
  the	
  human	
  and	
  animal	
  
reservoirs	
  mainly	
  by	
  the	
  identification	
  of	
  the	
  identical	
  class	
  1	
  integron	
  and	
  the	
  detection	
  of	
  the	
  same	
  
plasmids	
   in	
   both	
   settings.	
   It	
   also	
   illustrates	
   the	
   impressive	
   spread	
   of	
  multi-­‐drug	
   resistant	
   plasmids	
  
inside	
  the	
  bacterial	
  community	
  as	
  well	
  as	
  to	
  the	
  various	
  reservoirs.	
  To	
  prevent	
  the	
  further	
  spread	
  of	
  
such	
  highly	
  drug-­‐resistant	
  pathogens	
  active	
  surveillance	
  is	
  needed.	
  

6



	
  

	
  

AIM	
  OF	
  THE	
  THESIS	
  
	
  
	
  
The	
   objectives	
   of	
   the	
   thesis	
   were	
   to	
   determine	
   if	
   a	
   link	
   exists	
   between	
   extended-­‐spectrum	
  
cephalosporin-­‐resistant	
  Enterobacteriaceae	
  (ESC-­‐R	
  Ent)	
  from	
  animal	
  and	
  human	
  origin,	
  examine	
  
different	
  possible	
   reservoirs	
   for	
  ESC-­‐R	
  Ent,	
   and	
  characterize	
  novel	
  genetic	
  elements	
  containing	
  
ESC-­‐R	
  genes.	
  The	
  global	
  and	
  actual	
  knowledge	
  of	
  the	
  situation	
  was	
  presented	
  in	
  an	
  introductory	
  
review	
  written	
  at	
  the	
  beginning	
  of	
  the	
  PhD	
  thesis	
  (see	
  overview:	
  an	
  introductory	
  review	
  of	
  the	
  
situation).	
  
The	
  PhD	
  projects	
  were	
  then	
  divided	
   into	
  two	
  parts	
  A	
  and	
  B.	
  The	
  aim	
  of	
  part	
  A	
  was	
  to	
  assess	
   if	
  
there	
   is	
   the	
   potential	
   risk	
   for	
   the	
   transmission	
   of	
   ESC-­‐R	
  Ent	
   from	
   humans	
   to	
   animals	
   (or	
   vice	
  
versa).	
  To	
  achieve	
  this	
  goal	
  comparison	
  of	
  molecular	
  characteristics	
  was	
  performed	
  on	
  ESC-­‐R	
  Ent	
  
of	
  human	
  and	
  veterinary	
  origin	
  collected	
  in	
  Switzerland.	
  	
  
	
  	
  
Part	
  A	
  was	
  split	
  into	
  four	
  studies	
  each	
  represented	
  in	
  a	
  separate	
  chapter:	
  

-­‐ Chapter	
   1:	
   Investigation	
   of	
   the	
   molecular	
   characteristics	
   of	
   ESC-­‐R	
   E.coli	
   isolated	
   from	
  
hospitalized	
  patients	
  in	
  Bern,	
  Switzerland	
  (p35-­‐41).	
  

-­‐ Chapter	
  2:	
  Analysis	
  of	
  raw	
  poultry-­‐meat	
  as	
  a	
  potential	
  source	
  for	
  ESC-­‐R	
  Ent	
  (p42-­‐48).	
  
-­‐ Chapter	
  3:	
  Examination	
  of	
  the	
  contamination	
  of	
  pet	
  food	
  with	
  ESC-­‐R	
  Ent	
  (p49-­‐54).	
  
-­‐ Chapter	
  4:	
  Detection	
  of	
  a	
  new	
  plasmid	
  incompatibility	
  group	
  variant	
  (IncK2)	
  that	
  is	
  was	
  

found	
  in	
  samples	
  of	
  human,	
  poultry,	
  and	
  poultry-­‐meat	
  (p55-­‐73).	
  
	
  
The	
   aim	
  of	
   part	
  B	
  was	
   to	
   characterize	
   unknown	
   resistance	
  mechanisms	
   in	
  Enterobacteriaceae.	
  
This	
   was	
   accomplished	
   by	
   analysing	
   samples	
   with	
   an	
   exceptional,	
   previously	
   unreported,	
  
resistance	
  phenotype.	
  	
  
	
  
Part	
  B	
  resulted	
  in	
  three	
  different	
  studies	
  each	
  represented	
  in	
  a	
  separate	
  chapter:	
  

-­‐ Chapter	
   5:	
   Description	
   of	
   for	
   the	
   first	
   case	
   of	
   an	
   MDR	
   Salmonella	
   enterica	
   Kentucky	
  
harbouring	
  blaVEB-­‐8	
  and	
  blaOXA-­‐48	
  (p75-­‐80).	
  

-­‐ Chapter	
  6:	
   Characterization	
  of	
   a	
  XDR	
  Klebsiella	
  pneumoniae	
   co-­‐producing	
  NDM-­‐1,	
  OXA-­‐
48,	
  CTX-­‐M-­‐15,	
  CMY-­‐16,	
  qnrA,	
  and	
  armA	
  methyltransferase	
  (p81-­‐85).	
  

-­‐ Chapter	
  7	
  :	
  Detection	
  of	
  an	
  MDR	
  Citrobacter	
  freundii	
  harbouring	
  blaNDM-­‐1,	
  blaOXA-­‐48,	
  blaSHV-­‐
12,	
  blaCTX-­‐M-­‐15,	
  blaTEM-­‐1,	
  and	
  armA.	
  Moreover,	
  blaNDM-­‐1	
  gene	
  was	
  captured	
  in	
  a	
  novel	
  IncHI2	
  
plasmid	
  background	
  (p86-­‐87).	
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INTRODUCTION	
  
	
  
	
  
Since	
  the	
  discovery	
  of	
  penicillin	
  in	
  the	
  1920s	
  by	
  Prof.	
  Dr.	
  Fleming,	
  β-­‐lactam	
  antibiotics	
  became	
  of	
  

the	
  most	
   important	
   antibiotic	
   classes	
   for	
   the	
   treatment	
   of	
   infections	
   caused	
   by	
   Gram-­‐negative	
  

and	
   Gram-­‐positive	
   bacteria.1,	
   2	
   Meanwhile,	
   many	
   penicillin-­‐based	
   derivatives	
   have	
   been	
  

developed	
   all	
   having	
   the	
   same	
  mechanism	
   of	
   action.	
   	
   The	
   β-­‐lactam	
   antibiotics	
   impede	
   the	
   cell	
  

wall	
   biogenesis	
   of	
   bacteria	
   by	
   inhibiting	
   the	
   penicillin-­‐binding	
   proteins	
   (PBPs).	
   In	
   order	
   to	
  

maintain	
  the	
  cell	
  shape	
  as	
  well	
  as	
  to	
  resist	
  the	
  osmotic	
  pressure,	
  PBPs	
  are	
  needed	
  for	
  crosslinking	
  

the	
   single	
   peptidoglycan	
   strands	
   into	
   a	
   rigid	
   cell	
   wall.	
   Hence,	
   by	
   blocking	
   the	
   PBPs,	
   β-­‐lactam	
  

antibiotics	
  are	
  disabling	
  the	
  cell	
  wall	
  maintenance	
  which	
  is	
  leading	
  to	
  a	
  weakening	
  of	
  the	
  cell	
  wall	
  

and	
  consequently	
  cell	
  death.3	
  

Bacteria	
  have	
  developed	
  several	
  resistance	
  mechanisms	
  to	
  circumvent	
  the	
  action	
  of	
  the	
  β-­‐lactam	
  

antibiotics	
   amongst	
   them	
   porin	
   mutations,	
   efflux-­‐pumps,	
   alternative	
   PBPs	
   and	
   β-­‐lactam	
  

degradation	
  enzymes	
  so	
  called	
  β-­‐lactamases.	
  Methicillin-­‐resistant	
  Staphylococcus	
  aureus	
  (MRSA)	
  

on	
  one	
  hand	
  has	
  acquired	
  the	
  mecA	
  gene	
  which	
  encodes	
   for	
   the	
  PBP2A,	
  a	
  penicillin-­‐insensitive	
  

PBP	
  variant	
  that	
  renders	
  the	
  bacteria	
  resistant	
  against	
  penicillin-­‐like	
  antibiotics.3	
  Several	
  Gram-­‐

negative	
  bacteria	
  on	
  the	
  other	
  hand	
  have	
  acquired	
  β-­‐lactamases	
  that	
  inactivate	
  the	
  antibiotic	
  by	
  

hydrolysing	
  the	
  active	
  site,	
  the	
  so	
  called	
  β-­‐lactam-­‐ring,	
  in	
  the	
  periplasmic	
  space.2	
  	
  

These	
  β-­‐lactamases	
  consist	
  of	
  a	
  structurally	
  highly	
  diverse	
  group	
  of	
  enzymes,	
  which	
  also	
  differ	
  in	
  

their	
  hydrolytic	
  activity	
  against	
  the	
  diverse	
  β-­‐lactam	
  classes.	
  They	
  can	
  be	
  sub	
  classified	
  according	
  

to	
  two	
  major	
  schemes	
  depending	
  on	
  their	
  hydrolytic	
  activity	
  (Bush-­‐Jacoby-­‐Medeiros	
  System)	
  and	
  

based	
   on	
   their	
   structural	
   similarities	
   (Ambler	
   classification	
   System).4	
   The	
  most	
  widespread	
   β-­‐

lactamases	
   are	
   the	
   Extended-­‐Spectrum	
   β-­‐lactamases	
   (ESBLs)	
   that	
   belong	
   to	
   the	
   Bush-­‐Jacoby-­‐

Medeiros	
   Group	
   2be	
   and	
   the	
   Ambler	
   class	
   A.	
   ESBLs	
   are	
   hydrolysing	
   3rd-­‐	
   and	
   4th-­‐	
   generation	
  

cephalosporins	
   but	
   are	
   ineffective	
   against	
   carbapenems.4	
  With	
   increasing	
   numbers	
   of	
   reports	
  

worldwide	
   carbapenemases	
   are	
   becoming	
   an	
   emerging	
   public	
   health	
   problem	
   as	
   they	
   are	
  

hydrolysing	
   all	
   classes	
   of	
   β-­‐lactam	
   antibiotics	
   from	
   cephalosporins	
   to	
   carbapenems.	
  

