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ABSTRACT	
  

	
   Bacteroides	
  spp.	
  are	
  a	
  primary	
  inhabitant	
  of	
  the	
  human	
  colon,	
  and	
  play	
  an	
  

important	
  role	
  in	
  the	
  health	
  of	
  the	
  human	
  host	
  as	
  Bacteroides	
  are	
  important	
  for	
  

nutrient	
  acquisition,	
  the	
  breakdown	
  of	
  starches	
  that	
  would	
  otherwise	
  go	
  undigested,	
  

and	
  the	
  management	
  of	
  relevant	
  pathogens	
  such	
  as	
  C.	
  difficile.	
  	
  Although	
  generally	
  

considered	
  a	
  commensal,	
  Bacteroides	
  can	
  become	
  an	
  opportunistic	
  pathogen	
  if	
  it	
  

should	
  escape	
  the	
  colon.	
  	
  Bacteroides	
  is	
  the	
  most	
  commonly	
  isolated	
  causative	
  agent	
  

of	
  anaerobic	
  infections,	
  and	
  these	
  infections	
  are	
  rather	
  difficult	
  to	
  treat	
  due	
  to	
  the	
  

prevalence	
  of	
  antibiotic	
  resistance	
  within	
  this	
  genus.	
  	
  The	
  prevalence	
  of	
  resistance	
  

determinants	
  in	
  Bacteroides	
  is	
  often	
  due	
  to	
  mobile	
  genetic	
  elements.	
  	
  One	
  such	
  

element	
  is	
  a	
  conjugative	
  transposon	
  (sometimes	
  referred	
  to	
  as	
  an	
  integrative	
  

conjugative	
  element,	
  or	
  ICE)	
  called	
  CTnDOT,	
  which	
  is	
  a	
  65	
  kb	
  ICE	
  that	
  encodes	
  

resistance	
  to	
  the	
  antibiotics	
  erythromycin	
  and	
  tetracycline.	
  	
  A	
  notable	
  feature	
  of	
  

CTnDOT	
  is	
  that	
  excision	
  from	
  the	
  donor	
  chromosome	
  and	
  conjugative	
  transfer	
  are	
  

coordinately	
  regulated	
  upon	
  exposure	
  of	
  donor	
  cells	
  to	
  tetracycline	
  (Tc).	
  	
  While	
  no	
  

transfer	
  is	
  detected	
  in	
  the	
  absence	
  of	
  Tc,	
  upon	
  Tc	
  induction	
  a	
  regulatory	
  cascade	
  

ultimately	
  stimulates	
  synthesis	
  of	
  the	
  excision	
  proteins,	
  which	
  are	
  required	
  for	
  

excision	
  of	
  CTnDOT	
  from	
  the	
  chromosome.	
  	
  These	
  proteins	
  also	
  have	
  a	
  regulatory	
  

role,	
  in	
  that	
  they	
  are	
  required	
  for	
  the	
  transcriptional	
  activation	
  of	
  the	
  13	
  kb	
  tra	
  

operon	
  that	
  encodes	
  the	
  mating	
  apparatus.	
  	
  	
  The	
  work	
  presented	
  in	
  this	
  dissertation	
  

has	
  characterized	
  a	
  negative	
  regulator,	
  RteR,	
  that	
  appears	
  to	
  prevent	
  conjugative	
  

transfer	
  of	
  CTnDOT	
  in	
  the	
  absence	
  of	
  Tc	
  by	
  possibly	
  initiating	
  the	
  formation	
  of	
  an	
  

intrinsic	
  terminator	
  within	
  traB,	
  thus	
  truncating	
  the	
  transcript	
  so	
  there	
  is	
  no	
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substrate	
  for	
  translation,	
  and	
  hence	
  no	
  proteins	
  are	
  formed	
  to	
  assemble	
  the	
  mating	
  

apparatus.	
  	
  For	
  the	
  first	
  time,	
  we	
  also	
  describe	
  the	
  regulation	
  of	
  the	
  CTnDOT	
  

mobilization	
  region.	
  	
  These	
  three	
  genes	
  that	
  encode	
  the	
  relaxases	
  and	
  coupling	
  

protein	
  required	
  for	
  mobilization	
  are	
  organized	
  in	
  an	
  approximately	
  4	
  kb	
  operon	
  

that	
  is	
  regulated	
  upon	
  Tc	
  induction.	
  	
  The	
  excision	
  proteins	
  Xis2d	
  and	
  Exc	
  are	
  

required	
  for	
  enhancement	
  of	
  mob	
  transcription	
  upon	
  exposure	
  to	
  Tc.	
  	
  This	
  differs	
  

from	
  the	
  neighboring	
  divergently	
  transcribed	
  tra	
  operon,	
  which	
  does	
  not	
  require	
  

Exc,	
  but	
  also	
  requires	
  Xis2d	
  and	
  in	
  addition	
  Xis2c.	
  	
  A	
  negative	
  regulator	
  is	
  

preventing	
  mob	
  transcription	
  in	
  the	
  absence	
  of	
  Tc,	
  and	
  we	
  currently	
  predict	
  that	
  a	
  

gene	
  encoded	
  downstream	
  of	
  intDOT,	
  orf2,	
  is	
  the	
  mob	
  transcriptional	
  repressor.	
  	
  

Taken	
  together,	
  the	
  work	
  described	
  in	
  this	
  dissertation	
  has	
  further	
  shed	
  light	
  on	
  the	
  

intricate	
  regulation	
  governing	
  the	
  conjugative	
  transfer	
  of	
  CTnDOT.	
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CHAPTER	
  1:	
  	
  INTRODUCTION	
  
	
  
	
   This	
  is	
  an	
  exciting	
  time	
  to	
  be	
  a	
  microbiologist,	
  as	
  we	
  are	
  finally	
  appreciating	
  

just	
  how	
  paramount	
  microbes	
  are	
  to	
  human	
  health.	
  	
  We	
  have	
  known	
  that	
  microbes	
  

cause	
  debilitating	
  disease	
  for	
  quite	
  some	
  time,	
  so	
  it	
  is	
  not	
  the	
  sinister	
  villains	
  of	
  the	
  

microbial	
  world	
  that	
  I	
  am	
  referring	
  to.	
  	
  Instead,	
  I	
  am	
  referring	
  to	
  the	
  microbes	
  that	
  

have	
  established	
  themselves	
  as	
  commensal	
  and	
  even	
  symbiotic	
  residents	
  on	
  or	
  

within	
  their	
  human	
  host.	
  	
  This	
  consortium	
  of	
  indigenous	
  microbes	
  is	
  collectively	
  

referred	
  to	
  as	
  the	
  human	
  microbiome,	
  as	
  coined	
  by	
  the	
  late	
  Joshua	
  Lederberg	
  (85).	
  	
  

The	
  concept	
  of	
  a	
  core	
  group	
  of	
  microbes	
  inhabiting	
  humans	
  is	
  not	
  entirely	
  new,	
  as	
  it	
  

has	
  been	
  understood	
  since	
  the	
  late	
  1970’s	
  that	
  the	
  human	
  body	
  contains	
  10	
  times	
  as	
  

many	
  microbial	
  cells	
  compared	
  to	
  human	
  cells	
  (101).	
  	
  	
  However,	
  it	
  wasn’t	
  until	
  the	
  

advancement	
  of	
  sequencing	
  techniques	
  that	
  characterizing	
  the	
  human	
  microbiome	
  

could	
  develop	
  to	
  fruition,	
  starting	
  with	
  the	
  commencement	
  of	
  the	
  human	
  microbiome	
  

project	
  a	
  little	
  over	
  10	
  years	
  ago	
  (85).	
  	
  	
  

	
   Now	
  that	
  methods	
  have	
  been	
  established	
  to	
  characterize	
  the	
  native	
  

microbiota	
  within	
  individuals,	
  there	
  are	
  an	
  exciting	
  number	
  of	
  studies	
  looking	
  at	
  the	
  

various	
  ways	
  that	
  the	
  human	
  microbiome	
  shapes	
  the	
  health	
  of	
  the	
  human	
  host,	
  

especially	
  with	
  respect	
  to	
  the	
  microbiota	
  of	
  the	
  gastrointestinal	
  tract.	
  	
  The	
  colon	
  is	
  

considered	
  to	
  be	
  the	
  most	
  densely	
  populated	
  region	
  with	
  respect	
  to	
  the	
  human	
  

microbiota.	
  	
  There	
  are	
  approximately	
  1013	
  to	
  1014	
  microbial	
  cells	
  in	
  the	
  colon	
  

(primarily	
  bacteria)	
  representing	
  between	
  150-­‐800	
  species.	
  	
  The	
  main	
  phyla	
  

associated	
  with	
  the	
  gut	
  microbiota	
  are	
  the	
  Firmicutes,	
  Bacteroidetes,	
  Actinobacteria,	
  

and	
  the	
  Proteobacteria	
  (12,	
  78).	
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Perturbations	
  of	
  the	
  gut	
  microbiome	
  that	
  alter	
  the	
  microbial	
  composition	
  are	
  

considered	
  to	
  cause	
  a	
  wide	
  range	
  of	
  diseases.	
  	
  In	
  fact,	
  Antonie	
  von	
  Leeuwenhoek	
  

noticed	
  after	
  a	
  bout	
  of	
  diarrhea	
  that	
  there	
  were	
  different	
  “little	
  animals”	
  observed	
  

compared	
  to	
  his	
  normal	
  stool	
  (29).	
  	
  	
  With	
  the	
  advent	
  of	
  the	
  human	
  microbiome	
  

project,	
  we	
  are	
  now	
  understanding	
  that	
  the	
  composition	
  of	
  the	
  intestinal	
  flora	
  can	
  

influence	
  the	
  following	
  diseases:	
  obesity	
  (52–54,	
  127),	
  inflammatory	
  bowel	
  disease	
  

(5,	
  71,	
  87),	
  type	
  1	
  and	
  type	
  2	
  diabetes	
  (37,	
  51,	
  72),	
  allergies	
  (16,	
  118),	
  and	
  colorectal	
  

cancer	
  (60,	
  110,	
  132).	
  	
  This	
  is	
  likely	
  just	
  the	
  beginning	
  of	
  the	
  laundry	
  list	
  of	
  diseases	
  

that	
  are	
  associated	
  with	
  perturbations	
  of	
  this	
  rich	
  microbial	
  community.	
  	
  	
  

	
   Another	
  concept	
  that	
  has	
  emerged	
  from	
  the	
  human	
  microbiome	
  is	
  the	
  concept	
  

of	
  a	
  hologenome.	
  	
  The	
  hologenome,	
  then	
  considers	
  our	
  genome	
  not	
  only	
  for	
  what	
  is	
  

encoded	
  in	
  the	
  host	
  DNA,	
  but	
  also	
  incorporates	
  the	
  gene	
  products	
  of	
  the	
  microbiome,	
  

which	
  are	
  estimated	
  to	
  outnumber	
  the	
  host	
  genetic	
  material	
  100-­‐fold	
  (45,	
  90,	
  147).	
  	
  

This	
  concept	
  of	
  looking	
  at	
  the	
  total	
  genetic	
  content	
  of	
  the	
  microbiome,	
  rather	
  than	
  

individual	
  organisms	
  is	
  greatly	
  relevant,	
  as	
  the	
  rapid	
  horizontal	
  gene	
  transfer	
  (HGT)	
  

between	
  microbes	
  in	
  this	
  dense	
  environment	
  provides	
  a	
  rather	
  flexible	
  gene	
  pool	
  

(45,	
  50,	
  78).	
  

	
   The	
  assortment	
  of	
  mobile	
  genetic	
  elements	
  and	
  bacteriophage	
  that	
  contribute	
  

to	
  this	
  flexible	
  gene	
  pool	
  within	
  the	
  gut	
  are	
  referred	
  to	
  as	
  the	
  “mobile	
  metagenome”.	
  	
  

Although	
  the	
  role	
  of	
  the	
  mobile	
  metagenome	
  within	
  the	
  gut	
  has	
  yet	
  to	
  be	
  extensively	
  

explored,	
  some	
  findings	
  are	
  suggesting	
  that	
  perhaps	
  the	
  mobile	
  metagenome	
  may	
  

confer	
  advantages	
  for	
  the	
  survival	
  and	
  persistence	
  of	
  microbes	
  within	
  the	
  gut,	
  as	
  well	
  

as	
  influencing	
  host-­‐microbe	
  interactions	
  (45,	
  78).	
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   Many	
  mobile	
  genetic	
  elements	
  are	
  associated	
  with	
  resistance	
  to	
  a	
  wide	
  range	
  

of	
  antibiotics	
  (2,	
  74,	
  122).	
  	
  Although	
  antibiotics	
  are	
  considered	
  to	
  disrupt	
  the	
  

composition	
  of	
  the	
  gut	
  microbiome,	
  an	
  interesting	
  observation	
  has	
  been	
  made	
  where	
  

erythromycin	
  appears	
  to	
  cause	
  no	
  detectable	
  disruption	
  (45).	
  	
  	
  The	
  most	
  likely	
  

explanation	
  for	
  this	
  observation	
  is	
  that	
  conjugative	
  elements	
  such	
  as	
  conjugative	
  

transposons	
  are	
  responsible.	
  	
  The	
  persistence	
  of	
  erythromycin	
  resistance,	
  as	
  well	
  as	
  

tetracycline	
  resistance	
  in	
  Bacteroides	
  has	
  been	
  well	
  documented	
  for	
  quite	
  some	
  time.	
  	
  

Sequence	
  analysis	
  of	
  various	
  tetracycline	
  resistance	
  encoding	
  genes	
  (tet)	
  from	
  

diverse	
  organisms	
  has	
  demonstrated	
  a	
  very	
  high	
  degree	
  of	
  similarity,	
  again	
  

suggesting	
  extensive	
  HGT.	
  	
  	
  Shoemaker	
  et	
  al	
  demonstrated	
  that	
  approximately	
  80%	
  

of	
  Bacteroides	
  isolates	
  are	
  resistant	
  to	
  tetracycline,	
  and	
  that	
  this	
  resistance	
  is	
  linked	
  

to	
  conjugative	
  transposons	
  (105).	
  	
  

	
   So	
  what	
  does	
  the	
  human	
  gut	
  microbiota	
  have	
  to	
  do	
  with	
  transcriptional	
  

regulation	
  of	
  CTnDOT?	
  	
  As	
  stated	
  previously,	
  Bacteroides	
  is	
  one	
  of	
  the	
  more	
  abundant	
  

genera	
  of	
  the	
  human	
  colon.	
  	
  This	
  genus	
  of	
  bacteria	
  is	
  widely	
  recognized	
  as	
  being	
  host	
  

to	
  a	
  wealth	
  of	
  mobile	
  elements	
  (109).	
  	
  Further,	
  evidence	
  has	
  demonstrated	
  that	
  one	
  

of	
  the	
  more	
  prominent	
  elements,	
  CTnDOT,	
  has	
  an	
  effect	
  on	
  the	
  genes	
  encoded	
  on	
  the	
  

Bacteroides	
  chromosome	
  (68).	
  	
  My	
  gut	
  instinct	
  (yes,	
  that	
  pun	
  was	
  intended)	
  is	
  that	
  in	
  

the	
  future	
  we	
  will	
  find	
  that	
  mobile	
  elements	
  such	
  as	
  CTnDOT	
  shape	
  the	
  interactions	
  

of	
  Bacteroides	
  with	
  both	
  the	
  host	
  and	
  other	
  members	
  of	
  the	
  intestinal	
  microbiota.	
  	
  

For	
  now	
  though,	
  I	
  will	
  tell	
  you	
  a	
  story	
  in	
  this	
  dissertation	
  of	
  how	
  we	
  have	
  come	
  to	
  

better	
  understand	
  the	
  transcriptional	
  regulation	
  of	
  CTnDOT	
  genes	
  that	
  govern	
  

conjugative	
  transfer	
  of	
  this	
  element.	
  	
  In	
  order	
  to	
  better	
  understand	
  this	
  story,	
  in	
  this	
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first	
  chapter	
  I	
  will	
  provide	
  you	
  with	
  a	
  basic	
  understanding	
  of	
  Bacteroides,	
  followed	
  by	
  

a	
  description	
  of	
  mobile	
  genetic	
  elements	
  within	
  this	
  genus	
  before	
  delving	
  in	
  to	
  more	
  

specifics	
  with	
  respect	
  to	
  CTnDOT.	
  	
  I	
  will	
  end	
  this	
  introduction	
  with	
  a	
  brief	
  

explanation	
  of	
  the	
  body	
  of	
  work	
  I	
  will	
  describe	
  in	
  later	
  chapters	
  of	
  this	
  dissertation.	
  

	
  

1.1	
  Clinical	
  significance	
  of	
  Bacteroides	
  spp.	
  

Bacteroides	
  spp.	
  are	
  Gram-­‐negative	
  obligate	
  anaerobes	
  that	
  primarily	
  colonize	
  

the	
  human	
  gastrointestinal	
  tract,	
  and	
  are	
  one	
  of	
  the	
  more	
  abundant	
  members	
  of	
  the	
  

bacterial	
  community	
  within	
  the	
  colon.	
  	
  Previous	
  cultivation-­‐based	
  studies	
  had	
  

identified	
  Bacteroides	
  as	
  abundant,	
  suggesting	
  that	
  Bacteroides	
  accounted	
  for	
  roughly	
  

25-­‐30%	
  of	
  the	
  microbiota	
  (69,	
  93,	
  101).	
  	
  However,	
  more	
  recent	
  sequence-­‐based	
  

studies	
  have	
  demonstrated	
  that	
  the	
  Bacteroidetes	
  phylum	
  can	
  account	
  for	
  upwards	
  

of	
  40%	
  of	
  the	
  human	
  gut	
  microbiome	
  (6,	
  27,	
  32).	
  	
  	
  	
  

The	
  abundance	
  of	
  Bacteroides	
  within	
  the	
  gut	
  community	
  appears	
  to	
  be	
  very	
  

important	
  to	
  human	
  health,	
  as	
  the	
  proportion	
  of	
  Bacteroidetes	
  within	
  the	
  colon	
  has	
  

been	
  implicated	
  in	
  relevant	
  diseases	
  such	
  as	
  obesity	
  (12,	
  49,	
  52–54,	
  126,	
  127)	
  and	
  

type	
  1	
  diabetes	
  (72).	
  	
  	
  Although	
  the	
  research	
  on	
  diabetes	
  is	
  still	
  very	
  new,	
  for	
  both	
  

obesity	
  and	
  diabetes	
  having	
  a	
  decreased	
  level	
  of	
  Bacteroides	
  relative	
  to	
  the	
  

Firmicutes	
  is	
  correlated	
  with	
  these	
  diseases.	
  	
  The	
  abundance	
  of	
  Bacteroides	
  is	
  also	
  

being	
  investigated	
  as	
  a	
  factor	
  that	
  may	
  contribute	
  to	
  inflammatory	
  bowel	
  disease	
  

(IBD),	
  which	
  includes	
  the	
  two	
  main	
  subtypes	
  Crohn’s	
  disease	
  and	
  ulcerative	
  colitis.	
  	
  

IBD	
  is	
  a	
  result	
  of	
  immune	
  system	
  intolerance	
  to	
  the	
  gut	
  microflora,	
  which	
  manifests	
  

as	
  a	
  chronic	
  inflammation	
  of	
  the	
  gastrointestinal	
  tract.	
  	
  Associated	
  with	
  IBD	
  is	
  also	
  a	
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dysbiosis	
  of	
  the	
  bacterial	
  community	
  in	
  the	
  GI	
  tract,	
  which	
  may	
  be	
  a	
  result	
  of	
  

decreased	
  metabolic	
  functions	
  of	
  the	
  microbiome	
  (33,	
  65,	
  71).	
  Other	
  studies	
  are	
  

starting	
  to	
  tease	
  out	
  how	
  the	
  relative	
  levels	
  of	
  the	
  dominant	
  gut	
  genera	
  change	
  with	
  

respect	
  to	
  Crohn’s	
  disease,	
  a	
  subtype	
  of	
  IBD.	
  	
  Although	
  the	
  studies	
  looking	
  at	
  Crohn’s	
  

specifically	
  are	
  still	
  in	
  the	
  beginning	
  phases,	
  some	
  are	
  seeing	
  that	
  there	
  is	
  a	
  loss	
  of	
  

diversity	
  within	
  the	
  microbiome,	
  and	
  there	
  is	
  perhaps	
  an	
  increase	
  in	
  Bacteroides	
  

associated	
  with	
  Crohn’s	
  disease	
  (5,	
  84,	
  87).	
  	
  Although	
  more	
  research	
  is	
  required	
  to	
  

elucidate	
  the	
  role	
  of	
  Bacteroides	
  in	
  IBD,	
  it	
  is	
  evident	
  that	
  the	
  presence	
  of	
  this	
  genus	
  

within	
  the	
  gut	
  is	
  significant.	
  	
  

Bacteroides	
  is	
  also	
  important	
  for	
  the	
  acquisition	
  of	
  nutrients	
  for	
  the	
  host,	
  by	
  

aiding	
  in	
  the	
  biosynthesis	
  of	
  vitamins	
  and	
  breaking	
  down	
  complex	
  polysaccharides	
  

that	
  would	
  otherwise	
  go	
  undigested	
  by	
  the	
  human	
  host	
  (43,	
  59,	
  145,	
  148).	
  	
  We	
  can	
  

attribute	
  much	
  of	
  this	
  role	
  to	
  the	
  fact	
  that	
  Bacteroides	
  actually	
  has	
  the	
  largest	
  

glycobiome	
  among	
  any	
  of	
  the	
  sequenced	
  bacteria,	
  having	
  over	
  200	
  gene	
  products	
  

involved	
  in	
  the	
  hydrolysis	
  of	
  glycosidic	
  bonds	
  (12,	
  98).	
  In	
  fact,	
  the	
  short	
  chain	
  fatty	
  

acids	
  produced	
  by	
  carbohydrate	
  metabolism	
  are	
  also	
  a	
  significant	
  source	
  of	
  caloric	
  

energy	
  for	
  the	
  host	
  (137).	
  	
  The	
  role	
  of	
  Bacteroides	
  with	
  respect	
  to	
  nutrient	
  

acquisition	
  is	
  so	
  paramount	
  that	
  malnutrition	
  can	
  result	
  if	
  there	
  is	
  a	
  deficit	
  of	
  

Bacteroides	
  in	
  the	
  colon	
  (79).	
  

The	
  benefits	
  do	
  not	
  stop	
  there,	
  as	
  Bacteroides	
  spp.	
  are	
  also	
  medically	
  

important	
  in	
  that	
  they	
  can	
  aid	
  the	
  host	
  by	
  preventing	
  the	
  establishment	
  of	
  relevant	
  

pathogens	
  such	
  as	
  Clostridium	
  difficile	
  	
  and	
  Helicobacter	
  hepaticus	
  (65,	
  92,	
  124,	
  137).	
  	
  	
  

In	
  addition,	
  the	
  presence	
  of	
  Bacteroides	
  in	
  the	
  colon	
  may	
  also	
  protect	
  against	
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autoimmune	
  central	
  nervous	
  system	
  (CNS)	
  demyelinating	
  disease,	
  such	
  as	
  multiple	
  

sclerosis	
  (76,	
  77).	
  

Despite	
  the	
  presence	
  of	
  Bacteroides	
  in	
  the	
  lower	
  gastrointestinal	
  tract	
  offering	
  

a	
  wealth	
  of	
  advantages,	
  Bacteroides	
  can	
  also	
  have	
  a	
  more	
  deleterious	
  effect	
  on	
  the	
  

health	
  of	
  the	
  host,	
  occurring	
  if	
  Bacteroides	
  somehow	
  escapes	
  the	
  confines	
  of	
  the	
  

colon.	
  	
  This	
  can	
  occur	
  through	
  disease,	
  but	
  most	
  commonly	
  results	
  when	
  the	
  lining	
  of	
  

the	
  colon	
  has	
  been	
  compromised	
  due	
  to	
  surgical	
  trauma	
  (137).	
  	
  When	
  Bacteroides	
  

escapes	
  the	
  colon,	
  opportunistic	
  infections	
  arise,	
  some	
  of	
  which	
  can	
  be	
  life	
  

threatening.	
  	
  The	
  most	
  common	
  infection	
  is	
  intra-­‐abdominal	
  sepsis,	
  but	
  other	
  types	
  

of	
  infection	
  include	
  appendicitis,	
  and	
  necrotizing	
  soft	
  tissue	
  infections.	
  	
  Bacteroides	
  

spp.	
  are	
  actually	
  the	
  most	
  commonly	
  isolated	
  organism	
  from	
  anaerobic	
  infections.	
  	
  

Although	
  rare,	
  other	
  possible	
  infections	
  due	
  to	
  Bacteroides	
  include	
  endocarditis,	
  

meningitis,	
  and	
  septic	
  arthritis	
  (137).	
  	
  These	
  infections	
  are	
  becoming	
  increasingly	
  

difficult	
  to	
  treat	
  due	
  to	
  the	
  prevalence	
  of	
  antibiotic	
  resistance	
  among	
  members	
  of	
  this	
  

genus,	
  which	
  makes	
  the	
  risk	
  of	
  a	
  Bacteroides	
  infection	
  a	
  serious	
  threat	
  (74).	
  	
  For	
  

example,	
  Bacteroides	
  spp.	
  are	
  naturally	
  resistant	
  to	
  aminoglycosides	
  because	
  they	
  

are	
  lacking	
  an	
  oxygen	
  dependent	
  electron	
  transport	
  chain,	
  and	
  are	
  also	
  resistant	
  to	
  

the	
  β-­‐lactam	
  antibiotics	
  due	
  to	
  a	
  chromosomally	
  encoded	
  β-­‐lactamase	
  (11,	
  19,	
  89).	
  	
  

However,	
  much	
  of	
  the	
  antibiotic	
  resistance	
  within	
  Bacteroides	
  is	
  acquired	
  through	
  

mobile	
  genetic	
  elements	
  that	
  carry	
  the	
  genes	
  encoding	
  resistance	
  to	
  various	
  

antibiotics,	
  such	
  as	
  the	
  macrolide-­‐lincomide-­‐streptogramin	
  (MLS)	
  group	
  of	
  

antibiotics	
  and	
  the	
  broad-­‐spectrum	
  tetracycline	
  group	
  (88).	
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1.2	
  Mobile	
  genetic	
  elements	
  	
  

Mobile	
  genetic	
  elements	
  are	
  segments	
  of	
  DNA	
  that	
  are	
  most	
  often	
  not	
  

required	
  for	
  the	
  life	
  cycle	
  of	
  the	
  host	
  bacterium,	
  but	
  serve	
  as	
  a	
  “flexible	
  gene	
  pool”	
  

that	
  confers	
  advantageous	
  traits	
  such	
  as	
  virulence	
  or	
  antibiotic	
  resistance	
  by	
  

transferring	
  from	
  one	
  organism	
  to	
  another	
  (121).	
  	
  Further	
  compounding	
  the	
  risk	
  

associated	
  with	
  this	
  flexible	
  gene	
  pool	
  within	
  the	
  human	
  colon,	
  is	
  that	
  bacteria	
  within	
  

this	
  environment	
  have	
  a	
  25-­‐fold	
  increase	
  in	
  the	
  likelihood	
  for	
  genetic	
  exchange	
  

compared	
  to	
  either	
  terrestrial	
  or	
  aquatic	
  environments	
  (108).	
  	
  	
  This	
  elevated	
  transfer	
  

of	
  genetic	
  material	
  is	
  quite	
  frightening	
  with	
  respect	
  to	
  antibiotic	
  resistance.	
  

Bacteroides	
  possesses	
  multiple	
  elements	
  such	
  as	
  plasmids,	
  transposons,	
  conjugative	
  

transposon,	
  and	
  bacteriophage.	
  	
  With	
  the	
  exception	
  of	
  bacteriophage,	
  all	
  of	
  these	
  

mobile	
  elements	
  have	
  demonstrated	
  an	
  important	
  role	
  in	
  the	
  transmission	
  of	
  

antibiotic	
  resistance	
  within	
  Bacteroides	
  (26,	
  130,	
  137).	
  	
  	
  

	
  

Plasmids	
  

Plasmids	
  function	
  as	
  extra-­‐chromosomal	
  elements	
  that	
  replicate	
  

autonomously,	
  often	
  having	
  multiple	
  copies	
  per	
  cell	
  (113).	
  	
  	
  Generally,	
  most	
  plasmids	
  

do	
  not	
  encode	
  functions	
  that	
  are	
  essential	
  to	
  the	
  bacterial	
  host,	
  but	
  rather	
  present	
  a	
  

phenotype	
  that	
  confers	
  some	
  sort	
  of	
  beneficial	
  trait	
  such	
  as	
  virulence	
  factors	
  or	
  

antibiotic	
  resistance	
  (21).	
  Bacteroides	
  has	
  a	
  number	
  of	
  plasmids	
  ranging	
  in	
  size	
  from	
  

2.7	
  to	
  >80	
  kb	
  that	
  are	
  present	
  in	
  approximately	
  20-­‐50	
  %	
  of	
  strains	
  (73,	
  74,	
  117,	
  130).	
  	
  	
  

There	
  are	
  a	
  number	
  of	
  prevalent	
  low	
  molecular	
  weight	
  plasmids	
  in	
  

Bacteroides	
  that	
  can	
  be	
  classified	
  in	
  to	
  three	
  major	
  groups	
  by	
  size:	
  2.7,	
  4.2,	
  and	
  5.6	
  kb,	
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which	
  respectively	
  correlate	
  to	
  classes	
  I	
  through	
  III	
  (13,	
  112).	
  	
  These	
  plasmids	
  

appear	
  to	
  be	
  geographically	
  distributed	
  and	
  are	
  frequently	
  found	
  in	
  clinical	
  isolates.	
  

However,	
  these	
  low	
  weight	
  plasmids	
  are	
  cryptic,	
  meaning	
  there	
  is	
  no	
  phenotype	
  

associated	
  with	
  these	
  elements	
  (111,	
  112,	
  117).	
  	
  One	
  reason	
  these	
  plasmids	
  may	
  be	
  

so	
  prevalent	
  is	
  that	
  these	
  cryptic	
  elements	
  all	
  possess	
  an	
  oriT,	
  rendering	
  them	
  

capable	
  of	
  transfer	
  when	
  they	
  are	
  co-­‐resident	
  with	
  another	
  element	
  such	
  as	
  a	
  

conjugative	
  plasmid	
  or	
  conjugative	
  transposon	
  (109).	
  	
  

Many	
  plasmids	
  in	
  Bacteroides	
  are	
  associated	
  with	
  antibiotic	
  resistance	
  

phenotypes.	
  	
  The	
  first	
  of	
  these	
  plasmids	
  described	
  in	
  Bacteroides	
  were	
  those	
  

encoding	
  resistance	
  to	
  the	
  MLS	
  class	
  of	
  antibiotics.	
  	
  These	
  plasmids,	
  pBF4,	
  pBFTM10,	
  

and	
  pBI156	
  range	
  in	
  size	
  from	
  15-­‐80	
  kb,	
  but	
  what	
  they	
  have	
  in	
  common	
  is	
  that	
  the	
  

MLS	
  resistance	
  gene	
  ermF	
  is	
  present	
  on	
  all	
  three	
  (109).	
  	
  For	
  each	
  of	
  these	
  plasmids	
  

the	
  ermF	
  region	
  originated	
  from	
  the	
  insertion	
  of	
  a	
  composite	
  transposon	
  containing	
  

IS4351	
  (138).	
  	
  	
  Further	
  aiding	
  in	
  their	
  spread	
  throughout	
  this	
  genus	
  is	
  that	
  pBFTM10	
  

is	
  mobilizable,	
  and	
  pBF4	
  and	
  pBI156	
  are	
  both	
  capable	
  of	
  self	
  transfer	
  (70,	
  109).	
  

Another	
  group	
  of	
  commonly	
  isolated	
  plasmids	
  among	
  Bacteroides	
  are	
  those	
  

encoding	
  metronidazole	
  resistance,	
  with	
  the	
  resistance	
  genes	
  nimA-­‐F.	
  	
  	
  The	
  best	
  

characterized	
  of	
  these	
  plasmids	
  are	
  pIP417,	
  pIP419,	
  and	
  pIP421.	
  	
  These	
  plasmids,	
  

such	
  as	
  the	
  others	
  described	
  thus	
  far,	
  are	
  also	
  capable	
  of	
  conjugative	
  transfer.	
  	
  

Another	
  feature	
  of	
  interest	
  with	
  these	
  plasmids	
  is	
  that	
  the	
  transcription	
  of	
  the	
  nim	
  

genes	
  is	
  induced	
  by	
  an	
  insertion	
  sequence	
  (IS)	
  element	
  (41).	
  	
  The	
  spread	
  of	
  these	
  

plasmids	
  is	
  worrisome	
  because	
  metronidazole	
  was	
  a	
  key	
  antibiotic	
  used	
  for	
  the	
  

treatment	
  of	
  Bacteroides	
  infections	
  because	
  it	
  was	
  one	
  of	
  the	
  few	
  antibiotics	
  to	
  which	
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this	
  genus	
  was	
  susceptible.	
  	
  Transmission	
  appears	
  to	
  be	
  occurring	
  frequently	
  in	
  

nature	
  since	
  metronidazole	
  resistant	
  strains	
  are	
  often	
  detected	
  from	
  clinical	
  samples	
  

(86,	
  123,	
  137).	
  

	
  

Conjugative	
  transposons	
  

Conjugative	
  transposons	
  (CTns)	
  are	
  mobile	
  elements	
  that	
  normally	
  reside	
  

within	
  the	
  chromosome,	
  and	
  account	
  for	
  the	
  majority	
  of	
  antibiotic	
  resistance	
  transfer	
  

within	
  Bacteroides	
  (83,	
  139).	
  	
  CTns	
  range	
  in	
  size	
  between	
  18	
  and	
  500	
  kb	
  in	
  size,	
  

while	
  the	
  majority	
  of	
  CTns	
  average	
  roughly	
  50	
  to	
  80	
  kb	
  in	
  size.	
  	
  These	
  elements	
  are	
  

rather	
  large	
  because	
  they	
  encode	
  the	
  entire	
  suite	
  of	
  gene	
  products	
  necessary	
  to	
  

facilitate	
  conjugative	
  transfer	
  (104,	
  140).	
  	
  Interestingly,	
  these	
  elements	
  contain	
  

remnants	
  of	
  transposons,	
  plasmids,	
  and	
  bacteriophage,	
  and	
  thus	
  behave	
  in	
  many	
  

ways	
  like	
  each	
  of	
  these	
  other	
  mobile	
  elements.	
  	
  CTns	
  are	
  transposon-­‐like	
  in	
  that	
  they	
  

are	
  maintained	
  within	
  the	
  chromosome,	
  yet	
  can	
  excise	
  from	
  the	
  chromosome	
  and	
  

integrate	
  elsewhere.	
  	