Carbapenemases	
  are	
  highly	
  diverse	
  enzymes	
  that	
  belongs	
  to	
  three	
  of	
  the	
  Bush-­‐Jacoby-­‐Medeiros	
  

Groups	
  (2f,	
  2d,	
  and	
  3a)	
  and	
  are	
  represented	
  in	
  three	
  of	
  the	
  four	
  Ambler	
  classes	
  (A,	
  B,	
  and	
  D).4	
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ESBLs	
   and	
   carbapenemases	
   are	
   located	
   on	
   mobile	
   genetic	
   elements	
   (e.g.,	
   IS-­‐elements,	
  

transposons,	
  and	
  plasmids)	
  whereby	
  they	
  can	
  spread	
  inside	
  the	
  bacterial	
  community	
  and	
  even	
  to	
  

other	
  bacterial	
  species.2	
  Moreover,	
  especially	
  plasmids	
  and	
  class	
  1	
  integrons	
  can	
  co-­‐carry	
  many	
  

additional	
   resistance	
   genes	
   against	
   other	
   classes	
   of	
   antibiotics	
   (e.g.,	
   quinolones	
   and	
  

aminoglycosides)	
   and	
   at	
   times	
   along	
   with	
   multiple	
   classes	
   of	
   β-­‐lactamases	
   that	
   render	
   the	
  

bacteria	
   multi-­‐drug	
   resistant	
   (MDR),	
   extensively-­‐drug	
   resistant	
   (XDR),	
   or	
   even	
   pan-­‐drug-­‐

resistant	
  (PDR).5	
  	
  

In	
   the	
   times	
   of	
   globalization	
   where	
   animals,	
   goods,	
   and	
   people	
   travel	
   quickly	
   all	
   around	
   the	
  

world,	
   such	
   highly	
   drug-­‐resistant	
   bacteria	
   can	
   be	
   easily	
   spread	
   and	
   cause	
   epidemics.	
   The	
  

hyperepidemic	
   clone	
  Escherichia	
   coli	
   (E.coli)	
   ST131	
   carrying	
   the	
   ESBL	
   CTX-­‐M-­‐15	
   has	
   certainly	
  

taken	
  advantage	
  of	
  this	
  modern	
  lifestyle.6	
  Within	
  a	
  few	
  years	
  this	
  E.coli	
  has	
  managed	
  to	
  spread	
  all	
  

around	
   the	
   globe	
   and	
   to	
   become	
   the	
   major	
   clone	
   in	
   the	
   human	
   setting	
   in	
   almost	
   all	
   of	
   the	
  

countries.	
  Nowadays,	
  many	
  countries	
  set	
  up	
  surveillance	
  systems	
  in	
  order	
  to	
  prevent	
  outbreaks	
  

of	
  difficult-­‐to-­‐treat	
  pathogens.	
  

Such	
   highly	
   drug-­‐resistant	
   bacteria	
   are	
   imposing	
   an	
   increasing	
   threat	
   to	
   the	
   public	
   health	
  

systems	
   worldwide.	
   In	
   2013,	
   the	
   Centers	
   for	
   Disease	
   Control	
   and	
   Prevention	
   (CDC)	
   have	
  

classified	
   carbapenem-­‐resistant	
   Enterobacteriaceae	
   as	
   an	
   urgent	
   public	
   health	
   threat	
   with	
   the	
  

need	
   of	
   immediate	
   interventions	
   in	
   order	
   to	
   limit	
   the	
   further	
   spread	
   of	
   such	
   worrisome	
  

pathogens	
   (CDC,	
  Antibiotic	
  Resistance	
  Threats	
   in	
   the	
  United	
   States,	
   2013).	
   In	
   2014,	
   the	
  World	
  

Health	
   Organization	
   (WHO)	
   has	
   published	
   their	
   global	
   antimicrobial	
   resistance	
   report	
   where	
  

they	
  state	
   that	
   the	
  post-­‐antibiotic	
  area	
   is	
  approaching	
   if	
  not	
   immediate	
  actions	
  are	
  undertaken	
  

(WHO,	
  Antimicrobial	
   resistance:	
   global	
   report	
   on	
   surveillance,	
   2014).	
  The	
   two	
   reports	
   suggest	
  
various	
   interventions	
   including	
   the	
   reduction	
   and	
   prevention	
   of	
   the	
   spread	
   of	
   highly	
   drug-­‐

resistant	
   bacteria	
   by	
   better	
   hygiene	
   and	
   improved	
   access	
   to	
   clean	
   water	
   and	
   sanitation,	
   the	
  

development	
   of	
   rapid	
   diagnostic	
   tests,	
   new	
   antibiotics,	
   and	
   vaccines	
   as	
   well	
   as	
   a	
   responsible	
  

antibiotic	
   prescription	
   in	
   humans	
   and	
   animals.	
   Another	
   task	
   is	
   to	
   limit	
   the	
   usage	
   of	
   human	
  

antibiotics	
  in	
  non-­‐human	
  settings	
  (e.g.,	
  animals,	
  environment)	
  which	
  can	
  lead	
  to	
  the	
  selection	
  and	
  

spread	
  of	
  difficult-­‐to-­‐treat	
  pathogens	
  that	
  can	
  eventually	
  cause	
  severe	
  infections	
  in	
  humans.	
  	
  

In	
  Switzerland,	
  authorities	
  have	
  mandated	
  the	
  Federal	
  Office	
  of	
  Public	
  Health,	
  together	
  with	
  the	
  

Federal	
  Food	
  Safety	
  and	
  Veterinary	
  Office	
  and	
   the	
  Federal	
  Office	
   for	
  Agriculture	
   to	
  develop	
  by	
  

2015	
   a	
   national	
   strategic	
   action	
   plan	
   to	
   control	
   antimicrobial	
   resistance	
   (StAR)	
   (see	
  

http://www.bag.admin.ch/themen/medizin/14226/index.html?lang=de).	
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These	
  reports	
  are	
  based	
  on	
  a	
  globally	
  emerging	
  problematic	
  where	
  increasing	
  numbers	
  of	
  MDR	
  

and	
   even	
   XDR	
   pathogens	
   are	
   being	
   identified	
   and	
   the	
   antibiotic	
   armamentarium	
   is	
   starting	
   to	
  

become	
  ineffective.	
  This	
  development	
  is	
  even	
  more	
  dramatic	
  when	
  taking	
  into	
  consideration	
  that	
  

there	
   are	
   almost	
   no	
   new	
   antibiotic	
   class	
   in	
   the	
   pipeline,	
   a	
   situation	
   that	
  WHO	
   referrers	
   to	
   as	
  

“discovery	
  void”.	
  As	
   the	
  antibiotic	
  pipeline	
   is	
  virtually	
  empty,	
   future	
  strategies	
  must:	
   i)	
   contain	
  

the	
   spread	
   of	
   highly	
   drug-­‐resistant	
   bacteria,	
   and	
   ii)	
   limit	
   the	
   use	
   of	
   the	
   so	
   called	
   last-­‐resort	
  

antibiotics	
  and	
  preserve	
  them	
  for	
  the	
  therapy	
  of	
  cases	
  with	
  nearly	
  untreatable	
  pathogens	
  (CDC,	
  

Antibiotic	
  Resistance	
  Threats	
   in	
  the	
  United	
  States,	
  2013;	
  WHO,	
  Antimicrobial	
  resistance:	
  global	
  
report	
  on	
  surveillance,	
  2014).	
  	
  

With	
  increasing	
  numbers	
  of	
  difficult-­‐to-­‐treat	
  or	
  even	
  untreatable	
  pathogens	
  we	
  are	
  approaching	
  

a	
  post-­‐antibiotic	
  area	
  where	
  previously	
  treatable	
  infections	
  can	
  once	
  again	
  lead	
  to	
  an	
  increase	
  of	
  

morbidity	
  and	
  mortality	
   in	
  humans	
  and	
  animals	
   (WHO,	
  Antimicrobial	
   resistance:	
  global	
   report	
  
on	
   surveillance,	
   2014).	
   Furthermore,	
   such	
   highly	
   drug-­‐resistant	
   bacteria	
   are	
   not	
   exclusively	
  

detected	
  in	
  hospitals	
  and	
  other	
  locations	
  where	
  the	
  antibiotic	
  consumption	
  is	
  high,	
  but	
  they	
  are	
  

also	
  more	
  and	
  more	
  detected	
  in	
  settings	
  where	
  the	
  consumption	
  and/or	
  use	
  of	
  antibiotics	
  is	
  low	
  

like	
   for	
  example	
   in	
  healthy	
  people	
   from	
  the	
  community,	
  environment,	
   food	
  animals,	
   	
  as	
  well	
  as	
  

food	
  chain.	
  7-­‐11	
  The	
  review	
  paper	
  in	
  the	
  following	
  section	
  (Overview)	
  describes	
  in	
  detail	
  the	
  role	
  

and	
  zoonotic	
  potential	
  of	
  livestock	
  for	
  public	
  health.2	
  

In	
   order	
   to	
   limit	
   the	
   spread	
   of	
   antibiotic-­‐resistant	
   zoonotic	
   bacteria	
   between	
   animals	
   and	
  

humans,	
   it	
   is	
  of	
  particular	
   importance:	
   i)	
   to	
  determine	
  potential	
  reservoirs	
  of	
  such	
  highly	
  drug-­‐

resistant	
  bacteria,	
  and	
  ii)	
  to	
  identify	
  the	
  transmission	
  pathways	
  linking	
  the	
  various	
  settings.	
  	
  

This	
   thesis	
   determined	
   whether	
   there	
   is	
   transmission	
   of	
   extended	
   cephalosporin-­‐resistant	
  

bacteria,	
  especially	
  E.	
  coli,	
  between	
  the	
  human	
  and	
  animal	
  reservoirs.	
  These	
  two	
  settings	
  are	
  of	
  

special	
   importance	
  as	
   the	
  antibiotic	
  usage	
   is	
  high,	
  particularly	
   in	
  hospitals	
   and	
   food-­‐producing	
  

animals,	
  and	
  as	
  food	
  may	
  contribute	
  as	
  vehicle	
  between	
  both	
  settings.	
  2	
  Beside	
  hospitals,	
  the	
  food	
  

producing	
   animal	
   industry	
   is	
   using	
   an	
   enormous	
   amount	
   of	
   antibiotics	
   for	
   the	
   prevention	
   and	
  

treatment	
  of	
  infection	
  diseases.	
  2	
  This	
  load	
  of	
  antibiotics	
  creates	
  an	
  important	
  selective	
  pressure,	
  

which	
  consequently	
  gives	
  rise	
  to	
  resistant	
  bacteria	
  that	
  can	
  spread	
  within	
  the	
  animal	
  reservoir,	
  

into	
  the	
  environment	
  as	
  well	
  as	
  to	
  humans,	
  primarily	
  via	
  contaminated	
  food	
  or	
  via	
  aerosols.9-­‐11	
  

Even	
  more	
  worrisome	
   is	
   the	
  usage	
   of	
   the	
   same	
  or	
   similar	
   antibiotic	
   classes	
   in	
   both	
   reservoirs	
  

(e.g.,	
  3rd	
  generation	
  cephalosporins),	
  which	
  can	
  lead	
  to	
  the	
  transmission	
  and	
  subsequent	
  spread	
  

of	
  similar	
  resistance	
  genes	
  throughout	
  the	
  bacterial	
  community	
  in	
  both	
  settings.2	
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Switzerland	
   represents	
   a	
   good	
   setting	
   for	
   such	
   a	
   study	
   as	
   the	
   prevalence	
   rates	
   of	
   highly	
   drug	
  

resistant	
   Enterobacteriaceae	
   in	
   hospitalized	
   humans	
   are	
   among	
   the	
   lowest	
   in	
   whole	
   Europe,	
  

which	
  makes	
  it	
  an	
  ideal	
  area	
  to	
  investigate	
  the	
  transmission	
  pathways	
  between	
  the	
  human	
  and	
  

animal	
  reservoirs.	
  	
  	
  

Another	
   focus	
   of	
   the	
   thesis	
   was	
   to	
   study	
   β-­‐lactamases	
   in	
   new	
   genetic	
   elements	
   and/or	
   new	
  

bacterial	
   species.	
   Such	
   strains	
   were	
   mainly	
   collected	
   from	
   patients	
   that	
   were	
   hospitalized	
   in	
  

foreign	
   countries	
   and	
   were	
   later	
   on	
   transferred	
   to	
   Switzerland.	
   In	
   order	
   to	
   maintain	
   the	
   low	
  

resistance	
   rates	
   and	
   to	
   prevent	
   the	
   spread	
   of	
   highly	
   drug-­‐resistant	
   pathogens,	
   Switzerland	
   is	
  

following	
   strict	
   isolation	
   rules	
   for	
   patients	
   coming	
   from	
   foreign	
   countries.	
   Part	
   of	
   this	
  

surveillance	
   is	
   to	
   characterize	
   the	
   strains	
   for	
   the	
   detection	
   of	
   highly	
   drug-­‐resistant	
   bacteria.	
  