  However,	
  the	
  mechanism	
  of	
  excision	
  and	
  integration	
  more	
  

closely	
  resembles	
  that	
  of	
  bacteriophage	
  rather	
  than	
  classic	
  transposons.	
  	
  In	
  fact,	
  the	
  

integrase	
  and	
  excision	
  proteins	
  themselves	
  are	
  quite	
  similar	
  to	
  those	
  from	
  

bacteriophage.	
  	
  Lastly,	
  conjugative	
  transposons	
  are	
  plasmid-­‐like	
  in	
  that	
  they	
  form	
  a	
  

covalently	
  closed	
  circular	
  intermediate;	
  however,	
  unlike	
  plasmids	
  CTns	
  do	
  not	
  

replicate	
  autonomously	
  (96).	
  	
  

The	
  first	
  conjugative	
  transposons	
  identified	
  were	
  in	
  the	
  Gram-­‐positive	
  

bacteria,	
  with	
  Tn916	
  from	
  Enterococcus	
  faecalis	
  and	
  Tn5253	
  from	
  Streptococcus	
  

pneumoniae	
  (which	
  is	
  Tn916-­‐like)	
  being	
  the	
  first	
  discovered	
  (9,	
  34,	
  106,	
  140).	
  	
  	
  Soon	
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after	
  the	
  discovery	
  of	
  Tn916,	
  many	
  other	
  Tn916-­‐like	
  elements	
  were	
  described	
  in	
  E.	
  

faecalis	
  and	
  other	
  Streptococcus	
  spp.	
  such	
  as	
  S.	
  pyogenes	
  and	
  S.	
  agalactia.	
  	
  These	
  

Tn916-­‐like	
  elements	
  encode	
  resistance	
  to	
  tetracycline,	
  which	
  is	
  the	
  most	
  common	
  

resistance	
  marker	
  carried	
  on	
  conjugative	
  transposons	
  (109).	
  	
  The	
  first	
  conjugative	
  

transposon	
  described	
  outside	
  of	
  the	
  Gram-­‐positive	
  organisms	
  is	
  the	
  Bacteroides	
  

conjugative	
  CTnDOT,	
  which	
  will	
  be	
  described	
  in	
  further	
  detail	
  below	
  (35).	
  

Another	
  notable	
  feature	
  of	
  conjugative	
  transposons	
  is	
  their	
  ability	
  to	
  mobilize	
  

other	
  elements.	
  	
  	
  	
  For	
  example,	
  many	
  co-­‐resident	
  plasmids	
  may	
  be	
  mobilized	
  when	
  a	
  

conjugative	
  transposon	
  is	
  in	
  trans,	
  as	
  the	
  CTn	
  provides	
  the	
  gene	
  products	
  encoding	
  

the	
  mating	
  apparatus	
  and	
  mobilization	
  proteins.	
  	
  However,	
  the	
  Bacteroides	
  CTns	
  are	
  

unique	
  in	
  that	
  they	
  can	
  mobilize	
  elements	
  when	
  in	
  cis,	
  which	
  has	
  not	
  been	
  observed	
  

in	
  other	
  genera.	
  	
  This	
  observation	
  suggests	
  that	
  the	
  Bacteroides	
  CTns	
  have	
  a	
  greater	
  

capacity	
  to	
  mobilize	
  other	
  elements	
  (95).	
  	
  

In	
  order	
  for	
  transfer	
  of	
  the	
  conjugative	
  transposon	
  to	
  occur,	
  the	
  element	
  first	
  

excises	
  from	
  the	
  chromosome	
  to	
  form	
  a	
  circular	
  intermediate.	
  	
  	
  A	
  single	
  stranded	
  

copy	
  is	
  then	
  transferred	
  through	
  the	
  mating	
  pore	
  to	
  a	
  recipient	
  cell,	
  after	
  which	
  the	
  

copy	
  becomes	
  double	
  stranded	
  before	
  integrating	
  into	
  the	
  chromosome	
  of	
  the	
  

recipient	
  (140).	
  	
  It	
  is	
  important	
  to	
  note	
  that	
  a	
  copy	
  of	
  the	
  CTn	
  is	
  retained	
  in	
  both	
  the	
  

donor	
  and	
  recipient	
  cells	
  (Figure	
  1.1).	
  	
  Because	
  the	
  element	
  resides	
  within	
  the	
  

chromosome,	
  it	
  can	
  also	
  be	
  transferred	
  vertically	
  to	
  progeny	
  cells,	
  in	
  addition	
  to	
  the	
  

CTn	
  being	
  horizontally	
  transferred.	
  	
  This	
  is	
  important,	
  because	
  in	
  the	
  case	
  of	
  

antibiotic	
  resistance	
  determinants	
  being	
  present	
  on	
  CTns,	
  these	
  elements	
  are	
  not	
  

only	
  transferred	
  readily	
  but	
  are	
  also	
  very	
  stably	
  maintained.	
  	
  This	
  is	
  a	
  great	
  cause	
  for	
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concern,	
  as	
  this	
  is	
  leading	
  to	
  a	
  prevalence	
  of	
  antibiotic	
  resistance	
  with	
  Bacteroides,	
  

which	
  can	
  result	
  in	
  great	
  difficulty	
  when	
  treating	
  infections.	
  	
  Further,	
  it	
  is	
  possible	
  

that	
  Bacteroides	
  can	
  act	
  as	
  a	
  reservoir	
  of	
  antibiotic	
  resistance	
  determinants	
  by	
  

disseminating	
  these	
  genes	
  to	
  other	
  organisms	
  even	
  outside	
  of	
  the	
  Bacteroides	
  genus	
  

and	
  possibly	
  transferring	
  these	
  elements	
  to	
  organisms	
  that	
  are	
  transiently	
  passing	
  

through	
  the	
  gut	
  (11,	
  91,	
  139).	
  	
  All	
  in	
  all,	
  the	
  spread	
  of	
  these	
  conjugative	
  transposons	
  

may	
  pose	
  a	
  serious	
  threat	
  to	
  the	
  future	
  ability	
  to	
  treat	
  infections	
  with	
  antibiotics.	
  	
  For	
  

example,	
  tetracycline	
  used	
  to	
  be	
  a	
  frontline	
  antibiotic	
  used	
  for	
  the	
  treatment	
  of	
  

Bacteroides	
  infections	
  due	
  to	
  its	
  broad	
  spectrum,	
  ease	
  of	
  use,	
  low	
  incidence	
  of	
  side	
  

effects,	
  and	
  relatively	
  low	
  cost	
  (115).	
  	
  After	
  the	
  debut	
  of	
  tetracycline	
  in	
  the	
  1950’s,	
  

few	
  isolates	
  were	
  resistant.	
  	
  By	
  the	
  1970’s	
  20-­‐30%	
  of	
  isolates	
  were	
  tetracycline	
  

resistant,	
  and	
  by	
  the	
  1990’s	
  over	
  80%	
  of	
  Bacteroides	
  isolates	
  from	
  clinical	
  and	
  

community	
  samples	
  were	
  resistant	
  to	
  tetracycline	
  (97).	
  	
  In	
  fact,	
  resistance	
  to	
  

tetracycline	
  has	
  become	
  so	
  commonplace	
  that	
  strains	
  are	
  often	
  not	
  tested	
  for	
  

susceptibility,	
  and	
  are	
  rather	
  assumed	
  to	
  be	
  resistant	
  (94,	
  105).	
  	
  	
  Of	
  the	
  strains	
  that	
  

were	
  resistant	
  to	
  tetracycline,	
  every	
  strain	
  tested	
  carried	
  a	
  conjugative	
  transposon	
  

(96).	
  

	
  

1.3	
  The	
  Bacteroides	
  conjugative	
  transposon	
  CTnDOT	
  	
  	
  

	
   As	
  the	
  title	
  of	
  this	
  dissertation	
  implies,	
  the	
  goal	
  of	
  my	
  work	
  has	
  been	
  to	
  

further	
  understand	
  the	
  transcriptional	
  regulation	
  that	
  ultimately	
  governs	
  conjugative	
  

transfer	
  of	
  CTnDOT.	
  	
  The	
  focus	
  for	
  the	
  rest	
  of	
  this	
  chapter	
  will	
  be	
  to	
  better	
  

understand	
  the	
  nuances	
  of	
  CTnDOT.	
  	
  I	
  will	
  first	
  provide	
  a	
  general	
  overview	
  of	
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CTnDOT,	
  and	
  an	
  introduction	
  to	
  the	
  regulatory	
  cascade	
  that	
  initiates	
  transfer,	
  which	
  

is	
  immediately	
  followed	
  by	
  a	
  more	
  detailed	
  explanation	
  of	
  the	
  genes	
  involved	
  in	
  this	
  

cascade.	
  	
  I	
  will	
  then	
  outline	
  the	
  regulatory	
  targets	
  that	
  constitute	
  the	
  bulk	
  of	
  my	
  work	
  

outlined	
  in	
  this	
  dissertation:	
  the	
  transfer	
  and	
  mobilization	
  regions	
  of	
  CTnDOT.	
  	
  I	
  will	
  

then	
  describe	
  the	
  negative	
  regulation	
  of	
  CTnDOT	
  transfer,	
  and	
  I	
  will	
  finish	
  by	
  

outlining	
  the	
  specific	
  questions	
  posed	
  in	
  this	
  dissertation	
  that	
  aim	
  to	
  better	
  

understand	
  the	
  regulation	
  of	
  CTnDOT.	
  

The	
  most	
  common	
  conjugative	
  transposon	
  within	
  Bacteroides	
  is	
  CTnDOT,	
  in	
  

addition	
  to	
  a	
  number	
  of	
  CTnDOT-­‐like	
  elements	
  (105).	
  	
  CTnDOT	
  is	
  a	
  65	
  kb	
  conjugative	
  

transposon	
  that	
  carries	
  genes	
  encoding	
  resistance	
  to	
  the	
  antibiotics	
  erythromycin	
  

(ermF)	
  and	
  tetracycline	
  (tetQ).	
  	
  One	
  of	
  the	
  characteristics	
  that	
  makes	
  CTnDOT	
  such	
  a	
  

fascinating	
  element	
  is	
  that	
  exposure	
  to	
  low	
  levels	
  of	
  tetracycline	
  actually	
  stimulates	
  

the	
  excision	
  and	
  conjugative	
  transfer	
  of	
  CTnDOT	
  (23,	
  44,	
  67,	
  114,	
  141).	
  	
  	
  Upon	
  

tetracycline	
  induction	
  a	
  cascade	
  of	
  transcriptional	
  regulation	
  is	
  initiated,	
  and	
  

translation	
  of	
  the	
  tetQ-­‐rteA-­‐rteB	
  operon	
  ensues.	
  RteB	
  next	
  activates	
  the	
  transcription	
  

of	
  rteC,	
  which	
  in	
  turn	
  activates	
  transcription	
  of	
  the	
  xis2c-­‐2d-­‐exc	
  operon.	
  	
  Xis2c,	
  Xis2D,	
  

and	
  Exc	
  activate	
  transcription	
  of	
  the	
  tra	
  and	
  mob	
  operons,	
  which	
  then	
  results	
  in	
  

CTnDOT	
  conjugative	
  transfer.	
  	
  However,	
  when	
  no	
  tetracycline	
  is	
  present	
  there	
  is	
  no	
  

detectable	
  CTnDOT	
  transfer.	
  	
  A	
  summary	
  of	
  this	
  regulatory	
  cascade	
  is	
  depicted	
  in	
  

Figure	
  1.2.	
  	
  	
  A	
  more	
  detailed	
  description	
  of	
  the	
  genes	
  involved	
  and	
  the	
  steps	
  in	
  this	
  

regulatory	
  pathway	
  is	
  found	
  below.	
  

An	
  operon	
  that	
  encodes	
  the	
  ribosomal	
  protection	
  gene	
  that	
  confers	
  resistance	
  

to	
  tetracycline,	
  tetQ-­‐rteA-­‐rteB,	
  is	
  regulated	
  by	
  tetracycline	
  induction	
  through	
  a	
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translational	
  attenuation	
  mechanism.	
  	
  That	
  is,	
  although	
  the	
  tetQ	
  operon	
  is	
  

transcribed	
  constitutively,	
  it	
  is	
  only	
  upon	
  exposure	
  to	
  tetracycline	
  that	
  translation	
  

occurs	
  (75,	
  115,	
  133,	
  134).	
  	
  Homologue	
  searches	
  suggest	
  that	
  RteA	
  and	
  RteB	
  

comprise	
  a	
  two	
  component	
  regulatory	
  system,	
  where	
  RteA	
  is	
  the	
  signal	
  recognition	
  

protein	
  and	
  RteB	
  is	
  the	
  response	
  regulator	
  (116).	
  	
  At	
  this	
  point	
  it	
  is	
  not	
  yet	
  clear	
  what	
  

signal	
  RteA	
  is	
  sensing,	
  but	
  findings	
  suggest	
  that	
  it	
  is	
  not	
  tetracycline	
  (96).	
  	
  Upon	
  Tc	
  

induction,	
  RteB	
  activates	
  the	
  transcription	
  of	
  rteC,	
  encoding	
  another	
  transcriptional	
  

activator	
  (67,	
  81,	
  133).	
  	
  Together,	
  tetQ-­‐rteA-­‐rteB-­‐rteC	
  comprises	
  what	
  is	
  often	
  

referred	
  to	
  as	
  the	
  central	
  regulatory	
  region	
  of	
  CTnDOT.	
  	
  

To	
  continue	
  the	
  regulatory	
  cascade	
  upon	
  tetracycline	
  induction,	
  RteC	
  then	
  

activates	
  the	
  transcription	
  of	
  the	
  excision	
  operon,	
  which	
  contains	
  xis2c,	
  xis2d,	
  orf3,	
  

and	
  exc	
  (67,	
  81,	
  141).	
  	
  	
  As	
  the	
  name	
  of	
  the	
  operon	
  suggests,	
  these	
  genes	
  are	
  involved	
  

in	
  the	
  excision	
  of	
  CTnDOT	
  from	
  the	
  donor	
  chromosome.	
  	
  Both	
  Xis2c	
  and	
  Xis2d	
  

(formerly	
  known	
  as	
  Orf2c	
  and	
  Orf2d)	
  are	
  small	
  basic	
  DNA-­‐binding	
  proteins,	
  with	
  

Xis2c	
  having	
  homology	
  to	
  phage	
  Lambda	
  xis	
  (119).	
  Xis2d	
  is	
  homologous	
  to	
  the	
  E.	
  coli	
  

excisionase	
  TorI,	
  and	
  to	
  the	
  Tn916	
  excisionase	
  (1,	
  31,	
  48).	
  	
  Exc,	
  which	
  has	
  homology	
  

to	
  a	
  class	
  III	
  DNA	
  topoisomerase,	
  is	
  also	
  required	
  for	
  CTnDOT	
  excision	
  (24,	
  47,	
  120).	
  	
  	
  

Although	
  orf3	
  is	
  a	
  part	
  of	
  this	
  operon	
  that	
  encodes	
  proteins	
  necessary	
  for	
  excision,	
  

Orf3	
  is	
  not	
  required	
  (24).	
  	
  The	
  CTnDOT	
  encoded	
  tyrosine	
  recombinase	
  IntDOT	
  is	
  also	
  

required	
  for	
  excision,	
  in	
  addition	
  to	
  a	
  chromosomally	
  encoded	
  Bacteroides	
  host	
  

factor,	
  which	
  is	
  typical	
  of	
  most	
  transposition	
  systems	
  (47,	
  57,	
  104,	
  143).	
  	
  	
  

Interestingly,	
  Xis2C,	
  Xis2D,	
  and	
  Exc	
  are	
  not	
  only	
  essential	
  for	
  the	
  excision	
  of	
  CTnDOT,	
  

but	
  they	
  also	
  play	
  a	
  regulatory	
  role	
  by	
  acting	
  as	
  transcriptional	
  activators	
  of	
  the	
  tra	
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and	
  mob	
  operons.	
  	
  As	
  with	
  excision,	
  Orf3	
  does	
  not	
  appear	
  to	
  play	
  a	
  role	
  in	
  the	
  

transcriptional	
  activation	
  of	
  the	
  tra	
  operon.	
  	
  

	
  

The	
  transfer	
  genes	
  

The	
  transfer	
  (tra)	
  genes	
  are	
  assembled	
  in	
  a	
  13	
  kb	
  operon	
  containing	
  17	
  

protein	
  encoding	
  genes,	
  traA	
  through	
  traQ.	
  	
  These	
  Tra	
  proteins	
  are	
  required	
  to	
  

assemble	
  the	
  mating	
  bridge,	
  a	
  type	
  IV	
  secretion	
  like	
  apparatus	
  that	
  is	
  required	
  for	
  

conjugative	
  transfer.	
  	
  These	
  tra	
  genes	
  have	
  a	
  much	
  higher	
  GC	
  content	
  (48-­‐60%)	
  

relative	
  to	
  the	
  Bacteroides	
  chromosome	
  (approx.	
  42%),	
  which	
  suggests	
  that	
  the	
  tra	
  

genes	
  originated	
  from	
  another	
  genus	
  of	
  bacteria	
  (17).	
  	
  However,	
  only	
  4	
  of	
  the	
  17	
  tra	
  

genes	
  are	
  homologous	
  to	
  characterized	
  genes	
  from	
  other	
  transfer	
  systems.	
  	
  The	
  

CTnDOT	
  protein	
  TraG	
  was	
  the	
  best	
  match	
  to	
  any	
  other	
  known	
  transfer	
  proteins.	
  	
  The	
  

most	
  similar	
  homologue	
  is	
  the	
  Bacteroides	
  protein	
  BctA	
  (49%	
  identity),	
  a	
  membrane	
  

bound	
  putative	
  ATPase	
  which	
  is	
  present	
  on	
  the	
  conjugative	
  plasmid	
  pBF4	
  (70)	
  and	
  

the	
  B.	
  uniformis	
  conjugative	
  transposon	
  BTF-­‐37	
  (42).	
  	
  Western	
  analysis	
  of	
  TraGCTnDOT	
  

has	
  demonstrated	
  that	
  it	
  is	
  associated	
  with	
  both	
  inner	
  and	
  outer	
  membrane	
  

fractions,	
  which	
  is	
  consistent	
  with	
  the	
  involvement	
  of	
  TraG	
  in	
  formation	
  of	
  the	
  

mating	
  pair	
  (18).	
  	
  TraG	
  is	
  also	
  homologous	
  to	
  the	
  VirB4	
  ATPase	
  from	
  the	
  

Agrobacterium	
  Ti	
  plasmid	
  (15,	
  28),	
  in	
  addition	
  to	
  TraC	
  from	
  the	
  E.	
  coli	
  F	
  plasmid,	
  

which	
  is	
  required	
  for	
  assembly	
  of	
  the	
  F	
  pilus	
  (102,	
  103).	
  

TraK	
  from	
  CTnDOT	
  appears	
  to	
  be	
  very	
  distantly	
  related	
  to	
  VirB8	
  and	
  TrbL.	
  	
  

VirB8	
  is	
  an	
  inner	
  membrane	
  Ti	
  plasmid	
  protein	
  that	
  is	
  thought	
  to	
  function	
  as	
  a	
  

nucleating	
  factor	
  in	
  assembly	
  of	
  the	
  type	
  IV	
  secretion	
  system	
  complex	
  (107).	
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Although	
  the	
  function	
  of	
  TrbL	
  is	
  not	
  known,	
  it	
  has	
  been	
  demonstrated	
  that	
  TrbL	
  is	
  

essential	
  for	
  Ti	
  plasmid	
  transfer,	
  RP4	
  plasmid	
  transfer,	
  as	
  well	
  as	
  transfer	
  of	
  the	
  R.	
  

leguminosarum	
  plasmid	
  pRL1JI	
  (40,	
  56,	
  142).	
  	
  

The	
  CTnDOT	
  protein	
  TraJ	
  shares	
  very	
  limited	
  similarity	
  with	
  other	
  known	
  

conjugation	
  proteins	
  such	
  as	
  the	
  F	
  plasmid	
  protein	
  TraG,	
  which	
  is	
  an	
  inner	
  

membrane	
  protein	
  thought	
  to	
  play	
  a	
  role	
  in	
  stabilization	
  or	
  interaction	
  of	
  the	
  

relaxosome	
  with	
  the	
  DNA	
  transport	
  complex	
  (7,	
  58,	
  99).	
  	
  Analysis	
  of	
  the	
  TraJ	
  

sequence	
  also	
  reveals	
  a	
  Bac_flav_CT_J	
  superfamily	
  conserved	
  domain,	
  which	
  is	
  

distantly	
  related	
  to	
  Virb6	
  and	
  TrbL	
  of	
  the	
  Agrobacterium	
  Ti	
  plasmid	
  (63).	
  	
  	
  VirB6	
  is	
  

predicted	
  to	
  play	
  a	
  role	
  in	
  the	
  biogenesis	
  of	
  the	
  T-­‐pilus	
  (46),	
  where	
  as	
  TrbL,	
  a	
  

homologue	
  of	
  the	
  F	
  plasmid	
  protein	
  TraG,	
  is	
  considered	
  likely	
  to	
  play	
  a	
  role	
  in	
  

stabilization	
  of	
  the	
  mating	
  pair	
  and	
  was	
  demonstrated	
  to	
  be	
  required	
  for	
  conjugative	
  

transfer	
  of	
  the	
  Ti	
  plasmid	
  (56,	
  63).	
  

The	
  last	
  of	
  the	
  CTnDOT	
  tra	
  proteins	
  with	
  known	
  transfer	
  homologues	
  is	
  TraN,	
  

which	
  has	
  been	
  annotated	
  as	
  a	
  protein	
  involved	
  in	
  stabilization	
  of	
  mating	
  pair	
  

formation	
  (61–63).	
  	
  TraN	
  shares	
  limited	
  similarity	
  with	
  the	
  Ti	
  protein	
  VirB9,	
  which	
  

aids	
  in	
  stabilization	
  of	
  the	
  mating	
  pair	
  (14).	
  	
  	
  Western	
  blotting	
  analysis	
  of	
  TraNCTnDOT	
  

has	
  demonstrated	
  that	
  this	
  protein	
  is	
  associated	
  with	
  the	
  outer	
  membrane,	
  which	
  is	
  

consistent	
  with	
  TraN	
  being	
  a	
  component	
  of	
  the	
  mating	
  bridge	
  (18).	
  	
  	
  

Although	
  no	
  studies	
  have	
  been	
  performed	
  on	
  the	
  CTnDOT	
  Tra	
  proteins	
  to	
  

confirm	
  a	
  specific	
  role	
  in	
  conjugative	
  transfer,	
  some	
  work	
  has	
  been	
  done	
  to	
  

determine	
  which	
  of	
  the	
  Tra	
  proteins	
  are	
  essential	
  for	
  CTnDOT	
  conjugative	
  transfer.	
  	
  

Insertion	
  deletion	
  analysis	
  was	
  performed	
  in	
  CTnERL,	
  a	
  Bacteroides	
  conjugative	
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transposon	
  that	
  for	
  the	
  most	
  part	
  is	
  similar	
  to	
  CTnDOT	
  but	
  lacks	
  the	
  ermF	
  region,	
  

allowing	
  erythromycin	
  to	
  be	
  used	
  as	
  a	
  selectable	
  marker	
  for	
  the	
  insertions.	
  	
  The	
  

insertions	
  contained	
  a	
  maltose	
  inducible	
  promoter	
  (PsusA)	
  placed	
  downstream	
  of	
  

ermF,	
  thereby	
  preventing	
  the	
  possibility	
  of	
  polar	
  effects	
  from	
  the	
  insertion	
  (18).	
  	
  It	
  

should	
  also	
  be	
  noted	
  that	
  although	
  the	
  majority	
  of	
  the	
  tra	
  genes	
  have	
  greater	
  than	
  

90%	
  identity,	
  the	
  5’	
  end	
  of	
  traA	
  through	
  the	
  3’	
  end	
  of	
  traD	
  are	
  poorly	
  conserved,	
  with	
  

sequence	
  identity	
  less	
  than	
  35%	
  (17).	
  	
  	
  Bonheyo	
  et	
  al	
  (2001)	
  focused	
  on	
  the	
  

conserved	
  region	
  downstream	
  of	
  traD	
  for	
  the	
  insertion	
  analysis.	
  	
  No	
  insertions	
  were	
  

generated	
  in	
  traC,	
  -­‐E,	
  -­‐F,	
  or	
  traL	
  because	
  these	
  open	
  reading	
  frame	
  were	
  too	
  small	
  to	
  

construct	
  reliable	
  insertions.	
  	
  They	
  were	
  also	
  unsuccessful	
  in	
  constructing	
  an	
  

insertion	
  in	
  traK.	
  	
  All	
  insertion	
  mutants,	
  traD,	
  -­‐G,	
  -­‐H,	
  -­‐I,	
  -­‐J,	
  -­‐M,	
  -­‐N,	
  -­‐O,	
  -­‐P,	
  -­‐Q,	
  were	
  tested	
  

for	
  the	
  ability	
  to	
  transfer	
  CTnERL	
  to	
  an	
  E.	
  coli	
  recipient.	
  	
  The	
  wild	
  type	
  transfer	
  

frequency	
  of	
  CTnERL	
  is	
  approximately	
  10-­‐5	
  to	
  10-­‐6	
  transconjugants	
  per	
  recipient,	
  and	
  

in	
  the	
  cases	
  of	
  traG,	
  -­‐I,	
  -­‐J,	
  and	
  traM	
  the	
  insertions	
  were	
  sufficient	
  to	
  abolish	
  CTnERL	
  

transfer,	
  which	
  suggested	
  these	
  proteins	
  were	
  essential	
  for	
  conjugative	
  transfer.	
  	
  

Mutations	
  in	
  traH	
  and	
  traN	
  resulted	
  in	
  a	
  reduction	
  of	
  CTnERL	
  transfer	
  frequency	
  by	
  

two	
  orders	
  of	
  magnitude	
  to	
  a	
  rate	
  of	
  about	
  10-­‐8	
  transconjugants/recipient.	
  	
  A	
  

surprising	
  finding	
  from	
  this	
  study	
  was	
  that	
  some	
  insertions	
  actually	
  resulted	
  in	
  an	
  

increase	
  of	
  transfer	
  activity.	
  	
  Disruption	
  of	
  traO	
  resulted	
  in	
  an	
  increase	
  to	
  10-­‐4,	
  while	
  

insertions	
  in	
  traP	
  and	
  traQ	
  gave	
  an	
  increase	
  to	
  10-­‐3	
  transconjugants	
  per	
  recipient.	
  	
  	
  

Unfortunately,	
  sequence	
  analysis	
  of	
  TraO	
  and	
  TraQ	
  does	
  not	
  reveal	
  a	
  putative	
  

function	
  for	
  these	
  proteins,	
  which	
  makes	
  it	
  difficult	
  to	
  predict	
  what	
  role	
  they	
  play	
  in	
  

conjugation.	
  	
  	
  TraP	
  does	
  have	
  a	
  domain	
  that	
  falls	
  within	
  the	
  DnaG	
  DNA	
  primase	
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superfamily,	
  but	
  it	
  is	
  only	
  for	
  the	
  N	
  terminus	
  of	
  TraP.	
  	
  Studies	
  from	
  a	
  CTnDOT-­‐like	
  

conjugative	
  transposon	
  CTn341	
  also	
  determined	
  that	
  TraP341	
  was	
  not	
  required	
  for	
  

CTn341	
  transfer,	
  yet	
  TraP341	
  was	
  required	
  for	
  the	
  mobilization	
  of	
  an	
  unlinked	
  

plasmid	
  (10).	
  	
  It	
  should	
  also	
  be	
  noted	
  that	
  with	
  every	
  disruption	
  the	
  ability	
  of	
  

CTnERL	
  to	
  excise	
  from	
  the	
  chromosome	
  was	
  assayed	
  to	
  ensure	
  that	
  faulty	
  excision	
  

was	
  not	
  to	
  blame	
  for	
  changes	
  in	
  the	
  CTnERL	
  transfer	
  frequency,	
  and	
  was	
  instead	
  a	
  

result	
  of	
  disruption	
  of	
  the	
  mating	
  apparatus	
  or	
  mating	
  pair	
  formation	
  (18).	
  

As	
  stated	
  previously,	
  the	
  regulatory	
  cascade	
  that	
  initiates	
  with	
  tetracycline	
  

induction	
  ultimately	
  results	
  in	
  the	
  upregulation	
  of	
  a	
  number	
  of	
  genes.	
  	
  The	
  excision	
  

proteins	
  Xis2c,	
  Xis2d,	
  and	
  Exc	
  not	
  only	
  increase	
  transcription	
  of	
  the	
  tra	
  operon,	
  but	
  

they	
  also	
  appear	
  to	
  enhance	
  transcription	
  of	
  the	
  mob	
  genes.	
  

	
  

The	
  mobilization	
  genes	
  

The	
  mobilization	
  (mob)	
  genes	
  are	
  a	
  nearly	
  4	
  kb	
  operon	
  containing	
  3	
  genes,	
  

mobA,	
  -­‐B,	
  and	
  -­‐,C	
  that	
  facilitate	
  CTnDOT	
  conjugative	
  transfer,	
  and	
  are	
  divergently	
  

transcribed	
  from	
  the	
  tra	
  operon.	
  	
  There	
  are	
  approximately	
  80	
  bp	
  between	
  the	
  two	
  

promoters,	
  prompting	
  us	
  to	
  hypothesize	
  that	
  the	
  binding	
  of	
  the	
  excision	
  proteins	
  to	
  

mediate	
  transcriptional	
  activation	
  of	
  the	
  tra	
  operon	
  might	
  also	
  affect	
  the	
  regulation	
  

of	
  the	
  divergently	
  transcribed	
  mob	
  genes.	
  	
  Cloning	
  of	
  the	
  mob	
  genes,	
  along	
  with	
  the	
  

CTnDOT	
  tra	
  operon	
  and	
  oriT	
  onto	
  a	
  vector	
  was	
  sufficient	
  to	
  form	
  a	
  plasmid	
  (pLYL72)	
  

that	
  was	
  capable	
  of	
  self-­‐transfer,	
  suggesting	
  that	
  this	
  region	
  comprises	
  the	
  bulk	
  of	
  the	
  

transfer	
  machinery	
  (55).	
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Blastp	
  searches	
  of	
  MobA	
  do	
  not	
  reveal	
  any	
  homologues	
  of	
  known	
  transfer	
  

proteins	
  (3).	
  	
  MobA	
  is	
  only	
  annotated	
  as	
  a	
  hypothetical	
  protein,	
  but	
  it	
  does	
  appear	
  to	
  

be	
  well	
  conserved	
  throughout	
  the	
  Bacteroidetes	
  phylum.	
  	
  	
  A	
  structural	
  homologue	
  

search	
  revealed	
  more	
  insight	
  as	
  to	
  how	
  MobA	
  may	
  function	
  in	
  transfer.	
  	
  Phyre2	
  

analysis	
  suggested	
  with	
  94.1	
  %	
  confidence	
  that	
  the	
  N	
  terminal	
  fragment	
  of	
  MobA	
  is	
  

structurally	
  homologous	
  to	
  the	
  NikA	
  protein	
  from	
  the	
  plasmid	
  R64.	
  	
  NikA	
  forms	
  a	
  

relaxation	
  complex	
  with	
  another	
  protein,	
  NikB,	
  that	
  together	
  nick	
  the	
  R64	
  OriT	
  and	
  

initiate	
  conjugative	
  transfer	
  (36,	
  48,	
  146).	
  	
  The	
  ribbon-­‐helix-­‐helix	
  motif	
  in	
  MobA	
  is	
  

part	
  of	
  a	
  family	
  that	
  is	
  found	
  in	
  conjugative	
  systems	
  that	
  participates	
  in	
  nicking	
  

reactions	
  by	
  facilitating	
  access	
  of	
  the	
  relaxase	
  to	
  the	
  nick	
  site,	
  the	
  oriT	
  (129).	
  	
  No	
  

function	
  for	
  the	
  C	
  terminus	
  of	
  MobA	
  was	
  predicted,	
  as	
  Phyre2	
  only	
  generated	
  

structural	
  homologues	
  with	
  a	
  poor	
  confidence	
  score	
  for	
  this	
  region	
  (<27%).	
  

MobB	
  is	
  also	
  well	
  conserved	
  within	
  the	
  Bacteroidetes	
  phylum.	
  	
  Although	
  it	
  is	
  

simply	
  annotated	
  as	
  a	
  putative	
  mobilization	
  protein,	
  MobB	
  does	
  possess	
  a	
  relaxase	
  

domain	
  (61–63).	
  	
  A	
  Phyre2	
  structural	
  homologue	
  search	
  reveals	
  homology	
  of	
  the	
  N	
  

terminus	
  to	
  the	
  relaxase	
  MobA	
  (98.9%	
  confidence)	
  from	
  the	
  P.	
  aeruginosa	
  

mobilizable	
  plasmid	
  R1162.	
  	
  The	
  N	
  terminus	
  of	
  MobAR1162	
  nicks	
  the	
  plasmid	
  DNA,	
  

and	
  is	
  required	
  for	
  transfer	
  of	
  R1162	
  (66,	
  82,	
  144).	
  	
  No	
  function	
  for	
  the	
  C	
  terminus	
  of	
  

MobB	
  was	
  predicted,	
  as	
  Phyre2	
  structural	
  homologues	
  for	
  this	
  region	
  had	
  less	
  than	
  a	
  

15%	
  confidence	
  score.	
  

MobC	
  is	
  also	
  conserved	
  in	
  the	
  Bacteroidetes	
  phylum,	
  and	
  is	
  annotated	
  as	
  a	
  

TraG/VirD4	
  superfamily	
  protein	
  that	
  contains	
  an	
  ATP	
  binding	
  domain.	
  	
  VirD4	
  is	
  a	
  

cytoplasmic	
  ATPase	
  that	
  aids	
  in	
  delivery	
  of	
  DNA	
  to	
  the	
  mating	
  pore	
  and	
  is	
  required	
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for	
  conjugative	
  transfer	
  (25,	
  131).	
  	
  Phyre2	
  structural	
  homologue	
  analysis	
  supports	
  

this.	
  	
  With	
  100%	
  confidence,	
  MobC	
  is	
  predicted	
  to	
  be	
  homologous	
  to	
  the	
  ATPase	
  

domain	
  of	
  RecA.	
  	
  MobC	
  is	
  also	
  a	
  structural	
  homologue	
  of	
  FtsK	
  (98.5%	
  confidence),	
  

which	
  functions	
  to	
  translocate	
  DNA	
  through	
  the	
  division	
  septum	
  during	
  cell	
  division	
  

using	
  ATP	
  hydrolysis	
  (8,	
  48).	
  	
  

Recent	
  work	
  from	
  C.	
  Jeff	
  Smith’s	
  lab	
  has	
  begun	
  to	
  characterize	
  the	
  mob	
  region	
  

of	
  a	
  CTnDOT-­‐like	
  conjugative	
  transposon	
  CTn341,	
  which	
  is	
  93%	
  identical	
  at	
  the	
  

nucleotide	
  level	
  to	
  the	
  CTnDOT	
  mob	
  region	
  (4).	
  	
  Null	
  mutations	
  were	
  made	
  in	
  all	
  

three	
  of	
  the	
  mob	
  genes,	
  and	
  in	
  the	
  case	
  of	
  mobA341	
  and	
  mobB341	
  ,	
  transfer	
  of	
  CTn341	
  

was	
  lost.	
  	
  What	
  was	
  interesting,	
  however,	
  was	
  that	
  the	
  transfer	
  of	
  co-­‐resident	
  

elements	
  was	
  not	
  affected	
  by	
  these	
  null	
  mutations.	
  	
  Even	
  more	
  surprising	
  was	
  that	
  a	
  

null	
  mutation	
  in	
  mobC341	
  had	
  no	
  affect	
  on	
  the	
  transfer	
  frequency	
  of	
  CTn341.	
  	
  This	
  

finding	
  was	
  not	
  expected,	
  as	
  the	
  coupling	
  protein	
  is	
  generally	
  required	
  in	
  other	
  type	
  

IV	
  secretion	
  systems.	
  	
  Three	
  independent	
  mobC341	
  deletions	
  had	
  the	
  same	
  phenotype	
  

in	
  that	
  there	
  was	
  no	
  defect	
  in	
  CTn341	
  transfer.	
  	
  The	
  B.	
  thetaiotaomicron	
  chromosome	
  

does	
  have	
  four	
  mobC	
  homologues,	
  so	
  it	
  is	
  possible	
  that	
  one	
  of	
  the	
  chromosomal	
  

copies	
  is	
  compensating	
  for	
  the	
  CTn341	
  mobC	
  deletion,	
  thus	
  resulting	
  in	
  wild	
  type	
  

conjugative	
  transfer	
  (83).	
  

Peed	
  et	
  al	
  (2010)	
  also	
  began	
  a	
  preliminary	
  characterization	
  of	
  the	
  

transcriptional	
  regulation	
  of	
  the	
  CTn341	
  mob	
  region.	
  	
  The	
  mob	
  genes,	
  which	
  are	
  

divergently	
  transcribed	
  from	
  the	
  tra	
  region,	
  are	
  organized	
  in	
  an	
  operon	
  that	
  is	
  

induced	
  by	
  exposure	
  to	
  tetracycline	
  and	
  requires	
  RteA	
  and	
  RteB	
  (83).	
  	
  As	
  I	
  will	
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describe	
  later	
  in	
  this	
  dissertation,	
  their	
  findings	
  are	
  only	
  the	
  tip	
  of	
  the	
  iceberg	
  with	
  

respect	
  to	
  the	
  regulation	
  of	
  this	
  operon.	
  	
  	
  

	
  

Negative	
  regulation	
  of	
  CTnDOT	
  conjugative	
  transfer	
  

As	
  stated	
  previously,	
  the	
  cascade	
  of	
  events	
  that	
  is	
  initiated	
  upon	
  tetracycline	
  

induction	
  is	
  complex	
  and	
  involves	
  many	
  operons.	
  However,	
  tetracycline	
  induction	
  

does	
  not	
  merely	
  act	
  as	
  a	
  “molecular	
  switch”	
  to	
  turn	
  on	
  this	
  regulatory	
  cascade	
  that	
  

activates	
  conjugative	
  transfer	
  of	
  CTnDOT.	
  	
  Instead,	
  the	
  regulation	
  of	
  CTnDOT	
  has	
  

another	
  layer	
  of	
  complexity.	
  	
  The	
  operons	
  encoding	
  the	
  gene	
  products	
  necessary	
  to	
  

facilitate	
  conjugative	
  transfer,	
  namely	
  the	
  transfer	
  (tra)	
  operon	
  and	
  the	
  mobilization	
  

(mob)	
  operon,	
  are	
  actually	
  transcribed	
  constitutively	
  with	
  respect	
  to	
  tetracycline	
  

induction	
  yet	
  become	
  regulated	
  when	
  in	
  the	
  presence	
  of	
  the	
  entire	
  CTnDOT	
  element	
  

(118;	
  J.L.	
  Waters,	
  unpublished).	
  	
  For	
  the	
  tra	
  operon,	
  the	
  negative	
  regulator	
  (RteR)	
  is	
  

actually	
  transcribed	
  constitutively,	
  so	
  repression	
  is	
  somehow	
  overridden	
  upon	
  

tetracycline	
  induction.	
  	
  We	
  are	
  still	
  elucidating	
  how	
  the	
  mob	
  genes	
  are	
  down-­‐

regulated	
  in	
  the	
  absence	
  of	
  tetracycline.	
  

The	
  negative	
  regulator	
  that	
  targets	
  the	
  transfer	
  (tra)	
  operon	
  is	
  a	
  non-­‐coding	
  

small	
  RNA,	
  RteR,	
  which	
  will	
  be	
  discussed	
  further	
  in	
  Chapter	
  2	
  of	
  this	
  dissertation	
  

(135).	
  	
  	
  Small	
  RNAs	
  are	
  gaining	
  much	
  recognition	
  due	
  to	
  their	
  important	
  role	
  as	
  

global	
  regulators	
  within	
  bacteria,	
  regulating	
  important	
  cellular	
  processes	
  such	
  as	
  

iron	
  homeostasis,	
  stationary	
  phase	
  transition,	
  and	
  sugar	
  phosphate	
  stress	
  (38,	
  64,	
  

128).	
  	
  These	
  small	
  RNAs	
  are	
  most	
  often	
  around	
  50-­‐100	
  nt	
  in	
  length,	
  and	
  although	
  

there	
  are	
  exceptions,	
  the	
  majority	
  of	
  these	
  regulatory	
  small	
  RNAs	
  are	
  non-­‐coding	
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(39).	
  	
  Not	
  only	
  can	
  sRNAs	
  mediate	
  positive	
  and	
  negative	
  regulation,	
  but	
  also	
  there	
  

are	
  a	
  wide	
  variety	
  of	
  sRNA	
  regulatory	
  mechanisms.	
  

The	
  majority	
  of	
  sRNAs	
  that	
  have	
  been	
  characterized	
  act	
  as	
  negative	
  

regulators.	
  	
  One	
  method	
  of	
  regulation	
  is	
  when	
  the	
  sRNA	
  acts	
  to	
  destabilize	
  the	
  target	
  

mRNA,	
  which	
  results	
  in	
  a	
  shorter	
  mRNA	
  half-­‐life	
  (39).	
  This	
  regulation	
  can	
  occur	
  

when	
  the	
  sRNA	
  binds	
  to	
  a	
  target	
  mRNA	
  to	
  form	
  an	
  imperfect	
  base-­‐pairing	
  between	
  

the	
  two	
  transcripts,	
  which	
  is	
  generally	
  mediated	
  by	
  the	
  hexameric	
  RNA	
  chaperone	
  

Hfq	
  (30,	
  80,	
  100,	
  136).	
  	
  Ultimately	
  the	
  sRNA-­‐target	
  mRNA	
  duplex	
  is	
  degraded	
  via	
  the	
  

degradosome,	
  which	
  in	
  E.	
  coli	
  consists	
  of	
  RNase	
  E,	
  PNPase,	
  enolase,	
  and	
  the	
  RNA	
  

dependent	
  helicase	
  RhlB	
  (20,	
  22,	
  125).	
  However,	
  we	
  have	
  reason	
  to	
  believe	
  that	
  RteR	
  

does	
  not	
  work	
  through	
  an	
  Hfq	
  dependent	
  mechanism.	
  	
  First,	
  no	
  Hfq	
  homologue	
  has	
  

been	
  identified	
  in	
  the	
  Bacteroidetes	
  phylum.	
  	
  In	
  addition,	
  if	
  there	
  is	
  a	
  Bacteroides	
  

equivalent	
  of	
  the	
  degradosome,	
  it	
  may	
  differ	
  from	
  the	
  degradosome	
  described	
  in	
  E.	
  

coli	
  because	
  there	
  does	
  not	
  appear	
  to	
  be	
  an	
  RNase	
  E	
  homologue	
  in	
  Bacteroides.	
  	
  

As	
  stated	
  earlier,	
  the	
  mob	
  genes	
  are	
  also	
  regulated	
  in	
  a	
  similar	
  fashion	
  to	
  the	
  

tra	
  operon.	
  The	
  mob	
  operon	
  is	
  constitutively	
  transcribed	
  when	
  independent	
  of	
  

CTnDOT.	
  	
  However,	
  when	
  an	
  intact	
  copy	
  of	
  CTnDOT	
  is	
  also	
  present,	
  there	
  is	
  no	
  

detectable	
  mob	
  product	
  without	
  tetracycline	
  present,	
  and	
  upon	
  tetracycline	
  

induction	
  there	
  is	
  more	
  mob	
  mRNA	
  relative	
  to	
  the	
  constitutively	
  transcribed	
  levels.	
  	
  

As	
  I	
  will	
  illustrate	
  in	
  Chapter	
  3,	
  it	
  appears	
  that	
  the	
  excision	
  proteins	
  Xis2c,	
  Xis2d,	
  and	
  

Exc	
  are	
  responsible	
  for	
  the	
  up-­‐regulation	
  of	
  mob	
  transcription	
  upon	
  tetracycline	
  

induction.	
  	
  At	
  this	
  time,	
  we	
  are	
  not	
  confident	
  of	
  what	
  is	
  acting	
  as	
  the	
  negative	
  

regulator	
  of	
  the	
  mob	
  region,	
  but	
  it	
  appears	
  that	
  RteR	
  is	
  not	
  responsible.	
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1.4	
  Questions	
  addressed	
  in	
  this	
  dissertation	
  

The	
  overarching	
  question	
  posed	
  in	
  this	
  dissertation	
  is:	
  what	
  factors	
  are	
  

regulating	
  the	
  transcription	
  of	
  genes	
  required	
  for	
  conjugative	
  transfer	
  of	
  CTnDOT?	
  	
  

As	
  stated	
  previously,	
  we	
  know	
  that	
  ultimately	
  conjugative	
  transfer	
  is	
  not	
  detected	
  in	
  

the	
  absence	
  of	
  tetracycline,	
  but	
  upon	
  exposure	
  to	
  tetracycline	
  transfer	
  of	
  CTnDOT	
  

occurs.	
  	
  A	
  fair	
  amount	
  of	
  work	
  has	
  been	
  done	
  to	
  characterize	
  the	
  transfer	
  operon,	
  

which	
  is	
  a	
  13	
  kb	
  operon	
  containing	
  genes	
  traA-­‐traQ.	
  	
  The	
  culmination	
  of	
  these	
  studies	
  

has	
  demonstrated	
  that	
  the	
  tra	
  promoter	
  is	
  constitutively	
  transcribed,	
  and	
  that	
  the	
  

excision	
  proteins	
  Xis2c,	
  Xis2d,	
  and	
  Exc	
  are	
  responsible	
  for	
  the	
  up-­‐regulation	
  of	
  tra	
  

transcription.	
  	
  However,	
  as	
  stated	
  previously,	
  when	
  the	
  entire	
  CTnDOT	
  element	
  is	
  

present	
  the	
  tra	
  operon	
  is	
  not	
  transcribed	
  in	
  the	
  absence	
  of	
  tetracycline.	
  Preliminary	
  

evidence	
  suggested	
  a	
  500	
  bp	
  region	
  that	
  contained	
  a	
  putative	
  regulatory	
  RNA	
  was	
  

sufficient	
  to	
  mediate	
  this	
  inhibition	
  (44,	
  141).	
  	
  As	
  I	
  will	
  describe	
  in	
  Chapter	
  2	
  of	
  this	
  

dissertation,	
  my	
  first	
  objective	
  was	
  to	
  confirm	
  that	
  this	
  was	
  in	
  fact	
  a	
  small	
  RNA	
  that	
  

was	
  inhibiting	
  CTnDOT	
  conjugative	
  transfer.	
  	
  I	
  also	
  characterized	
  RteR	
  by	
  identifying	
  

the	
  5’	
  and	
  3’	
  ends	
  of	
  the	
  transcript,	
  in	
  addition	
  to	
  locating	
  the	
  rteR	
  promoter.	
  	
  The	
  

next	
  objective	
  was	
  to	
  address	
  how	
  RteR	
  was	
  inhibiting	
  transfer	
  by	
  identifying	
  not	
  

only	
  the	
  actual	
  target	
  of	
  RteR,	
  but	
  also	
  by	
  proposing	
  a	
  possible	
  mechanism	
  describing	
  

how	
  RteR	
  may	
  be	
  interacting	
  with	
  the	
  target	
  to	
  prevent	
  conjugative	
  transfer	
  of	
  

CTnDOT.	
  	
  The	
  summation	
  of	
  this	
  portion	
  of	
  my	
  work	
  suggests	
  that	
  RteR	
  may	
  be	
  

interacting	
  with	
  a	
  segment	
  of	
  the	
  polycistronic	
  transcript	
  within	
  traB	
  to	
  initiate	
  the	
  

formation	
  of	
  an	
  intrinsic	
  terminator,	
  thus	
  halting	
  the	
  elongation	
  of	
  the	
  tra	
  mRNA.	
  



	
   23	
  

Another	
  story	
  that	
  I	
  will	
  describe	
  further	
  in	
  Chapter	
  3	
  describes	
  the	
  

tetracycline-­‐dependent	
  regulation	
  of	
  the	
  mobilization	
  (mob)	
  region,	
  which	
  encodes	
  

three	
  proteins	
  required	
  for	
  conjugative	
  transfer.	
  	
  Much	
  of	
  the	
  focus	
  in	
  previous	
  

research	
  was	
  on	
  the	
  transfer	
  region,	
  yet	
  little	
  if	
  any	
  work	
  was	
  performed	
  to	
  

characterize	
  these	
  mob	
  genes.	
  	
  Recently,	
  Peed	
  and	
  colleagues	
  started	
  to	
  tease	
  out	
  a	
  

regulatory	
  mechanism	
  for	
  the	
  mob	
  genes	
  on	
  another	
  CTnDOT-­‐like	
  element,	
  CTn341.	
  	
  

Their	
  work	
  demonstrated	
  that	
  tetracycline	
  induces	
  transcription	
  of	
  this	
  operon,	
  and	
  

that	
  RteA	
  and	
  RteB	
  are	
  required	
  for	
  this	
  regulation	
  (83).	
  	
  Because	
  of	
  the	
  striking	
  

similarity	
  between	
  CTn341	
  and	
  CTnDOT,	
  we	
  have	
  every	
  reason	
  to	
  believe	
  that	
  

CTnDOT	
  is	
  regulated	
  in	
  the	
  same	
  manner.	
  	
  RteA	
  and	
  RteB	
  are	
  required	
  for	
  much	
  of	
  

the	
  tetracycline	
  dependent	
  regulation	
  of	
  CTnDOT;	
  however,	
  their	
  role	
  is	
  generally	
  

more	
  indirect	
  as	
  they	
  are	
  simply	
  required	
  for	
  the	
  transcriptional	
  activation	
  of	
  

downstream	
  products.	
  	
  This	
  led	
  us	
  to	
  investigate	
  what	
  downstream	
  products	
  are	
  

responsible	
  for	
  the	
  regulation	
  of	
  the	
  mob	
  operon.	
  	
  

Lastly,	
  Chapter	
  4	
  will	
  provide	
  a	
  summation	
  of	
  my	
  work	
  with	
  some	
  concluding	
  

remarks,	
  and	
  a	
  description	
  of	
  further	
  questions	
  to	
  be	
  answered.	
  	
  The	
  regulatory	
  

mechanisms	
  of	
  CTnDOT	
  have	
  proven	
  to	
  be	
  quite	
  fascinating,	
  and	
  I	
  am	
  sure	
  we	
  still	
  

have	
  much	
  to	
  learn	
  from	
  this	
  unique	
  element.	
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1.6	
  Figures	
  

	
  

Figure	
  1.1:	
  	
  Conjugative	
  transfer	
  of	
  CTnDOT.	
  	
  CTnDOT	
  is	
  a	
  65	
  kb	
  conjugative	
  

transposon	
  present	
  in	
  Bacteroides	
  spp.	
  that	
  encodes	
  resistance	
  to	
  the	
  antibiotics	
  

erythromycin	
  and	
  tetracycline.	
  	
  The	
  conjugative	
  transfer	
  of	
  CTnDOT	
  is	
  actually	
  

stimulated	
  by	
  tetracycline	
  induction.	
  	
  The	
  first	
  step	
  in	
  conjugative	
  transfer	
  is	
  that	
  

CTnDOT	
  must	
  first	
  excise	
  from	
  the	
  host	
  chromosome	
  to	
  form	
  a	
  circular	
  intermediate.	
  

CTnDOT	
  is	
  then	
  nicked	
  at	
  the	
  OriT	
  after	
  which	
  CTnDOT	
  is	
  then	
  replicated,	
  and	
  made	
  

double-­‐stranded,	
  before	
  integrating	
  in	
  to	
  the	
  chromosome	
  of	
  both	
  the	
  donor	
  and	
  

recipient.	
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Figure	
  1.2:	
  	
  Organization	
  and	
  tetracycline	
  dependent	
  regulation	
  of	
  CTnDOT.	
  	
  

The	
  regulatory	
  events	
  that	
  occur	
  upon	
  tetracycline	
  (Tc)	
  induction	
  are	
  shown	
  in	
  solid	
  

gray	
  lines.	
  	
  The	
  tetQ-­‐rteA-­‐rteB	
  operon	
  is	
  regulated	
  by	
  a	
  translational	
  attenuation	
  (TA)	
  

mechanism	
  where	
  after	
  Tc	
  exposure	
  (step	
  1),	
  translation	
  occurs	
  which	
  ultimately	
  

allows	
  RteB	
  to	
  activate	
  the	
  transcription	
  of	
  RteC	
  (step	
  2).	
  	
  RteC	
  then	
  activates	
  

transcription	
  of	
  the	
  excision	
  operon	
  (step	
  3).	
  	
  The	
  proteins	
  encoded	
  by	
  the	
  excision	
  

operon	
  not	
  only	
  excise	
  CTnDOT	
  from	
  the	
  chromosome,	
  but	
  also	
  upregulate	
  

transcription	
  of	
  the	
  transfer	
  genes	
  as	
  well	
  as	
  the	
  mob	
  operon	
  (step	
  4).	
  	
  In	
  the	
  absence	
  

of	
  Tc,	
  RteR	
  mediates	
  inhibition	
  within	
  the	
  transfer	
  operon	
  to	
  prevent	
  conjugative	
  

transfer	
  of	
  CTnDOT	
  (step	
  5,	
  gray	
  dotted	
  line).	
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CHAPTER	
  2:	
  	
  THE	
  SMALL	
  RNA	
  RTER	
  INHIBITS	
  TRANSFER	
  OF	
  THE	
  BACTEROIDES	
  

CONJUGATIVE	
  TRANSPOSON	
  CTNDOT1	
  

2.1	
  Abstract	
  

CTnDOT	
  is	
  a	
  65	
  kb	
  conjugative	
  transposon	
  present	
  in	
  Bacteroides	
  spp.	
  that	
  

confers	
  resistance	
  to	
  erythromycin	
  (ermF)	
  and	
  tetracycline	
  (tetQ).	
  	
  An	
  interesting	
  

feature	
  of	
  CTnDOT	
  is	
  that	
  both	
  excision	
  from	
  the	
  chromosome	
  and	
  transfer	
  of	
  

CTnDOT	
  are	
  stimulated	
  by	
  exposure	
  to	
  tetracycline.	
  	
  However,	
  when	
  no	
  tetracycline	
  

is	
  present,	
  transfer	
  of	
  CTnDOT	
  is	
  not	
  detectable.	
  	
  Previous	
  studies	
  suggested	
  that	
  a	
  

region	
  containing	
  a	
  small	
  RNA,	
  RteR,	
  appeared	
  to	
  be	
  mediating	
  repression	
  of	
  

CTnDOT	
  transfer;	
  however,	
  virtually	
  nothing	
  was	
  known	
  about	
  RteR.	
  	
  We	
  have	
  

demonstrated	
  that	
  RteR	
  is	
  a	
  90	
  nt	
  transcript	
  that	
  is	
  not	
  further	
  processed.	
  	
  RteR	
  

inhibits	
  conjugative	
  transfer	
  of	
  CTnDOT	
  by	
  targeting	
  the	
  transfer	
  region,	
  a	
  13	
  kb	
  

operon	
  that	
  encodes	
  the	
  tra	
  genes	
  required	
  to	
  assemble	
  the	
  mating	
  apparatus.	
  	
  	
  We	
  

report	
  here	
  that	
  RteR	
  is	
  interacting	
  with	
  the	
  region	
  downstream	
  of	
  traA.	
  	
  Levels	
  of	
  

the	
  downstream	
  tra	
  mRNA	
  are	
  dramatically	
  reduced	
  when	
  RteR	
  is	
  present.	
  	
  Further,	
  

RteR	
  does	
  not	
  appear	
  to	
  decrease	
  the	
  half-­‐life	
  of	
  the	
  tra	
  mRNA	
  transcript,	
  suggesting	
  

that	
  RteR	
  is	
  not	
  binding	
  to	
  the	
  transcript	
  to	
  initiate	
  ribonuclease	
  dependent	
  decay,	
  

similar	
  to	
  other	
  trans-­‐acting	
  small	
  RNAs.	
  	
  We	
  predict	
  that	
  RteR	
  may	
  be	
  acting	
  to	
  

enhance	
  termination	
  of	
  the	
  tra	
  operon	
  within	
  traB,	
  which	
  could	
  account	
  for	
  the	
  

decreased	
  abundance	
  of	
  tra	
  transcript	
  downstream	
  of	
  traA	
  and	
  explain	
  why	
  the	
  tra	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  This	
  chapter	
  appeared	
  in	
  its	
  entirety	
  in	
  the	
  Journal	
  of	
  Bacteriology	
  and	
  is	
  referred	
  to	
  later	
  in	
  this	
  
dissertation	
  as	
  “Waters,	
  JL	
  and	
  AA	
  Salyers”.	
  Waters	
  JL,	
  Salyers	
  AA.	
  2012	
  .	
  The	
  small	
  RNA	
  RteR	
  inhibits	
  
transfer	
  of	
  the	
  Bacteroides	
  conjugative	
  transposon	
  CTnDOT.	
  194(19):	
  5228-­‐36.	
  This	
  article	
  is	
  reprinted	
  with	
  
the	
  permission	
  of	
  the	
  publisher	
  and	
  is	
  available	
  from	
  http://www.ncbi.nlm.nih.gov/pubmed	
  and	
  using	
  
PMID:22821972.	
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mRNA	
  has	
  the	
  same	
  half-­‐life	
  whether	
  or	
  not	
  RteR	
  is	
  present.	
  RteR	
  is	
  the	
  only	
  small	
  

RNA	
  that	
  has	
  been	
  characterized	
  so	
  far	
  within	
  the	
  Bacteroidetes	
  phylum.	
  

	
  

2.2	
  Introduction	
  

Bacteroides	
  are	
  Gram-­‐negative	
  obligate	
  anaerobes	
  that	
  are	
  a	
  major	
  

component	
  of	
  the	
  human	
  intestinal	
  microbiota	
  (5,	
  11).	
  	
  Bacteroides	
  can	
  act	
  as	
  

reservoirs	
  of	
  antibiotic	
  resistance	
  genes	
  within	
  the	
  gastrointestinal	
  tract,	
  by	
  

transferring	
  these	
  resistance	
  genes	
  to	
  other	
  organisms	
  via	
  mobile	
  genetic	
  elements	
  

such	
  as	
  conjugative	
  transposons	
  (13,	
  18,	
  19,	
  26).	
  	
  	
  One	
  such	
  example	
  is	
  CTnDOT,	
  a	
  65	
  

kb	
  conjugative	
  transposon	
  that	
  confers	
  resistance	
  to	
  the	
  antibiotics	
  erythromycin	
  

and	
  tetracycline.	
  

Exposure	
  to	
  low	
  levels	
  of	
  tetracycline	
  stimulates	
  both	
  the	
  excision	
  of	
  CTnDOT	
  

from	
  the	
  chromosome	
  and	
  conjugative	
  transfer	
  of	
  CTnDOT	
  (13,	
  20,	
  21).	
  	
  Upon	
  

tetracycline	
  induction,	
  translation	
  of	
  the	
  tetQ-­‐rteA-­‐rteB	
  operon	
  is	
  allowed	
  to	
  

continue.	
  	
  TetQ	
  encodes	
  a	
  ribosomal	
  protection	
  type	
  of	
  tetracycline	
  resistance;	
  rteA	
  

and	
  rteB	
  encode	
  a	
  two-­‐component	
  signal	
  transduction	
  system,	
  with	
  RteA	
  recognizing	
  

an	
  external	
  signal,	
  and	
  RteB	
  being	
  the	
  response	
  modulator	
  (21).	
  	
  It	
  is	
  not	
  known	
  

what	
  signal	
  RteA	
  is	
  sensing,	
  although	
  it	
  is	
  not	
  tetracycline	
  (14).	
  	
  RteB	
  then	
  activates	
  

transcription	
  of	
  RteC,	
  which	
  then	
  activates	
  transcription	
  of	
  the	
  excision	
  operon,	
  

containing	
  xis2c-­‐xis2d-­‐exc.	
  	
  The	
  proteins	
  encoded	
  by	
  this	
  operon	
  are	
  not	
  only	
  

important	
  for	
  excision	
  and	
  integration	
  of	
  CTnDOT,	
  but	
  they	
  also	
  serve	
  a	
  regulatory	
  

role	
  by	
  activating	
  transcription	
  of	
  the	
  transfer	
  (tra)	
  operon	
  (7).	
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In	
  the	
  absence	
  of	
  tetracycline,	
  however,	
  there	
  is	
  no	
  detectable	
  transfer	
  of	
  

CTnDOT	
  (28).	
  	
  Previous	
  studies	
  demonstrated	
  that	
  a	
  500	
  bp	
  region	
  containing	
  a	
  

small	
  RNA,	
  RteR,	
  was	
  sufficient	
  for	
  mediating	
  repression	
  of	
  the	
  self-­‐transmissible	
  

plasmid	
  pLYL72	
  (9)	
  when	
  there	
  is	
  no	
  tetracycline	
  present	
  (7,	
  28).	
  Western	
  blotting	
  

and	
  subcloning	
  analysis	
  demonstrated	
  that	
  the	
  target	
  of	
  RteR	
  was	
  within	
  the	
  13	
  kb	
  

tra	
  operon	
  (28).	
  	
  

In	
  this	
  study,	
  we	
  have	
  identified	
  the	
  5´	
  and	
  3´	
  ends	
  of	
  RteR	
  using	
  rapid	
  

amplification	
  of	
  cDNA	
  ends	
  (RACE)	
  analysis,	
  and	
  we	
  have	
  demonstrated	
  that	
  RteR	
  is	
  

a	
  90	
  nt	
  non-­‐coding	
  RNA	
  that	
  is	
  not	
  further	
  processed	
  into	
  a	
  smaller	
  transcript.	
  	
  We	
  

have	
  also	
  identified	
  the	
  promoter	
  of	
  rteR	
  and	
  localized	
  rteR	
  to	
  the	
  region	
  

immediately	
  downstream	
  of	
  the	
  excision	
  gene	
  exc.	
  	
  Interestingly,	
  rteR	
  is	
  transcribed	
  

constitutively	
  with	
  respect	
  to	
  tetracycline	
  exposure,	
  unlike	
  the	
  other	
  CTnDOT	
  

regulatory	
  genes	
  that	
  have	
  proven	
  to	
  be	
  expressed	
  only	
  after	
  tetracycline	
  induction.	
  	
  

We	
  report	
  here	
  that	
  we	
  have	
  narrowed	
  the	
  target	
  of	
  RteR	
  to	
  an	
  approximately	
  

1	
  kb	
  region	
  between	
  traA	
  and	
  traC,	
  and	
  have	
  demonstrated	
  that	
  downstream	
  of	
  traA,	
  

there	
  is	
  little	
  mRNA	
  detectable	
  in	
  the	
  presence	
  of	
  RteR.	
  	
  We	
  also	
  show	
  that	
  the	
  half-­‐

life	
  of	
  the	
  tra	
  mRNA	
  is	
  not	
  affected	
  by	
  the	
  presence	
  of	
  RteR.	
  	
  These	
  observations	
  

suggest	
  that	
  RteR	
  may	
  be	
  acting	
  to	
  initiate	
  premature	
  transcription	
  termination	
  early	
  

in	
  the	
  tra	
  operon,	
  thus	
  resulting	
  in	
  inhibition	
  of	
  CTnDOT	
  conjugative	
  transfer.	
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2.3	
  Materials	
  and	
  methods	
  

Strains,	
  plasmids,	
  and	
  growth	
  conditions	
  

All	
  bacterial	
  strains	
  and	
  plasmids	
  used	
  in	
  this	
  study	
  are	
  summarized	
  in	
  Table	
  

1.	
  	
  Unless	
  otherwise	
  noted,	
  all	
  Bacteroides	
  strains	
  were	
  initially	
  cultured	
  in	
  chopped	
  

meat	
  broth	
  (Remel),	
  and	
  then	
  transferred	
  to	
  anaerobic	
  trypticase-­‐yeast	
  extract-­‐

glucose	
  (TYG)	
  media	
  (16)	
  for	
  overnight	
  growth	
  with	
  antibiotics	
  when	
  appropriate.	
  	
  	
  

Sub-­‐culturing	
  of	
  Bacteroides	
  strains	
  was	
  also	
  done	
  in	
  TYG	
  liquid	
  media,	
  and	
  all	
  

Bacteroides	
  culturing	
  was	
  performed	
  anaerobically	
  at	
  37	
  oC.	
  	
  E.	
  coli	
  was	
  grown	
  

aerobically	
  in	
  Luria-­‐Bertani	
  (LB)	
  broth	
  at	
  37	
  oC,	
  with	
  antibiotics	
  when	
  appropriate.	
  	
  

Unless	
  otherwise	
  noted,	
  antibiotic	
  concentrations	
  used	
  for	
  culturing	
  were	
  as	
  follows:	
  	
  

Ampicillin	
  100	
  μg/mL;	
  cefoxitin	
  10	
  μg/mL;	
  chloramphenicol	
  10	
  μg/mL;	
  

erythromycin	
  10	
  μg/mL;	
  gentamycin	
  200	
  μg/mL;	
  kanamycin	
  100	
  μg/mL;	
  rifampicin	
  

2	
  μg/mL;	
  streptomycin	
  100	
  μg/mL;	
  tetracycline	
  1	
  μg/mL.	
  

	
  

Bacterial	
  mating	
  assays	
  

E.	
  coli	
  strain	
  HB101	
  containing	
  the	
  IncPα	
  plasmid	
  RPI	
  was	
  used	
  to	
  mobilize	
  

plasmids	
  from	
  an	
  E.	
  coli	
  donor	
  strain	
  to	
  Bacteroides	
  recipients,	
  as	
  described	
  

previously	
  (16).	
  	
  	
  

For	
  assays	
  measuring	
  the	
  transfer	
  frequency	
  of	
  pLYL72	
  from	
  a	
  Bacteroides	
  

donor	
  to	
  the	
  recipient	
  E.	
  coli	
  strain	
  HB101,	
  the	
  procedure	
  was	
  performed	
  as	
  

described	
  previously	
  (9).	
  	
  The	
  transfer	
  frequency	
  is	
  expressed	
  as	
  the	
  ratio	
  of	
  

transconjugants	
  per	
  recipient.	
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Site	
  directed	
  mutagenesis	
  

Site	
  directed	
  mutagenesis	
  was	
  performed	
  using	
  the	
  Stratagene	
  Quikchange	
  XL	
  

II	
  kit	
  (Agilent	
  Genomics).	
  	
  	
  To	
  create	
  the	
  mutation	
  in	
  the	
  putative	
  RteR	
  promoter,	
  

pJW305	
  plasmid	
  DNA	
  was	
  used	
  as	
  a	
  template,	
  with	
  primers	
  SDM	
  5740	
  top	
  and	
  SDM	
  

5740	
  bottom.	
  	
  To	
  create	
  the	
  substitutions	
  within	
  the	
  sequence	
  of	
  rteR	
  that	
  changed	
  

nucleotides	
  49-­‐52	
  from	
  GGAU	
  to	
  ACCA,	
  plasmid	
  pJW305	
  was	
  used	
  with	
  primers	
  SDM	
  

RteR	
  49-­‐52	
  top	
  and	
  bottom.	
  	
  All	
  primers	
  used	
  in	
  this	
  study	
  are	
  summarized	
  in	
  Table	
  

2.	
  	
  The	
  PCR-­‐generated	
  products	
  were	
  then	
  treated	
  with	
  DpnI	
  at	
  37	
  oC	
  for	
  1	
  hour,	
  and	
  

subsequently	
  transformed	
  into	
  chemically	
  competent	
  E.	
  coli	
  DH5α.	
  	
  The	
  resulting	
  

plasmid	
  was	
  mobilized	
  into	
  Bacteroides	
  strain	
  BT4001containing	
  pLYL72	
  via	
  a	
  

triparental	
  mating	
  as	
  described	
  above.	
  	
  	
  

	
  

PCR	
  amplification	
  and	
  sequencing	
  of	
  RteR	
  from	
  other	
  CTnDOT-­‐like	
  elements	
  

A	
  500	
  bp	
  region	
  containing	
  the	
  3’	
  end	
  of	
  exc	
  and	
  rteR	
  from	
  various	
  strains	
  

containing	
  CTnDOT-­‐like	
  conjugative	
  transposons	
  was	
  amplified	
  using	
  primers	
  

JLW10F	
  and	
  JLW11R	
  (Table2).	
  	
  These	
  PCR	
  products	
  were	
  then	
  cloned	
  into	
  a	
  

commercial	
  cloning	
  vector	
  per	
  the	
  manufacturer’s	
  protocol	
  (Promega)	
  and	
  submitted	
  

for	
  sequencing	
  at	
  the	
  University	
  of	
  Illinois	
  Core	
  Sequencing	
  Facility.	
  	
  	
  

In	
  addition,	
  BLAST	
  searches	
  were	
  performed	
  to	
  determine	
  whether	
  other	
  exc-­‐

rteR	
  sequences	
  could	
  be	
  found	
  in	
  the	
  nucleotide	
  databases.	
  	
  All	
  sequences	
  were	
  then	
  

aligned	
  using	
  ClustalW2	
  analysis	
  (6,	
  8)	
  to	
  compare	
  sequence	
  similarity	
  among	
  RteR	
  

homologues.	
  	