Several	
  of	
  those	
  isolates	
  were	
  further	
  characterized	
  in	
  this	
  thesis.	
  	
  

Knowing	
  the	
  potential	
  transmission	
  pathways	
  would	
  help	
  in	
  limiting	
  the	
  quick	
  expansion	
  of	
  MDR	
  

and	
  XDR	
  pathogens	
  and	
  give	
  more	
  time	
  to	
  research	
  to	
  develop	
  new	
  antibiotics,	
  vaccines	
  and/or	
  

other	
  therapeutics.	
  	
  

The	
   several	
   different	
   reservoirs	
   described	
   above	
   have	
   been	
   studied	
   during	
   this	
   thesis	
   and	
   are	
  

presented	
  in	
  the	
  following	
  chapters	
  providing	
  novel	
  and	
  important	
  findings	
  on	
  the	
  global	
  spread	
  

of	
  antibiotic	
  resistance.	
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OVERVIEW:	
  an	
  introductory	
  review	
  of	
  the	
  situation	
  
	
  
	
  
In	
  order	
  to	
  get	
  a	
  precise	
  overview	
  of	
  the	
  situation	
  regarding	
  the	
  risk	
  of	
  transmission	
  of	
  ESC-­‐R	
  Ent	
  

between	
   the	
   animal	
   and	
   human	
   reservoirs,	
   a	
   review	
   including	
   all	
   relevant	
   papers	
   from	
   the	
  

previous	
  years	
  has	
  been	
  written.	
  

	
  

The	
   review	
   was	
   entitled	
   “Extended-­Spectrum	
   Cephalosporin-­Resistant	
   Gram-­negative	
  

Organisms	
   in	
   Livestock:	
   an	
   Emerging	
   Problem	
   for	
  Human	
  Health?”	
   and	
  was	
   published	
   in	
  

Drug	
  Resistance	
  Updates	
  in	
  2013	
  (Seiffert	
  et	
  al.,	
  Drug	
  Resistance	
  Updates;	
  16(1-­‐2):22-­‐45,	
  2013).	
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Chapter	I	
	
	
Based	on	the	lack	of	information	regarding	the	prevalence	of	ESC‐R	E.coli	in	Switzerland	the	first	

study	conducted	was	a	detailed	characterization	of	611	isolates	from	hospitalized	patients	at	the	

University	Hospital	of	Bern	isolated	between	September	and	December	2011.		

The	 overall	 prevalence	 of	 ECR‐R	 E.coli	 was	 6.5%,	 which	 can	 be	 considerate	 as	 low	 value	

compared	 to	 other	 countries.	 The	 most	 frequently	 detected	 resistances	 were	 CTX‐M‐variants	

(75%,	 mainly	 CTX‐M‐15	 with	 35%)	 and	 CMY‐2	 (12.5%).	 Surprisingly,	 most	 AmpC‐producers	

were	detected	 in	SOC	patients,	which	could	 serve	as	a	 “vehicle”	 for	 the	 transmission	of	highly‐

drug	resistant	E.coli	into	the	community	(and	vice	versa).	

	

The	 study	 was	 published	 in	 the	 Journal	 of	 Antimicrobial	 Chemotherapy	 under	 the	 title	

“Extended‐spectrum	 cephalosporin‐resistant	 Escherichia	 coli	 in	 community,	 specialized	

outpatient	 clinic	 and	 hospital	 settings	 in	 Switzerland”	 in	 2013	 (Seiffert	 et	 al.,	 Journal	 of	

Antimicrobial	Chemotherapy;	68(10):2249‐2254,	2013).	
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Chapter	II	
	
	
The	second	study	investigated	poultry‐meat	as	potential	source	for	ESC‐R	Ent.	A	total	of	fourteen	

samples	were	purchased	at	different	grocery	stores	 in	Bern	between	November	and	December	

2012.	70%	of	the	samples	turned	out	to	be	contaminated	with	ESC‐R	E.coli	and	ESC‐R	P.	mirabilis.		

The	most	 interesting	discovery	was	a	class	1	 integron	(~17kb)	that	harboured	blaVEB‐6	and	has	

been	previously	reported	in	a	human	isolate	from	France.		

	

Results	 were	 presented	 at	 the	 53rd	 Interscience	 Conference	 on	Antimicrobial	Agents	 and	

Chemotherapy	(ICAAC)	–	USA,	Denver,	CO	–	September	9‐13,	2013	(see	Poster	presentation	at	

the	end	of	this	chapter)	

	

The	 study	 was	 published	 Antimicrobial	 Agents	 and	 Chemotherapy	 under	 the	 title	 “High	

Prevalence	of	Extended‐Spectrum	Cephalosporin‐Resistant	Enterobacteriaceae	in	Poultry	Meat	in	

Switzerland:	Emergence	of	CMY‐2‐	and	VEB‐6‐possessing	Proteus	mirabilis”	in	2013	(Seiffert	et	

al.,	Antimicrobial	Agents	and	Chemotherapy;	57(12):6406‐6408,	2013).	
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Supplementary	Materials	for	Chapter	II	
	
	
Figure	1S.	Results	of	the	rep‐PCR	analysis.	

	
The	two	VEB‐6‐positive	P.	mirabilis	isolates	found	in	poultry	meat	(#16	and	#17)	in	Bern	(Switzerland)	are	
indistinguishable	to	each	other	and	possess	a	94%	genetic	identity	with	the	VEB‐6‐positive	strain	(VB1248)	
found	in	a	French	patient.	The	CMY‐2‐positive	isolates	found	in	humans	in	Bern	(n=4;	i.e.,	4810.05,	4810.40,	
4812.18,	and	5106.42)	do	not	show	any	genetic	relation	with	those	detected	in	meat.	
	
	
Table	1S:	Primers	used	for	the	characterization	of	the	class	2	integron	
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Table	2S:	Primers	used	for	the	characterization	of	the	class	1	integron	
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Chapter	III	
	
	
This	very	original	study	examined	the	contamination	of	pet	food	with	ESC‐R	Ent.	For	this	purpose	

30	packages	purchased	at	different	grocery	stores	in	Bern	were	tested	for	living	bacteria	as	well	

as	the	presence	of	β‐lactamase	genes.		

70%	of	the	samples	were	contaminated	with	one	or	more	β‐lactamase	genes.	Those	β‐lactamase	

genes	however	are	usually	more	related	to	the	human	reservoir	(CTX‐M‐15,	CMY‐4)	than	to	the	

animal	reservoir.		Furthermore,	27%	of	the	samples	contained	blaOXA48‐like	carbapenemase	genes.	

	

Preliminary	 results	were	 presented	 at	 the	24th	European	Congress	of	Clinical	Microbiology	

and	 Infectious	 Diseases	 (ECCMID)	 –	 Barcelona,	 Spain	 –	 May	 10‐13,	 2014	 (see	 Poster	

presentation	at	the	end	of	this	chapter).	

	

The	 study	was	 published	 in	Antimicrobial	Agents	 and	Chemotherapy	 under	 the	 title	 “High	

Prevalence	 of	 Extended‐Spectrum	 β‐Lactamase,	 Plasmid‐Mediated	 AmpC	 and	 Carbapenemase	

genes	 in	 Food	 for	 Pets”	 in	 2014	 (Seiffert	 et	 al.,	 Antimicrobial	 Agents	 Chemotherapy;	

58(10):6320‐6323,	2014).		
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Chapter(IV(
!
!
In! this! study,! the!whole! sequence!of!blaCMY6carrying! IncK!plasmids!was!determined! from!E.&
coli! strains! isolated! from! human! infections,! poultry! and! poultry! meat! E.coli.! The! analysis!
showed!that!all!the!plasmids!belonged!to!a!novel!variant!of!incompatibility!group!of!plasmids,!
the!IncK2!group.!
!
The!paper!will!be!submitted!to!the!Journal!of!Antimicrobial!Chemotherapy.!!
!
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Abstract 

Objective: Plasmids are vehicles for transferring resistance genes between bacteria of human and 

animal origin. However, in-deep analyses of such shared plasmids are still scarce. This study compares 

whole sequences of blaCMY-carrying plasmids that originated from diverse E.coli from humans, poultry 

and poultry-meat to evaluate their relationship. 

Methods: Nine genetically diverse strains (three from each origin) harboring blaCMY-carrying IncK-

like plasmids were analyzed by PstI digestion and whole plasmid sequencing. Strains were 

characterized using MLST and MIC determination. Incompatibility testing was performed using 

conjugation assays. 

Results: Plasmids from different sources showed 99% nucleotide identity. The phylogenetic analysis 

of the incompatibility regions showed that they were forming a new plasmid variant within the IncK 

and IncB/O group. This novel plasmid variant was designated as IncK2 based on conjugation assays 

and incRNAI sequences, with respect to the IncK and IncB/O reference plasmids. 

Conclusion: Comparative genetic analysis of blaCMY-carrying plasmids revealed the presence of a 

common novel IncK plasmid variant, IncK2 in diverse E. coli from poultry-meat production and human 

infections. This finding suggests that the IncK2 plasmids originated from a common progenitor and 

have the capability to spread to genetically diverse E.coli in the different reservoirs. This discovery is 

highly alarming and should stimulate the rapid introduction of strict hygiene measures along the food 

chain to stop the spread of such plasmids in the human settings.  
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Introduction  

E. coli represent a large group of bacteria with pathogenic and non-pathogenic strains (1). These strains 

colonizing or infecting humans and animals are usually specifically adapted to their hosts with the 

exception of some zoonotic pathogenic E. coli (1, 2). Additionally, a large diversity exists among 

strains of a same source in terms of sequence types (STs), β-lactamase-types as well as plasmid 

incompatibility groups (3). A few clones have been successful and became epidemic in human 

hospitals like ST131 (4, 5). The worldwide dissemination of such international Enterobacteriaceae 

clones along with resistance plasmids carrying β-lactamase genes is posing an increasing threat to the 

public health systems (5).  

Poultry and poultry-meat have been revealed as a large reservoir of extended spectrum-β-

lactamases (ESBL) and!plasmid-mediated AmpC (pAmpC) enzymes in several countries (6-9). These 

resistance genes are encoded on various mobile genetic elements; however, they are detected primarily 

on plasmids that are self-replicating extrachromosomal elements. Such plasmids vary not only in their 

size and compatibility to other plasmid groups but also in their capability of transferring to various 

bacteria species (10).  

The involvement of plasmids in the zoonotic spread of β-lactamases and carbapenemase genes between 

human and animal reservoirs has been already emphasized (3, 11). Additionally, the presence of similar 

plasmids in E.coli from humans, poultry and poultry-meat has been reported (12, 13). However, firm 

evidence of the spread of the same plasmids in E.coli causing human infections and in E.coli from the 

poultry-meat chain using whole plasmid sequencing (WPS) has not yet been demonstrated (14, 15).  

Comparing datasets from poultry, poultry-meat, and clinical human isolates from Switzerland, 

we noticed that the pAmpC blaCMY-2 and blaCMY-4 genes were associated with plasmids belonging to the 

IncB/O/K groups (8, 9, 16). Other studies investigating pAmpC-producing E.coli have detected the 

same kind of plasmid in healthy humans (17, 18), poultry (19), and poultry-meat (20). This prompted 

us to perform an in-depth analysis of blaCMY-carrying IncB/O/K plasmids to demonstrate for the first 

time that E.coli isolates found in Switzerland and in these three settings share the same plasmids, also 

revealing a novel IncK-group variant, IncK2.  
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Methods 

Bacterial strains  

Strains were obtained from previous studies characterizing 3rd-generation cephalosporin-resistant E.coli 

(3GC-R-Ec) from poultry, poultry-meat, and human infection (8, 9, 16) as well as from the Laboratory 

of Microbiology of the Institute of Infectious Diseases, University of Bern (Table 1).  