  	
  Secondary	
  structure	
  predictions	
  of	
  RteR	
  homologues	
  were	
  also	
  

performed	
  using	
  MFOLD	
  (29).	
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RNA	
  isolation	
  	
  

Bacteroides	
  strains	
  were	
  grown	
  in	
  anaerobic	
  TYG	
  medium	
  to	
  an	
  OD650	
  of	
  0.4	
  

–	
  0.6.	
  	
  RNA	
  was	
  then	
  isolated	
  using	
  the	
  hot	
  phenol	
  method	
  as	
  described	
  previously	
  

(1).	
  	
  RNA	
  concentrations	
  were	
  quantified	
  using	
  a	
  nanodrop	
  spectrophotometer.	
  	
  	
  

	
  

Rapid	
  amplification	
  of	
  cDNA	
  ends	
  (RACE)	
  analysis	
  

5´	
  RACE	
  analysis	
  of	
  RteR	
  was	
  performed	
  as	
  previously	
  outlined	
  (23)	
  using	
  the	
  

rteR	
  specific	
  primer	
  JLW11R.	
  	
  RNA	
  was	
  isolated	
  from	
  strain	
  BT4001	
  ΩQAB	
  pJW305.	
  	
  

Cells	
  were	
  grown	
  anaerobically	
  in	
  TYG	
  to	
  an	
  OD650	
  of	
  0.4	
  –	
  0.6.	
  	
  

	
   3´	
  RACE	
  analysis	
  of	
  RteR	
  was	
  performed	
  as	
  previously	
  outlined	
  (2)	
  using	
  the	
  

rteR	
  specific	
  primer	
  JLW12F.	
  	
  RNA	
  was	
  isolated	
  from	
  BT4001	
  ΩQAB	
  pJW305,	
  grown	
  

anaerobically	
  in	
  TYG	
  to	
  an	
  OD650	
  of	
  0.4	
  –	
  0.6.	
  

	
  

Northern	
  analysis	
  

Approximately	
  2	
  μg	
  of	
  total	
  RNA	
  was	
  electrophoresed	
  on	
  an	
  8%	
  acrylamide	
  

gel	
  (Sequagel,	
  ureagel-­‐8)	
  at	
  100	
  V	
  for	
  1	
  hour.	
  	
  A	
  radiolabeled	
  Decade	
  marker	
  

(Ambion)	
  was	
  used	
  as	
  a	
  size	
  standard.	
  	
  RNA	
  was	
  electro-­‐transferred	
  to	
  a	
  Nytran	
  +	
  

membrane	
  (Whatman)	
  at	
  200	
  mA	
  for	
  1	
  hour,	
  followed	
  by	
  UV	
  cross-­‐linking	
  at	
  1200	
  

μJoules	
  X	
  1000.	
  	
  Pre-­‐hybridization	
  was	
  performed	
  at	
  42	
  oC	
  for	
  at	
  least	
  2	
  hours	
  in	
  

Ultrahyb	
  solution	
  (Ambion).	
  	
  A	
  200	
  bp	
  RteR-­‐specific	
  probe	
  was	
  synthesized	
  using	
  the	
  

Maxiscript	
  T7	
  kit	
  (Ambion),	
  using	
  the	
  primers	
  JLW12F	
  and	
  T7JLW22R.	
  	
  Following	
  

pre-­‐hybridization	
  the	
  membrane	
  was	
  incubated	
  with	
  the	
  probe	
  overnight	
  at	
  42	
  oC.	
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The	
  membrane	
  was	
  then	
  washed	
  for	
  30	
  minutes	
  at	
  42	
  oC	
  in	
  2X	
  SSC	
  +	
  0.1%	
  SDS,	
  

followed	
  by	
  another	
  30	
  minute	
  wash	
  at	
  42	
  oC	
  in	
  0.1X	
  SSC	
  +	
  0.1%	
  SDS.	
  	
  	
  

	
  

Qualitative	
  RT-­‐PCR	
  

Bacteroides	
  strains	
  were	
  grown	
  in	
  anaerobic	
  TYG	
  medium	
  to	
  an	
  OD650	
  of	
  0.4	
  –	
  

0.6,	
  and	
  RNA	
  was	
  isolated	
  as	
  described	
  above.	
  	
  RNA	
  samples	
  were	
  then	
  treated	
  with	
  

Ambion	
  turbo	
  DNase,	
  and	
  quantified	
  using	
  a	
  nanodrop	
  spectrophotometer.	
  	
  RT-­‐PCR	
  

was	
  performed	
  using	
  the	
  Access	
  RT-­‐PCR	
  system	
  (Promega).	
  	
  Reactions	
  that	
  omitted	
  

reverse	
  transcriptase	
  were	
  tested	
  to	
  ensure	
  that	
  all	
  genomic	
  DNA	
  was	
  adequately	
  

removed.	
  Samples	
  were	
  electrophoresed	
  on	
  a	
  1.5%	
  agarose	
  gel	
  for	
  analysis.	
  

	
  

RT-­‐qPCR	
  

Bacteroides	
  strains	
  were	
  grown	
  in	
  anaerobic	
  TYG	
  medium	
  to	
  an	
  OD650	
  of	
  0.4	
  –	
  

0.6,	
  and	
  RNA	
  was	
  isolated	
  as	
  described	
  above.	
  	
  RNA	
  samples	
  were	
  then	
  treated	
  with	
  

Ambion	
  turbo	
  DNase,	
  and	
  RT-­‐PCR	
  was	
  subsequently	
  performed	
  to	
  ensure	
  complete	
  

removal	
  of	
  genomic	
  DNA.	
  cDNA	
  was	
  synthesized	
  using	
  Superscript	
  III	
  reverse	
  

transcriptase	
  as	
  outlined	
  in	
  the	
  manufacturer’s	
  protocol	
  (Invitrogen).	
  	
  qPCR	
  was	
  

performed	
  on	
  a	
  Realplex2	
  Mastercycler	
  (Eppendorf),	
  using	
  the	
  Ssofast	
  EvaGreen	
  as	
  a	
  

signal	
  reporter	
  (BioRad).	
  	
  Unless	
  otherwise	
  noted,	
  rpoD	
  was	
  used	
  as	
  a	
  reference	
  

marker.	
  	
  The	
  final	
  concentrations	
  of	
  reaction	
  components	
  are:	
  	
  1	
  μM	
  primers,	
  5	
  μL	
  

cDNA,	
  and	
  10	
  μL	
  Ssofast	
  EvaGreen	
  Supermix	
  (BioRad).	
  	
  The	
  reaction	
  conditions	
  were	
  

as	
  follows:	
  initial	
  denaturation	
  2	
  minutes	
  at	
  98.0	
  oC,	
  amplification	
  and	
  quantification	
  

at	
  98.0	
  oC,	
  5	
  sec,	
  55	
  oC	
  10	
  sec	
  for	
  40	
  cycles.	
  	
  A	
  melting	
  curve	
  was	
  performed	
  at	
  95.0	
  oC	
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for	
  15	
  sec,	
  followed	
  by	
  55.0	
  oC	
  for	
  15	
  sec	
  with	
  subsequent	
  heating	
  to	
  95.0	
  oC	
  over	
  the	
  

course	
  of	
  20	
  minutes	
  with	
  continuous	
  fluorescence	
  measurement,	
  followed	
  by	
  a	
  final	
  

incubation	
  at	
  95.0	
  oC	
  for	
  15	
  sec.	
  	
  Each	
  measurement	
  was	
  performed	
  in	
  triplicate,	
  and	
  

relative	
  quantification	
  was	
  performed	
  using	
  the	
  equation	
  RQ=1/ECT,	
  with	
  E	
  

representing	
  amplification	
  efficiency	
  and	
  CT	
  the	
  threshold	
  cycle	
  (12).	
  	
  	
  

	
  

Tra	
  mRNA	
  half-­‐life	
  assays	
  

To	
  further	
  narrow	
  the	
  target	
  of	
  RteR	
  within	
  the	
  tra	
  region,	
  quantitative	
  RT-­‐

PCR	
  was	
  implemented	
  to	
  determine	
  where	
  changes	
  in	
  transcript	
  levels	
  were	
  

occurring.	
  	
  Bacteroides	
  strain	
  BT4100	
  with	
  pLYL72	
  and	
  pAFD1	
  (empty	
  vector)	
  or	
  

pJW305	
  (+	
  RteR)	
  were	
  grown	
  up	
  to	
  an	
  OD650	
  of	
  ~0.5.	
  	
  Aliquots	
  of	
  cultures	
  were	
  then	
  

taken	
  0,	
  5,	
  and	
  10	
  minutes	
  post	
  rifampicin	
  (400	
  μg/mL)	
  addition.	
  RNA	
  was	
  isolated	
  

as	
  described	
  previously,	
  and	
  subsequently	
  treated	
  with	
  Ambion	
  turbo	
  DNase.	
  	
  cDNA	
  

was	
  then	
  synthesized	
  using	
  Superscript	
  III	
  reverse	
  transcriptase	
  (Invitrogen)	
  as	
  

described	
  by	
  the	
  manufacturer’s	
  guidelines.	
  	
  RT-­‐qPCR	
  was	
  then	
  performed	
  to	
  detect	
  

the	
  relative	
  abundance	
  of	
  transcript	
  over	
  time,	
  as	
  described	
  above.	
  	
  Quantification	
  

was	
  performed	
  by	
  normalizing	
  the	
  amount	
  of	
  transcript	
  remaining	
  post	
  rifampicin	
  

induction,	
  relative	
  to	
  time	
  0	
  which	
  was	
  set	
  at	
  100%.	
  

	
   In	
  order	
  to	
  confirm	
  that	
  the	
  concentration	
  of	
  rifampicin	
  used	
  was	
  sufficient	
  to	
  

inhibit	
  RNA	
  polymerase,	
  a	
  set	
  of	
  cultures	
  with	
  no	
  added	
  rifampicin	
  was	
  also	
  taken	
  at	
  

the	
  same	
  time	
  points.	
  	
  Qualitative	
  RT-­‐PCR	
  was	
  performed,	
  and	
  a	
  similar	
  amount	
  of	
  

transcript	
  was	
  detected	
  after	
  30	
  minutes	
  in	
  the	
  cells	
  without	
  rifampicin	
  treatment;	
  

however,	
  very	
  little	
  transcript	
  was	
  detected	
  in	
  cells	
  treated	
  with	
  rifampicin.	
  	
  This	
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observation	
  suggested	
  that	
  the	
  quantity	
  of	
  rifampicin	
  used	
  was	
  sufficient	
  for	
  RNA	
  

polymerase	
  inhibition.	
  

	
  

2.4	
  Results	
  

RteR	
  inhibits	
  conjugative	
  transfer	
  of	
  the	
  self-­‐transmissible	
  plasmid	
  pLYL72	
  	
  

The	
  transfer	
  (tra)	
  operon,	
  mobilization	
  (mob)	
  operon,	
  and	
  OriT	
  of	
  CTnDOT	
  

were	
  previously	
  cloned	
  into	
  a	
  vector,	
  resulting	
  in	
  the	
  35	
  kb	
  plasmid	
  pLYL72	
  that	
  

transferred	
  constitutively	
  at	
  a	
  rate	
  of	
  approximately	
  10-­‐5	
  to	
  10-­‐6	
  transconjugants	
  per	
  

recipient	
  (9).	
  	
  However,	
  when	
  CTnDOT	
  regulatory	
  genes	
  were	
  provided	
  in	
  trans,	
  

transfer	
  of	
  pLYL72	
  was	
  then	
  regulated	
  upon	
  tetracycline	
  induction	
  (28).	
  	
  Previous	
  

studies	
  demonstrated	
  that	
  a	
  500	
  bp	
  region	
  containing	
  rteR	
  was	
  sufficient	
  for	
  

reducing	
  pLYL72	
  transfer	
  frequency	
  to	
  levels	
  less	
  than	
  10-­‐8	
  transconjugants	
  per	
  

recipient.	
  	
  	
  To	
  further	
  localize	
  the	
  region	
  containing	
  rteR,	
  various	
  sub-­‐clones	
  were	
  

produced	
  to	
  generate	
  5´	
  and/or	
  3´	
  truncations	
  of	
  this	
  500	
  bp	
  region.	
  	
  The	
  resulting	
  

sub-­‐clones	
  were	
  placed	
  in	
  trans	
  to	
  pLYL72	
  to	
  determine	
  whether	
  the	
  truncated	
  

region	
  was	
  still	
  sufficient	
  for	
  inhibition	
  of	
  pLYL72	
  conjugative	
  transfer.	
  	
  	
  Using	
  these	
  

sub-­‐clones,	
  we	
  were	
  able	
  to	
  define	
  the	
  region	
  containing	
  rteR	
  on	
  a	
  200	
  bp	
  fragment	
  

(Fig.	
  2.1).	
  	
  	
  

	
   These	
  results	
  suggest	
  that	
  RteR	
  is	
  not	
  controlling	
  conjugation	
  via	
  the	
  excision	
  

operon	
  containing	
  xis2c,	
  xis2d,	
  and	
  exc,	
  because	
  RteR	
  can	
  still	
  inhibit	
  conjugative	
  

transfer	
  of	
  pLYL72	
  without	
  the	
  excision	
  operon	
  present.	
  	
  	
  After	
  localizing	
  the	
  region	
  

containing	
  RteR	
  that	
  is	
  required	
  for	
  pLYL72	
  transfer	
  regulation,	
  we	
  confirmed	
  that	
  

no	
  open	
  reading	
  frames	
  are	
  present,	
  thus	
  suggesting	
  that	
  RteR	
  is	
  a	
  non-­‐coding	
  RNA.	
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The	
  rteR	
  promoter	
  flanks	
  the	
  3´	
  end	
  of	
  exc,	
  and	
  produces	
  a	
  90	
  nt	
  RteR	
  transcript	
  that	
  is	
  

constitutively	
  transcribed	
  	
  	
  

Previous	
  results	
  suggested	
  that	
  rteR	
  is	
  transcribed	
  constitutively	
  (7),	
  unlike	
  

many	
  other	
  CTnDOT	
  regulatory	
  genes	
  that	
  are	
  transcribed	
  and/or	
  translated	
  only	
  

upon	
  tetracycline	
  induction	
  (28).	
  	
  However,	
  that	
  preliminary	
  study	
  had	
  localized	
  rteR	
  

using	
  primer	
  extension	
  to	
  a	
  region	
  that	
  lay	
  within	
  the	
  3´	
  end	
  of	
  exc	
  (Fig.	
  2.1),	
  which	
  

we	
  report	
  here	
  is	
  not	
  correct.	
  	
  The	
  results	
  of	
  subcloning	
  experiments	
  conflicted	
  with	
  

the	
  previously	
  proposed	
  transcription	
  start	
  site	
  of	
  rteR.	
  	
  It	
  was	
  possible	
  then	
  that	
  

RteR	
  was	
  not	
  the	
  transcript	
  detected	
  in	
  the	
  previous	
  Northern	
  analysis	
  that	
  indicated	
  

constitutive	
  expression	
  of	
  rteR.	
  	
  To	
  further	
  examine	
  rteR	
  expression,	
  we	
  repeated	
  the	
  

Northern	
  analysis	
  using	
  a	
  probe	
  specific	
  to	
  the	
  recently	
  localized	
  200	
  bp	
  fragment	
  

that	
  was	
  sufficient	
  for	
  inhibition	
  of	
  pLYL72	
  conjugative	
  transfer.	
  	
  	
  Northern	
  blotting	
  

analysis	
  was	
  performed	
  using	
  RNA	
  harvested	
  from	
  B.	
  thetaiotaomicron	
  strain	
  

BT4104	
  grown	
  either	
  in	
  the	
  absence	
  or	
  presence	
  of	
  tetracycline	
  (1	
  μg/mL).	
  	
  As	
  

shown	
  in	
  Figure	
  2.2,	
  the	
  relative	
  abundance	
  of	
  RteR	
  was	
  the	
  same	
  regardless	
  of	
  

whether	
  or	
  not	
  tetracycline	
  was	
  present	
  in	
  the	
  growth	
  medium.	
  	
  This	
  result	
  

confirmed	
  that	
  rteR	
  is	
  constitutively	
  transcribed	
  with	
  respect	
  to	
  tetracycline	
  

exposure.	
  	
  	
  

	
  	
   The	
  fact	
  that	
  rteR	
  is	
  constitutively	
  expressed	
  suggests	
  that	
  rteR	
  is	
  not	
  part	
  of	
  

the	
  operon	
  containing	
  xis2c-­‐xis2d-­‐orf3-­‐exc,	
  which	
  is	
  only	
  transcribed	
  upon	
  

tetracycline	
  stimulation.	
  	
  Instead,	
  rteR	
  appears	
  to	
  be	
  transcribed	
  from	
  an	
  

independent	
  promoter.	
  	
  Sequence	
  analysis	
  revealed	
  what	
  appeared	
  to	
  be	
  a	
  consensus	
  

Bacteroides	
  promoter	
  (3,	
  10)	
  that	
  flanked	
  the	
  3´	
  end	
  of	
  exc,	
  which	
  was	
  in	
  the	
  vicinity	
  



	
   49	
  

of	
  the	
  expected	
  rteR	
  promoter	
  (Fig.	
  2.3).	
  	
  To	
  confirm	
  that	
  this	
  was	
  in	
  fact	
  the	
  

promoter	
  directing	
  transcription	
  of	
  rteR,	
  site	
  directed	
  mutations	
  were	
  made	
  in	
  the	
  

putative	
  -­‐7	
  portion	
  that	
  would	
  change	
  the	
  TTTG	
  of	
  the	
  conserved	
  TnTAnTTTG	
  to	
  an	
  

AAAC.	
  	
  Mutations	
  like	
  this	
  have	
  been	
  previously	
  determined	
  to	
  abolish	
  activity	
  of	
  

other	
  Bacteroides	
  promoters	
  (3,	
  10).	
  	
  Northern	
  analysis	
  was	
  performed	
  to	
  see	
  

whether	
  the	
  RteR	
  transcript	
  was	
  detectable	
  in	
  this	
  mutant,	
  BT4001	
  pLYL72	
  pJW310.	
  	
  	
  

RteR	
  was	
  not	
  detected	
  (Fig.	
  2.2)	
  even	
  after	
  prolonged	
  exposure	
  (data	
  not	
  shown),	
  

suggesting	
  that	
  this	
  mutation	
  was	
  sufficient	
  to	
  completely	
  abolish	
  activity	
  from	
  what	
  

we	
  have	
  now	
  identified	
  as	
  the	
  rteR	
  promoter.	
  	
  	
  

To	
  further	
  demonstrate	
  that	
  this	
  mutation	
  abolished	
  activity	
  of	
  the	
  rteR	
  

promoter,	
  we	
  also	
  placed	
  this	
  mutation	
  in	
  trans	
  with	
  the	
  self-­‐transmissible	
  plasmid	
  

pLYL72,	
  to	
  determine	
  whether	
  this	
  mutant	
  was	
  still	
  capable	
  of	
  repressing	
  pLYL72	
  

conjugative	
  transfer.	
  	
  The	
  transfer	
  frequency	
  of	
  pLYL72	
  with	
  pJW310	
  in	
  trans	
  was	
  

similar	
  to	
  that	
  of	
  the	
  constitutive	
  levels	
  of	
  transfer,	
  further	
  demonstrating	
  that	
  an	
  

intact	
  copy	
  of	
  RteR	
  was	
  no	
  longer	
  present	
  to	
  mediate	
  inhibition	
  of	
  conjugative	
  

transfer.	
  	
  Together,	
  these	
  results	
  confirm	
  that	
  we	
  have	
  identified	
  the	
  rteR	
  promoter.	
  	
  	
  

Both	
  5´	
  and	
  3´	
  rapid	
  amplification	
  of	
  cDNA	
  ends	
  (RACE)	
  were	
  performed	
  to	
  

definitively	
  identify	
  the	
  extent	
  of	
  the	
  RteR	
  sequence.	
  	
  5´	
  RACE	
  was	
  performed	
  not	
  

only	
  to	
  map	
  the	
  5´	
  end	
  of	
  RteR,	
  but	
  also	
  to	
  identify	
  whether	
  RteR	
  is	
  the	
  primary	
  

transcription	
  product	
  or	
  if	
  RteR	
  undergoes	
  internal	
  5´	
  processing.	
  	
  	
  The	
  primary	
  

transcription	
  start	
  site	
  was	
  mapped	
  to	
  the	
  G	
  nucleotide	
  located	
  7	
  bp	
  downstream	
  of	
  

the	
  -­‐7	
  element	
  of	
  the	
  rteR	
  promoter,	
  which	
  is	
  a	
  common	
  transcription	
  start	
  site	
  

relative	
  to	
  other	
  characterized	
  Bacteroides	
  promoters	
  (3).	
  	
  Further,	
  5´	
  RACE	
  also	
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indicated	
  that	
  RteR	
  does	
  not	
  undergo	
  processing	
  at	
  the	
  5´	
  end	
  of	
  the	
  transcript,	
  as	
  it	
  

has	
  a	
  5´	
  triphosphate	
  present.	
  	
  The	
  3´	
  end	
  of	
  RteR,	
  as	
  shown	
  in	
  Figure	
  2.4,	
  is	
  90	
  nt	
  

downstream	
  of	
  the	
  transcription	
  start	
  site.	
  	
  The	
  secondary	
  structure	
  of	
  RteR,	
  

predicted	
  using	
  MFOLD	
  (29),	
  is	
  shown	
  in	
  Figure	
  2.5A.	
  

	
  

The	
  rteR	
  region	
  is	
  present	
  on	
  other	
  CTnDOT-­‐like	
  elements,	
  and	
  both	
  the	
  primary	
  

sequence	
  and	
  predicted	
  secondary	
  structure	
  are	
  well	
  conserved	
  	
  	
  

We	
  wanted	
  to	
  determine	
  whether	
  RteR	
  was	
  an	
  sRNA	
  regulator	
  that	
  is	
  specific	
  

to	
  CTnDOT,	
  or	
  whether	
  RteR	
  was	
  present	
  on	
  other	
  Bacteroides	
  conjugative	
  

transposons	
  (CTns).	
  	
  Not	
  only	
  were	
  we	
  able	
  to	
  find	
  rteR	
  in	
  other	
  Bacteroides	
  spp.,	
  but	
  

we	
  observed	
  that	
  rteR	
  was	
  present	
  on	
  other	
  conjugative	
  transposons	
  and	
  was	
  also	
  

present	
  in	
  other	
  members	
  of	
  the	
  Bacteroidetes	
  phylum.	
  	
  What	
  was	
  even	
  more	
  

surprising	
  is	
  that	
  rteR	
  is	
  very	
  well	
  conserved,	
  with	
  most	
  homologues	
  having	
  98%	
  or	
  

greater	
  identity,	
  and	
  many	
  being	
  100%	
  identical.	
  	
  We	
  were	
  able	
  to	
  find,	
  however,	
  a	
  

few	
  sequences	
  that	
  were	
  only	
  about	
  73%	
  identical	
  to	
  rteR	
  present	
  on	
  CTnDOT.	
  	
  An	
  

alignment	
  of	
  these	
  sequences	
  was	
  performed	
  using	
  ClustalW2	
  analysis	
  (6,	
  8),	
  and	
  is	
  

shown	
  in	
  Figure	
  2.5.	
  	
  An	
  interesting	
  observation	
  was	
  that	
  despite	
  the	
  substitutions	
  in	
  

these	
  rteR	
  sequences,	
  the	
  predicted	
  secondary	
  structure	
  remained	
  similar.	
  	
  Any	
  of	
  

the	
  nucleotide	
  substitutions	
  within	
  RteR	
  was	
  either	
  in	
  a	
  single	
  stranded	
  region	
  of	
  

RteR,	
  or	
  resulted	
  in	
  a	
  substitution	
  where	
  the	
  substitution	
  could	
  still	
  base-­‐pair	
  with	
  

the	
  adjacent	
  nucleotide	
  in	
  the	
  predicted	
  secondary	
  structure	
  (data	
  not	
  shown).	
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The	
  secondary	
  structure	
  of	
  RteR	
  appears	
  to	
  be	
  important	
  for	
  regulatory	
  function	
  	
  

As	
  previously	
  mentioned,	
  rteR	
  is	
  very	
  well	
  conserved,	
  and	
  these	
  homologues	
  

all	
  share	
  nearly	
  identical	
  predicted	
  secondary	
  structures.	
  	
  This	
  observation	
  led	
  us	
  to	
  

suggest	
  that	
  perhaps	
  it	
  is	
  the	
  secondary	
  structure	
  of	
  RteR	
  that	
  is	
  important	
  for	
  RteR-­‐

mediated	
  negative	
  regulation	
  of	
  conjugative	
  transfer.	
  	
  In	
  the	
  first	
  mutant	
  we	
  

constructed,	
  we	
  made	
  site	
  directed	
  mutations	
  in	
  4	
  nucleotides	
  (pJW312,	
  Fig.	
  2.6B)	
  

that	
  changed	
  the	
  predicted	
  secondary	
  structure	
  of	
  RteR	
  in	
  a	
  way	
  that	
  would	
  form	
  a	
  

stem	
  loop	
  in	
  what	
  is	
  predicted	
  to	
  be	
  a	
  single	
  stranded	
  bulge	
  (Fig.	
  2.6A).	
  	
  When	
  

pJW312	
  was	
  placed	
  in	
  trans	
  to	
  pLYL72,	
  conjugative	
  transfer	
  was	
  no	
  longer	
  inhibited,	
  

demonstrating	
  that	
  this	
  mutation	
  was	
  sufficient	
  to	
  abolish	
  the	
  regulatory	
  function	
  of	
  

RteR.	
  	
  	
  	
  

We	
  also	
  created	
  a	
  deletion	
  mutant	
  that	
  contained	
  an	
  internal	
  deletion	
  within	
  

rteR,	
  yet	
  also	
  contained	
  the	
  excision	
  operon	
  containing	
  xis2C,	
  xis2D,	
  and	
  exc,	
  to	
  

ascertain	
  if	
  there	
  is	
  an	
  indirect	
  interaction	
  between	
  RteR	
  and	
  the	
  excision	
  proteins.	
  	
  

Based	
  on	
  our	
  results	
  demonstrating	
  that	
  a	
  4	
  nt	
  substitution	
  could	
  abolish	
  RteR-­‐

mediated	
  repression,	
  we	
  expected	
  that	
  a	
  30	
  nt	
  deletion	
  (pJW318,	
  Fig.	
  2.6A	
  and	
  2.6B)	
  

within	
  rteR	
  would	
  also	
  be	
  sufficient	
  to	
  abolish	
  activity.	
  	
  However,	
  this	
  mutant	
  that	
  

deletes	
  approximately	
  33%	
  of	
  RteR	
  was	
  still	
  able	
  to	
  inhibit	
  conjugative	
  transfer	
  of	
  

pLYL72.	
  	
  Observing	
  that	
  pJW318	
  is	
  still	
  active	
  may	
  actually	
  reveal	
  more	
  about	
  the	
  

previous	
  mutant	
  pJW312.	
  	
  The	
  deletion	
  in	
  pJW318	
  actually	
  removes	
  the	
  nucleotides	
  

that	
  had	
  site	
  directed	
  mutations	
  in	
  pJW312.	
  	
  This	
  suggests	
  that	
  perhaps	
  the	
  

mutations	
  in	
  pJW312	
  did	
  not	
  change	
  critical	
  nucleotides	
  needed	
  for	
  base	
  pairing,	
  

because	
  these	
  nucleotides	
  are	
  not	
  even	
  present	
  in	
  pJW318.	
  	
  It	
  suggests	
  then	
  that	
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perhaps	
  the	
  site	
  directed	
  mutations	
  in	
  pJW312	
  altered	
  the	
  secondary	
  structure	
  in	
  a	
  

way	
  that	
  abolished	
  the	
  ability	
  of	
  RteR	
  to	
  interact	
  with	
  the	
  target	
  (Fig.	
  2.6A).	
  	
  	
  	
  

	
  

The	
  level	
  of	
  tra	
  mRNA	
  transcript	
  downstream	
  of	
  traA	
  is	
  dramatically	
  decreased	
  when	
  

RteR	
  is	
  present	
  

	
  	
  	
  If	
  RteR	
  was	
  preventing	
  transcription	
  entirely,	
  as	
  suggested	
  in	
  a	
  previous	
  

study	
  (7),	
  no	
  tra	
  mRNA	
  should	
  be	
  detected	
  at	
  other	
  points	
  of	
  the	
  tra	
  transcript.	
  	
  We	
  

tested	
  this	
  using	
  qualitative	
  RT-­‐PCR	
  (data	
  not	
  shown)	
  and	
  demonstrated	
  that	
  there	
  is	
  

in	
  fact	
  detectable	
  transcript	
  throughout	
  the	
  entire	
  length	
  of	
  the	
  tra	
  operon.	
  	
  In	
  the	
  

case	
  of	
  traA,	
  a	
  similar	
  intensity	
  band	
  was	
  seen	
  whether	
  RteR	
  was	
  present	
  or	
  not,	
  

which	
  suggested	
  that	
  in	
  this	
  portion	
  of	
  the	
  operon,	
  RteR	
  had	
  no	
  effect.	
  	
  Beyond	
  traA,	
  

however,	
  the	
  relative	
  level	
  of	
  transcript	
  rapidly	
  decreased.	
  	
  RT-­‐qPCR	
  was	
  performed	
  

to	
  confirm	
  our	
  qualitative	
  RT-­‐PCR	
  results.	
  	
  A	
  similar	
  relative	
  level	
  of	
  transcript	
  was	
  

observed	
  in	
  the	
  traA	
  portion;	
  however,	
  immediately	
  downstream	
  of	
  traA	
  the	
  relative	
  

percentage	
  of	
  transcript	
  was	
  dramatically	
  reduced	
  (Fig.	
  2.7).	
  	
  This	
  observation	
  

demonstrates	
  that	
  RteR	
  is	
  not	
  preventing	
  transcription	
  as	
  previously	
  suggested,	
  and	
  

the	
  target	
  of	
  RteR	
  is	
  downstream	
  of	
  traA.	
  	
  We	
  predict	
  that	
  the	
  target	
  of	
  RteR	
  may	
  in	
  

fact	
  be	
  in	
  the	
  region	
  between	
  traA	
  and	
  traC.	
  

	
  

The	
  half-­‐life	
  of	
  tra	
  mRNA	
  is	
  not	
  affected	
  by	
  the	
  presence	
  of	
  RteR	
  	
  	
  

The	
  half-­‐life	
  of	
  the	
  tra	
  mRNA	
  transcript	
  was	
  measured	
  to	
  better	
  ascertain	
  how	
  

RteR	
  might	
  be	
  working	
  to	
  inhibit	
  conjugative	
  transfer.	
  	
  One	
  possibility	
  is	
  that	
  RteR	
  

exhibits	
  an	
  effect	
  on	
  the	
  stability	
  of	
  the	
  tra	
  transcript.	
  	
  If	
  the	
  tra	
  mRNA	
  half-­‐life	
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decreases	
  when	
  RteR	
  is	
  present,	
  it	
  would	
  suggest	
  that	
  RteR	
  is	
  working	
  to	
  recruit	
  

ribonucleases	
  to	
  the	
  RteR-­‐tra	
  mRNA	
  duplex.	
  	
  	
  	
  This	
  type	
  of	
  interaction	
  is	
  often	
  

mediated	
  by	
  binding	
  of	
  the	
  sRNA	
  to	
  the	
  target	
  mRNA	
  transcript	
  via	
  a	
  chaperone	
  

protein	
  such	
  as	
  Hfq	
  (22).	
  	
  The	
  complex	
  is	
  then	
  targeted	
  for	
  ribonuclease-­‐mediated	
  

decay,	
  resulting	
  in	
  a	
  decreased	
  half-­‐life	
  of	
  the	
  target	
  mRNA	
  (25).	
  

	
   The	
  half-­‐life	
  of	
  pLYL72	
  tra	
  mRNA	
  was	
  measured	
  in	
  both	
  the	
  presence	
  and	
  

absence	
  of	
  RteR.	
  	
  	
  At	
  traA,	
  traB-­‐C,	
  and	
  traD,	
  the	
  half-­‐life	
  of	
  the	
  tra	
  transcript	
  was	
  

approximately	
  1.63	
  minutes,	
  whether	
  or	
  not	
  RteR	
  was	
  present,	
  demonstrating	
  that	
  

RteR	
  is	
  not	
  acting	
  to	
  destabilize	
  the	
  tra	
  mRNA	
  transcript	
  by	
  means	
  of	
  ribonuclease-­‐

dependent	
  decay	
  (Fig.	
  2.8).	
  

	
  

RteR	
  has	
  no	
  effect	
  on	
  excision	
  from	
  the	
  chromosome,	
  and	
  does	
  not	
  regulate	
  the	
  mob	
  

genes	
  

Many	
  steps	
  are	
  required	
  for	
  transfer	
  of	
  conjugative	
  transposons	
  such	
  as	
  

excision	
  from	
  the	
  chromosome,	
  nicking	
  of	
  the	
  OriT,	
  and	
  assembly	
  of	
  the	
  mating	
  

bridge	
  (27).	
  	
  To	
  investigate	
  the	
  effect	
  of	
  RteR	
  on	
  excision	
  from	
  the	
  chromosome,	
  we	
  

introduced	
  rteR	
  on	
  a	
  plasmid	
  into	
  a	
  strain	
  containing	
  CTnERL.	
  	
  CTnERL	
  is	
  essentially	
  

identical	
  to	
  CTnDOT	
  but	
  lacks	
  the	
  ermF	
  region.	
  	
  We	
  used	
  this	
  strain	
  rather	
  than	
  a	
  

strain	
  containing	
  CTnDOT,	
  so	
  that	
  we	
  could	
  use	
  erythromycin	
  as	
  a	
  selectable	
  marker	
  

for	
  the	
  plasmid	
  containing	
  rteR,	
  pJW305.	
  	
  	
  Although	
  CTnERL	
  already	
  contains	
  a	
  single	
  

copy	
  of	
  rteR,	
  by	
  placing	
  rteR	
  on	
  a	
  plasmid	
  in	
  trans	
  we	
  could	
  determine	
  whether	
  there	
  

was	
  a	
  reduction	
  of	
  the	
  excised	
  element	
  associated	
  with	
  increasing	
  the	
  copy	
  number	
  

of	
  RteR.	
  	
  Using	
  RT-­‐PCR,	
  we	
  found	
  that	
  the	
  copy	
  number	
  of	
  RteR	
  did	
  not	
  affect	
  the	
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amount	
  of	
  excision	
  from	
  the	
  chromosome,	
  suggesting	
  that	
  RteR	
  does	
  not	
  affect	
  

conjugative	
  transfer	
  via	
  any	
  regulatory	
  effect	
  on	
  excision	
  (Figure	
  2.9).	
  

To	
  assess	
  whether	
  RteR	
  affect	
  the	
  CTnDOT	
  mobilization	
  region,	
  we	
  used	
  RT-­‐

PCR	
  to	
  determine	
  if	
  RteR	
  had	
  any	
  regulatory	
  effect	
  on	
  expression	
  of	
  the	
  mob	
  genes.	
  	
  	
  

We	
  observed	
  similar	
  levels	
  of	
  mobA,	
  mobB,	
  and	
  mobC	
  transcript	
  whether	
  RteR	
  was	
  

present	
  or	
  not,	
  confirming	
  that	
  the	
  mob	
  genes	
  are	
  not	
  a	
  target	
  of	
  RteR	
  (Figure	
  2.10).	
  	
  

These	
  findings	
  were	
  also	
  confirmed	
  using	
  RT-­‐qPCR,	
  which	
  demonstrated	
  that	
  mob	
  

expression	
  was	
  not	
  affected	
  by	
  the	
  presence	
  of	
  rteR	
  in	
  trans.	
  	
  	
  

	
  

2.5	
  Discussion	
  
	
  

CTnDOT	
  has	
  proved	
  to	
  be	
  an	
  interesting	
  mobile	
  genetic	
  element,	
  with	
  a	
  

complex	
  regulatory	
  system	
  where	
  stimulation	
  of	
  excision	
  and	
  transfer	
  is	
  dependent	
  

upon	
  low	
  levels	
  of	
  tetracycline	
  (21).	
  	
  	
  A	
  small	
  RNA,	
  RteR,	
  was	
  previously	
  suggested	
  as	
  

a	
  possible	
  negative	
  regulator	
  that	
  is	
  responsible	
  for	
  inhibition	
  of	
  conjugative	
  transfer	
  

in	
  the	
  absence	
  of	
  tetracycline	
  (7,	
  28).	
  	
  Previous	
  studies	
  had	
  indicated	
  that	
  RteR	
  was	
  

an	
  approximately	
  100	
  nt	
  sRNA	
  (7),	
  but	
  had	
  only	
  localized	
  RteR	
  to	
  a	
  500	
  bp	
  region	
  

(28).	
  	
  	
  We	
  report	
  here	
  that	
  the	
  region	
  required	
  for	
  mediating	
  repression	
  of	
  

conjugative	
  transfer	
  contains	
  a	
  90	
  nt	
  non-­‐coding	
  RNA,	
  RteR.	
  	
  We	
  have	
  identified	
  both	
  

the	
  5´	
  and	
  3´	
  ends	
  of	
  the	
  RteR	
  transcript,	
  and	
  we	
  have	
  also	
  confirmed	
  that	
  the	
  

promoter	
  is	
  located	
  at	
  the	
  3´	
  end	
  of	
  exc.	
  

RteR	
  was	
  previously	
  reported	
  to	
  act	
  within	
  the	
  13	
  kb	
  transfer	
  (tra)	
  operon	
  (7,	
  

28).	
  	
  Previous	
  studies	
  suggested	
  that	
  RteR	
  was	
  preventing	
  transcription	
  of	
  the	
  entire	
  

tra	
  operon	
  (7),	
  but	
  we	
  demonstrate	
  here	
  that	
  this	
  is	
  not	
  the	
  case.	
  	
  The	
  previous	
  study	
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had	
  taken	
  a	
  similar	
  approach	
  as	
  we	
  present	
  here,	
  detecting	
  the	
  tra	
  transcript	
  with	
  

and	
  without	
  RteR	
  present.	
  	
  However,	
  that	
  study	
  only	
  investigated	
  traG,	
  assuming	
  that	
  

because	
  the	
  tra	
  genes	
  are	
  organized	
  in	
  an	
  operon	
  any	
  effect	
  at	
  traG	
  would	
  be	
  

representative	
  of	
  the	
  entire	
  tra	
  operon.	
  	
  Their	
  results	
  demonstrated	
  that	
  there	
  was	
  

barely	
  any	
  traG	
  transcript	
  detectable	
  when	
  RteR	
  is	
  present,	
  leading	
  to	
  the	
  conclusion	
  

that	
  RteR	
  was	
  preventing	
  transcription	
  of	
  the	
  entire	
  operon.	
  	
  We	
  report	
  that	
  RteR	
  is	
  

acting	
  to	
  prevent	
  efficient	
  transcription	
  downstream	
  of	
  traA,	
  but	
  traA	
  itself	
  is	
  still	
  

transcribed.	
  

Our	
  observation	
  that	
  there	
  is	
  a	
  significant	
  decrease	
  in	
  the	
  amount	
  of	
  

transcript	
  downstream	
  of	
  traA,	
  coupled	
  with	
  the	
  finding	
  that	
  RteR	
  does	
  not	
  result	
  in	
  

a	
  decreased	
  half-­‐life	
  of	
  the	
  tra	
  mRNA	
  suggests	
  that	
  RteR	
  may	
  be	
  enhancing	
  

premature	
  transcription	
  termination.	
  	
  To	
  support	
  this	
  finding	
  we	
  analyzed	
  the	
  tra	
  

sequence	
  downstream	
  of	
  traA	
  and	
  found	
  a	
  region	
  within	
  traB	
  that	
  has	
  the	
  potential	
  

to	
  form	
  an	
  intrinsic	
  terminator.	
  	
  If	
  this	
  terminator	
  structure	
  within	
  traB	
  is	
  what	
  is	
  

forming	
  to	
  mediate	
  premature	
  transcription	
  termination,	
  we	
  propose	
  that	
  RteR	
  may	
  

be	
  binding	
  the	
  elongating	
  tra	
  mRNA,	
  thus	
  altering	
  the	
  tra	
  secondary	
  structure.	
  	
  This	
  

alteration	
  then	
  results	
  in	
  the	
  formation	
  of	
  this	
  intrinsic	
  terminator.	
  	
  The	
  result	
  would	
  

be	
  to	
  abolish	
  transcription	
  of	
  the	
  remaining	
  tra	
  operon,	
  and	
  ultimately	
  lead	
  to	
  

inhibition	
  of	
  CTnDOT	
  conjugative	
  transfer.	
  	
  	
  	
  

Upstream	
  of	
  this	
  predicted	
  terminator	
  is	
  a	
  region	
  that	
  is	
  complementary	
  to	
  

RteR.	
  	
  Importantly,	
  the	
  complementary	
  region	
  of	
  RteR	
  is	
  within	
  the	
  8	
  nt	
  single	
  

stranded	
  loop	
  and	
  is	
  also	
  one	
  of	
  the	
  only	
  regions	
  of	
  RteR	
  that	
  was	
  conserved	
  in	
  all	
  of	
  

the	
  homologues	
  identified.	
  	
  This	
  could	
  explain	
  why	
  the	
  mutant	
  pJW312	
  (Fig.	
  2.6A	
  and	
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2.6B)	
  can	
  no	
  longer	
  repress	
  pLYL72	
  transfer,	
  because	
  the	
  site	
  directed	
  mutations	
  

resulted	
  in	
  this	
  region	
  becoming	
  double	
  stranded,	
  so	
  it	
  may	
  not	
  have	
  been	
  able	
  to	
  

bind	
  the	
  traB	
  transcript	
  efficiently.	
  	
  Conversely,	
  our	
  mutant	
  pJW318	
  (Fig.	
  2.6A	
  and	
  

2.6B)	
  may	
  still	
  be	
  able	
  to	
  bind	
  to	
  traB	
  because	
  there	
  is	
  still	
  a	
  largely	
  single	
  stranded	
  

loop	
  that	
  has	
  the	
  potential	
  to	
  interact	
  with	
  traB	
  despite	
  the	
  change	
  in	
  a	
  part	
  of	
  the	
  

single	
  stranded	
  loop.	
  

	
   Our	
  results	
  do	
  not	
  elucidate	
  how	
  CTnDOT	
  is	
  able	
  to	
  overcome	
  RteR-­‐mediated	
  

negative	
  regulation	
  upon	
  tetracycline	
  induction.	
  	
  We	
  posit	
  that	
  perhaps	
  the	
  activation	
  

of	
  the	
  tra	
  operon	
  by	
  Xis2c,	
  Xis2d,	
  and	
  Exc	
  could	
  override	
  the	
  effects	
  of	
  RteR	
  by	
  

overwhelming	
  the	
  RteR	
  copy	
  number.	
  Another	
  possibility	
  is	
  that	
  upon	
  tetracycline	
  

induction	
  a	
  protein	
  may	
  be	
  produced	
  to	
  sequester	
  RteR,	
  thereby	
  overriding	
  any	
  

negative	
  regulation	
  by	
  RteR.	
  	
  

We	
  have	
  demonstrated	
  that	
  rteR	
  is	
  not	
  only	
  present	
  in	
  Bacteroides	
  spp.,	
  but	
  is	
  

also	
  present	
  in	
  other	
  members	
  of	
  the	
  Bacteroidetes	
  phylum.	
  	
  This	
  finding	
  is	
  

consistent	
  with	
  the	
  observation	
  that	
  CTnDOT	
  is	
  readily	
  transferred	
  within	
  the	
  

phylum.	
  	
  CTnDOT-­‐like	
  elements	
  have	
  been	
  observed	
  in	
  close	
  relatives	
  of	
  Bacteroides	
  

such	
  as	
  Prevotella,	
  Porphyromonas,	
  Tannerella,	
  and	
  Cytophaga	
  spp..	
  	
  Our	
  database	
  

search	
  revealed	
  that	
  rteR	
  is	
  also	
  present	
  on	
  a	
  related	
  conjugative	
  transposon,	
  

CTn341,	
  and	
  is	
  found	
  in	
  B.	
  fragilis	
  strain	
  YCH46	
  that	
  contains	
  a	
  CTnERL-­‐like	
  element	
  

in	
  the	
  chromosome	
  (24).	
  	
  	
  We	
  also	
  report	
  that	
  we	
  were	
  able	
  to	
  PCR	
  amplify	
  and	
  

sequence	
  rteR	
  from	
  other	
  Bacteroides	
  strains	
  harboring	
  the	
  following	
  conjugative	
  

transposons:	
  CTnERL,	
  CTn12256,	
  and	
  CTnV479.	
  	
  	
  RteR	
  is	
  the	
  only	
  sRNA	
  thus	
  far	
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described	
  in	
  this	
  phylum.	
  	
  RteR	
  is	
  also	
  the	
  first	
  regulatory	
  sRNA	
  to	
  be	
  found	
  on	
  a	
  

conjugative	
  transposon.	
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2.8	
  Tables	
  and	
  figures	
  
	
  

Table	
  2.1:	
  	
  Bacterial	
  Strains	
  and	
  Plasmids	
  
Strain	
  or	
  plasmid	
   Relevant	
  phenotypea	
   Description	
  and/or	
  reference	
  

B.	
  thetaiotaomicron	
  5482	
   	
   	
  
BT4001	
   (RifR)	
   Spontaneous	
  RifR	
  mutant	
  B.	
  thetaiotaomicron	
  

BT4001	
  ΩQAB	
   (RifR	
  ,TcR)	
   BT4001	
  with	
  a	
  site	
  specific	
  insertion	
  of	
  tetQ-­‐rteA-­‐rteB	
  
in	
  the	
  chromosome	
  (28)	
  

BT4100	
   (Thy-­‐,	
  TpR)	
   A	
  spontaneous	
  thymidine	
  auxotroph	
  mutant	
  of	
  
Bacteroides	
  type	
  strain	
  BT5482	
  (17)	
  

BT4100	
  	
  ΩQABC	
   (Thy-­‐,	
  TpR,	
  TcR)	
   BT4100	
  with	
  a	
  site	
  specific	
  insertion	
  of	
  the	
  regulatory	
  
region	
  tetQ-­‐rteA-­‐rteB-­‐rteC.	
  	
  	
  

BT4104	
   (Thy-­‐,	
  TpR,	
  TcR)	
   BT4100	
  with	
  CTnERL	
  integrated	
  into	
  the	
  chromosome	
  
(20)	
  

E.	
  coli	
   	
   	
  
DH5aMCR	
   RecA	
   Gibco	
  BRL	
  

HB101	
   RecA,	
  StrR	
   E.	
  coli	
  strain	
  used	
  for	
  study	
  of	
  transfer	
  frequency	
  (4)	
  

HB101	
  (RP1)	
  
plasmids	
  

RecA,	
  StrR	
   HB101	
  containing	
  the	
  IncPα	
  plasmid	
  RP1	
  (15)	
  
	
  

pAFD1	
   ApR	
  (EmR)	
   E.	
  coli-­‐Bacteroides	
  shuttle	
  vector	
  containing	
  ermF	
  

pGW59	
   ApR	
  (CfR)	
   1.4	
  kb	
  fragment	
  containing	
  C	
  terminal	
  end	
  of	
  exc	
  (28)	
  

pGW87	
   ApR	
  (CfR)	
   A	
  780	
  bp	
  fragment	
  containing	
  RteR	
  (28)	
  

pLYL05	
   ApR	
  (CfR)	
   E.	
  coli-­‐Bacteroides	
  shuttle	
  vector	
  (L.Y.	
  Li,	
  unpublished	
  
data)	
  

pJW100	
   ApR	
  (CfR)	
   450	
  bp	
  PCR	
  fragment	
  of	
  the	
  RteR	
  region	
  cloned	
  into	
  
pLYL05	
  (this	
  study)	
  

pJW101	
   ApR	
  (CfR)	
   A	
  370	
  bp	
  PCR	
  fragment	
  containing	
  RteR	
  cloned	
  into	
  
pLYL05	
  (this	
  study)	
  

pJW102	
   ApR	
  (CfR)	
   A	
  465	
  bp	
  PCR	
  fragment	
  of	
  the	
  region	
  containing	
  RteR	
  
cloned	
  into	
  pLYL05	
  (this	
  study)	
  

pJW305	
   ApR	
  (EmR)	
   A	
  283	
  bp	
  fragment	
  containing	
  RteR	
  cloned	
  into	
  pAFD1	
  
(this	
  study)	
  

pJW306	
   ApR	
  (EmR)	
   A	
  374	
  bp	
  fragment	
  containing	
  the	
  RteR	
  region	
  cloned	
  
into	
  pAFD1	
  (this	
  study)	
  

pJW310	
   ApR	
  (EmR)	
   A	
  465	
  bp	
  PCR	
  fragment	
  containing	
  RteR	
  with	
  site	
  
direted	
  mutation	
  in	
  putative	
  promoter	
  changing	
  TTTG	
  
to	
  AAAC	
  (this	
  study)	
  

pJW312	
   ApR	
  (EmR)	
   pJW305	
  with	
  site	
  directed	
  mutations	
  that	
  change	
  
positions	
  49-­‐52	
  of	
  rteR	
  from	
  GGAT	
  to	
  ACCA	
  (this	
  
study)	
  

pJW318	
   ApR	
  (EmR)	
   Contains	
  xis2c,	
  xis2d,	
  exc,	
  and	
  a	
  30	
  nt	
  internal	
  deletion	
  
within	
  rteR	
  (This	
  study)	
  

pLYL72	
   KnR,	
  CmR	
  (CmR)	
   Self	
  transmissible	
  plasmid	
  containing	
  mob	
  genes,	
  tra	
  
operon,	
  and	
  OriT	
  from	
  CTnDOT	
  (9)	
  

a	
  Bacteroides	
  phenotypes	
  are	
  shown	
  in	
  parentheses,	
  whereas	
  E.	
  coli	
  phenotypes	
  are	
  shown	
  without	
  
parentheses.	
  	
  Abbreviations	
  are	
  Ap,	
  ampicillin;	
  Cf,	
  cefoxitin;	
  Cm,	
  chloramphenicol;	
  Em,	
  erythromycin;	
  
Kn,	
  kanamycin;	
  Rif,	
  rifampicin;	
  Str,	
  streptomycin;	
  Tc,	
  tetracycline;	
  Thy,	
  thymidine	
  auxotroph;	
  Tp,	
  
trimethoprim.	
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Table	
  2.2:	
  	
  Primers	
  used	
  in	
  this	
  study	
  
Primer	
  Name	
   5´	
  to	
  3´	
  Sequence	
  
JLW10F	
   gtacacacgtgagataacctccga	
  
JLW11R	
   tatccctccgagtgccaccactaaat	
  
JLW12F	
   ttggatttagtggtggcactcgga	
  
RpoD	
  467	
  fwd	
   acctgattcaacgggagacgaca	
  
RpoD	
  548	
  rev	
   acgctgtatggtggattcgtcagt	
  
RteR	
  promoter	
  SDM	
  bottom	
   aacaattcattactctgaacaagtgggtttgttaatactatttcttccgt

cctgaaaatt	
  
RteR	
  promoter	
  SDM	
  top	
   aattttcaggacggaagaaatagtattaacaaacccacttgttcaga

gtaatgaattgtt	
  
Tra	
  D-­‐E	
  5480	
  fwd	
   cacacccaagtccgtggaaacaaa	
  
Tra	
  D-­‐E	
  5561	
  rev	
   ttgtcctttgtcgggcggttgata	
  
TraA	
  3250	
  fwd	
   tggaggacgggcattacaaagtga	
  
TraA	
  3486	
  rev	
   tgtctgcgatgatgggtgtgaaga	
  
TraB	
  4188	
  fwd	
   ttcttgacaacgtgctgacc	
  
TraC	
  4423	
  rev	
   cgggaacatcacaggtcttt	
  
TraC	
  4468	
  fwd	
   tcggaaatcaaaacacgaca	
  
TraC	
  4641	
  rev	
   ggcgttttcaatctgttcca	
  
TraD	
  4812	
  fwd	
   accttgcatagtgaagcctcggat	
  
TraD	
  4954	
  rev	
   tcttcttccgacagctcaatgcct	
  
TraE	
  5629	
  fwd	
   aatcctctctgcggcactcatcat	
  
TraE	
  5811	
  rev	
   aatttcccgtacactttcacgccc	
  
TraG	
  6218	
  fwd	
   cccgtctgttcaaacgacaacgaa	
  
TraG	
  6495	
  rev	
   agcgttccttgatgaaccagtcct	
  
TraI	
  9433	
  fwd	
   tcagtgaacaaccttgtccgggat	
  
TraI	
  9661	
  rev	
   tcatggagagcgtggtgatgttca	
  
TraK	
  11024	
  fwd	
   agatctatgtgctggacaacggca	
  
TraK	
  11441	
  rev	
   tttgggttatcgtccgaccgtgat	
  
TraN	
  13612	
  fwd	
   tcaatgtgaaaatacgccgccgaac	
  
TraN	
  13739	
  rev	
   ttcgctgcccagctctttcagata	
  
T7JLW22R	
   gaaattaatacgactcactatagggataattaacgggataatcggtt

gga	
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Figure	
  2.1:	
  	
  Localization	
  of	
  the	
  region	
  containing	
  rteR	
  that	
  is	
  required	
  for	
  

inhibition	
  of	
  pLYL72	
  conjugative	
  transfer.	
  	
  	
  A	
  putative	
  transcription	
  start	
  site	
  

(TSS)	
  was	
  identified	
  in	
  a	
  previous	
  study,	
  yet	
  this	
  was	
  not	
  consistent	
  with	
  other	
  

subcloning	
  results	
  (7).	
  	
  We	
  constructed	
  more	
  subclones	
  to	
  further	
  minimize	
  the	
  

region	
  containing	
  rteR	
  that	
  is	
  sufficient	
  for	
  pLYL72	
  transfer	
  inhibition.	
  	
  The	
  transfer	
  

frequency	
  of	
  pLYL72,	
  expressed	
  as	
  transconjugants	
  per	
  recipient,	
  is	
  shown	
  to	
  the	
  left	
  

of	
  each	
  plasmid	
  construct.	
  	
  	
  	
  Plasmids	
  labeled	
  R+	
  were	
  able	
  to	
  inhibit	
  conjugative	
  

transfer	
  of	
  pLYL72,	
  suggesting	
  an	
  intact	
  copy	
  of	
  RteR	
  was	
  present.	
  	
  Plasmids	
  labeled	
  

R-­‐	
  were	
  no	
  longer	
  able	
  to	
  mediate	
  regulation	
  of	
  pLYL72	
  transfer.	
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Figure	
  2.2:	
  	
  Northern	
  analysis	
  of	
  RteR.	
  For	
  Northern	
  analysis	
  of	
  the	
  RteR	
  

transcript,	
  a	
  radiolabeled	
  probe	
  was	
  created	
  that	
  was	
  specific	
  to	
  the	
  200	
  bp	
  fragment	
  

demonstrated	
  to	
  inhibit	
  conjugative	
  transfer	
  of	
  pLYL72.	
  	
  Approximately	
  2	
  μg	
  of	
  RNA	
  

were	
  loaded	
  per	
  well.	
  	
  Size	
  standards	
  used	
  (M)	
  are	
  shown	
  in	
  the	
  center,	
  with	
  sizes	
  of	
  

fragments	
  shown.	
  	
  No	
  RteR	
  was	
  detectable	
  in	
  the	
  empty	
  vector	
  control,	
  BT4001	
  

pLYL72	
  pAFD1,	
  or	
  in	
  a	
  strain	
  containing	
  mutations	
  that	
  abolish	
  transcription	
  from	
  

the	
  rteR	
  promoter	
  (BT4001	
  pLYL72	
  pJW310).	
  	
  Similar	
  levels	
  of	
  RteR	
  were	
  detected	
  

from	
  BT4104	
  pJW305	
  whether	
  or	
  not	
  tetracycline	
  (Tc)	
  was	
  present,	
  suggesting	
  that	
  

rteR	
  is	
  constitutively	
  transcribed.	
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Figure	
  2.3:	
  	
  The	
  rteR	
  promoter	
  flanks	
  the	
  3´	
  end	
  of	
  exc.	
  A	
  putative	
  promoter	
  was	
  

identified	
  near	
  the	
  3´	
  end	
  of	
  exc.	
  	
  The	
  -­‐7	
  and	
  -­‐33	
  regions	
  of	
  the	
  rteR	
  promoter	
  are	
  

shown	
  in	
  uppercase	
  black	
  text,	
  with	
  the	
  relevant	
  regions	
  of	
  the	
  promoter	
  noted	
  

above.	
  	
  The	
  stop	
  codon	
  of	
  exc	
  is	
  underlined.	
  	
  Gray	
  arrows	
  represent	
  the	
  genes	
  that	
  are	
  

part	
  of	
  the	
  excision	
  operon,	
  whereas	
  rteR,	
  which	
  is	
  a	
  negative	
  regulator,	
  is	
  shown	
  as	
  a	
  

dotted	
  arrow.	
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Figure	
  2.4:	
  	
  RACE	
  analysis	
  to	
  identify	
  the	
  5´	
  and	
  3´	
  ends	
  of	
  RteR	
  .	
  Rapid	
  

amplification	
  of	
  cDNA	
  ends	
  (RACE)	
  was	
  performed	
  to	
  confirm	
  the	
  ends	
  of	
  the	
  RteR	
  

transcript.	
  	
  The	
  5´	
  end	
  of	
  RteR	
  was	
  mapped	
  to	
  the	
  G	
  nucleotide	
  as	
  indicated	
  by	
  the	
  

larger	
  arrow,	
  since	
  this	
  end	
  was	
  identified	
  in	
  10	
  out	
  of	
  15	
  sequences.	
  	
  Other	
  possible	
  

transcription	
  start	
  sites	
  were	
  detectable,	
  as	
  indicated	
  by	
  the	
  shorter	
  arrows	
  at	
  the	
  5´	
  

end.	
  	
  The	
  3´	
  end	
  is	
  indicated	
  by	
  a	
  large	
  black	
  arrow,	
  and	
  was	
  detected	
  in	
  8	
  out	
  of	
  12	
  

samples.	
  	
  The	
  other	
  3´	
  ends	
  that	
  were	
  detected	
  are	
  indicated	
  by	
  short	
  black	
  arrows.	
  	
  	
  

The	
  nucleotides	
  that	
  we	
  have	
  identified	
  as	
  part	
  of	
  the	
  RteR	
  sequence	
  are	
  shown	
  in	
  

black	
  text.	
  	
  The	
  rteR	
  promoter	
  identified	
  in	
  this	
  study	
  is	
  boxed,	
  with	
  labels	
  

designating	
  the	
  -­‐7	
  and	
  -­‐33	
  regions.	
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Figure	
  2.5:	
  	
  A	
  database	
  search	
  reveals	
  that	
  rteR	
  homologues	
  are	
  well	
  

conserved.	
  	
  ClustalW2	
  analysis	
  (6,	
  8)	
  was	
  performed	
  to	
  align	
  sequences	
  of	
  rteR	
  

homologues	
  identified	
  using	
  basic	
  local	
  alignment	
  search	
  tool	
  (BLAST)	
  analysis.	
  	
  This	
  

analysis	
  demonstrates	
  that	
  rteR	
  is	
  present	
  among	
  other	
  members	
  of	
  the	
  

Bacteroidetes	
  phylum.	
  	
  The	
  sequence	
  of	
  rteR	
  is	
  shown	
  in	
  the	
  top	
  row	
  for	
  comparison.	
  	
  

If	
  the	
  sequence	
  is	
  a	
  match	
  to	
  rteR,	
  the	
  nucleotide	
  is	
  labeled	
  as	
  a	
  dot,	
  whereas	
  any	
  

substitutions	
  are	
  shown	
  with	
  the	
  corresponding	
  change	
  in	
  nucleotide.	
  	
  Many	
  

homologues	
  had	
  100%	
  sequence	
  identity.	
  	
  Of	
  the	
  homologues	
  that	
  did	
  have	
  

substitutions	
  in	
  the	
  rteR	
  sequence,	
  most	
  had	
  approximately	
  97%	
  or	
  greater	
  sequence	
  

identity,	
  but	
  some	
  sequences	
  had	
  as	
  little	
  as	
  73%	
  identity.	
  	
  	
  All	
  of	
  these	
  homologues	
  

have	
  nearly	
  identical	
  secondary	
  structures	
  that	
  were	
  predicted	
  using	
  MFOLD	
  

analysis	
  (29).	
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Figure	
  2.6:	
  	
  The	
  secondary	
  structure	
  of	
  RteR	
  appears	
  to	
  be	
  important	
  for	
  RteR-­‐

mediated	
  repression	
  of	
  conjugative	
  transfer.	
  	
  A.	
  The	
  secondary	
  structures	
  of	
  RteR	
  

clones	
  were	
  predicted	
  using	
  MFOLD	
  analysis	
  (29).	
  	
  Beneath	
  each	
  structure	
  of	
  RteR	
  is	
  

the	
  transfer	
  frequency	
  of	
  pLYL72	
  when	
  provided	
  in	
  trans,	
  expressed	
  as	
  the	
  number	
  

of	
  transconjugants	
  per	
  recipient.	
  	
  Clones	
  that	
  were	
  able	
  to	
  repress	
  transfer	
  of	
  pLYL72	
  

are	
  labeled	
  as	
  R+,	
  and	
  are	
  labeled	
  as	
  R-­‐	
  if	
  the	
  clone	
  could	
  no	
  longer	
  regulate	
  pLYL72	
  

transfer.	
  	
  B.	
  The	
  changes	
  in	
  the	
  primary	
  nucleotide	
  sequence	
  of	
  each	
  of	
  these	
  mutants	
  

are	
  shown,	
  relative	
  to	
  wild	
  type	
  RteR.	
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Figure	
  2.7:	
  	
  RT-­‐qPCR	
  analysis	
  to	
  measure	
  the	
  relative	
  levels	
  of	
  tra	
  mRNA	
  in	
  the	
  

presence	
  of	
  RteR.	
  	
  RT-­‐qPCR	
  was	
  performed	
  to	
  assess	
  the	
  levels	
  of	
  tra	
  transcript	
  that	
  

are	
  detected	
  when	
  RteR	
  was	
  present,	
  relative	
  to	
  the	
  amount	
  of	
  transcript	
  without	
  

RteR.	
  	
  Samples	
  containing	
  RteR	
  were	
  normalized	
  against	
  samples	
  without	
  RteR	
  to	
  

obtain	
  the	
  relative	
  percentage	
  of	
  transcript	
  remaining	
  in	
  the	
  presence	
  of	
  RteR,	
  which	
  

is	
  shown	
  above	
  each	
  primer	
  set.	
  	
  The	
  percentage	
  shown	
  for	
  each	
  primer	
  set	
  is	
  an	
  

average	
  value	
  of	
  relative	
  transcript	
  present.	
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Figure	
  2.8:	
  	
  The	
  half-­‐life	
  of	
  the	
  tra	
  mRNA	
  is	
  similar	
  whether	
  or	
  not	
  RteR	
  is	
  

present.	
  	
  A	
  rifampicin	
  chase	
  assay	
  was	
  performed	
  to	
  assess	
  the	
  stability	
  of	
  the	
  tra	
  

mRNA	
  transcript	
  in	
  both	
  the	
  presence	
  and	
  absence	
  of	
  RteR.	
  	
  400	
  μg/mL	
  of	
  rifampicin	
  

were	
  added	
  to	
  mid-­‐log	
  phase	
  Bacteroides	
  cultures	
  and	
  RNA	
  samples	
  were	
  taken	
  at	
  0,	
  

5,	
  and	
  10	
  minutes	
  post	
  rifampicin	
  addition.	
  	
  Relative	
  RNA	
  levels	
  were	
  then	
  measured	
  

using	
  RT-­‐qPCR,	
  and	
  were	
  quantified	
  by	
  normalizing	
  the	
  abundance	
  of	
  RNA	
  remaining	
  

over	
  time	
  relative	
  to	
  time	
  0.	
  	
  Primer	
  sets	
  were	
  used	
  to	
  detect	
  the	
  message	
  at	
  traA,	
  

traB-­‐C,	
  and	
  traD.	
  	
  At	
  all	
  points	
  of	
  the	
  transcript,	
  the	
  half-­‐life	
  was	
  approximately	
  1.6	
  

minutes	
  whether	
  or	
  not	
  RteR	
  was	
  present,	
  suggesting	
  that	
  RteR	
  does	
  not	
  destabilize	
  

the	
  tra	
  mRNA	
  transcript.	
  	
  For	
  each	
  primer	
  set,	
  the	
  calculated	
  half-­‐life	
  of	
  the	
  tra	
  

transcript	
  with	
  RteR	
  present	
  is	
  shown	
  in	
  black	
  text,	
  and	
  the	
  minus	
  RteR	
  half-­‐life	
  is	
  in	
  

grey	
  text.	
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Figure	
  2.9:	
  	
  An	
  increase	
  of	
  RteR	
  does	
  not	
  affect	
  excision	
  of	
  CTnERL.	
  

To	
  determine	
  whether	
  RteR	
  has	
  an	
  affect	
  on	
  excision	
  from	
  the	
  chromosome,	
  RT-­‐PCR	
  

was	
  performed	
  detecting	
  the	
  joined	
  ends	
  of	
  the	
  CTnERL	
  circular	
  intermediate	
  

(attERL).	
  	
  RNA	
  was	
  isolated	
  from	
  a	
  strain	
  containing	
  a	
  single	
  copy	
  of	
  RteR	
  on	
  the	
  

chromosome	
  within	
  CTnERL	
  (BT4104),	
  as	
  well	
  as	
  from	
  the	
  same	
  strain	
  that	
  also	
  

contained	
  RteR	
  on	
  a	
  vector	
  with	
  8-­‐10	
  copies	
  per	
  cell	
  (BT4104	
  pJW305).	
  	
  	
  AttERL	
  is	
  

detected	
  in	
  similar	
  quantites	
  independent	
  of	
  the	
  copy	
  number	
  of	
  RteR	
  when	
  cells	
  are	
  

exposed	
  to	
  tetracycline	
  (Tc),	
  suggesting	
  that	
  RteR	
  does	
  not	
  affect	
  excision.	
  	
  No	
  attERL	
  

is	
  detected	
  in	
  the	
  absence	
  of	
  Tc,	
  because	
  the	
  excision	
  proteins	
  that	
  are	
  required	
  for	
  

the	
  formation	
  of	
  attERL	
  are	
  only	
  expressed	
  upon	
  Tc	
  induction.	
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Figure	
  2.10:	
  	
  The	
  presence	
  of	
  RteR	
  does	
  not	
  affect	
  transcription	
  of	
  the	
  CTnDOT	
  

mobilization	
  region.	
  	
  	
  To	
  determine	
  whether	
  the	
  mobilization	
  genes,	
  mobA,	
  -­‐B,	
  and	
  –

C,	
  are	
  a	
  target	
  of	
  RteR,	
  we	
  performed	
  RT-­‐PCR	
  to	
  see	
  whether	
  providing	
  RteR	
  in	
  trans	
  

had	
  an	
  effect	
  on	
  mob	
  expression.	
  	
  RNA	
  was	
  isolated	
  from	
  BT4001	
  pLYL72	
  containing	
  

an	
  empty	
  vector,	
  pAFD1,	
  or	
  pJW305	
  that	
  has	
  a	
  single	
  copy	
  of	
  rteR.	
  	
  	
  Similar	
  quantities	
  

of	
  each	
  of	
  the	
  mob	
  genes	
  were	
  detected	
  whether	
  or	
  not	
  rteR	
  was	
  present,	
  suggesting	
  

that	
  RteR	
  does	
  not	
  affect	
  mob	
  transcription.	
  	
  These	
  observations	
  were	
  also	
  confirmed	
  

using	
  RT-­‐qPCR.	
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CHAPTER	
  3:	
  IDENTIFYING	
  AN	
  HFQ	
  HOMOLOGUE	
  IN	
  BACTEROIDES	
  

THETAIOTAOMICRON	
  	
  

	
  

Small	
  RNAs	
  (sRNAs)	
  are	
  very	
  important	
  elements	
  that	
  are	
  responsible	
  for	
  the	
  

regulation	
  of	
  a	
  variety	
  of	
  cell	
  functions	
  such	
  as	
  cellular	
  stress	
  responses,	
  conjugation,	
  

plasmid	
  replication,	
  and	
  motility	
  [4,	
  11–14].	
  	
  The	
  majority	
  of	
  trans-­‐acting	
  small	
  RNAs	
  

mediate	
  their	
  regulatory	
  function	
  by	
  binding	
  to	
  the	
  target	
  mRNA,	
  and	
  thereby	
  

recruiting	
  the	
  degradosome	
  which	
  results	
  in	
  degradation	
  of	
  a	
  target	
  mRNA::sRNA	
  

duplex	
  [2,	
  3].	
  	
  This	
  binding	
  and	
  subsequent	
  formation	
  of	
  an	
  sRNA-­‐target	
  mRNA	
  duplex	
  

is	
  generally	
  facilitated	
  by	
  the	
  chaperone	
  protein	
  Hfq	
  [13].	
  	