Strains were selected because they were positive for blaCMY-(2/4) by PCR/DNA sequencing (16) and 

because they had been assigned to either IncK and/or IncB/O by PCR-based replicon typing (PBRT) of 

plasmids (21). Plasmids were transformed by electroporation into E. coli ElectroMax DH10B 

competent strains (Thermo Scientific), or intoE. coli One Shot® TOP10 Electrocomp (Life 

Technologies) as described previously (9). The MIC of antibiotics was obtained using the microdilution 

Sensititre panels ESB1F and EUMVS2 (Trek Diagnostics) and interpreted following the CLSI 

guidelines. Sequence types (ST) were assigned following the multi-locus sequence typing (MLST) 

Achtman scheme (http://mlst.ucc.ie/mlst/dbs/Ecoli).  

Restriction analysis and WPS 

Plasmids were purified using the Genopure Plasmid Midi Kit (Roche Diagnostic) according to the 

manufacturer's procedures. Plasmids were first, digested using PstI (Bioconcept) and run on a 0.8% 

agarose gel electrophoresis (Figure S1). 

WPS was performed using the 454-Junior Genome Sequencer procedure (Roche Diagnostic). The 

libraries were constructed with the plasmid DNA that was previously purified using the Genopure 

Plasmid Midi Kit (Roche Diagnostic).! The libraries were constructed using the GS FLX Titanium 

Rapid Library Preparation Kit. 

De novo assembly of DNA reads, gap-closure and annotation 

Contigs with at least a 70-fold coverage were obtained using the GS-FLX gsAssembler software. The 

assembly of the contigs was first done in silico by using the 454 ReadStatus output file, generated by 

the gsAssembler software (Roche Diagnostics), identifying reads overlapping adjacent contigs. The 

assembly and gap-closure was confirmed and verified by PCR followed by Sanger DNA sequencing. 

The annotation was done using the Artemis Version 8 (Sanger Institute) in combination with a pairwise 

alignment that was performed by a BLASTN and BLASTP homology search 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
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Phylogenetic analysis of IncB/O/K plasmids 

For the phylogenetic analysis of the IncB/O/K plasmids, two fully sequenced reference plasmids, 

namely pCT belonging to IncK (GenBank acc. No. FN868832.1; unpublished) and p3521 belonging to 

IncB (NC_014843.1; (22) were included. These reference plasmids were chosen as they represent the 

genetic outgroup of the new IncK2 plasmid variant. The homology trees were calculated based on the 

Observed Divergence method (left panel of Figure 2), whereas the phylogenetic threes were 

constructed with the Jukes and Cantor model (2000 Bootstrap trials) (right panel of Figure 2) using the 

DNAMAN phylogenetic analysis software (Lynnon BioSoft). The following settings were applied for 

the Quick Alignment with a gap penalty of 7, K-tuple of 2, number of top diagonals of 4. 

The trees in line A were constructed based on the backbones of the plasmids (Figure 2). This was 

achieved by removing all mobile genetic elements of the plasmids. For the IncK2 plasmids, the blaCMY-

carrying element was removed (position 42023-45695 in pTMSA970) and in addition for pTMSA970 

the IS26 (position 4801-6009 in pTMSA970). For the reference IncK and IncB plasmids, the blaCTX-M-

14-carrying element was removed from the IncK reference plasmid (position 68837-71981 in 

FN868832.1) and the 26kb large IS26 element in the IncB reference plasmid (position 59569-86117 in 

NC_014843.1). The trees in line B were constructed additionally removing the shufflon. The shufflon 

region starts at the shufflon-specific DNA recombinase (Rci) and ends with the last shufflon gene in 

each of the plasmids including the references (position 62686-!65450 in pTMSA970).    

Conjugation for incompatibility testing 

Mating experiments were performed crossing the transformant strain containing plasmid p5312.29 and 

the one containing pTMSA970 with reference plasmids Rhh72 (IncB/O), and R387 (IncK) (provided 

by the Istituto Superiore di Sanità, Rome, Italy) which are used for incompatibility testing (23). 

Matings were performed for 24h at 37°C on solid Luria-Bertani (LB) agar plates without antibiotics.!
Donors and transconjugants were counted plating serial dilutions on LB plates containing 50 µg/ml of 

ampicillin, 50 µg/ml kanamycin, 25 µg/ml chloramphenicol, 50 µg/ml of ampicillin plus 50 µg/ml 

kanamycin, and 50 µg/ml of ampicillin plus 25 µg/ml chloramphenicol. 

PBRT update for the IncK2 plasmid variant 

A novel reverse primer (NAME: 5`-GCCACAAGCTGTCGCTTA-3`) that can be used in combination 

with the universal IncB/O-K forward primer (NAME: 5`-GCGGTCCGGAAAGCCAGAAAAC-3`) of 

the PBRT kit was designed to generate a 242bp PCR product in order to distinguish the IncK2 from the 

IncB/O/K group by PCR and sequence analysis. Amplification conditions were the followings:  1 cycle 
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of denaturation at 94°C for 10 minutes, continued by 30 cycles of denaturation at 95 °C for 1 minute, 

annealing at 60°C for 30 seconds and elongation at 72 °C for 1 minute, followed by 1 cycle at 72°C for 

5 minutes.     

Nucleotide sequence accession numbers 

The complete nucleotide sequence of the seven IncK2 plasmids have been deposited into the Genebank 

database under accession numbers KR905385 (p5312.29), KR905389 (p4809.66), KR905387 

(pTMSA992), KR905388 (pTMSA970), KR905386 (pTMSA1088), KR905384 (pDV45), and 

KR905390 (pDV10). 
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Results and Discussion 

Restriction analysis and plasmid sequencing 

The comparison by restriction of nine plasmids obtained from humans, poultry and poultry meat 

isolates illustrates high degree of relatedness among each other (Figure S1). Identical plasmid 

restriction profiles were observed for five plasmids including three from human (plasmids p5312.29, 

p4809.66, and p4901.67), one from poultry (pTMSA992), and one from poultry meat isolate (pDV45). 

Plasmids from four additional isolates from poultry (pTMSA1088, pTMSA970), and poultry meat 

strains (pDV10, pDV56) also showed highly-related restriction profiles, differing for one or two bands 

only.  

Seven plasmids were selected for complete sequencing, as representative of the different 

variants detected by restriction. WPS revealed the presence of common blaCMY-containing plasmids in 

genetically diverse E. coli from poultry (ST38, ST420), poultry meat (ST38, ST1564) and human 

infections (ST131, ST1431). Plasmids differed from each other within the shufflon region, and the 

highly variable region situated between impC and nikA. A major deletion of approximately 6 kb, that 

starts after yfbA and ends before psiB, distinguished plasmids pDV10, pTMSA1088, pTMSA970 

pTMSA992 from the larger plasmids pDV45, p4809.66, and p5312.29. Plasmid pTMSA970 had also 

an extra insertion of IS26. 

The highly variable region between impC and nikA also harbors, along with many genes of unknown 

function, the putative antirestriction protein YfeB as well as the single-stranded DNA-binding (SSB) 

protein. The main functions of the SSB protein are binding of ssDNA and subsequent protection from 

degradation by nucleases, whereas the function of the antirestriction protein YfeB is not yet defined. 

The direct consequences of the loss of SSB and of YfeB for the IncB/O/K-group plasmids are difficult 

to determine and need further investigations.  

The shufflon is a biological switch that controls the C-terminal end of the PilV proteins via site-

specific recombination. This mechanism was described in R64 as well as in pCT where the shufflon, 

despite being part of a minor component of the thin pilus, determines the recipient specificity in liquid 

mating (24, 25). The shufflon of R64 consists of four invertible DNA fragments embedded of seven 

19bp repeat sequences. Those 19bp repeats can be subdivided into the 7bp core-site region where the 

DNA crossover occurs and the highly conserved 12bp right arm region (26). The shufflon of the seven 

plasmids is highly diverse and contains from two to eight recombination sites. Four, from R64 distinct 

19-bp repeat sequences were identified. Interestingly, the 7bp core-site region is identical to the ones 

67

PART A - CHAPTER IV



!

!

identified in the IncI1/I2 plasmids. Their terminology is following the designation of the repeats in R64 

(24) (i.e., repeat-e: GTGCCAATCCGGTtcgTGG; repeat-f: GTGCCAATCCGGTatcTGG; repeat-g: 

GTGCCAATCCGGTGtgtGG; repeat-h: GTGCCAATCCGGTttgTGG; letters in italic represent the 

core-site, small letters for the variable bases).  

The three plasmids pTMSA970, pTMSA992, and p5312.29 have only two repeat-e sequences, 

followed by p4809.66 with four repeat sequences in the following order: e-e-e-g. The most complex 

shufflons with eight repeat sequences each were detected in pDV10 (g-g-e-e-e-e-h-f), pDV45 (e-e-e-e-

g-g-h-f), and pTMSA1088 (e-e-h-f-e-e-g-g).  Although, no apparent correlation between the numbers 

of recombination sites could be detected (neither with the plasmid size of the plasmid nor with their 

origin), the observation of such great diversity may have an impact of the mating preferences of the 

various plasmids and should therefore be further investigated.  

Incompatibility assays 

Sequence analysis of the region upstream of the repA including the incRNAI revealed that the DNA 

sequences of the seven plasmids diverged from the previously reported incRNAI of the IncK, IncB and 

IncB/O plasmids (Figure 4). This region before the repA is highly conserved among the specific 

plasmid Inc groups and is crucial for the incompatibility behavior among plasmids of the same group 

(23, 27). The key element for this behaviour is the incRNAI that is forming a stem-and loop structure 

and negatively regulates the transcription of repA. Consequently, if two plasmids of the same or similar 

Inc group(s) reside in the same bacterial cell the incRNAIs hybridize with each other and prohibiting 

translation (23). Additionally, a phylogenetic tree constructed using only the incRNAI sequences which 

contain the stem-and loop structure strengthened the previous observations that the seven plasmids are 

highly similar to each other, and that they are more closely related to the IncK group that to the IncB/O 

groups.  

The divergent incRNAI sequences suggested that these plasmids could be compatible with the 

IncK and IncB/O reference plasmids. Therefore, incompatibility assays were performed crossing 

5312.29 and TMSA970 strains with both IncB/O Rhh72 and IncK R387 reference strains, respectively. 

Transconjugants were obtained from all mating experiments but at different frequency. Both 5312.29 

and TMSA970 showed higher frequency of conjugation when crossed with IncB/O (1 x 10-5 

transconjugant/donor cell) than when crossed with IncK (1 x 10-7 transconjugant/donor cell) reference 

plasmid. This suggests that the plasmids under study are more closely related to IncK than to IncB/O. 

Based on both conjugation results and incRNAI sequence analysis, the plasmids were assigned to a 

novel variant of the IncK group designated as IncK2. 
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Phylogenetic analysis of the IncK2 plasmids 

A solid indication that all the IncK2 plasmids analyzed have a common ancestor is the fact that the 

blaCMY-carrying mobile element (ISEcp1-blaCMY-(2/4)-blc-sugE1) is integrated at the same site in all of 

the seven plasmids inside the tra locus and between the traT and TraU (Figure 2). This identical 

structure and integration site have been already reported in an IncK plasmids (18). Notably, the only 

blaCMY-4-carrying plasmid pDV10 has also developed from the same progenitor as the other plasmids 

and was subjected to subsequent evolution via a Trp221Arg substitution in blaCMY-2, which is the single 

amino acid substitution which distinguishes CMY-4 from CMY-2. 