  There	
  are	
  many	
  examples	
  

where	
  a	
  deletion	
  of	
  Hfq	
  results	
  in	
  the	
  loss	
  of	
  sRNA	
  mediated	
  regulation,	
  thus	
  

indicating	
  an	
  important	
  role	
  for	
  Hfq	
  in	
  riboregulation	
  [8].	
  	
  	
  

While	
  characterizing	
  RteR,	
  a	
  sRNA	
  encoded	
  on	
  CTnDOT	
  that	
  inhibits	
  

conjugative	
  transfer	
  (described	
  further	
  in	
  Chapter	
  2),	
  we	
  wanted	
  to	
  address	
  whether	
  

Hfq	
  was	
  important	
  for	
  RteR-­‐mediated	
  regulation.	
  	
  However,	
  no	
  Hfq	
  or	
  Hfq-­‐like	
  

homologue	
  was	
  annotated	
  in	
  the	
  B.	
  thetaiotaomicron	
  5482	
  (BT5482)	
  genome,	
  nor	
  was	
  

there	
  evidence	
  of	
  Hfq	
  present	
  in	
  any	
  other	
  Bacteroides	
  spp.	
  [15].	
  	
  This	
  observation	
  

was	
  not	
  a	
  surprise	
  though,	
  as	
  many	
  of	
  the	
  open	
  reading	
  frames	
  in	
  the	
  Bacteroides	
  

genome	
  are	
  often	
  classified	
  as	
  hypothetical	
  proteins,	
  and	
  are	
  later	
  assigned	
  functions	
  

through	
  experimental	
  evidence.	
  

	
   Nonetheless,	
  we	
  wanted	
  to	
  see	
  if	
  we	
  could	
  identify	
  putative	
  Hfq	
  homologues	
  

present	
  in	
  Bacteroides	
  that	
  could	
  be	
  facilitating	
  the	
  interaction	
  of	
  RteR	
  with	
  the	
  target	
  

tra	
  mRNA.	
  	
  The	
  logic	
  behind	
  such	
  an	
  exploratory	
  project	
  was	
  that	
  if	
  we	
  were	
  able	
  to	
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identify	
  any	
  Hfq-­‐like	
  proteins,	
  this	
  would	
  further	
  shed	
  light	
  on	
  RteR-­‐mediated	
  

negative	
  regulation.	
  	
  Further,	
  the	
  identification	
  and	
  characterization	
  of	
  potential	
  

homologues	
  would	
  have	
  been	
  the	
  basis	
  for	
  another	
  publication.	
  

	
   The	
  majority	
  of	
  research	
  performed	
  with	
  the	
  intent	
  of	
  characterizing	
  Hfq	
  has	
  

been	
  performed	
  within	
  the	
  Proteobacteria,	
  especially	
  in	
  E.	
  coli,	
  the	
  genetic	
  workhorse	
  

of	
  bacteria.	
  	
  Phylogenetically,	
  E.	
  coli	
  and	
  B.	
  thetaiotaomicron	
  are	
  quite	
  distinct,	
  which	
  

can	
  make	
  identifying	
  homologues	
  between	
  these	
  two	
  genera	
  rather	
  difficult	
  [1].	
  	
  

Although	
  Hfq	
  is	
  well	
  conserved	
  among	
  bacteria,	
  an	
  attempt	
  to	
  find	
  an	
  Hfq	
  homologue	
  

by	
  BLASTp	
  analysis	
  of	
  the	
  Bacteroides	
  genomes	
  using	
  Hfq	
  amino	
  acid	
  sequences	
  did	
  

not	
  generate	
  any	
  relevant	
  hits	
  [10].	
  	
  	
  Shortly	
  after	
  our	
  quest	
  to	
  hunt	
  down	
  an	
  Hfq	
  

homologue	
  began,	
  another	
  group	
  identified	
  an	
  Hfq	
  homologue	
  in	
  Borrelia	
  burgdorferi,	
  

the	
  causative	
  agent	
  of	
  Lyme	
  disease.	
  	
  The	
  publication	
  of	
  this	
  work	
  was	
  quite	
  exciting	
  

for	
  us	
  because	
  this	
  Hfq-­‐like	
  protein	
  (Bb0268)	
  was	
  vastly	
  different	
  compared	
  to	
  the	
  

canonical	
  Hfq	
  homologues	
  that	
  have	
  been	
  previously	
  described.	
  	
  Interestingly,	
  Hfq	
  

from	
  E.	
  coli	
  was	
  able	
  to	
  complement	
  a	
  Borrelia	
  Hfq	
  deletion	
  mutant	
  despite	
  the	
  fact	
  

that	
  they	
  appear	
  to	
  be	
  nothing	
  alike	
  [8].	
  	
  The	
  remarkable	
  differences	
  between	
  these	
  

two	
  Hfq	
  proteins	
  would	
  then	
  hopefully	
  open	
  the	
  door	
  for	
  identifying	
  a	
  homologue	
  

within	
  Bacteroides.	
  	
  Further,	
  Borrelia,	
  which	
  is	
  within	
  the	
  Spirochaetes	
  phylum,	
  is	
  

more	
  closely	
  related	
  to	
  the	
  Bacteroidetes	
  than	
  the	
  Proteobacteria	
  [1].	
  	
  	
  

	
   Similarly,	
  a	
  study	
  characterizing	
  a	
  unique	
  Hfq	
  homologue	
  in	
  Sinorhizobium	
  

meliloti	
  also	
  provided	
  another	
  scaffold	
  for	
  mining	
  the	
  Bacteroides	
  genome.	
  	
  The	
  S.	
  

meliloti	
  Hfq,	
  Smc01113,	
  had	
  very	
  little	
  similarity	
  to	
  Hfq	
  from	
  E.	
  coli,	
  but	
  functional	
  

studies	
  suggested	
  this	
  protein	
  was	
  a	
  true	
  homologue	
  of	
  Hfq	
  [9].	
  	
  Although	
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Sinorhizobium	
  is	
  less	
  related	
  to	
  Bacteroides	
  than	
  Borrelia,	
  the	
  novelty	
  of	
  this	
  Hfq	
  

homologue	
  increased	
  our	
  likelihood	
  of	
  finding	
  potential	
  homologues	
  within	
  the	
  

BT5482	
  genome.	
  

	
   When	
  we	
  first	
  started	
  searching	
  for	
  homologues,	
  a	
  close	
  match	
  to	
  E.	
  coli	
  Hfq	
  

was	
  identified	
  in	
  Bacteroides	
  cappilosus.	
  	
  Surprisingly	
  though,	
  no	
  homologues	
  of	
  the	
  B.	
  

cappilosus	
  Hfq-­‐like	
  protein	
  were	
  found	
  in	
  any	
  of	
  the	
  other	
  Bacteroides	
  genomes.	
  	
  

Closer	
  inspection	
  of	
  B.	
  cappilosus	
  revealed	
  that	
  this	
  organism	
  shares	
  76%	
  16s	
  identity	
  

with	
  B.	
  thetaiotaomicron.	
  	
  After	
  further	
  investigation,	
  I	
  found	
  that	
  B.	
  cappilosus,	
  

despite	
  being	
  called	
  Bacteroides,	
  is	
  actually	
  described	
  as	
  a	
  Firmicute	
  in	
  the	
  NCBI	
  

database.	
  

	
   A	
  BLASTp	
  search	
  comparing	
  the	
  B.	
  burgdorferi	
  homologue	
  or	
  S.	
  meliloti	
  

homologue	
  against	
  the	
  B.	
  thetaiotaomicron	
  genome	
  yielded	
  matches	
  with	
  poor	
  

coverage,	
  limited	
  identity,	
  and	
  high	
  E-­‐value	
  scores,	
  which	
  gave	
  us	
  little	
  confidence	
  

that	
  we	
  were	
  identifying	
  true	
  homologues	
  of	
  Hfq.	
  	
  We	
  did	
  not	
  give	
  up,	
  however,	
  and	
  

instead	
  moved	
  to	
  a	
  method	
  of	
  further	
  identifying	
  possible	
  Hfq-­‐like	
  proteins	
  in	
  

Bacteroides	
  by	
  searching	
  for	
  structural	
  homologues	
  using	
  Phyre	
  [6].	
  	
  By	
  making	
  

functional	
  predictions	
  based	
  on	
  predicted	
  secondary	
  structural	
  homologues,	
  we	
  could	
  

then	
  narrow	
  down	
  our	
  list	
  of	
  homologues	
  and	
  parse	
  out	
  those	
  that	
  should	
  warrant	
  

further	
  investigation.	
  

	
   I	
  first	
  used	
  to	
  Phyre	
  to	
  see	
  what	
  predictions	
  would	
  be	
  made	
  with	
  Bb0268	
  and	
  

Smc01113,	
  as	
  these	
  proteins	
  did	
  not	
  have	
  primary	
  sequence	
  homology	
  to	
  other	
  

known	
  Hfq	
  homologues.	
  	
  The	
  Phyre	
  prediction	
  for	
  Borrelia	
  Bb0268	
  was	
  a	
  

neurotransmitter-­‐gated	
  ion	
  channel	
  pore;	
  however,	
  the	
  estimated	
  precision	
  was	
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rather	
  low	
  (25%)	
  which	
  suggested	
  it	
  was	
  not	
  accurate.	
  	
  	
  The	
  structural	
  prediction	
  for	
  

the	
  S.	
  meliloti	
  Hfq	
  homologue	
  Smc01113	
  suggested	
  with	
  great	
  precision	
  (100%)	
  that	
  

this	
  protein	
  is	
  a	
  Zincin-­‐like	
  metalloprotease.	
  	
  Although	
  quite	
  different	
  from	
  Hfq,	
  we	
  

identified	
  a	
  Bacteroides	
  protein	
  Bt3283,	
  which	
  has	
  some	
  similarity	
  at	
  the	
  primary	
  

sequence	
  level	
  to	
  Smc01113.	
  	
  Interestingly,	
  Phyre	
  also	
  generated	
  the	
  same	
  structural	
  

prediction	
  for	
  Bt3283,	
  suggesting	
  this	
  as	
  the	
  likely	
  first	
  candidate	
  that	
  could	
  function	
  

as	
  Hfq	
  within	
  Bacteroides.	
  	
  Smc01113	
  is	
  a	
  168	
  AA	
  protein	
  with	
  a	
  pI	
  of	
  4.2.	
  	
  Similarly,	
  

BT3283	
  is	
  137	
  AA	
  with	
  a	
  pI	
  of	
  4.7.	
  	
  Although	
  not	
  exact,	
  the	
  similarities	
  between	
  

Smc01113	
  and	
  BT3283	
  warrants	
  further	
  investigation	
  of	
  BT3283	
  is	
  a	
  putative	
  Hfq	
  

homologue.	
  	
  A	
  pairwise	
  alignment	
  of	
  these	
  two	
  proteins	
  is	
  shown	
  in	
  Figure	
  3.1,	
  along	
  

with	
  the	
  Phyre	
  predicted	
  structures.	
  	
  

	
   The	
  next	
  candidate	
  homologues	
  identified	
  in	
  B.	
  thetaiotaomicron,	
  were	
  

identified	
  through	
  a	
  combination	
  of	
  BLASTp	
  searches	
  and	
  Phyre	
  structural	
  

predictions.	
  	
  BT0784	
  and	
  BT4380	
  are	
  predicted	
  with	
  high	
  precision	
  (100%	
  and	
  85%	
  

respectively)	
  to	
  be	
  involved	
  in	
  RNA	
  binding.	
  	
  	
  Last,	
  BT0740	
  came	
  up	
  as	
  a	
  potential	
  

homologue,	
  but	
  is	
  predicted	
  to	
  be	
  involved	
  in	
  electron	
  transport	
  based	
  on	
  Phyre	
  

predictions.	
  	
  A	
  ClustalW	
  alignment	
  of	
  these	
  B.	
  thetaiotaomicron	
  putative	
  homologues	
  

is	
  shown	
  along	
  with	
  the	
  known	
  Hfq	
  homologues	
  from	
  E.	
  coli,	
  B.	
  burgdorferi,	
  and	
  S.	
  

meliloti	
  (Figure	
  3.2).	
  	
  	
  There	
  is	
  little	
  identity	
  among	
  these	
  homologues,	
  which	
  is	
  

neither	
  surprising	
  nor	
  entirely	
  discouraging.	
  	
  Although	
  not	
  conclusive,	
  we	
  have	
  

narrowed	
  down	
  some	
  proteins	
  that	
  could	
  potentially	
  be	
  Hfq	
  homologues	
  in	
  B.	
  

thetaiotaomicron,	
  with	
  BT3283	
  being	
  the	
  most	
  likely	
  homologue	
  based	
  on	
  our	
  

preliminary	
  search.	
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   A	
  list	
  of	
  the	
  remaining	
  Bacteroides	
  proteins	
  that	
  came	
  up	
  in	
  our	
  search	
  is	
  

shown	
  in	
  Table	
  3.1.	
  	
  Those	
  that	
  are	
  colored	
  in	
  bold	
  print	
  were	
  hits	
  that	
  came	
  up	
  

multiple	
  times	
  or	
  were	
  in	
  the	
  rough	
  ballpark	
  size	
  of	
  other	
  Hfq	
  homologues	
  (roughly	
  

80-­‐250	
  AA).	
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3.2	
  Tables	
  and	
  figures	
  

A.	
  	
  

	
  

B.	
  	
   	
  

Figure	
  3.1:	
  	
  BT3283	
  has	
  limited	
  sequence	
  homology	
  to	
  the	
  S.	
  meliloti	
  Hfq	
  

homologue	
  Smc01113,	
  and	
  Phyre	
  secondary	
  structure	
  predictions	
  suggest	
  

structural	
  homology.	
  	
  	
  A.	
  	
  A	
  pairwise	
  alignment	
  of	
  the	
  S.	
  meliloti	
  Hfq-­‐like	
  protein	
  

Smc01113	
  and	
  putative	
  Bacteroides	
  homologue	
  BT3283	
  was	
  generated	
  using	
  

ClustalW.	
  	
  The	
  pairwise	
  alignment	
  generated	
  a	
  score	
  of	
  20%,	
  which	
  is	
  calculated	
  by	
  

the	
  number	
  of	
  identities	
  between	
  the	
  two	
  proteins	
  divided	
  by	
  the	
  length	
  of	
  the	
  

sequence.	
  	
  B.	
  	
  Phyre	
  structural	
  predictions	
  suggest	
  that	
  both	
  Smc01113	
  (Left)	
  and	
  

BT3283	
  (right)	
  are	
  Zincin-­‐like	
  metalloproteases.	
  	
  Smc01113	
  is	
  reported	
  to	
  affect	
  

sRNA	
  regulation	
  similar	
  to	
  Hfq,	
  suggesting	
  this	
  is	
  a	
  true	
  Hfq	
  homologue	
  [9].	
  Both	
  

models	
  shown	
  are	
  >93%	
  of	
  residues	
  modeled	
  at	
  >90%	
  confidence.	
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Figure	
  3.2:	
  	
  Putative	
  B.	
  thetaiotaomicron	
  Hfq	
  homologues	
  do	
  not	
  resemble	
  Hfq	
  

from	
  E.	
  coli,	
  but	
  neither	
  do	
  Hfq	
  known	
  Hfq	
  homologues	
  from	
  S.	
  meliloti	
  and	
  B.	
  

burgderfori.	
  	
  Our	
  top	
  four	
  candidates	
  of	
  Bacteroides	
  homologues	
  were	
  aligned	
  with	
  

known	
  Hfq	
  homologues	
  from	
  E.	
  coli,	
  B.	
  burgdorferi,	
  and	
  S.	
  meliloti.	
  	
  Alignments	
  were	
  

generated	
  using	
  ClustalW	
  [5,	
  7],	
  and	
  sequences	
  where	
  the	
  amino	
  acid	
  is	
  an	
  exact	
  

match	
  to	
  the	
  E.	
  coli	
  Hfq	
  are	
  colored	
  in	
  gray.	
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Table	
  3.1:	
  	
  Low	
  confidence	
  putative	
  Hfq	
  homologues	
  identified	
  using	
  BLASTp	
  	
  

BT5482	
  Prot.	
  No	
   Acc.	
  No.	
  of	
  Homologue	
   Genus	
  of	
  Homologue	
  

BT	
   46	
   CAH35519.1	
   Burkholderia	
  
BT	
   58	
   YP_002731196.1	
   Persephonella	
  
BT	
   124	
   NP_243231.1	
   Bacillus	
  
BT	
   158	
   NP_212402.1	
   Borrelia	
  
BT	
   206	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   206	
   YP_429973.1	
   Moorela	
  
BT	
   206	
   YP_075575.1	
   symbiobacterium	
  
BT	
   224	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   298	
   NP_243231.1	
   Bacillus	
  
BT	
   342	
   baccap_01327	
   B.	
  cappilosusilosus	
  
BT	
   362	
   YP_429973.1	
   Moorela	
  
BT	
   383	
   NP_243231.1	
   Bacillus	
  
BT	
   383	
   YP_002121914.1	
   Hydrogenobaculum	
  
BT	
   450	
   PDB	
  1Q1S	
   Staphylococcus	
  
BT	
   470	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   502	
   NP_243231.1	
   Bacillus	
  
BT	
   504	
   NP_243231.1	
   Bacillus	
  
BT	
   504	
   YP_075575.1	
   symbiobacterium	
  
BT	
   554	
   YP_003827750.1	
   Acetohalobium	
  
BT	
   554	
   baccap_01327	
   B.	
  cappilosus	
  
BT	
   554	
   NP_243231.1	
   Bacillus	
  
BT	
   554	
   YP_429973.1	
   Moorela	
  
BT	
   566	
   NP_243231.1	
   Bacillus	
  
BT	
   566	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   566	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   570	
   NP_212402.1	
   Borrelia	
  
BT	
   634	
   NP_212402.1	
   Borrelia	
  
BT	
   664	
   NP_243231.1	
   Bacillus	
  
BT	
   695	
   NP_243231.1	
   Bacillus	
  
BT	
   823	
   NP_243231.1	
   Bacillus	
  
BT	
   866	
   NP_243231.1	
   Bacillus	
  
BT	
   867	
   NP_243231.1	
   Bacillus	
  
BT	
   1019	
   NP_243231.1	
   Bacillus	
  
BT	
   1020	
   baccap_01327	
   B.	
  cappilosus	
  
BT	
   1020	
   NP_243231.1	
   Bacillus	
  
BT	
   1020	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   1020	
   YP_429973.1	
   Moorela	
  
BT	
   1020	
   YP_075575.1	
   symbiobacterium	
  
BT	
   1029	
   baccap_01327	
   B.	
  cappilosus	
  
BT	
   1033	
   YP_429973.1	
   Moorela	
  
BT	
   1162	
   NP_243231.1	
   Bacillus	
  
BT	
   1223	
   YP_075575.1	
   symbiobacterium	
  
BT	
   1268	
   ACE63256.1	
   E.	
  coli	
  
BT	
   1281	
   YP_075575.1	
   symbiobacterium	
  
BT	
   1289	
   NP_243231.1	
   Bacillus	
  
BT	
   1362	
   NP_243231.1	
   Bacillus	
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Table	
  3.1	
  (cont.)	
  

BT5482	
  Prot.	
  No.	
   Acc.	
  No.	
  of	
  Homologue	
   Genus	
  of	
  Homologue	
  
BT	
   1381	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   1445	
   NP_243231.1	
   Bacillus	
  
BT	
   1476	
   NP_243231.1	
   Bacillus	
  
BT	
   1553	
   CAH35519.1	
   Burkholderia	
  
BT	
   1600	
   NP_212402.1	
   Borrelia	
  
BT	
   1628	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   1649	
   YP_002121914.1	
   Hydrogenobaculum	
  
BT	
   1649	
   CAH35519.1	
   Burkholderia	
  
BT	
   1751	
   NP_243231.1	
   Bacillus	
  
BT	
   1768	
   NP_243231.1	
   Bacillus	
  
BT	
   1772	
   NP_243231.1	
   Bacillus	
  
BT	
   1781	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   1809	
   YP_075575.1	
   symbiobacterium	
  
BT	
   1837	
   NP_243231.1	
   Bacillus	
  
BT	
   1855	
   PDB	
  1Q1S	
   S.	
  Aureus	
  
BT	
   1934	
   NP_243231.1	
   Bacillus	
  
BT	
   1934	
   YP_075575.1	
   symbiobacterium	
  
BT	
   1936	
   CAH35519.1	
   Burkholderia	
  
BT	
   1993	
   NP_243231.1	
   Bacillus	
  
BT	
   2000	
   NP_243231.1	
   Bacillus	
  
BT	
   2000	
   YP_429973.1	
   Moorela	
  
BT	
   2050	
   YP_429973.1	
   Moorela	
  
BT	
   2069	
   NP_243231.1	
   Bacillus	
  
BT	
   2069	
   YP_075575.1	
   symbiobacterium	
  
BT	
   2069	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   2073	
   NP_243231.1	
   Bacillus	
  
BT	
   2073	
   YP_075575.1	
   symbiobacterium	
  
BT	
   2082	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   2087	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   2107	
   NP_243231.1	
   Bacillus	
  
BT	
   2167	
   PDB	
  1Q1S	
   S.	
  Aureus	
  
BT	
   2189	
   ZP_02035730.1	
   B.	
  cappilosus	
  
BT	
   2194	
   CAH35519.1	
   Burkholderia	
  
BT	
   2215	
   NP_212402.1	
   Borrelia	
  
BT	
   2217	
   NP_243231.1	
   Bacillus	
  
BT	
   2219	
   NP_243231.1	
   Bacillus	
  
BT	
   2244	
   YP_429973.1	
   Moorela	
  
BT	
   2326	
   ACE63256.1	
   E.	
  coli	
  
BT	
   2417	
   NP_243231.1	
   Bacillus	
  
BT	
   2425	
   YP_003827750.1	
   acetohalobium	
  
BT	
   2425	
   baccap_01327	
   B.	
  cappilosus	
  
BT	
   2425	
   NP_243231.1	
   Bacillus	
  
BT	
   2425	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   2425	
   YP_429973.1	
   Moorela	
  
BT	
   2425	
   YP_003577953.1	
   Rhodobacter	
  
BT	
   2425	
   YP_075575.1	
   symbiobacterium	
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Table	
  3.1	
  (cont.)	
  

BT5482	
  Prot.	
  No.	
   Acc.	
  No.	
  of	
  homologue	
   Genus	
  of	
  homologue	
  
BT	
   2425	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   2425	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   2432	
   YP_002121914.1	
   Hydrogenobaculum	
  
BT	
   2537	
   YP_429973.1	
   Moorela	
  
BT	
   2576	
   YP_075575.1	
   symbiobacterium	
  
BT	
   2590	
   NP_243231.1	
   Bacillus	
  
BT	
   2656	
   CAH35519.1	
   Burkholderia	
  
BT	
   2729	
   baccap_01327	
   B.	
  cappilosus	
  
BT	
   2729	
   NP_243231.1	
   Bacillus	
  
BT	
   2729	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   2796	
   NP_243231.1	
   Bacillus	
  
BT	
   2818	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   2895	
   YP_075575.1	
   symbiobacterium	
  
BT	
   2898	
   YP_075575.1	
   symbiobacterium	
  
BT	
   2917	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   2943	
   ACE63256.1	
   E.	
  coli	
  
BT	
   2965	
   NP_243231.1	
   Bacillus	
  
BT	
   2999	
   YP_429973.1	
   Moorela	
  
BT	
   3035	
   ACE63256.1	
   E.	
  coli	
  
BT	
   3050	
   NP_243231.1	
   Bacillus	
  
BT	
   3051	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   3067	
   ZP_02035730.1	
   B.	
  cappilosus	
  
BT	
   3067	
   NP_243231.1	
   Bacillus	
  
BT	
   3067	
   YP_003577953.1	
   Rhodobacter	
  
BT	
   3076	
   NP_243231.1	
   Bacillus	
  
BT	
   3102	
   ACE63256.1	
   E.	
  coli	
  
BT	
   3102	
   AAT39524.1	
   V.	
  harveyi	
  
BT	
   3102	
   CAH35519.1	
   Burkholderia	
  
BT	
   3121	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   3167	
   CAH35519.1	
   Burkholderia	
  
BT	
   3169	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   3192	
   YP_003827750.1	
   acetohalobium	
  
BT	
   3192	
   ZP_02035730.1	
   B.	
  cappilosus	
  
BT	
   3192	
   NP_243231.1	
   Bacillus	
  
BT	
   3192	
   	
  ZP_06883448.1	
   Clostridium	
  
BT	
   3192	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   3192	
   YP_003577953.1	
   Rhodobacter	
  
BT	
   3192	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   3192	
   CAH35519.1	
   Burkholderia	
  
BT	
   3253	
   NP_243231.1	
   Bacillus	
  
BT	
   3292	
   YP_003827750.1	
   acetohalobium	
  
BT	
   3292	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   3299	
   NP_243231.1	
   Bacillus	
  
BT	
   3299	
   YP_075575.1	
   symbiobacterium	
  
BT	
   3304	
   YP_429973.1	
   Moorela	
  
BT	
   3327	
   NP_243231.1	
   Bacillus	
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Table	
  3.1	
  (cont.)	
  
BT5482	
  Prot.	
  No.	
   Acc.	
  No.	
  of	
  homologue	
   Genus	
  of	
  homologue	
  
BT	
   3327	
   YP_429973.1	
   Moorela	
  
BT	
   3347	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   3355	
   NP_243231.1	
   Bacillus	
  
BT	
   3440	
   YP_075575.1	
   symbiobacterium	
  
BT	
   3440	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   3482	
   PDB	
  1Q1S	
   S.	
  Aureus	
  
BT	
   3592	
   YP_002121914.1	
   Hydrogenobaculum	
  
BT	
   3613	
   ACE63256.1	
   E.	
  coli	
  
BT	
   3630	
   ZP_04584326.1	
   sulfurihydrogenibium	
  
BT	
   3633	
   NP_243231.1	
   Bacillus	
  
BT	
   3648	
   YP_075575.1	
   symbiobacterium	
  
BT	
   3664	
   NP_243231.1	
   Bacillus	
  
BT	
   3680	
   CAH35519.1	
   Burkholderia	
  
BT	
   3695	
   CAH35519.1	
   Burkholderia	
  
BT	
   3725	
   NP_243231.1	
   Bacillus	
  
BT	
   3739	
   NP_212402.1	
   Borrelia	
  
BT	
   3744	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   3809	
   NP_243231.1	
   Bacillus	
  
BT	
   3903	
   NP_212402.1	
   Borrelia	
  
BT	
   3938	
   CAH35519.1	
   Burkholderia	
  
BT	
   3951	
   NP_243231.1	
   Bacillus	
  
BT	
   3975	
   NP_243231.1	
   Bacillus	
  
BT	
   4069	
   NP_243231.1	
   Bacillus	
  
BT	
   4119	
   ACE63256.1	
   E.	
  coli	
  
BT	
   4124	
   NP_243231.1	
   Bacillus	
  
BT	
   4124	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   4135	
   NP_243231.1	
   Bacillus	
  
BT	
   4166	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   4168	
   YP_003505574.1	
   Denitrovibrio	
  
BT	
   4170	
   YP_001681128.1	
   Heliobacterium	
  
BT	
   4170	
   YP_075575.1	
   symbiobacterium	
  
BT	
   4181	
   YP_429973.1	
   Moorela	
  
BT	
   4191	
   NP_243231.1	
   Bacillus	
  
BT	
   4193	
   baccap_01327	
   B.	
  cappilosus	
  
BT	
   4201	
   YP_075575.1	
   symbiobacterium	
  
BT	
   4296	
   NP_243231.1	
   Bacillus	
  
BT	
   4302	
   NP_212402.1	
   Borrelia	
  
BT	
   4397	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   4412	
   CAH35519.1	
   Burkholderia	
  
BT	
   4469	
   NP_243231.1	
   Bacillus	
  
BT	
   4484	
   NP_212402.1	
   Borrelia	
  
BT	
   4535	
   YP_002121914.1	
   Hydrogenobaculum	
  
BT	
   4548	
   NP_212402.1	
   Borrelia	
  
BT	
   4613	
   NP_243231.1	
   Bacillus	
  
BT	
   4650	
   NP_212402.1	
   Borrelia	
  
BT	
   4684	
   NP_243231.1	
   Bacillus	
  
BT	
   4684	
   YP_075575.1	
   Symbiobacterium	
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Table	
  3.1	
  (cont.)	
  

BT5482	
  Prot.	
  No.	
   Acc.	
  No.	
  of	
  homologue	
   Genus	
  of	
  homologue	
  
BT	
   4738	
   ZP_04584326.1	
   Sulfurihydrogenibium	
  
BT	
   4744	
   NP_243231.1	
   Bacillus	
  
BT	
   4745	
   YP_002121914.1	
   Hydrogenobaculum	
  
BT	
   murE	
   ZP_05405115.1	
   Mitsuokela	
  
BT	
   p548214	
   YP_003505574.1	
   Denitrovibrio	
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CHAPTER	
  4:	
  	
  TETRACYCLINE	
  RELATED	
  TRANSCRIPTIONAL	
  REGULATION	
  OF	
  THE	
  

CTNDOT	
  MOBILIZATION	
  REGION	
  

4.1	
  Abstract	
  

CTnDOT	
  is	
  a	
  65	
  kb	
  conjugative	
  transposon	
  (CTn)	
  in	
  Bacteroides	
  spp.	
  that	
  

confers	
  resistance	
  to	
  the	
  antibiotics	
  erythromycin	
  and	
  tetracycline	
  (Tc).	
  	
  Conjugative	
  

transfer	
  of	
  CTnDOT	
  is	
  regulated	
  upon	
  exposure	
  to	
  Tc.	
  	
  In	
  the	
  absence	
  of	
  Tc,	
  no	
  transfer	
  

is	
  detectable.	
  However,	
  upon	
  Tc	
  induction	
  a	
  cascade	
  of	
  regulatory	
  events	
  results	
  in	
  the	
  

conjugative	
  transfer	
  of	
  CTnDOT.	
  	
  Previous	
  studies	
  addressing	
  regulation	
  of	
  CTnDOT	
  

conjugative	
  transfer	
  focused	
  primarily	
  on	
  the	
  13	
  kb	
  transfer	
  (tra)	
  operon,	
  which	
  

encodes	
  the	
  proteins	
  required	
  for	
  assembly	
  of	
  the	
  mating	
  apparatus.	
  	
  We	
  report	
  here	
  

that	
  the	
  mob	
  operon	
  that	
  encodes	
  the	
  relaxase	
  and	
  coupling	
  proteins	
  required	
  for	
  

mobilization	
  of	
  CTnDOT,	
  which	
  is	
  divergently	
  transcribed	
  from	
  the	
  tra	
  region,	
  is	
  

regulated	
  at	
  the	
  transcriptional	
  level	
  upon	
  Tc	
  induction.	
  	
  The	
  excision	
  proteins,	
  Xis2d	
  

and	
  Exc	
  are	
  required	
  for	
  the	
  up-­‐regulation	
  of	
  mob	
  transcription	
  upon	
  Tc	
  induction,	
  yet	
  

a	
  deletion	
  of	
  xis2c	
  has	
  no	
  effect.	
  	
  Although	
  a	
  deletion	
  of	
  exc	
  reduces	
  mob	
  transcription,	
  

there	
  is	
  no	
  defect	
  in	
  pLYL72	
  transfer,	
  suggesting	
  that	
  the	
  abundance	
  of	
  mob	
  transcript	
  

does	
  not	
  directly	
  affect	
  transfer	
  frequency.	
  	
  A	
  repressor	
  of	
  mob	
  transcription	
  is	
  also	
  

encoded	
  on	
  CTnDOT,	
  and	
  preliminary	
  evidence	
  suggests	
  that	
  Orf2	
  may	
  be	
  a	
  negative	
  

regulator	
  of	
  the	
  mob	
  operon.	
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4.2	
  Introduction	
  

Bacteroides	
  spp.	
  are	
  Gram-­‐negative	
  obligate	
  anaerobes	
  that	
  are	
  primarily	
  

found	
  within	
  the	
  lower	
  part	
  of	
  the	
  human	
  gastrointestinal	
  tract.	
  	
  Bacteroides	
  are	
  an	
  

abundant	
  member	
  of	
  the	
  gut	
  microbiota,	
  and	
  play	
  an	
  important	
  role	
  within	
  this	
  

environment	
  because	
  they	
  aid	
  in	
  processes	
  such	
  as	
  nutrient	
  acquisition	
  and	
  pathogen	
  

exclusion	
  (6,	
  18,	
  26).	
  	
  However,	
  Bacteroides	
  can	
  be	
  detrimental	
  to	
  the	
  host	
  if	
  they	
  

escape	
  the	
  colon,	
  causing	
  opportunistic	
  infections	
  that	
  may	
  be	
  difficult	
  to	
  treat.	
  	
  These	
  

infections	
  may	
  not	
  respond	
  well	
  to	
  antibiotic	
  therapy	
  due	
  to	
  the	
  increasing	
  prevalence	
  

of	
  antibiotic	
  resistance	
  within	
  Bacteroides,	
  which	
  is	
  generally	
  due	
  to	
  the	
  dissemination	
  

of	
  mobile	
  genetic	
  elements	
  within	
  the	
  colon	
  (14,	
  26,	
  28).	
  	
  One	
  common	
  mobile	
  

element	
  is	
  CTnDOT,	
  a	
  65	
  kb	
  conjugative	
  transposon	
  that	
  encodes	
  resistance	
  to	
  the	
  

antibiotics	
  erythromycin	
  (ermF)	
  and	
  tetracycline	
  (tetQ).	
  	
  

	
   An	
  interesting	
  feature	
  of	
  CTnDOT	
  is	
  that	
  excision	
  and	
  conjugative	
  transfer	
  of	
  

CTnDOT	
  are	
  dependent	
  upon	
  tetracycline	
  (Tc)	
  exposure	
  (19,	
  22,	
  23).	
  	
  In	
  the	
  absence	
  

of	
  Tc,	
  there	
  is	
  no	
  detectable	
  transfer	
  of	
  CTnDOT	
  (30).	
  	
  Upon	
  exposure	
  to	
  low	
  levels	
  of	
  

Tc	
  (<	
  1	
  μg/mL),	
  a	
  regulatory	
  cascade	
  initiates	
  through	
  the	
  tetQ-­‐rteA-­‐rteB	
  operon,	
  

which	
  is	
  regulated	
  by	
  a	
  translational	
  attenuation	
  mechanism.	
  	
  RteB	
  activates	
  the	
  

transcription	
  of	
  rteC,	
  and	
  RteC	
  in	
  turn	
  activates	
  transcription	
  of	
  the	
  excision	
  operon	
  

that	
  contains	
  xis2c,	
  xis2d,	
  orf3	
  and	
  exc	
  (15,	
  23).	
  	
  Xis2c,	
  -­‐2d,	
  and	
  Exc	
  not	
  only	
  function	
  to	
  

excise	
  CTnDOT	
  from	
  the	
  chromosome,	
  but	
  Xis2c	
  and	
  -­‐2d	
  also	
  activate	
  transcription	
  of	
  

the	
  tra	
  operon,	
  which	
  encodes	
  the	
  mating	
  apparatus	
  (7,	
  8).	
  	
  	
  We	
  have	
  yet	
  to	
  identify	
  

any	
  regulatory	
  or	
  structural	
  role	
  for	
  Orf3.	
  	
  An	
  overview	
  of	
  the	
  steps	
  involved	
  in	
  the	
  

regulation	
  of	
  CTnDOT	
  conjugative	
  transfer	
  is	
  summarized	
  in	
  Figure	
  1.	
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   Many	
  studies	
  have	
  described	
  transcriptional	
  regulation	
  of	
  both	
  excision	
  and	
  

transfer	
  of	
  CTnDOT	
  (7,	
  9,	
  13,	
  15),	
  but	
  thus	
  far	
  we	
  have	
  yet	
  to	
  characterize	
  a	
  very	
  

important	
  set	
  of	
  genes	
  involved	
  in	
  CTnDOT	
  conjugative	
  transfer:	
  the	
  mobilization	
  

region.	
  	
  	
  The	
  CTnDOT	
  mob	
  genes	
  encode	
  proteins	
  that	
  are	
  involved	
  in	
  formation	
  of	
  the	
  

relaxosome	
  that	
  is	
  required	
  to	
  nick	
  the	
  oriT	
  and	
  for	
  coupling	
  the	
  CTnDOT	
  circular	
  

intermediate	
  to	
  the	
  mating	
  bridge	
  (16).	
  	
  

	
   We	
  report	
  here	
  that	
  the	
  mob	
  genes	
  of	
  CTnDOT	
  are	
  part	
  of	
  a	
  4	
  kb	
  operon	
  that	
  is	
  

divergently	
  transcribed	
  from	
  the	
  transfer	
  (tra)	
  operon.	
  	
  Like	
  the	
  tra	
  operon,	
  the	
  mob	
  

genes	
  are	
  also	
  regulated	
  at	
  the	
  transcriptional	
  level	
  by	
  Tc	
  induction.	
  	
  CTnDOT	
  mob	
  

mRNA	
  is	
  only	
  detectable	
  from	
  the	
  element	
  in	
  the	
  chromosome	
  when	
  cells	
  have	
  been	
  

exposed	
  to	
  Tc.	
  	
  However,	
  if	
  detected	
  from	
  the	
  self-­‐transmissible	
  plasmid	
  pLYL72,	
  a	
  

transcript	
  was	
  seen	
  whether	
  or	
  not	
  Tc	
  was	
  present,	
  demonstrating	
  that	
  the	
  mob	
  

operon	
  is	
  actually	
  transcribed	
  constitutively	
  with	
  respect	
  to	
  Tc	
  exposure.	
  	
  This	
  

observation	
  suggests	
  that	
  CTnDOT	
  encodes	
  transcriptional	
  activators	
  that	
  are	
  

enhancing	
  the	
  level	
  of	
  transcription	
  upon	
  Tc	
  induction,	
  and	
  that	
  a	
  repressor	
  of	
  mob	
  

transcription	
  is	
  also	
  present	
  on	
  CTnDOT	
  that	
  serves	
  to	
  prevent	
  mob	
  transcription	
  in	
  

the	
  absence	
  of	
  Tc.	
  	
  	
  Xis2d	
  and	
  Exc	
  are	
  required	
  for	
  enhancement	
  of	
  mob	
  transcription	
  

upon	
  Tc	
  induction.	
  	
  Xis2c,	
  which	
  is	
  required	
  for	
  activation	
  of	
  the	
  neighboring	
  tra	
  

genes,	
  does	
  not	
  appear	
  to	
  play	
  a	
  role	
  in	
  mob	
  activation	
  because	
  a	
  deletion	
  of	
  xis2c	
  

shows	
  no	
  detectable	
  defect	
  in	
  mob	
  transcription.	
  	
  	
  This	
  observation	
  was	
  surprising	
  to	
  

us	
  given	
  the	
  close	
  proximity	
  between	
  the	
  mob	
  and	
  tra	
  promoters.	
  	
  Nonetheless,	
  this	
  

further	
  demonstrates	
  the	
  complex	
  nature	
  of	
  coordinating	
  excision	
  and	
  transfer	
  of	
  

CTnDOT.	
  	
  Preliminary	
  evidence	
  suggests	
  that	
  the	
  repressor	
  of	
  mob	
  expression	
  when	
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no	
  Tc	
  is	
  present	
  may	
  be	
  orf2.	
  	
  Although	
  orf2	
  is	
  annotated	
  as	
  a	
  hypothetical	
  protein,	
  

structural	
  homologue	
  predictions	
  suggest	
  that	
  Orf2	
  is	
  a	
  winged-­‐helix	
  DNA	
  binding	
  

protein	
  (10).	
  

	
   Not	
  only	
  did	
  we	
  characterize	
  the	
  transcriptional	
  regulation	
  of	
  the	
  mob	
  operon,	
  

but	
  we	
  also	
  wanted	
  to	
  confirm	
  the	
  location	
  of	
  the	
  oriT,	
  which	
  is	
  the	
  DNA	
  site	
  nicked	
  by	
  

the	
  relaxases	
  to	
  initiate	
  mobilization	
  of	
  CTnDOT.	
  	
  We	
  had	
  previously	
  identified	
  an	
  oriT	
  

that	
  was	
  downstream	
  of	
  mobC;	
  however,	
  the	
  oriT	
  on	
  a	
  CTnDOT-­‐like	
  element	
  CTn341	
  

is	
  in	
  fact	
  upstream	
  of	
  mobA	
  (16).	
  	
  The	
  upstream	
  mobA	
  regions	
  are	
  approximately	
  94%	
  

identical,	
  which	
  prompted	
  us	
  to	
  evaluate	
  whether	
  this	
  region	
  on	
  CTnDOT	
  also	
  

contained	
  an	
  oriT.	
  	
  We	
  report	
  that	
  the	
  upstream	
  mobA	
  region	
  from	
  CTnDOT	
  does	
  

contain	
  an	
  oriT,	
  similar	
  to	
  CTn341.	
  	
  However,	
  the	
  CTnDOT-­‐like	
  element	
  CTnERL,	
  

which	
  is	
  remarkably	
  similar	
  to	
  CTnDOT	
  with	
  the	
  exception	
  that	
  CTnERL	
  is	
  lacking	
  the	
  

13	
  kb	
  ermF	
  region,	
  does	
  not	
  recognize	
  the	
  upstream	
  mobA	
  oriT	
  (1,	
  27).	
  	
  CTnDOT	
  does	
  

possess	
  an	
  additional	
  oriT	
  that	
  is	
  located	
  in	
  a	
  900	
  bp	
  region	
  downstream	
  of	
  mobC,	
  and	
  

CTnERL	
  was	
  able	
  to	
  recognize	
  that	
  oriT	
  region.	
  	
  It	
  is	
  unique	
  that	
  CTnDOT	
  harbors	
  two	
  

oriT	
  regions,	
  as	
  most	
  elements	
  have	
  a	
  single	
  oriT.	
  	
  

	
   Last,	
  we	
  report	
  that	
  the	
  enhancement	
  of	
  mob	
  transcription	
  upon	
  Tc	
  induction	
  

does	
  not	
  appear	
  to	
  directly	
  correspond	
  with	
  frequency	
  of	
  conjugative	
  transfer.	
  	
  A	
  

deletion	
  of	
  exc,	
  which	
  is	
  required	
  for	
  mob	
  transcriptional	
  enhancement	
  but	
  has	
  no	
  role	
  

in	
  tra	
  regulation,	
  shows	
  no	
  defect	
  in	
  the	
  transfer	
  frequency	
  of	
  pLYL72.	
  	
  Further,	
  we	
  

show	
  that	
  the	
  mob	
  genes	
  are	
  transcribed	
  at	
  a	
  higher	
  level	
  on	
  CTnDOT	
  compared	
  to	
  

CTnERL,	
  yet	
  these	
  two	
  CTns	
  possess	
  the	
  same	
  frequency	
  of	
  conjugative	
  transfer.	
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4.3	
  Materials	
  and	
  methods	
  

Bacterial	
  strains,	
  plasmids,	
  and	
  growth	
  conditions	
  

All	
  bacterial	
  strains	
  and	
  plasmids	
  used	
  in	
  this	
  study	
  are	
  summarized	
  in	
  Table	
  

4.1.	
  	
  Unless	
  otherwise	
  noted,	
  all	
  Bacteroides	
  strains	
  were	
  initially	
  cultured	
  in	
  chopped	
  

meat	
  broth	
  (Remel),	
  and	
  then	
  transferred	
  to	
  anaerobic	
  trypticase-­‐yeast	
  extract-­‐

glucose	
  (TYG)	
  medium	
  (20)	
  for	
  overnight	
  growth	
  with	
  antibiotics	
  when	
  appropriate.	
  	
  	
  

Sub-­‐culturing	
  of	
  Bacteroides	
  strains	
  was	
  also	
  done	
  in	
  TYG	
  liquid	
  medium,	
  and	
  all	
  

Bacteroides	
  culturing	
  was	
  performed	
  anaerobically	
  at	
  37	
  oC.	
  	
  E.	
  coli	
  was	
  grown	
  

aerobically	
  in	
  Luria-­‐Bertani	
  (LB)	
  broth	
  at	
  37	
  oC,	
  with	
  antibiotics	
  when	
  appropriate.	
  	
  

Unless	
  otherwise	
  noted,	
  antibiotic	
  concentrations	
  used	
  for	
  culturing	
  were	
  as	
  follows:	
  	
  

Ampicillin	
  100	
  μg/mL;	
  cefoxitin	
  10	
  μg/mL;	
  chloramphenicol	
  10	
  μg/mL;	
  erythromycin	
  

10	
  μg/mL;	
  gentamycin	
  200	
  μg/mL;	
  kanamycin	
  100	
  μg/mL;	
  rifampicin	
  2	
  μg/mL;	
  

streptomycin	
  100	
  μg/mL;	
  tetracycline	
  1	
  μg/mL.	
  

	
  

Bacterial	
  mating	
  assays	
  

E.	
  coli	
  strain	
  HB101	
  containing	
  the	
  IncPα	
  plasmid	
  RPI	
  was	
  used	
  to	
  mobilize	
  

plasmids	
  from	
  an	
  E.	
  coli	
  donor	
  strain	
  to	
  Bacteroides	
  recipients,	
  as	
  described	
  

previously	
  (20).	
  	
  	
  

For	
  mating	
  out	
  assays	
  measuring	
  the	
  transfer	
  frequency	
  of	
  pLYL72	
  from	
  a	
  

Bacteroides	
  donor	
  to	
  recipient	
  E.	
  coli	
  (HB101),	
  the	
  procedure	
  was	
  performed	
  as	
  

described	
  previously	
  (12).	
  	
  The	
  transfer	
  frequency	
  of	
  pLYL72	
  is	
  represented	
  as	
  the	
  

ratio	
  of	
  transconjugants	
  per	
  recipient.	
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RNA	
  isolation	
  

Bacteroides	
  strains	
  were	
  grown	
  in	
  anaerobic	
  TYG	
  medium	
  to	
  mid-­‐log	
  phase,	
  

which	
  corresponds	
  to	
  an	
  OD650	
  of	
  0.3	
  –	
  0.5.	
  	
  RNA	
  was	
  then	
  isolated	
  using	
  the	
  QIAgen	
  

RNeasy	
  kit.	
  	
  Removal	
  of	
  contaminating	
  genomic	
  DNA	
  was	
  performed	
  using	
  the	
  

Ambion	
  turbo	
  DNA-­‐free	
  reagents,	
  and	
  were	
  subsequently	
  tested	
  to	
  confirm	
  that	
  no	
  

DNA	
  was	
  remaining	
  by	
  performing	
  qualitative	
  RT-­‐PCR	
  reactions	
  omitting	
  the	
  reverse	
  

transcriptase.	
  	
  RNA	
  concentrations	
  were	
  measured	
  using	
  a	
  nanodrop	
  2000c	
  

spectrophotometer	
  (Thermo	
  Scientific).	
  	
  	
  

	
  

Qualitative	
  RT-­‐PCR	
  

RT-­‐PCR	
  was	
  performed	
  using	
  the	
  Access	
  RT-­‐PCR	
  system	
  (Promega).	
  	
  Reactions	
  

that	
  omitted	
  reverse	
  transcriptase	
  were	
  tested	
  to	
  ensure	
  that	
  all	
  genomic	
  DNA	
  was	
  

adequately	
  removed.	
  Samples	
  were	
  electrophoresed	
  on	
  a	
  1.4-­‐1.5%	
  agarose	
  gel	
  for	
  

analysis.	
  	
  Amplification	
  of	
  rpoD	
  was	
  used	
  as	
  a	
  control	
  to	
  ensure	
  that	
  equal	
  

concentrations	
  of	
  RNA	
  were	
  present	
  in	
  each	
  sample	
  tested.	
  	
  Sequences	
  of	
  the	
  primers	
  

used	
  for	
  qualitative	
  RT-­‐PCR	
  are	
  shown	
  in	
  Table	
  4.2.	
  

	
  

RT-­‐qPCR	
  

Synthesis	
  of	
  cDNA	
  was	
  performed	
  using	
  the	
  BioRad	
  iScript	
  kit	
  per	
  the	
  

manufacturer’s	
  protocol,	
  with	
  the	
  addition	
  of	
  200	
  ng	
  random	
  pentadecamers	
  

(Integrated	
  DNA	
  Technologies)	
  per	
  reaction.	
  	
  Approximately	
  1	
  μg	
  of	
  DNase	
  treated	
  

RNA	
  was	
  used	
  for	
  each	
  reaction.	
  	
  	
  Quantitative	
  PCR	
  was	
  then	
  performed	
  on	
  a	
  

Realplex2	
  Mastercycler	
  (Eppendorf),	
  using	
  BioRad	
  Ssofast	
  EvaGreen	
  as	
  a	
  signal	
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reporter.	
  	
  Amplification	
  of	
  mobB	
  from	
  various	
  strains	
  was	
  used	
  as	
  a	
  marker	
  to	
  

measure	
  the	
  effect	
  on	
  transcription	
  of	
  various	
  CTnDOT	
  regions	
  in	
  trans	
  to	
  the	
  mob	
  

operon.	
  	
  Amplification	
  of	
  rpoD	
  was	
  used	
  as	
  a	
  reference	
  marker	
  to	
  normalize	
  for	
  

variations	
  in	
  the	
  quantity	
  of	
  RNA	
  template,	
  as	
  rpoD	
  is	
  a	
  single	
  copy	
  gene	
  and	
  the	
  

expression	
  of	
  rpoD	
  is	
  not	
  altered	
  by	
  Tc	
  induction	
  (13).	
  	
  	
  The	
  sequences	
  of	
  primers	
  

used	
  are	
  listed	
  in	
  Table	
  4.2.	
  	
  The	
  final	
  concentrations	
  of	
  reaction	
  components	
  are:	
  	
  1	
  

μM	
  primers,	
  5	
  μL	
  cDNA,	
  and	
  10	
  μL	
  Ssofast	
  EvaGreen	
  Supermix	
  (BioRad).	
  	
  The	
  reaction	
  

conditions	
  were	
  as	
  follows:	
  initial	
  denaturation	
  2	
  minutes	
  at	
  98.0	
  oC,	
  amplification	
  

and	
  quantification	
  at	
  98.0	
  oC,	
  5	
  sec,	
  55	
  oC	
  10	
  sec	
  for	
  40	
  cycles.	
  	
  A	
  melting	
  curve	
  was	
  

performed	
  at	
  95.0	
  oC	
  for	
  15	
  sec,	
  followed	
  by	
  55.0	
  oC	
  for	
  15	
  sec	
  with	
  subsequent	
  

heating	
  to	
  95.0	
  oC	
  over	
  the	
  course	
  of	
  20	
  minutes	
  with	
  continuous	
  fluorescence	
  

measurement,	
  followed	
  by	
  a	
  final	
  incubation	
  at	
  95.0	
  oC	
  for	
  15	
  sec.	
  Each	
  measurement	
  

was	
  performed	
  in	
  triplicate,	
  and	
  relative	
  quantification	
  was	
  performed	
  using	
  the	
  Pfaffl	
  

equation	
  N=2-­‐ΔΔCt	
  where	
  N	
  is	
  the	
  relative	
  fold	
  difference.	
  	
  The	
  ΔCt	
  represents	
  the	
  Ct	
  

(cycle	
  threshold)	
  value	
  difference	
  within	
  a	
  sample	
  between	
  the	
  target	
  gene	
  (mob)	
  and	
  

the	
  reference	
  marker	
  (rpoD).	
  	
  The	
  ΔΔCt	
  then	
  represents	
  the	
  difference	
  in	
  ΔCt	
  values	
  

between	
  tetracycline	
  induced	
  and	
  non-­‐induced	
  samples	
  (17).	
  	
  

	
  

Localization	
  of	
  the	
  oriT	
  regions	
  recognized	
  by	
  CTnDOT	
  and	
  CTnERL	
  

	
   A	
  previous	
  study	
  from	
  our	
  lab	
  demonstrated	
  that	
  CTnERL	
  could	
  mobilize	
  a	
  

fragment	
  of	
  DNA	
  from	
  CTnDOT	
  that	
  contained	
  an	
  approximately	
  900	
  bp	
  region	
  

between	
  rteC	
  and	
  mobC,	
  which	
  led	
  us	
  to	
  believe	
  that	
  the	
  oriT	
  of	
  CTnDOT	
  was	
  within	
  

this	
  region	
  (12).	
  	
  However,	
  recent	
  work	
  by	
  Peed	
  and	
  colleagues	
  confirmed	
  that	
  the	
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oriT	
  sequence	
  of	
  CTn341	
  is	
  in	
  fact	
  located	
  upstream	
  of	
  mobA	
  (16).	
  	
  Due	
  to	
  the	
  close	
  

relatedness	
  of	
  CTn341	
  and	
  CTnDOT,	
  this	
  prompted	
  us	
  to	
  re-­‐evaluate	
  the	
  location	
  of	
  

the	
  CTnDOT	
  oriT	
  region.	
  

	
   A	
  900	
  bp	
  region	
  containing	
  the	
  intergenic	
  region	
  between	
  rteC	
  and	
  mobC,	
  was	
  

PCR	
  amplified	
  using	
  primers	
  GRW54	
  fwd	
  and	
  rev	
  (Table	
  4.2)	
  from	
  BT4007	
  and	
  cloned	
  

into	
  pLYL7oriT(RK2),	
  which	
  is	
  mobilizable	
  by	
  the	
  IncP	
  plasmid	
  RP4,	
  but	
  cannot	
  be	
  

mobilized	
  by	
  Bacteroides.	
  	
  The	
  resulting	
  plasmid,	
  pGRW54,	
  was	
  then	
  introduced	
  into	
  

both	
  BT4007	
  and	
  BT4004,	
  and	
  mating	
  assays	
  were	
  performed	
  to	
  see	
  whether	
  any	
  of	
  

these	
  strains	
  could	
  recognize	
  the	
  putative	
  oriT	
  region,	
  and	
  thus	
  mobilize	
  pGRW54.	
  

	
   Similarly,	
  a	
  200	
  bp	
  region	
  containing	
  the	
  region	
  upstream	
  of	
  mobA	
  was	
  PCR	
  

amplified	
  from	
  BT4007	
  using	
  primers	
  GRW55	
  fwd	
  and	
  rev	
  (Table	
  4.2).	
  	
  The	
  resulting	
  

product	
  was	
  then	
  sub-­‐cloned	
  into	
  pLYL7oriT(RK2),	
  and	
  the	
  resulting	
  plasmid	
  pGRW55	
  

was	
  introduced	
  into	
  BT4007	
  and	
  BT4004	
  via	
  a	
  triparental	
  mating,	
  as	
  described	
  above.	
  	
  

Mating	
  assays	
  were	
  then	
  performed	
  to	
  determine	
  whether	
  CTnERL	
  (BT4004)	
  and/or	
  

CTnDOT	
  (BT4007)	
  could	
  mobilize	
  pGRW55.	
  	
  All	
  mating	
  assays	
  were	
  performed	
  with	
  

the	
  addition	
  of	
  tetracycline	
  (1	
  μg/mL)	
  to	
  the	
  donor	
  growth	
  medium,	
  as	
  the	
  presence	
  

of	
  tetracycline	
  is	
  required	
  for	
  the	
  RteC-­‐dependent	
  transcriptional	
  activation	
  of	
  the	
  

excision	
  operon	
  (13,	
  15).	
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4.4	
  Results	
  

The	
  CTnDOT	
  mob	
  genes	
  are	
  regulated	
  by	
  tetracycline	
  induction	
  and	
  are	
  assembled	
  in	
  an	
  

operon	
  	
  	
  

A	
  recent	
  study	
  from	
  a	
  CTnDOT-­‐like	
  element,	
  CTn341,	
  revealed	
  that	
  the	
  CTn341	
  

mob	
  genes	
  comprise	
  an	
  operon	
  that	
  is	
  induced	
  at	
  the	
  transcriptional	
  level	
  by	
  

tetracycline	
  (Tc)	
  exposure.	
  	
  To	
  determine	
  if	
  the	
  CTnDOT	
  mob	
  genes	
  are	
  regulated	
  in	
  

response	
  to	
  tetracycline	
  exposure	
  we	
  performed	
  qualitative	
  RT-­‐PCR	
  detecting	
  mobA,	
  -­‐

B,	
  and	
  -­‐C	
  from	
  BT4007,	
  a	
  B.	
  thetaiotaomicron	
  strain	
  that	
  contains	
  a	
  single	
  copy	
  of	
  

CTnDOT	
  integrated	
  in	
  to	
  the	
  chromosome	
  (Table	
  4.1).	
  	
  BT4007	
  cultures	
  were	
  grown	
  

in	
  the	
  absence	
  of	
  Tc	
  or	
  with	
  low	
  levels	
  of	
  Tc	
  (1	
  μg/mL).	
  	
  As	
  shown	
  in	
  Figure	
  4.2,	
  mobA,	
  

-­‐B,	
  and	
  -­‐C	
  transcripts	
  are	
  only	
  detectable	
  when	
  cells	
  are	
  exposed	
  to	
  Tc,	
  demonstrating	
  

that	
  the	
  CTnDOT	
  mob	
  genes	
  are	
  in	
  fact	
  regulated	
  by	
  Tc	
  exposure.	
  

	
   To	
  establish	
  whether	
  the	
  mob	
  genes	
  are	
  assembled	
  in	
  an	
  operon	
  we	
  tested	
  for	
  

transcriptional	
  linking,	
  where	
  the	
  intergenic	
  regions	
  of	
  mobA-­‐B	
  and	
  mobB-­‐C	
  were	
  

amplified	
  using	
  qualitative	
  RT-­‐PCR.	
  	
  If	
  these	
  genes	
  are	
  transcriptionally	
  linked,	
  and	
  

thus	
  organized	
  in	
  an	
  operon,	
  we	
  would	
  expect	
  to	
  detect	
  these	
  intergenic	
  transcripts.	
  	
  

Conversely,	
  if	
  each	
  mob	
  gene	
  were	
  transcribed	
  from	
  an	
  independent	
  promoter,	
  no	
  

transcript	
  pertaining	
  to	
  the	
  intergenic	
  region	
  would	
  be	
  detected.	
  	
  An	
  amplification	
  

product	
  was	
  detected	
  for	
  both	
  the	
  mobA-­‐B	
  and	
  mobB-­‐C	
  transcript,	
  which	
  suggests	
  that	
  

the	
  mob	
  genes	
  are	
  in	
  an	
  operon	
  (Fig.	
  4.3).	
  	
  Further	
  supporting	
  these	
  findings	
  is	
  Peed	
  

and	
  colleagues’	
  recent	
  demonstration	
  that	
  the	
  mob	
  genes	
  of	
  a	
  CTnDOT-­‐like	
  element,	
  

CTn341,	
  are	
  also	
  an	
  operon	
  that	
  is	
  regulated	
  by	
  Tc	
  induction	
  (16).	
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CTnDOT	
  contains	
  two	
  OriT	
  regions	
  that	
  are	
  located	
  upstream	
  of	
  mobA	
  and	
  downstream	
  

of	
  mobC	
  

Prior	
  studies	
  of	
  CTnDOT	
  suggested	
  that	
  the	
  oriT	
  of	
  CTnDOT	
  was	
  within	
  the	
  

approximately	
  1	
  kb	
  region	
  that	
  is	
  between	
  rteC	
  and	
  mobC.	
  	
  However,	
  a	
  recent	
  study	
  

characterizing	
  the	
  Mob	
  proteins	
  on	
  a	
  related	
  element	
  CTn341,	
  suggested	
  that	
  the	
  oriT	
  

of	
  CTn341	
  was	
  actually	
  just	
  upstream	
  of	
  mobA.	
  	
  The	
  previous	
  studies	
  that	
  localized	
  

the	
  CTnDOT	
  oriT	
  used	
  sub-­‐cloned	
  regions	
  in	
  trans	
  to	
  another	
  element,	
  CTnERL,	
  which	
  

is	
  also	
  considered	
  to	
  be	
  virtually	
  identical	
  to	
  CTnDOT	
  with	
  the	
  exception	
  that	
  CTnERL	
  

lacks	
  the	
  13kb	
  ermF	
  region	
  (27,	
  29).	
  	
  	
  So	
  it	
  was	
  possible	
  then	
  that	
  in	
  attempting	
  to	
  

localize	
  the	
  CTnDOT	
  oriT,	
  we	
  were	
  wrong	
  about	
  the	
  similarities	
  between	
  CTnERL	
  and	
  

CTnDOT,	
  and	
  were	
  thus	
  incorrect	
  about	
  inferring	
  the	
  location	
  of	
  the	
  CTnDOT	
  oriT.	
  	
  

A	
  900	
  bp	
  region	
  located	
  between	
  rteC	
  and	
  mobC,	
  previously	
  reported	
  to	
  

contain	
  the	
  CTnDOT	
  oriT,	
  was	
  cloned	
  onto	
  a	
  vector	
  that	
  cannot	
  be	
  mobilized	
  from	
  

Bacteroides.	
  	
  The	
  resulting	
  plasmid,	
  pGRW54,	
  was	
  then	
  introduced	
  into	
  a	
  Bacteroides	
  

strain	
  that	
  contained	
  either	
  CTnDOT	
  (BT4007)	
  or	
  CTnERL	
  (BT4004)	
  integrated	
  into	
  

the	
  chromosome.	
  	
  Mating	
  assays	
  were	
  performed	
  from	
  both	
  of	
  these	
  Bacteroides	
  

strains,	
  to	
  see	
  if	
  pGRW54	
  was	
  able	
  to	
  transfer	
  to	
  an	
  E.	
  coli	
  recipient	
  (HB101).	
  	
  If	
  

transconjugants	
  were	
  detected,	
  this	
  would	
  suggest	
  that	
  an	
  oriT	
  region	
  was	
  present	
  on	
  

pGRW54	
  and	
  could	
  be	
  mobilized	
  by	
  the	
  conjugative	
  transposon	
  present	
  in	
  the	
  donor	
  

Bacteroides	
  strain.	
  	
  	
  Plasmid	
  pGRW54	
  was	
  able	
  to	
  transfer	
  from	
  both	
  BT4004	
  and	
  

BT4007,	
  which	
  demonstrates	
  that	
  this	
  oriT	
  region	
  downstream	
  of	
  mobC	
  is	
  mobilized	
  

by	
  both	
  CTnERL	
  and	
  CTnDOT	
  (Table	
  4.3).	
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A	
  similar	
  experiment	
  was	
  done	
  where	
  instead	
  a	
  200	
  bp	
  region	
  upstream	
  of	
  

mobA,	
  that	
  is	
  identical	
  to	
  the	
  CTn341	
  oriT	
  region,	
  was	
  cloned	
  into	
  a	
  vector	
  that	
  is	
  not	
  

mobilizable	
  in	
  Bacteroides.	
  	
  	
  Transfer	
  of	
  the	
  resulting	
  plasmid	
  pGRW55	
  was	
  only	
  

detected	
  from	
  BT4007	
  and	
  not	
  from	
  BT4004,	
  thus	
  suggesting	
  that	
  an	
  oriT	
  was	
  present	
  

upstream	
  of	
  mobA	
  that	
  is	
  mobilizable	
  by	
  CTnDOT	
  yet	
  not	
  by	
  CTnERL	
  (Table	
  4.3).	
  	
  	
  

Due	
  to	
  this	
  observation	
  that	
  the	
  oriT	
  recognition	
  differs	
  between	
  CTnDOT	
  and	
  

CTnERL,	
  we	
  wanted	
  to	
  also	
  investigate	
  whether	
  the	
  CTnERL	
  mob	
  genes	
  are	
  also	
  

regulated	
  at	
  the	
  transcriptional	
  level	
  in	
  response	
  to	
  Tc	
  induction.	
  	
  We	
  performed	
  both	
  

qualitative	
  and	
  quantitative	
  RT-­‐PCR	
  to	
  detect	
  the	
  mob	
  genes	
  from	
  CTnERL	
  (BT4014)	
  

and	
  CTnDOT	
  (BT4007).	
  	
  The	
  mob	
  genes	
  from	
  both	
  CTnERL	
  and	
  CTnDOT	
  were	
  

regulated	
  by	
  exposure	
  to	
  Tc	
  (Figure	
  4.4A).	
  	
  However,	
  much	
  more	
  transcript	
  was	
  

observed	
  upon	
  Tc	
  induction	
  from	
  CTnDOT	
  relative	
  to	
  CTnERL.	
  	
  CTnERL	
  showed	
  an	
  

approximately	
  55-­‐fold	
  induction	
  in	
  detectable	
  mob	
  transcript	
  upon	
  Tc	
  induction,	
  

whereas	
  CTnDOT	
  had	
  an	
  over	
  130-­‐fold	
  increase	
  in	
  transcript	
  (Figure	
  4.4B).	
  Despite	
  

the	
  difference	
  in	
  mob	
  transcription,	
  both	
  elements	
  are	
  reported	
  to	
  transfer	
  at	
  similar	
  

rates,	
  suggesting	
  that	
  the	
  level	
  of	
  mob	
  expression	
  does	
  not	
  directly	
  affect	
  the	
  

frequency	
  of	
  conjugative	
  transfer	
  (4,	
  29).	
  

	
  

Proteins	
  encoded	
  within	
  the	
  excision	
  operon	
  act	
  as	
  transcriptional	
  activators	
  of	
  the	
  mob	
  

operon	
  upon	
  Tc	
  induction	
  	
  	
  

After	
  observing	
  that	
  the	
  mob	
  genes	
  are	
  only	
  detected	
  upon	
  exposure	
  to	
  Tc,	
  we	
  

predicted	
  that	
  proteins	
  encoded	
  within	
  the	
  excision	
  operon	
  may	
  be	
  acting	
  as	
  

regulators	
  of	
  the	
  mob	
  operon.	
  	
  We	
  have	
  previously	
  reported	
  that	
  when	
  the	
  excision	
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operon	
  is	
  provided	
  in	
  trans	
  to	
  the	
  self-­‐transmissible	
  plasmid	
  pLYL72	
  ,	
  there	
  is	
  

transcriptional	
  activation	
  of	
  the	
  tra	
  genes	
  as	
  well	
  as	
  enhanced	
  pLYL72	
  transfer	
  (7,	
  9,	
  

30).	
  	
  Because	
  of	
  the	
  close	
  proximity	
  between	
  the	
  tra	
  promoter	
  and	
  the	
  putative	
  mob	
  

promoter,	
  we	
  predicted	
  that	
  the	
  interactions	
  that	
  regulate	
  the	
  tra	
  operon	
  could	
  also	
  

be	
  mediating	
  mob	
  transcriptional	
  activation.	
  	
  Using	
  both	
  qualitative	
  and	
  quantitative	
  

RT-­‐PCR,	
  we	
  first	
  amplified	
  the	
  mob	
  genes	
  from	
  BT4001	
  ΩQABC	
  pLYL72	
  pHopp1	
  both	
  

with	
  Tc	
  (1μg/mL)	
  and	
  without	
  Tc.	
  	
  As	
  shown	
  in	
  Figure	
  4.5,	
  an	
  increase	
  in	
  mob	
  

transcript	
  is	
  observed	
  upon	
  Tc	
  induction,	
  which	
  suggests	
  that	
  proteins	
  encoded	
  

within	
  the	
  excision	
  operon	
  can	
  act	
  as	
  transcriptional	
  activators	
  of	
  the	
  mob	
  operon.	
  	
  	
  

	
   We	
  then	
  wanted	
  to	
  see	
  if	
  we	
  could	
  determine	
  which	
  excision	
  proteins	
  were	
  

necessary	
  for	
  enhancement	
  of	
  mob	
  transcription.	
  	
  Various	
  sub-­‐clones	
  of	
  the	
  excision	
  

region	
  were	
  provided	
  in	
  trans	
  to	
  pLYL72	
  to	
  detect	
  the	
  regulation	
  of	
  mob.	
  	
  As	
  shown	
  in	
  

Figure	
  4.5,	
  a	
  deletion	
  of	
  orf3	
  (pGW45)	
  showed	
  no	
  detectable	
  effect	
  on	
  the	
  

enhancement	
  of	
  mob	
  transcription.	
  	
  However,	
  a	
  deletion	
  of	
  either	
  Xis2d	
  or	
  Exc	
  drops	
  

the	
  detectable	
  level	
  of	
  mob	
  transcript	
  to	
  the	
  constitutive	
  minus	
  Tc	
  levels,	
  suggesting	
  

that	
  Xis2d	
  and	
  Exc	
  are	
  required	
  for	
  the	
  up-­‐regulation	
  of	
  mob	
  transcription.	
  	
  A	
  deletion	
  

of	
  Xis2c	
  had	
  no	
  noticeable	
  effect	
  on	
  the	
  mob	
  transcriptional	
  activation.	
  	
  This	
  was	
  

unexpected,	
  as	
  we	
  predicted	
  that	
  a	
  deletion	
  of	
  Xis2c	
  would	
  greatly	
  diminish	
  mob	
  

activation	
  based	
  on	
  the	
  observation	
  that	
  this	
  same	
  deletion	
  drops	
  the	
  activity	
  of	
  a	
  

traA::uidA	
  fusion	
  to	
  approximately	
  5%	
  activity	
  (9).	
  	
  Further,	
  a	
  deletion	
  of	
  Exc	
  has	
  no	
  

effect	
  on	
  the	
  traA::uidA	
  fusion,	
  yet	
  brings	
  mob	
  activation	
  down	
  to	
  constitutive	
  minus	
  

Tc	
  levels.	
  	