The phylogenetic analysis of the IncK2 plasmids supported the hypothesis of a common 

ancestor, as the plasmid-backbone homology of the seven plasmids was 99% (Figure 2A). This 

similarity is remarkable given that the percentage of homology dropped to 84% for the two reference 

plasmids IncK and IncB. The new IncK2 plasmids are closely-related to the IncK and IncB references. 

The phylogenetic tree shows a similar topology in which the IncK2 plasmids are a very homogenous 

cluster with both reference plasmids at the same distance (Figure 2A). However, when deleting the 

shufflon region the plasmid-backbone homology among all the IncK2 plasmids increases to 100% 

(Figure 2B), whereas the homology stays constant at 85% regarding the two references IncK and IncB.  

Due to the highly probable involvement of the shufflon region in the mating preferences of the 

respective isolate, a process that is only indirectly linked to the evolution of the remaining plasmid 

sequence, the increase in homology to 100% can be taken as another firm indication for a common 

ancestor of all the IncK2 plasmids.  

Taken together, these results lead to the assumption that the IncK2 plasmids are an overall 

highly homogenous cluster although they are distributed in genetically diverse E.coli isolated from 

different sources and time frames. The phylogenetic analysis points towards a common ancestor that 

has subsequently spread between the various reservoirs.  Indeed, the most striking characteristic of the 

IncK2 group is the broad reservoir (including poultry, poultry-meat and humans isolates) from which 

they were isolated. There is strong evidence that all IncK2 plasmids originated from a common source 

due to: i) the identical integration site of the blaCMY-carrying mobile element; ii) the overall 99% 

homology among all the plasmids; and iii) the increase of homology to 100% once the shufflon is 

excluded from the comparison.  

Recent publications from the Netherlands, Sweden, and Japan investigating pAmpC-producing 

E.coli isolates from healthy and hospitalized humans as well as strains from poultry and poultry-meat, 

have reported a high prevalence of blaCMY-2 in both reservoirs (14, 15, 20, 28-30). Using the PBRT kit, 

a substantial part of the blaCMY-2-carrying plasmids was localized on either IncK plasmids or IncB/O 
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plasmids. It has to be noted that by using the PBRT the IncK2 plasmid-carrying strains may have had 

falsely identified as positive for the IncK or IncB/O plasmid groups. Indeed, all the strains of our study 

showed a cross-reaction with IncB/O, an issue that was already discussed in the paper from Carattoli et 

al. 2005 (21). Hence, it can be assumed that they may also belong to the novel IncK2 incompatibility 

group.  

In our study we observed that five of the nine plasmids were carried by clones of the ExPEC group 

(i.e., ST38 in one poultry and two poultry-meat strains and ST131 in one human isolate) indicating that 

ExPEC may have better affinity for IncK2 plasmids. The novel IncK2 group seems to be an emerging 

epidemic plasmid with a preference for E.coli isolated from human- and poultry-related reservoirs.  

To our knowledge, this is the first time that a highly conserved plasmid family is described in isolates 

from human infection, poultry, and poultry meat all coming from the same geographic region. 

However, further epidemiological studies are needed to assess if poultry and poultry meat are the main 

reservoir of this plasmid. Nevertheless, the presence of a common plasmid in three different settings is 

alarming and should stimulate rapid of adequate measures in the meat production chain in order to limit 

the spread of broad-host range drug-resistant plasmids.  
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Figure 1: Structural features of seven fully sequenced IncK2 plasmids. The open reading frames are illustrated in 
arrows pointing towards their respective orientation (Figure created by EasyFig). The colour code is as follows: The tra and 
trb transfer loci are in green, antibiotic resistance genes in red, mobile elements (IS) in orange, replicase genes in purple, 
partitioning genes and toxin/anti-toxin and other stabilization systems in yellow, shufflon-associated genes in violett, pilus 
genes in pale blue, and genes with unknown function are in white. Important genes and loci are indicated above the first 
plasmid sequence. Plasmid sequence pTMSA970 carries an additional IS26 element which is indicated in the figure. The 
blue lines above the figure indicate the different loci and the shufflon-region. The indications on the left hand side are the 
respective plasmid profile (see Figure S1). 
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Figure 2: Phylogenetic analysis of the IncB/O/K group of plasmids. The analysis includes the plasmids of the novel 
IncK2 group as well as the reference plasmids pCT and p3521of the IncK (FN868832) and IncB (NC_014843) groups 
(Figure was created by DNAMAN). A) The two figures in the upper part are based on the analysis of the entire plasmid 
sequences whereas in B) the analysis is performed on the same plasmid sequences but lacking the shufflon region. On the 
left hand side are the homology trees that were created using the Observed Divergence method whereas the figures on the 
right hand side represent phylogenetic trees that were calculated based on the Jukes and Cantor method with a Bootstrap 
value of 2000. 
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Figure 3: Phylogenetic tree and sequence alignment of the incRNAI-II of the IncB/O/K-group plasmids including 
references. The sequences were extracted from the IncK2 plasmids as well as from the reference plasmids of IncB and 
IncK. The IncB/O reference sequence derived from the paper of Couturier et al, 1988 (13). The phylogenetic tree was 
constructed (DNAMAN) with the incRNAI sequences only (in capital letters) using the Jukes and Cantor model (2000 
Bootstrap trials). Abbreviations: H= human infection; C=chicken; CM=poultry meat.
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Figure S1: Figure S1: Restriction analysis of the IncK2-group plasmids using PstI. Origin is indicated in 
parentheses. Line 1:  p4809.66 (human), line 2: pDV56 (poultry meat), line 3: pDV10 (poultry meat), line 4: pDV45 
(poultry meat), line 5: p4901.67 (human), line 6: p5312.29 (human), line 7: pTMSA1088 (poultry), line 8: pTMSA992 
(poultry), line 9: pTMSA970 (poultry). Line L indicates the Log2 ladder (Bioconcept) (values in kbp). 
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Chapter!V!!
!
!
In! this! study,! isolates! from! a! patient! that! was! transferred! from! Libya! to! Switzerland! were!
characterized.!One!of! the! screening! samples! contained! a!MDR!Salmonella( enterica! Kentucky!of!
ST198!which!was!harbouring!blaVEBI8! and!blaOXAI48.!This! result! shows! that! isolation!of!patients!
coming!from!endemic!countries!can!prevent!outbreaks.!
!
Preliminary! results!were! presented! at! the!24th! European!Congress! of! Clinical!Microbiology!
and! Infectious! Diseases! (ECCMID)! –! Barcelona,! Spain! –! May! 10I13,! 2014! (see! Poster!
presentation!at!the!end!of!this!chapter).!
!
The!study!was!published!in!Antimicrobial!Agents!and!Chemotherapy!under!the!title!“OXAI48!
Carbapenemase!Producing!Salmonella(enterica!Kentucky!of!ST198!in!a!Patient!Transferred!from!
Libya! to!Switzerland”! in!2014! (Seiffert!et!al.,!Antimicrobial!Agents!Chemotherapy;!58(4):2446,!
2014).!
!
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Chapter	VI	

	
	
In	line	with	the	previous	study	a	XDR	Klebsiella	pneumoniae	was	detected	in	a	patient	who	got	

transferred	 back	 from	 Belgrade	 (Serbia)	 to	 Switzerland.	 The	 isolate	 was	 producing	 two	

carbapenemase	genes,	two	bla	genes,	and	carrying	several	other	resistance	genes.		

	

The	study	was	published	 in	International	Journal	of	Antimicrobial	Agents	under	the	title	

“Emergence	of	Klebsiella	pneumoniae	Coproducing	NDM‐1,	OXA‐48,	CTX‐M‐15,	CMY‐16,	qnrA,	

and	ArmA	Methyltransferase	in	Switzerland”	in	May	2014	(Seiffert	et	al.,	International	Journal	

of	Antimicrobial	Agents;	44(3):260‐262,	2014).	
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Supplementary	Material	of	Chapter	VI	
	
	

 
Supplementary	Fig.	S1.		Plasmid	restriction	analysis	with	PstI	of	the	extensively	drug‐resistant	Klebsiella	
pneumoniae	isolate	detected	in	the	screening	culture	(AE‐2247421)	and	its	Escherichia	coli	DH10B	
electrotransformants:	lanes	1	and	5,	AE‐2247421;	lanes	2	and	6,	transformant	#2;	lanes	3	and	7,	transformant	
#7;	and	lanes	4	and	8,	transformant	#16.	Lanes	1–4,	uncut	plasmid	extracts;	lanes	5–8,	plasmid	extracts	cut	with	
restriction	enzyme	PstI.
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Chapter	VII	
	
	
This	study	describes	an	interesting	case	of	a	patient	that	was	transferred	back	from	Belgrade	

(Serbia)	to	the	University	Hospital	of	Basel	(Switzerland).	The	screening	samples	contained	a	

MDR	Citrobacter	freundii	harbouring	blaNDM‐1,	blaOXA‐48,	blaSHV‐12,	blaCTX‐M‐15,	blaTEM‐1,	and	armA.	

Moreover,	the	blaNDM‐1	gene	in	a	novel	IncHI2	plasmid	background	that	was	subsequently	on	

by	454‐pyrosequencing.	

	

Results	were	 presented	 at	 the	 the	25th	European	Congress	of	Clinical	Microbiology	and	

Infectious	Diseases	(ECCMID)	–	Copenhagen,	Denmark	–	April	25‐28,	2015	

	

The	paper	will	be	submitted	for	consideration	for	publication	soon.		
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CONCLUSION	
  
	
  
	
  
The	
  aims	
  of	
  this	
  thesis	
  were:	
  i)	
  to	
  investigate	
  the	
  potential	
  transmission	
  of	
  ESC-­‐R	
  Ent	
  between	
  

animals	
  and	
  human	
  reservoirs,	
  and	
  ii)	
  to	
  characterize	
  new	
  resistance	
  mechanisms.	
  In	
  order	
  to	
  

assess	
   the	
   risk	
   of	
   ESC-­‐R	
  Ent	
   being	
   transmitted	
   between	
   the	
   human	
   and	
   animal	
   reservoirs,	
  

several	
  studies	
  were	
  conducted	
  in	
  the	
  different	
  settings.	
  	
  

For	
   the	
   investigation	
   of	
   potential	
   transmission	
   pathways	
   between	
   the	
   human	
   and	
   animal	
  

reservoirs	
   detailed	
   molecular	
   characteristics	
   from	
   a	
   defined	
   region	
   and	
   from	
   a	
   similar	
  

timeframe	
  of	
  the	
  respective	
  settings	
  were	
  needed.	
  	
  As	
  such	
  data	
  was	
  scarce	
  and	
  not	
  from	
  the	
  

same	
   location,	
  we	
   performed	
   several	
   studies	
   in	
   order	
   to	
   acquire	
   a	
   good	
   overview	
   over	
   the	
  

spread	
  of	
  ESC-­‐R	
  Ent	
  in	
  humans	
  and	
  animals	
  in	
  the	
  region	
  of	
  Bern,	
  Switzerland.	
  	
  

In	
   the	
   first	
   study,	
   ESC-­‐R	
   E.coli	
   isolated	
   from	
   hospitalized	
   patients	
   were	
   characterized	
   in-­‐

depth.1	
  This	
  was	
  the	
  first	
  Swiss	
  analysis	
  that	
  investigated	
  the	
  epidemiological	
  and	
  molecular	
  

characteristics	
  of	
  ESC-­‐R	
  isolates	
  in	
  human	
  patients.	
  Our	
  results	
  showed	
  that,	
  with	
  an	
  overall	
  

prevalence	
   of	
   6.5%,	
   Switzerland	
   has	
   still	
   a	
   low-­‐prevalence	
   unlike	
   other	
   neighbouring	
  

countries.2	
   The	
  molecular	
   characterization	
   showed	
   that	
   the	
   high-­‐risk	
   clone	
   ST131-­‐carrying	
  

CTX-­‐M-­‐15	
   was	
   also	
   prevalent	
   (35%).3	
   Moreover,	
   25%	
   of	
   the	
   strains	
   presented	
   an	
   AmpC	
  

phenotype,	
  caused	
  by	
  a	
  plasmid-­‐mediated	
  AmpC	
  (blaCMY)	
  or	
  a	
  hyper-­‐expressed	
  chromosomal	
  

AmpCs,	
   a	
   high	
   prevalence	
   which	
   could	
   be	
   due	
   to	
   the	
   frequent	
   use	
   of	
  

β-­‐lactam/β-­‐lactam-­‐inhibitor	
   combinations	
   (e.g.,	
   amoxicillin/clavulanate)	
   in	
   our	
   region.	
   A	
  

similar	
   rate	
  of	
  28%	
  of	
   strains	
  with	
  AmpC	
  phenotype	
  was	
  also	
  detected	
   in	
   a	
   study	
   from	
   the	
  

Netherlands.4	
   Interestingly,	
   most	
   of	
   the	
   AmpC	
   producers	
   in	
   our	
   study	
   were	
   detected	
   in	
  

patients	
   referring	
   to	
  Specialized	
  Outpatient	
  Clinics	
   (SOC)-­‐and	
  were	
  mainly	
  coming	
   from	
  the	
  

nephrology	
  and	
  urology	
  department.	
  This	
  group	
  of	
  patients	
  is	
  especially	
  at	
  risk	
  of	
  spreading	
  

ESC-­‐R	
   Ent	
   based	
   on	
   their	
   long-­‐term	
   treatment	
   and	
   their	
   frequent	
   hospital	
   stays.1	
   A	
   major	
  

limitation	
  of	
  the	
  study	
  was	
  that	
  only	
  patients	
  from	
  one	
  hospital	
  in	
  Switzerland	
  were	
  enrolled.	
  

However,	
   the	
   results	
   were	
   comparable	
   to	
   another	
   study	
   performed	
   in	
   Switzerland	
   where	
  

faecal	
   samples	
   from	
   healthy	
   humans	
   were	
   investigated.	
   An	
   overall	
   prevalence	
   of	
   5.8%	
   for	
  

ESBL	
  producing	
  E.coli	
  was	
  reported,	
  with	
  CTX-­‐M-­‐15	
  as	
  major	
  β-­‐lactamase.5	
  Unfortunately,	
  no	
  

MLST	
  analysis	
  was	
  done	
  in	
  the	
  study	
  of	
  Geser	
  et	
  al,	
  which	
  did	
  not	
  allow	
  comparing	
  the	
  E.	
  coli	
  

clones	
  between	
  the	
  two	
  studies.	
  Differences	
  in	
  the	
  prevalence	
  and/or	
  type	
  of	
  resistance	
  genes	
  

could	
  be	
  strongly	
  influenced	
  by	
  the	
  antibiotic	
  usage	
  guidelines	
  of	
  a	
  certain	
  region/country.	
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The	
  second	
  study	
  investigated	
  the	
  contamination	
  of	
  ESC-­‐R	
  Ent	
  in	
  raw	
  chicken-­‐meat	
  collected	
  

from	
  different	
  shops	
  in	
  the	
  city	
  of	
  Bern,	
  Switzerland.6	
  The	
  overall	
  prevalence	
  of	
  70%	
  was	
  in	
  

the	
   range	
   of	
   other	
   studies	
   from	
   Germany	
   (43.9%)	
   and	
   the	
   Netherlands	
   (94%).7,	
   8	
   The	
  

poultry-­‐meat	
   that	
   originated	
   from	
   Switzerland	
   was	
   mainly	
   contaminated	
   with	
   E.coli	
  

containing	
  blaCTX-­‐M-­‐1	
  and	
  blaCMY-­‐2,	
  whereas	
  the	
  poultry-­‐meat	
  imported	
  from	
  outside	
  contained	
  

strains	
   harbouring	
   blaSHV-­‐12,	
   blaTEM-­‐52,	
   and	
   blaCMY-­‐2.	
   These	
   results	
   were	
   in	
   line	
   with	
   studies	
  

performed	
   in	
   Germany	
   and	
   in	
   the	
   Netherlands	
   where	
   the	
   majority	
   of	
   the	
   poultry-­‐meat	
  

samples	
  contained	
  strains	
  carrying	
  blaCTX-­‐M-­‐1,	
  blaSHV-­‐12,	
  and	
  blaTEM-­‐52.7,	
   8	
  Similar	
  data	
  was	
  also	
  

collected	
   in	
   a	
   previously	
   published	
   study	
   on	
   broilers	
   in	
   Switzerland	
   where	
   an	
   overall	
  

prevalence	
   of	
   25%	
   ESBL	
   and	
   AmpC	
   carriage	
   mainly	
   due	
   to	
   blaCTX-­‐M-­‐1	
   and	
   blaCMY-­‐2	
   was	
  

determined.9	
  	
  

All	
  these	
  studies	
  indicate	
  that	
  chicken-­‐meat	
  and	
  broiler	
  are	
  contaminated/colonized	
  with	
  the	
  

same	
  resistance	
  genes.	
  However,	
  this	
  epidemic	
  spread	
  is	
  not	
  driven	
  by	
  a	
  specific	
  clonal	
  strain	
  

but	
  rather	
  by	
  several	
  different	
  plasmid	
  types,	
  especially	
  plasmids	
  of	
  the	
  IncI1	
  group.	
  10,	
  11	
  The	
  

IncI1	
   plasmid	
   group	
   along	
  with	
   other	
   plasmids	
   groups	
   have	
   been	
   considered	
   as	
   “epidemic	
  

resistance	
   plasmids”	
   due	
   to	
   their	
   spread	
   to	
   various	
   enterobacterial	
   species	
   as	
  well	
   as	
   their	
  

zoonotic	
   potential.10,	
   11	
   Noteworthy	
   in	
   the	
   present	
   study	
   was	
   the	
   discovery	
   of	
   a	
   Proteus	
  

mirabilis	
   strain	
   that	
   carried	
  blaVEB-­‐6	
  on	
  a	
  ~17kb	
  class	
  1	
   integron.	
  Exactly	
   the	
   same	
   integron	
  

was	
  previously	
  reported	
  in	
  a	
  P.	
  mirabilis	
  strain	
  (PmVB1248)	
  of	
  a	
  human	
  patient	
  in	
  France.12	
  

Together	
  with	
  the	
  fact	
  that	
  the	
  P.	
  mirabilis	
  strains	
  were	
  indistinguishable	
  by	
  rep-­‐PCR,	
  this	
  was	
  

the	
  first	
  indication	
  of	
  direct/indirect	
  transmission	
  between	
  the	
  human	
  and	
  animal	
  reservoirs.	
  

The	
  same	
  human	
  P.	
  mirabilis	
  strain	
  (PmVB1248)	
  has	
  been	
  used	
  in	
  another	
  recently	
  published	
  

study	
  where	
  the	
  authors	
  investigated	
  the	
  genetic	
  islands	
  in	
  P.	
  mirabilis	
  in	
  dogs	
  and	
  humans.13	
  

The	
  authors	
  identified	
  two	
  P.	
  mirabilis	
  isolates	
  from	
  humans	
  (one	
  of	
  them	
  was	
  the	
  PmVB1248	
  

isolate)	
  and	
  one	
  from	
  a	
  dog	
  carrying	
  nearly	
  identical	
  blaVEB-­‐6-­‐carrying	
  SGI1-­‐V	
  elements.	
  As	
  the	
  

same	
  human	
  P.	
  mirabilis	
   isolate	
  (PmVB1248)	
   is	
  closely	
  related	
  to	
  strains	
  from	
  chicken-­‐meat	
  

and	
  dogs,	
  it	
  can	
  be	
  inferred	
  that	
  this	
  P.	
  mirabilis	
  strain	
  is	
  widely	
  dissemination	
  in	
  Europe.6,	
  13	
  

Limitations	
  of	
  the	
  study	
  are	
  the	
  relatively	
  low	
  sample	
  size	
  and	
  that	
  all	
  samples	
  were	
  bought	
  in	
  

the	
  same	
  city.	
  However,	
  such	
  studies	
  are	
  very	
  labour-­‐intensive	
  and	
  the	
  results	
  are	
  matching	
  

with	
  data	
  from	
  other	
  studies.	
  To	
  sum	
  up,	
  it	
  is	
  strongly	
  suggested	
  that	
  poultry-­‐meat	
  should	
  not	
  

be	
  washed	
  to	
  prevent	
  aeroionisation	
  of	
  these	
  highly	
  drug-­‐resistant	
  bacteria	
  and	
  that	
  the	
  meat	
  

should	
  be	
  cooked	
  properly	
  in	
  order	
  to	
  diminish	
  the	
  risk	
  of	
  transmitting	
  these	
  pathogens	
  to	
  the	
  

human	
  gut	
  flora.14	
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Recent	
  studies	
  have	
  detected	
  ESBLs,	
  AmpCs,	
  and	
  even	
  carbapenemases	
  in	
  healthy	
  as	
  well	
  as	
  

diseased	
  companion	
  animals.15-­‐17	
  These	
  animals,	
  unlike	
  food-­‐producing	
  animals,	
  represent	
  a	
  

huge	
  reservoir	
  that	
  is	
  in	
  very	
  close	
  and	
  frequent	
  contact	
  to	
  their	
  owners.18	
  Moreover,	
  in	
  order	
  

to	
  treat	
  companion	
  animals,	
  β-­‐lactams	
  are	
  the	
  most	
  important	
  drug	
  class,	
  which	
  consequently	
  

leads	
   to	
   an	
   enormous	
   problem	
   once	
   resistances	
   are	
   continue	
   to	
   spread.15,	
   18	
   Furthermore,	
  

several	
   studies	
   have	
   described	
   identical	
   isolates	
   in	
   humans	
   and	
   their	
   pets	
   inferring	
   that	
  

transmission	
  from	
  humans	
  to	
  animals	
  or	
  vice-­versa	
  is	
  jet	
  another	
  way	
  for	
  the	
  transmission	
  of	
  

highly	
   drug-­‐resistant	
   pathogens.19,	
   20	
   However,	
   to	
   our	
   knowledge	
   there	
   were	
   no	
   reports	
  

investigating	
   alternative	
   transmission	
   pathways	
   by	
   which	
   pets	
   can	
   acquire	
   their	
   resistant	
  

bacteria.	
   Meanwhile,	
   in	
   the	
   human	
   reservoir	
   many	
   recently	
   published	
   studies	
   are	
  

investigating	
  meat,	
  vegetables,	
  and	
  ready-­‐to-­‐eat	
  food	
  for	
  the	
  presence	
  of	
  highly-­‐drug	
  resistant	
  

bacteria.6,	
  21-­‐23	
  	
  

In	
   line	
  with	
   these	
  projects,	
   the	
   third	
  study	
  was	
  performed	
  on	
  pet	
   food	
  as	
  a	
   contamination	
  

source	
  for	
  companion	
  animals.24	
  For	
  this	
  purpose,	
  we	
  examined	
  wet	
  food	
  (n=30)	
  for	
  cats	
  and	
  

dogs	
  for	
  highly	
  drug-­‐resistant	
  bacteria.	
  As	
  no	
  living	
  bacteria	
  were	
  detected,	
  the	
  samples	
  were	
  

examined	
  for	
  the	
  existence	
  of	
  acquired	
  resistance	
  genes	
  using	
  PCR/Sequencing.	
  Overall,	
  70%	
  

of	
   the	
   samples	
  were	
   contaminated	
  with	
  bla	
   genes.	
   Surprisingly,	
   the	
  detected	
  bla	
   genes	
   (i.e.,	
  

blaCMY-­‐2,	
  blaCTX-­‐M-­‐15,	
  and	
  blaOXA-­‐48)	
  are	
  usually	
  more	
  related	
  to	
  the	
  human	
  setting	
  inferring	
  that	
  

there	
  was	
  a	
  huge	
  human-­‐made/environmental	
  contamination	
  along	
  the	
  production	
  process.25,	
  

26	
  Although	
  the	
  risk	
  that	
  these	
  highly	
  fragmented	
  resistance	
  genes	
  are	
  taken	
  up	
  and	
  integrated	
  

into	
   a	
   mobile	
   genetic	
   element	
   is	
   very	
   small,	
   our	
   results	
   showed	
   that	
   there	
   are	
   unknown	
  

reservoirs	
  contaminating	
  the	
  pet	
  food	
  systematically.	
  These	
  reservoirs	
  have	
  to	
  be	
  traced	
  back,	
  

as	
  they	
  could	
  be	
  the	
  origin	
  of	
  highly	
  drug-­‐resistant	
  bacteria.	
  	
  

Although	
   not	
   linked	
   to	
   the	
   results	
   of	
   our	
   study,	
   reports	
   on	
   companion	
   animals	
   being	
  

infected/colonized	
  with	
  bacteria	
  carrying	
  blaCTX-­‐M-­‐15	
  and	
  blaOXA-­‐48	
  are	
  increasing.27	
  One	
  study	
  

from	
  Germany	
  identified	
  blaOXA-­‐48	
  in	
  six	
  samples	
  from	
  dogs	
  with	
  nosocomial	
  infections.17	
  This	
  

finding	
   is	
   alarming	
   as	
   the	
  detection	
  of	
   the	
  hyperepidemic	
   IncL	
  plasmid	
   carrying	
  blaOXA-­‐48	
   is	
  

difficult	
   and	
   because	
   veterinary	
   laboratories	
   are	
   not	
   commonly	
   testing	
   for	
   carbapenem	
  

resistance.18,	
   28	
  However,	
   systematic	
   large	
   scale	
   surveillance	
   studies	
   are	
   needed	
   in	
   order	
   to	
  

better	
  understand	
  the	
  epidemiological	
  spread	
  of	
  these	
  resistance	
  determinants	
  in	
  companion	
  

animals.	
   Limitations	
   of	
   our	
   study	
   were	
   the	
   PCR	
   products	
   of	
   less	
   than	
   1000	
   bp	
   due	
   to	
   the	
  

strong	
   fragmentation	
   of	
   the	
  DNA	
  most	
   likely	
   caused	
   by	
   the	
   autoclaving	
   process	
   during	
   the	
  

food	
   production	
   process.	
   Nevertheless,	
   this	
   study	
   unveiled	
   an	
   unsuspected	
   reservoir	
   of	
  

antibiotic	
  resistance	
  genes.	
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For	
   the	
   fourth	
   study	
   we	
   investigated	
   the	
   common	
   characteristics	
   among	
   the	
   animal	
   and	
  

human	
  settings.	
   It	
  became	
  evident	
   that	
   the	
  bla	
  genes,	
   the	
  plasmids,	
  and	
  the	
  MLST	
  types	
  are	
  

often	
  varying	
  between	
  both	
  settings.	
  However,	
  one	
  bla	
  gene,	
  blaCMY-­‐2,	
  was	
  constantly	
  detected	
  

in	
   isolates	
  from	
  humans,	
  poultry-­‐meat,	
  as	
  well	
  as	
   livestock	
  (including	
  broiler	
  samples).1,	
   9,	
   29	
  

Analysis	
   of	
   the	
   blaCMY-­‐carrying	
   isolates	
   revealed	
   that	
   in	
   nine	
   of	
   them	
   (three	
   from	
   each	
  

collection)	
  the	
  bla	
  gene	
  was	
  encoded	
  on	
  an	
  IncK	
  plasmid.	
  The	
  analysis	
  of	
  the	
  whole	
  plasmid	
  

sequences	
   from	
   seven	
   of	
   these	
   plasmids	
   illustrated	
   that	
   they	
   all	
   belonged	
   to	
   a	
   new	
  

incompatibility	
   group	
   variant,	
   the	
   IncK2	
   group	
   that	
  was	
   genetically	
   distinct	
   from	
   the	
   IncK,	
  

IncB/O	
   groups.	
   This	
   finding	
   gives	
   firm	
   evidence	
   that	
   the	
   plasmid	
   originated	
   from	
   common	
  

ancestor	
   from	
   where	
   it	
   has	
   probably	
   subsequently	
   spread	
   to	
   the	
   various	
   settings.	
   Tracing	
  

back	
   the	
   source	
  was	
  not	
  possible	
  but	
   the	
   close	
  genetic	
   relatedness	
   infers	
  a	
   common	
  source	
  

from	
  where	
  the	
  plasmid	
  has	
  spread	
  to	
  the	
  different	
  reservoirs.	
  To	
  our	
  knowledge	
  this	
  was	
  the	
  

first	
  time	
  that	
  a	
  genetically	
  identical	
  novel	
  plasmid	
  type	
  has	
  been	
  detected	
  simultaneously	
  in	
  

the	
   human,	
   food	
   and	
   animal	
   reservoirs.	
   	
  Moreover,	
   the	
   samples	
  were	
   all	
   collected	
  within	
   a	
  

time	
  period	
  of	
  four	
  years	
  and	
  originated	
  all	
  from	
  a	
  small	
  area	
  in	
  central	
  Switzerland.	
  	
  

The	
  second	
  part	
  of	
  the	
  thesis	
  was	
  dedicated	
  to	
  the	
  characterization	
  of	
  unknown	
  resistance	
  

phenotypes	
  in	
  Enterobacteriaceae.	
  	
  

The	
   first	
   study	
   described	
   the	
   case	
   of	
   a	
   patient	
   that	
   was	
   transferred	
   from	
   Libya	
   to	
  

Switzerland.26	
  The	
  patient	
  was	
  a	
  suffering	
  a	
  polytrauma	
  due	
  to	
  a	
  grenade	
  denotation	
  and	
  was	
  

transferred	
  into	
  a	
  rehabilitation	
  centre	
  in	
  Switzerland	
  after	
  being	
  hospitalized	
  in	
  Libya.	
  Upon	
  

arrival	
  several	
  samples	
  were	
  taken	
  from	
  the	
  patient	
  in	
  order	
  to	
  be	
  tested	
  for	
  the	
  presence	
  of	
  

highly	
  drug-­‐resistant	
  bacteria.	
  This	
  procedure	
   is	
  part	
  of	
   the	
  hospital	
  hygiene	
  policies	
  where	
  

patients	
   that	
   were	
   previously	
   hospitalized	
   in	
   a	
   country,	
   which	
   is	
   endemic	
   for	
   highly	
   drug-­‐

resistant	
  pathogens	
  are	
  put	
  in	
  isolation	
  and	
  samples	
  are	
  taken	
  for	
  checking	
  if	
  such	
  pathogens	
  

are	
  present.	
  These	
  measures	
  are	
  needed	
  in	
  order	
  to	
  prevent	
  hospital	
  outbreaks	
  involving	
  such	
  

highly	
   drug-­‐resistant	
   pathogens.	
   In	
   fact	
   one	
   of	
   the	
   screening	
   samples	
   contained	
   a	
   MDR	
  

Salmonella	
  enterica	
  Kentucky	
  harbouring	
  blaVEB-­‐8	
  and	
  blaOXA-­‐48.	
  This	
  was	
  the	
  first	
  report	
  of	
  a	
  

Salmonella	
  enterica	
  Kentucky	
  harbouring	
  blaOXA-­‐48	
  outside	
  the	
  Balkans	
  and	
  the	
  first	
  report	
  of	
  

Salmonella	
  carrying	
  blaVEB-­‐8.	
  The	
  first	
  case	
  of	
  blaOXA-­‐48	
   in	
  a	
  Salmonella	
  enterica	
  Kentucky	
  was	
  

isolated	
   from	
   a	
   French	
   patient	
   with	
   travel	
   history	
   to	
   Egypt.30	
   In	
   this	
   study	
   they	
   have	
  

characterized	
   several	
   more	
   ciprofloxacin-­‐resistant	
   Salmonella	
   enterica	
   Kentucky	
   ST198	
  

isolates,	
   mostly	
   originating	
   in	
   Balkan	
   countries,	
   and	
   detected	
   not	
   only	
   the	
   carbapenemase	
  

blaOXA-­‐48,	
  but	
  also	
  blaVIM-­‐2.30	
  In	
  the	
  past	
  decades	
  Salmonella	
  enterica	
  Kentucky	
  was	
  known	
  for	
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causing	
  outbreaks	
  in	
  poultry	
  the	
  USA,	
  Ireland,	
  and	
  in	
  Africa	
  reflecting	
  the	
  potential	
  zoonotic	
  

potential	
  of	
  this	
  strain.31,	
  32	
  

In	
   the	
   two	
   following	
  studies	
   difficult-­‐to-­‐treat	
   isolates	
  were	
  detected	
   in	
  patients	
   that	
  were	
  

both	
  hospitalized	
  in	
  Belgrade	
  (Serbia)	
  and	
  subsequently	
  transferred	
  back	
  to	
  Switzerland.	
  The	
  

first	
   case	
   was	
   a	
   patient	
   that	
   carried	
   an	
   XDR	
   Klebsiella	
   pneumoniae	
   co-­‐producing	
   two	
  

carbapenemase	
   genes,	
   blaOXA-­‐48	
   and	
   blaNDM-­‐1.25	
   The	
   New-­‐Delhi	
  Metallo-­‐β-­‐lactamase	
   (blaNDM)	
  

was	
   discovered	
   in	
   2008	
   and	
   has	
   meanwhile	
   become	
   one	
   of	
   the	
   most	
   threatened	
  

carbapenemase	
  genes.33,	
  34	
  The	
  hydrolytic	
  activity	
  spectrum	
  of	
  this	
  enzyme	
  incorporates	
  all	
  of	
  

the	
   β-­‐lactam	
   antibiotics	
   leaving	
   out	
   only	
   the	
   monobactams.	
   Moreover,	
   blaNDM	
   has	
   been	
  

reported	
   along	
   with	
   many	
   other	
   resistance	
   genes	
   leaving	
   out	
   in	
   some	
   cases	
   only	
   few	
  

antibiotics	
  for	
  the	
  treatment	
  of	
  NDM-­‐producing	
  organisms.34	
  Of	
  major	
  importance	
  is	
  the	
  fact	
  

that	
  most	
   of	
   the	
  blaNDM-­‐positive	
   patients	
   had	
   a	
   connection	
   to	
   India,	
   the	
  Arabian,	
   Balkan,	
   or	
  

North	
   African	
   countries.34,	
   35	
   Noteworthy,	
   in	
   2011	
   a	
   study	
   detected	
   a	
   variety	
   of	
   bacterial	
  

species	
   carrying	
   blaNDM	
   in	
   seepage	
   and	
   in	
   tap	
  water	
   samples	
   in	
  New-­‐Delhi	
   inferring	
   a	
  huge	
  

environmental	
   contamination	
   with	
   this	
   carbapenemase.36	
   The	
   NDM	
   β-­‐lactamase	
   is	
   a	
   huge	
  

threat	
  to	
  our	
  public	
  health	
  systems	
  not	
  only	
  due	
  to	
  its	
  hydrolytic	
  activity	
  but	
  also	
  based	
  on	
  its	
  

potential	
  to	
  sustain	
  in	
  the	
  environment.33,	
  36	
  In	
  addition,	
  the	
  NDM	
  β-­‐lactamase	
  is	
  also	
  a	
  known	
  

for	
  its	
  broad	
  bacterial	
  host	
  range	
  with	
  stable	
  inheritance,	
  its	
  possibility	
  of	
  being	
  transferred,	
  

and	
  its	
  spread	
  into	
  various	
  genetic	
  backgrounds	
  including	
  different	
  plasmid	
  groups	
  and	
  into	
  

resistance	
   islands	
   encoded	
   on	
   bacterial	
   chromosomes.36-­‐39	
   The	
   second	
   carbapenemase,	
  

blaOXA-­‐48,	
   has	
   already	
   been	
   described	
   in	
   the	
   previously	
   mentioned	
   study	
   where	
   pet	
   food	
  

samples	
   were	
   investigated	
   for	
   the	
   presence	
   of	
   resistance	
   genes.24	
   Like	
   blaNDM,	
   cases	
   of	
  

blaOXA-­‐48	
  seem	
  to	
  have	
  a	
  link	
  to	
  Turkey	
  and	
  the	
  North	
  African	
  countries.34	
  The	
  epidemic	
  spread	
  

of	
  blaOXA-­‐48	
  is	
  caused	
  by	
  a	
  unique	
  IncL	
  plasmid	
  which	
  is	
  depressed	
  due	
  to	
  the	
  integration	
  of	
  the	
  

transposon	
  Tn1999	
   inside	
   the	
   tir	
   gene,	
   a	
   gene	
  most	
   likely	
   involved	
   in	
   the	
   inhibition	
   of	
   the	
  

conjugal	
   plasmid	
   transfer,	
   and	
   is	
   consequently	
   highly	
   efficient	
   in	
   spreading	
   to	
   different	
  

bacterial	
   species.28,	
   34,	
   40	
   As	
   previously	
   mentioned	
   part	
   of	
   the	
   blaOXA-­‐48	
   problematic	
   is	
   the	
  

difficulty	
   in	
   detecting	
   this	
   carbapenemase	
   as	
   is	
   susceptible	
   to	
   oxyiminocephalosporin	
   and	
  

shows	
   only	
   minor	
   increase	
   in	
   MICs	
   for	
   the	
   carbapenems.41	
   The	
   combination	
   of	
   both	
  

carbapenemase	
   genes	
   in	
   one	
  patient	
   is	
   alarming	
   and	
   indicates	
   that	
   constant	
   surveillance	
   is	
  

needed	
  in	
  order	
  to	
  prevent	
  the	
  spread	
  of	
  these	
  enzymes	
  inside	
  the	
  hospitals	
  but	
  also	
  into	
  the	
  

community	
  and	
  the	
  environment.	
  	
  

In	
   the	
   second	
   case	
   the	
   patient	
   suffered	
   a	
   polytrauma	
   due	
   to	
   a	
   car	
   accident	
   and	
   had	
   been	
  

hospitalized	
   in	
   Belgrade	
   before	
   being	
   transferred	
   to	
   Switzerland.	
   The	
   patient	
   was	
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infected/colonized	
   with	
   several	
   ESBL-­‐carrying	
   Enterobacteriaceae	
   including	
   an	
   MDR	
  

double-­‐carbapenemase	
   producing	
  Citrobacter	
   freundii.	
   Similarly	
   to	
   the	
   preceding	
   study	
   the	
  

strain	
  carried	
  blaOXA-­‐48	
  and	
  blaNDM-­‐1.	
  However,	
  in	
  this	
  case	
  the	
  blaNDM-­‐1	
  gene	
  has	
  been	
  identified	
  

for	
   the	
   first	
   time	
  on	
  an	
  IncHI2	
  plasmid,	
  a	
  plasmid	
  group	
  which	
   is	
  known	
  for	
   their	
  huge	
  size	
  

(>300kb),	
   their	
   broad	
   host	
   range,	
   and	
   for	
   their	
   conjugation	
   temperature	
   which	
   is	
   optimal	
  

below	
  30°C.42,	
   43	
  This	
   finding	
   is	
  worrying	
  as	
  a	
  previously	
  published	
  paper	
  has	
  observed	
  that	
  

the	
  conjugation	
  frequencies	
  of	
  NDM-­‐positive	
  bacteria	
  had	
  an	
  increased	
  efficacy	
  at	
  30°C.	
  36	
  This	
  

temperature	
  corresponds	
  to	
  the	
  daily	
  peak	
  temperature	
  reached	
  in	
  New	
  Delhi	
  inferring	
  that	
  

such	
   a	
   plasmid	
   might	
   easily	
   spread	
   inside	
   the	
   bacterial	
   community	
   in	
   the	
   environment.36	
  

Although	
  such	
  a	
  spread	
  is	
  unlikely	
  in	
  central	
  Europe	
  due	
  to	
  the	
  lower	
  temperatures,	
  constant	
  

surveillance	
   is	
  needed,	
  as	
  NDM	
  is	
  known	
  to	
  spread	
  to	
  various	
  genetic	
  backgrounds	
  that	
  can	
  

also	
   be	
   temperature	
   independent.	
   In	
   general,	
   these	
   cases	
   showed	
   that	
   strict	
   isolation	
  

strategies	
   are	
   needed	
   in	
   order	
   to	
   prevent	
   the	
   spread	
   of	
   such	
   nearly	
   untreatable	
   pathogens	
  

inside	
  the	
  hospitals	
  or	
  even	
  into	
  the	
  community.	
  	
  

	
  

Final	
  remarks	
  

This	
   thesis	
   provided	
   strong	
   evidences	
   confirming	
   active	
   gene	
   transfer	
   between	
   the	
   human	
  

and	
   animal	
   reservoirs.	
   First	
   evidence	
   was	
   presented	
   in	
   the	
   poultry-­‐meat	
   study	
   where	
   an	
  

identical	
  class	
  1	
  integron	
  has	
  been	
  detected	
  in	
  a	
  P.	
  mirabilis	
   in	
  a	
  human	
  patient	
  as	
  well	
  as	
  in	
  

two	
  P.	
  mirabilis	
   of	
   our	
   poultry-­‐meat	
   samples.	
   Furthermore,	
   a	
   recently	
   published	
   study	
   has	
  

detected	
  a	
  blaVEB-­‐6-­‐carrying	
  P.	
  mirabilis	
   in	
  a	
  dog	
  sample	
   that	
  was	
  highly	
  similar	
   to	
   the	
  same	
  

human	
   P.	
   mirabilis	
   that	
   has	
   been	
   used	
   in	
   the	
   poultry-­‐meat	
   study.6,	
   13	
   Second	
   evidence	
  

consisted	
   of	
   the	
   discovery	
   of	
   the	
   nearly	
   100%	
   identical	
   IncK2	
   plasmids	
   in	
   samples	
   from	
  

patients,	
   poultry-­‐meat	
   and	
   broilers	
   from	
   in	
   a	
   short	
   period	
   of	
   time	
   (4	
   years)	
   and	
   all	
   from	
  

restricted	
  area	
  (central	
  Switzerland).	
  These	
  evidences	
  point	
  towards	
  an	
  active	
  gene	
  transfer	
  

between	
  the	
  human	
  and	
  animal	
  reservoirs,	
  suggesting	
  that	
  future	
  surveillance	
  systems	
  should	
  

focus	
  on	
  both	
  reservoirs	
  in	
  order	
  to	
  implement	
  adequate	
  measurements	
  that	
  limit	
  the	
  spread	
  

of	
  multidrug-­‐resistant	
  genetic	
  elements	
  between	
  bacteria	
  from	
  animals	
  and	
  humans	
  as	
  well	
  as	
  

the	
  transfer	
  of	
  bacteria	
  between	
  the	
  two	
  settings.	
  The	
  second	
  part	
  of	
  the	
  thesis	
  showed	
  that	
  

constant	
   surveillance	
   and	
   strict	
   isolation	
   procedures	
   are	
   needed	
   to	
   prevent	
   the	
   spread	
   of	
  

difficult-­‐to-­‐treat	
  pathogens	
  inside	
  the	
  hospital,	
  to	
  community,	
  and	
  to	
  the	
  environment.	
  	
  

In	
  conclusion,	
  continuous	
  efforts	
  should	
  be	
  made	
  in	
  all	
  settings	
  to	
  either	
  further	
  maintain	
  or	
  

implement	
  strict	
  hygienic	
  measures	
  in	
  order	
  to	
  limit	
  the	
  spread	
  of	
  life-­‐threatening	
  multidrug-­‐

resistant	
  bacteria.	
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OUTLOOK	
  
	
  
	
  
This	
   thesis	
   allowed	
   having	
   firm	
   evidence	
   regarding	
   transmission	
   between	
   the	
   animal	
   and	
  

human	
   settings.	
   This	
   was	
   demonstrated	
   by	
   the	
   discovery	
   of	
   the	
   same	
   plasmids	
   present	
   in	
  

genetically	
  diverse	
  E.	
  coli	
  from	
  the	
  poultry-­‐meat	
  production	
  and	
  human	
  infections.	
  	
  

Further	
   studies	
   are	
   now	
   necessary	
   to	
   determine	
   the	
   prevalence	
   of	
   such	
   plasmids	
   in	
   the	
  

different	
   reservoirs	
   and	
   determine	
   which	
   one	
   act	
   as	
   the	
   source.	
   These	
   results	
   should	
   also	
  

stress	
  the	
  establishment	
  of	
  effective	
  measures	
  along	
  the	
  meat	
  production	
  chain	
  to	
  prevent	
  the	
  

spread	
   of	
   antibiotic	
   resistance	
   plasmids	
   in	
   the	
   community	
   and	
   in	
   the	
   hospitals.	
   	
   Further	
  

studies	
   could	
   investigate	
   other	
   reservoirs	
   (e.g.,	
   food	
   sources,	
   environment,	
   and	
   companion	
  

animals)	
   that	
  might	
  be	
  sources	
  of	
  ESC-­‐R	
  Ent.	
  Moreover,	
  one	
  should	
  also	
   try	
   to	
  establish	
   the	
  

epidemiological	
   link/transmission	
   ways	
   by	
   which	
   these	
   highly-­‐resistant	
   bacteria	
   are	
  

spreading	
  within	
  and/or	
  between	
  different	
  settings.	
  	
  

Further	
   studies	
   should	
   also	
   investigate	
   if	
   certain	
   promiscuous	
   plasmids	
   are	
  more	
   likely	
   to	
  

disseminate	
   between	
   different	
  E.	
   coli	
   genotype	
  within	
   and	
   between	
   the	
   animal	
   and	
   human	
  

reservoir.	
   In	
   this	
   regards,	
   the	
   molecular	
   mechanisms	
   responsible	
   for	
   causing	
   a	
   broad-­‐host	
  

range	
  and	
  a	
  small-­‐host	
  range	
  in	
  the	
  different	
  plasmid	
  families	
  should	
  be	
  examined.	
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