  These	
  observations	
  suggest	
  that	
  the	
  transcriptional	
  regulation	
  of	
  the	
  mob	
  

and	
  tra	
  operons	
  are	
  not	
  as	
  similar	
  as	
  we	
  had	
  predicted	
  based	
  on	
  their	
  close	
  proximity.	
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A	
  deletion	
  of	
  Exc	
  does	
  not	
  diminish	
  the	
  transfer	
  frequency	
  of	
  pLYL72	
  	
  

Previous	
  studies	
  suggested	
  that	
  Exc	
  was	
  required	
  for	
  the	
  enhanced	
  transfer	
  of	
  

pLYL72.	
  	
  This	
  conclusion	
  was	
  based	
  on	
  the	
  observation	
  that	
  when	
  pGW46	
  (xis2c,	
  -­‐2d,	
  

exc,	
  rteR,	
  orf4a)	
  was	
  in	
  trans	
  to	
  pLYL72,	
  transfer	
  was	
  enhanced	
  approximately	
  100	
  to	
  

1000-­‐fold	
  upon	
  Tc	
  induction.	
  	
  This	
  resulted	
  in	
  a	
  transfer	
  frequency	
  of	
  approximately	
  

10-­‐2	
  to	
  10-­‐3	
  transconjugants	
  per	
  recipient	
  in	
  the	
  presence	
  of	
  Tc,	
  and	
  no	
  transfer	
  was	
  

detected	
  in	
  the	
  absence	
  of	
  Tc	
  due	
  to	
  RteR-­‐mediated	
  inhibition	
  of	
  transfer.	
  	
  However,	
  a	
  

clone	
  that	
  deleted	
  exc	
  and	
  the	
  region	
  downstream	
  (pKS04)	
  resulted	
  in	
  constitutive	
  

transfer	
  with	
  respect	
  to	
  Tc	
  induction	
  at	
  a	
  rate	
  of	
  approximately	
  10-­‐2	
  to	
  10-­‐3	
  

transconjugants	
  per	
  recipient.	
  	
  Transfer	
  was	
  now	
  detectable	
  in	
  the	
  absence	
  of	
  Tc	
  due	
  

to	
  the	
  deletion	
  of	
  rteR,	
  and	
  this	
  finding	
  suggested	
  that	
  a	
  deletion	
  of	
  exc	
  resulted	
  in	
  a	
  

loss	
  of	
  the	
  enhancement	
  effect	
  upon	
  the	
  addition	
  of	
  Tc	
  to	
  the	
  growth	
  medium	
  (Table	
  

4.4).	
  

More	
  recently,	
  a	
  study	
  that	
  further	
  investigated	
  excision	
  protein-­‐mediated	
  

activation	
  of	
  the	
  CTnDOT	
  tra	
  region	
  suggested	
  that	
  although	
  Xis2c	
  and	
  Xis2d	
  were	
  

required	
  for	
  sufficient	
  activation	
  of	
  a	
  traA::uidA	
  fusion,	
  a	
  deletion	
  of	
  exc	
  did	
  not	
  

significantly	
  effect	
  the	
  GUS	
  activation	
  (9).	
  	
  Our	
  results	
  have	
  demonstrated	
  that	
  a	
  

deletion	
  of	
  exc	
  results	
  in	
  a	
  loss	
  of	
  mob	
  transcriptional	
  activation,	
  so	
  it	
  was	
  possible	
  

that	
  this	
  defect	
  in	
  pLYL72	
  transfer	
  was	
  due	
  to	
  a	
  reduction	
  in	
  mob	
  expression.	
  	
  

Mating	
  assays	
  were	
  performed	
  to	
  detect	
  the	
  transfer	
  frequency	
  of	
  pLYL72	
  from	
  

BT4001	
  ΩQABC	
  containing	
  various	
  excision	
  operon	
  deletions	
  on	
  a	
  second	
  plasmid	
  

provided	
  in	
  trans	
  to	
  pLYL72.	
  	
  When	
  the	
  intact	
  excision	
  operon	
  (pGW45)	
  or	
  a	
  plasmid	
  

containing	
  a	
  deletion	
  of	
  orf	
  3	
  was	
  present	
  (pGW46),	
  both	
  enhancement	
  and	
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repression	
  of	
  pLYL72	
  transfer	
  were	
  observed	
  with	
  and	
  without	
  the	
  addition	
  of	
  Tc,	
  

respectively.	
  	
  When	
  we	
  investigated	
  the	
  ability	
  of	
  pGRW53ΔExc	
  to	
  regulate	
  pLYL72	
  

transfer,	
  the	
  transfer	
  frequency	
  was	
  similar	
  to	
  a	
  strain	
  containing	
  the	
  fully	
  intact	
  

excision	
  operon,	
  where	
  both	
  enhancement	
  and	
  repression	
  were	
  observed	
  in	
  response	
  

to	
  Tc	
  induction.	
  	
  This	
  observation	
  suggests	
  that	
  Exc	
  is	
  not	
  required	
  for	
  enhanced	
  

transfer	
  of	
  pLYL72.	
  	
  	
  

A	
  deletion	
  of	
  xis2c	
  (pGRW53Δ2c)	
  resulted	
  in	
  a	
  loss	
  of	
  enhancement,	
  and	
  

pLYL72	
  transferred	
  at	
  a	
  rate	
  similar	
  to	
  the	
  empty	
  vector	
  control	
  upon	
  Tc	
  induction	
  

where	
  transconjugants	
  were	
  detected	
  at	
  a	
  frequency	
  of	
  approximately	
  10-­‐5	
  to	
  10-­‐6	
  

transconjugants	
  per	
  recipient.	
  	
  However,	
  a	
  deletion	
  of	
  xis2d	
  (pGRW53Δ2d)	
  resulted	
  in	
  

no	
  pLYL72	
  transfer	
  even	
  with	
  the	
  induction	
  of	
  Tc.	
  	
  Similarly,	
  a	
  deletion	
  of	
  both	
  xis2c	
  

and	
  xis2d	
  (pYS41)	
  results	
  in	
  no	
  detectable	
  pLYL72	
  transfer,	
  likely	
  due	
  to	
  the	
  

requirement	
  for	
  Xis2d.	
  	
  	
  For	
  each	
  of	
  the	
  plasmids	
  described	
  above,	
  no	
  transconjugants	
  

were	
  detectable	
  without	
  Tc	
  added	
  to	
  the	
  growth	
  medium	
  due	
  to	
  RteR-­‐mediated	
  

negative	
  regulation.	
  	
  	
  	
  

	
   We	
  also	
  tested	
  the	
  effect	
  of	
  the	
  CTnDOT	
  integrase,	
  IntDOT,	
  on	
  the	
  transfer	
  of	
  

pLYL72.	
  	
  We	
  hypothesized	
  that	
  IntDOT	
  could	
  be	
  a	
  candidate	
  for	
  the	
  negative	
  regulator	
  

of	
  mob	
  transcription	
  in	
  the	
  absence	
  of	
  Tc	
  since	
  the	
  integrase	
  of	
  tn916	
  is	
  thought	
  to	
  

bind	
  the	
  oriT	
  in	
  an	
  effort	
  to	
  prevent	
  premature	
  conjugative	
  transfer	
  (5).	
  	
  Our	
  results	
  

demonstrated	
  that	
  the	
  mob	
  genes	
  are	
  transcribed	
  constitutively	
  from	
  pLYL72	
  when	
  

intDOT	
  is	
  in	
  trans	
  (Figure	
  4.6).	
  	
  	
  RT-­‐qPCR	
  confirmed	
  that	
  the	
  mob	
  genes	
  are	
  

transcribed	
  constitutively	
  from	
  this	
  strain	
  (data	
  not	
  shown).	
  	
  Interestingly	
  though,	
  no	
  

transfer	
  of	
  pLYL72	
  was	
  detected	
  with	
  or	
  without	
  Tc	
  induction.	
  	
  This	
  suggests	
  that	
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IntDOT	
  may	
  play	
  a	
  role	
  in	
  preventing	
  premature	
  conjugative	
  transfer,	
  but	
  IntDOT	
  is	
  

not	
  doing	
  so	
  by	
  preventing	
  transcription	
  of	
  the	
  mob	
  operon.	
  	
  

	
  

4.5	
  Discussion	
  

Coordinating	
  the	
  events	
  of	
  CTnDOT	
  excision,	
  mobilization,	
  transfer,	
  and	
  

integration	
  results	
  in	
  a	
  mobile	
  element	
  that	
  is	
  very	
  tightly	
  regulated.	
  	
  Such	
  

coordination	
  is	
  crucial,	
  as	
  it	
  is	
  important	
  to	
  delay	
  the	
  initiation	
  of	
  mobilization	
  and	
  

transfer	
  function	
  until	
  CTnDOT	
  has	
  properly	
  excised	
  from	
  the	
  chromosome.	
  If	
  transfer	
  

were	
  to	
  happen	
  prematurely,	
  an	
  Hfr-­‐like	
  transfer	
  would	
  be	
  the	
  consequence,	
  which	
  

can	
  be	
  rather	
  costly	
  to	
  the	
  donor	
  cell.	
  	
  Many	
  studies	
  have	
  detailed	
  the	
  coordinated	
  

regulation	
  of	
  excision	
  and	
  transfer	
  of	
  CTnDOT	
  (9,	
  13,	
  15,	
  25),	
  while	
  this	
  study	
  is	
  the	
  

first	
  to	
  characterize	
  the	
  transcriptional	
  regulation	
  of	
  CTnDOT	
  mobilization	
  functions.	
  	
  	
  

	
   We	
  have	
  shown	
  that	
  the	
  mob	
  genes	
  of	
  CTnDOT	
  are	
  part	
  of	
  an	
  operon	
  that	
  is	
  

transcribed	
  upon	
  induction	
  with	
  low	
  levels	
  of	
  the	
  antibiotic	
  tetracycline	
  (Tc),	
  while	
  no	
  

transcript	
  is	
  detectable	
  in	
  the	
  absence	
  of	
  Tc.	
  	
  This	
  tetracycline	
  dependent	
  mob	
  

regulation	
  is	
  similar	
  to	
  observations	
  made	
  with	
  respect	
  to	
  a	
  related	
  conjugative	
  

transposon,	
  CTn341.	
  	
  This	
  group	
  reported	
  that	
  the	
  rteA	
  and	
  rteB	
  genes	
  were	
  required	
  

in	
  trans	
  for	
  transcriptional	
  activation	
  of	
  the	
  mobCTn341	
  operon,	
  a	
  fact	
  that	
  prompted	
  us	
  

to	
  further	
  investigate	
  the	
  regulation	
  of	
  the	
  CTnDOT	
  mob	
  operon	
  (16).	
  	
  	
  

	
   From	
  what	
  we	
  know	
  about	
  the	
  CTnDOT	
  regulatory	
  cascade	
  initiated	
  upon	
  Tc	
  

induction	
  (Figure	
  4.1),	
  RteA	
  and	
  RteB	
  are	
  required	
  for	
  the	
  activation	
  of	
  a	
  regulatory	
  

protein	
  RteC,	
  which	
  acts	
  as	
  a	
  transcriptional	
  activator	
  of	
  the	
  excision	
  operon	
  (13,	
  15,	
  

23,	
  24).	
  	
  We	
  predicted	
  then,	
  that	
  perhaps	
  the	
  genes	
  encoded	
  in	
  the	
  excision	
  region	
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could	
  be	
  acting	
  as	
  transcriptional	
  activators	
  of	
  the	
  mob	
  genes.	
  	
  We	
  report	
  here	
  that	
  the	
  

excision	
  proteins	
  Xis2d	
  and	
  Exc	
  are	
  required	
  for	
  the	
  activation	
  of	
  mob	
  transcription	
  

upon	
  Tc	
  induction	
  (Figure	
  4.5).	
  	
  Although	
  Exc	
  is	
  required	
  for	
  enhancement	
  of	
  mob	
  

expression,	
  a	
  deletion	
  of	
  exc	
  has	
  no	
  obvious	
  effect	
  on	
  pLYL72	
  transfer	
  (Table	
  4.4).	
  	
  

This	
  suggests	
  that	
  there	
  is	
  no	
  direct	
  correlation	
  between	
  the	
  level	
  of	
  mob	
  expression	
  

and	
  the	
  frequency	
  of	
  conjugative	
  transfer.	
  	
  This	
  is	
  further	
  supported	
  by	
  the	
  

observation	
  that	
  although	
  there	
  is	
  a	
  large	
  difference	
  in	
  mob	
  expression	
  between	
  

CTnERL	
  and	
  CTnDOT,	
  they	
  are	
  reported	
  to	
  transfer	
  at	
  similar	
  rates	
  (Figure	
  4.5	
  and	
  

Table	
  4.3).	
  

	
   However,	
  a	
  deletion	
  of	
  xis2c	
  has	
  no	
  detectable	
  effect	
  on	
  mob	
  expression	
  

decreases	
  the	
  transfer	
  of	
  pLYL72	
  to	
  a	
  rate	
  of	
  10-­‐5	
  to	
  10-­‐6	
  transconjugants	
  per	
  recipient.	
  	
  

A	
  deletion	
  of	
  xis2d	
  on	
  the	
  other	
  hand,	
  results	
  in	
  no	
  detectable	
  transfer	
  of	
  pLYL72	
  upon	
  

Tc	
  induction.	
  	
  Previous	
  studies	
  have	
  demonstrated	
  that	
  a	
  deletion	
  of	
  xis2c	
  or	
  xis2d	
  

reduces	
  the	
  induction	
  of	
  a	
  traA::uidA	
  fusion,	
  but	
  the	
  different	
  affects	
  these	
  deletions	
  

have	
  on	
  pLYL72	
  conjugative	
  transfer	
  demonstrates	
  that	
  a	
  deletion	
  of	
  xis2d	
  bears	
  a	
  

greater	
  consequence	
  than	
  xis2c.	
  	
  This	
  suggests	
  that	
  perhaps	
  there	
  is	
  a	
  greater	
  

requirement	
  of	
  Xis2d	
  for	
  transcriptional	
  regulation,	
  and	
  that	
  maybe	
  Xis2c	
  is	
  acting	
  as	
  

more	
  of	
  an	
  accessory	
  protein	
  that	
  facilitates	
  Xis2d-­‐mediated	
  regulation.	
  	
  	
  

	
   Our	
  findings	
  have	
  also	
  demonstrated	
  that	
  a	
  negative	
  regulator	
  is	
  preventing	
  

transcription	
  of	
  the	
  mob	
  operon	
  when	
  no	
  Tc	
  is	
  present.	
  	
  The	
  mob	
  genes	
  are	
  

transcribed	
  constitutively	
  from	
  the	
  self-­‐transmissible	
  plasmid	
  pLYL72,	
  yet	
  a	
  

transcript	
  is	
  only	
  detected	
  from	
  CTnDOT	
  upon	
  Tc	
  induction.	
  	
  We	
  investigated	
  the	
  

possibility	
  of	
  the	
  CTnDOT	
  integrase,	
  IntDOT,	
  as	
  a	
  potential	
  repressor,	
  as	
  the	
  integrase	
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from	
  Tn916	
  can	
  bind	
  the	
  oriT	
  which	
  is	
  thought	
  to	
  prevent	
  premature	
  conjugative	
  

transfer	
  (5).	
  	
  RT-­‐PCR	
  demonstrated	
  that	
  the	
  mob	
  genes	
  were	
  transcribed	
  

constitutively	
  when	
  intDOT	
  was	
  provided	
  in	
  trans;	
  however,	
  no	
  pLYL72	
  transfer	
  was	
  

detectable	
  (data	
  not	
  shown).	
  	
  Although	
  IntDOT	
  is	
  not	
  acting	
  as	
  the	
  negative	
  regulator	
  

of	
  the	
  mob	
  operon,	
  this	
  finding	
  suggests	
  that	
  IntDOT	
  plays	
  a	
  regulatory	
  role	
  in	
  

preventing	
  conjugative	
  transfer.	
  	
  	
  

	
   In	
  summary,	
  our	
  findings	
  have	
  added	
  another	
  layer	
  of	
  complexity	
  to	
  the	
  

already	
  intricate	
  regulation	
  of	
  CTnDOT.	
  	
  These	
  observations	
  further	
  support	
  the	
  

importance	
  of	
  highly	
  coordinated	
  regulation	
  of	
  excision	
  and	
  conjugative	
  transfer.	
  	
  It	
  is	
  

advantageous	
  to	
  initiate	
  these	
  steps	
  as	
  soon	
  as	
  possible,	
  so	
  antibiotic	
  resistance	
  

determinants	
  can	
  readily	
  disseminate	
  throughout	
  the	
  population,	
  but	
  not	
  prematurely	
  

to	
  the	
  disadvantage	
  of	
  the	
  donor	
  cell.	
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4.8	
  Tables	
  and	
  figures	
  

Table	
  4.1:	
  	
  Bacterial	
  Strains	
  and	
  Plasmids	
  

Strain	
  or	
  plasmid	
   Relative	
  
phenotypea	
   Description	
  and/or	
  reference	
  

B.	
  thetaiotaomicron	
  	
   	
   	
  
BT4001	
   (RifR)	
   Spontaneous	
  RifR	
  mutant	
  B.	
  thetaiotaomicron	
  

BT4001	
  ΩQABC	
   (Thy-­‐,	
  TpR,	
  
TcR)	
  

BT4100	
  with	
  a	
  site	
  specific	
  insertion	
  of	
  the	
  regulatory	
  region	
  tetQ-­‐rteA-­‐
rteB-­‐rteC	
  (30)	
  

BT4001	
  ΩQABC	
  
Ω2.6pGERM	
  

(RifR	
  TcR)	
   BT4001	
  ΩQABC	
  containing	
  an	
  insertion	
  of	
  pDJE2.3,	
  which	
  contains	
  
intDOT,	
  integrated	
  into	
  the	
  chromosome	
  (3)	
  

BT4004	
   (RifR,	
  EmR)	
   BT4001	
  containing	
  CTnERL	
  integrated	
  in	
  to	
  the	
  chromosome	
  

BT4007	
   (RifR	
  TcR,	
  EmR)	
   BT4001	
  containing	
  CTnDOT	
  integrated	
  in	
  to	
  the	
  chromsome	
  

BT4104	
   (Thy-­‐,	
  TpR,	
  
TcR)	
  

BT4100	
  containing	
  a	
  chromosomal	
  copy	
  of	
  CTnERL	
  (21)	
  	
  

E.	
  coli	
   	
   	
  

DH5aMCR	
   RecA	
   Gibco	
  BRL	
  

HB101	
   RecA,	
  StrR	
   E.	
  coli	
  strain	
  used	
  as	
  a	
  conjugative	
  transfer	
  recipient	
  (2)	
  

HB101	
  RP1	
   RecA,	
  StrR	
   HB101	
  containing	
  the	
  IncPα	
  plasmid	
  RP1	
  (20)	
  

Plasmids	
   	
   	
  

pAFD1	
   ApR	
  (EmR)	
   E.	
  coli-­‐Bacteroides	
  shuttle	
  vector	
  containing	
  ermF	
  (A.M.	
  Stevens,	
  
unpublished)	
  

pGRW53Δ2C	
   ApR	
  (EmR)	
   pGW46	
  insert	
  containing	
  a114	
  AA	
  in-­‐frame	
  	
  deletion	
  of	
  xis2c,	
  ligated	
  in	
  to	
  
pAFD1	
  (9)	
  	
  

pGRW53Δ2D	
   ApR	
  (EmR)	
   pGW46	
  insert	
  containing	
  an	
  inframe	
  deletion	
  of	
  xis2d	
  from	
  AA	
  3	
  through	
  
the	
  end	
  of	
  orf3,	
  ligated	
  in	
  to	
  pAFD1	
  (9)	
  

pGRW53ΔExc	
   ApR	
  (EmR)	
   pGW46	
  insert	
  containing	
  a	
  670	
  AA	
  in-­‐frame	
  	
  deletion	
  of	
  the	
  C	
  terminal	
  
end	
  of	
  Exc,	
  ligated	
  in	
  to	
  pAFD1	
  (9)	
  

pGRW54	
   ApR	
  (CfR)	
   A	
  900	
  bp	
  fragment	
  containing	
  the	
  region	
  between	
  rteC	
  and	
  mobC	
  from	
  
CTnDOT,	
  cloned	
  into	
  pLYL7oriTRK2	
  (this	
  study)	
  

pGRW55	
   ApR	
  (CfR)	
   A	
  200	
  bp	
  fragment	
  containing	
  the	
  putative	
  CTnDOT	
  oriT	
  region	
  upstream	
  
of	
  mobA,	
  cloned	
  into	
  pLYL7oriT(RK2)	
  (this	
  study)	
  

pGW45	
   ApR	
  (CfR)	
   A	
  1.6	
  kb	
  fragment	
  containing	
  orf2b,	
  xis2c,	
  -­‐2d,	
  exc,	
  orf2e,	
  and	
  rteR	
  	
  cloned	
  
into	
  pLYL05	
  (30)	
  

pGW46	
   ApR	
  (CfR)	
   A	
  1.3	
  kb	
  fragment	
  containing	
  xis2c,	
  -­‐2d,	
  -­‐exc,	
  orf2e,	
  and	
  rteR	
  cloned	
  into	
  
pLYL05	
  (30)	
  

pHopp1	
   ApR	
  (EmR)	
   pAFD1	
  containing	
  xis2c,	
  xis2d,	
  orf3,	
  exc,	
  and	
  rteR	
  (9)	
  

pLYL05	
   ApR	
  (CfR)	
   E.	
  coli-­‐Bacteroides	
  shuttle	
  vector	
  (L.Y.	
  Li,	
  unpublished	
  data)	
  

pLYL72	
   KnR,	
  CmR	
  
(CmR)	
  

Self	
  transmissible	
  plasmid	
  containing	
  mob	
  genes,	
  tra	
  operon,	
  and	
  OriT	
  
from	
  CTnDOT	
  (12)	
  

pLYL7oriTRK2	
   ApR	
  (CfR)	
   E.	
  coli	
  –	
  Bacteroides	
  shuttle	
  vector	
  that	
  is	
  mobilizable	
  in	
  E.	
  coli	
  by	
  the	
  IncP	
  
plasmid	
  RP4,	
  but	
  is	
  not	
  mobilizable	
  in	
  Bacteroides	
  (11)	
  

pYS41	
   ApR	
  (CfR)	
   A	
  1.5	
  kb	
  fragment	
  ligated	
  in	
  to	
  pLYL05	
  containing	
  orf2a,	
  -­‐2b,	
  exc,	
  orf2e,	
  
and	
  rteR	
  (Y.	
  Sutanto,	
  unpublished).	
  

aBacteroides	
  phenotypes	
  are	
  shown	
  in	
  parentheses,	
  whereas	
  E.	
  coli	
  phenotypes	
  are	
  shown	
  without	
  parentheses.	
  	
  
Abbreviations	
  are	
  Ap,	
  ampicillin;	
  Cf,	
  cefoxitin;	
  Cm,	
  chloramphenicol;	
  Em,	
  erythromycin;	
  Kn,	
  kanamycin;	
  Rif,	
  
rifampicin;	
  Str,	
  streptomycin;	
  Tc,	
  tetracycline;	
  Thy,	
  thymidine	
  auxotroph;	
  Tp,	
  trimethoprim.	
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Table	
  4.2:	
  	
  Primers	
  used	
  in	
  this	
  study	
  
Primer	
  Name	
   5´	
  to	
  3´	
  Sequence	
  

Cloning	
   	
  

GRW54	
  fwd	
   gatgactgcagggaatcacaat	
  

GRW54	
  rev	
   tcttgataagagctctagaagtcatt	
  

GRW55	
  fwd	
   tgaaaggtatctgcagtccgt	
  

GRW55	
  rev	
   ggatcgagctcgggatttct	
  

RT-­‐PCR	
   	
  

mobA	
  fwd	
   tcaaggtgctgaaggtggacaaga	
  

mobA	
  rev	
   tctgacggctcagtttcacgagtt	
  

mobB	
  fwd	
   tttccgtgctgcaaggcacttatg	
  

mobB	
  rev	
   atgaaagcctcttcctcggcatct	
  

mobC	
  fwd	
   tgaaccgccgctacgaggatattt	
  

mobC	
  rev	
   tcgggattgttgatgtccagcgta	
  

mobA-­‐B	
  fwd	
   tggactactacaccaagctatcgg	
  

mobA-­‐B	
  rev	
   tttccagatactcgcgggc	
  

mobB-­‐C	
  fwd	
   acaaccgccgataccgttatccat	
  
	
  

mobB-­‐C	
  rev	
   ccctttcgtacccagacaggaca	
  

RpoD	
  67	
  fwd	
   tttaatctgacgaacgcgctcacg	
  

RpoD	
  548	
  rev	
   acgctgtatggtggattcgtcagt	
  

RT-­‐qPCR	
   	
  

mobA	
  fwd	
   acaaccgtttcctcgccatgtttg	
  

mobA	
  rev	
   tcttgtccaccttcagcaccttga	
  

mobA-­‐B	
  fwd	
   aactcgtgaaactgagccgtcaga	
  

mobA-­‐B	
  rev	
   tgtagatgcggttggtggtgagaa	
  

mobB	
  fwd	
   acaaccgccgataccgttatccat	
  

mobB	
  rev	
   atgaaagcctcttcctcggcatct	
  

RpoD	
  467	
  fwd	
   acctgattcaacgggagacgaca	
  

RpoD	
  548	
  rev	
   acgctgtatggtggattcgtcagt	
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Figure	
  4.1:	
  	
  Tetracycline	
  dependent	
  regulation	
  of	
  CTnDOT	
  transfer.	
  	
  A.	
  Upon	
  

tetracyilne	
  (Tc)	
  induction	
  translation	
  is	
  initiated	
  through	
  the	
  tetQ-­‐rteQ-­‐rteB	
  operon.	
  	
  

RteB	
  activates	
  the	
  transcription	
  of	
  rteC,	
  which	
  activates	
  transcription	
  of	
  the	
  excision	
  

operon.	
  	
  The	
  proteins	
  encoded	
  in	
  the	
  excision	
  operon	
  then	
  activate	
  transcription	
  of	
  

the	
  transfer	
  operon,	
  thereby	
  inducing	
  conjugative	
  transfer	
  of	
  CTnDOT.	
  	
  In	
  the	
  absence	
  

of	
  Tc,	
  no	
  transfer	
  is	
  detectable,	
  which	
  in	
  part	
  is	
  due	
  to	
  RteR	
  initiating	
  premature	
  

transcription	
  termination	
  in	
  the	
  tra	
  operon.	
  B.	
  The	
  mob	
  genes	
  are	
  divergently	
  

transcribed	
  from	
  the	
  tra	
  operon.	
  	
  There	
  are	
  approximately	
  66	
  bp	
  between	
  the	
  mob	
  

and	
  tra	
  promoters.	
  	
  	
  	
  	
  The	
  oriT	
  is	
  downstream	
  of	
  the	
  putative	
  mob	
  promoter.

B C Q 
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Figure	
  4.2:	
  	
  The	
  mob	
  genes	
  are	
  only	
  detected	
  from	
  CTnDOT	
  upon	
  Tc	
  induction.	
  	
  

To	
  establish	
  whether	
  the	
  transcription	
  of	
  the	
  mob	
  genes	
  is	
  regulated	
  by	
  Tc	
  induction,	
  

RT-­‐PCR	
  was	
  performed	
  detecting	
  mobA,	
  mobB,	
  and	
  mobC	
  from	
  BT4007,	
  which	
  

contains	
  a	
  copy	
  of	
  CTnDOT	
  integrated	
  in	
  to	
  the	
  chromosome.	
  RT-­‐PCR	
  was	
  performed	
  

on	
  BT4007	
  RNA	
  samples	
  from	
  cells	
  that	
  were	
  non-­‐induced	
  and	
  induced	
  (1	
  μg/mL)	
  

tetracycline	
  (Tc).	
  	
  An	
  amplicon	
  pertaining	
  to	
  each	
  of	
  the	
  mob	
  genes	
  was	
  only	
  detected	
  

upon	
  Tc	
  induction,	
  thus	
  confirming	
  that	
  the	
  transcription	
  of	
  the	
  mob	
  genes	
  is	
  

dependent	
  upon	
  exposure	
  of	
  cells	
  to	
  Tc.	
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Figure	
  4.3:	
  	
  The	
  CTnDOT	
  mob	
  genes	
  are	
  transcriptionally	
  linked.	
  To	
  address	
  

whether	
  the	
  mob	
  genes	
  form	
  a	
  polycistronic	
  transcript,	
  RT-­‐PCR	
  was	
  performed	
  using	
  

primers	
  that	
  amplified	
  the	
  regions	
  of	
  the	
  mobA-­‐B	
  and	
  mobB-­‐C	
  intergenic	
  junctions	
  

from	
  BT4001	
  pLYL72	
  pGW45	
  induced	
  with	
  tetracycline	
  (1	
  μg/mL).	
  	
  Amplicons	
  for	
  

both	
  of	
  these	
  primer	
  sets	
  were	
  observed,	
  thus	
  indicating	
  the	
  mob	
  genes	
  are	
  

transcriptionally	
  linked	
  and	
  organized	
  as	
  an	
  operon.	
  	
  

	
   	
  



	
   112	
  

	
  
Table	
  4.3	
  	
  Transfer	
  of	
  putative	
  oriT	
  from	
  CTnERL	
  vs.	
  CTnDOT	
  

Donor	
  Strain	
   Transfer	
  frequency	
  a	
  

BT4004	
  pGW54	
   1.3	
  ±	
  0.5	
  x	
  10-­‐6	
  

BT4007	
  pGRW54	
   6.3	
  ±	
  2.2	
  x	
  10-­‐4	
  

BT4004	
  pGRW55	
   Not	
  Detectable	
  

BT4007pGRW55	
   6.7	
  x	
  10-­‐3	
  

a	
  The	
  transfer	
  frequency	
  is	
  represented	
  as	
  the	
  ratio	
  of	
  transconjugants	
  per	
  recipient	
  cell.	
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A.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
	
  
B.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
	
  
Figure	
  4.4:	
  	
  More	
  mob	
  transcript	
  is	
  detectable	
  from	
  CTnDOT	
  compared	
  to	
  

CTnERL.	
  	
  A.	
  Qualitative	
  RT-­‐PCR	
  was	
  performed	
  using	
  primers	
  to	
  detect	
  mobA	
  from	
  a	
  

strain	
  containing	
  CTnERL	
  (BT4104)	
  and	
  CTnDOT	
  (BT4007)	
  both	
  with	
  and	
  without	
  Tc	
  

induction.	
  	
  No	
  transcript	
  is	
  detectable	
  in	
  the	
  absence	
  of	
  Tc,	
  yet	
  upon	
  exposure	
  to	
  Tc	
  	
  a	
  

mob	
  transcript	
  is	
  then	
  detected.	
  	
  However,	
  more	
  mobA	
  transcript	
  is	
  seen	
  in	
  cells	
  

containing	
  CTnDOT	
  compared	
  to	
  CTnERL.	
  	
  RpoD	
  is	
  a	
  reference	
  marker	
  used	
  to	
  ensure	
  

equivalent	
  RNA	
  concentrations	
  between	
  samples.	
  B.	
  RT-­‐qPCR	
  was	
  performed	
  using	
  

primers	
  to	
  detect	
  mobB.	
  RNA	
  content	
  was	
  normalized	
  to	
  the	
  reference	
  marker	
  rpoD,	
  

and	
  the	
  ΔΔCT	
  was	
  calculated	
  comparing	
  induced	
  (+	
  Tc)	
  to	
  non-­‐induced	
  (-­‐	
  Tc)	
  levels.	
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Figure	
  4.5:	
  	
  The	
  mob	
  genes	
  are	
  transcribed	
  constitutively	
  from	
  pLYL72,	
  and	
  the	
  

excision	
  proteins	
  Xis2d	
  and	
  Exc	
  are	
  required	
  for	
  sufficient	
  enhancement	
  of	
  

transcription	
  upon	
  Tc	
  induction.	
  	
  RT-­‐qPCR	
  was	
  performed	
  to	
  localize	
  potential	
  

regulators	
  of	
  mob	
  transcription,	
  shown	
  are	
  the	
  relative	
  fold	
  changes	
  in	
  transcription	
  

measuring	
  mobB,	
  relative	
  to	
  the	
  minus	
  tetracycline	
  levels.	
  	
  Fold	
  changes	
  were	
  

calculated	
  using	
  the	
  Pfaffl	
  ΔΔCT	
  equation,	
  and	
  samples	
  were	
  normalized	
  using	
  the	
  

reference	
  marker	
  rpoD	
  (17).	
  	
  The	
  above	
  observations	
  were	
  also	
  confirmed	
  using	
  

qualitative	
  RT-­‐PCR	
  (not	
  shown).	
  	
  The	
  mob	
  genes	
  are	
  transcribed	
  constitutively	
  from	
  

pLYL72,	
  and	
  the	
  excision	
  operon	
  in	
  trans	
  is	
  sufficient	
  for	
  transcriptional	
  activation.	
  	
  A	
  

deletion	
  of	
  xis2C	
  appears	
  to	
  have	
  no	
  deleterious	
  effect	
  on	
  mob	
  transcription,	
  where	
  as	
  

a	
  deletion	
  in	
  either	
  xis2d	
  or	
  exc	
  drops	
  transcription	
  to	
  the	
  constitutive	
  empty	
  vector	
  

levels.
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Table	
  4.4:	
  	
  Effect	
  of	
  excision	
  protein	
  deletions	
  on	
  the	
  transfer	
  of	
  pLYL72	
  

Donor	
  strain	
  
BT4001	
  ΩQABC	
  pLYL72	
  plus:	
  

Transfer	
  frequency	
  of	
  
pLYL72a	
   Regulation	
  of	
  

Transferb	
  
Source	
  or	
  
reference	
  +	
  Tc	
   -­‐	
  Tc	
  

pLYL05	
   10-­‐5-­‐10-­‐6	
   10-­‐5-­‐10-­‐6	
   E-­‐,	
  R-­‐	
   (28)	
  

pGW46	
   5.5	
  x	
  10-­‐3	
   <	
  10-­‐9	
   E+,	
  R+	
   this	
  study	
  

pGRW53Δ2c	
   1.8	
  x	
  10-­‐4	
   <	
  10-­‐9	
   E-­‐,	
  R+	
   this	
  study	
  

pGRW53Δ2d	
   <	
  10-­‐9	
   <	
  10-­‐9	
   R	
  +,	
  R	
  +	
   this	
  study	
  

pGRW53ΔExc	
   1.2	
  x	
  10-­‐3	
   <	
  10-­‐9	
   E+,	
  R+	
   this	
  study	
  

pYS41	
   <	
  10-­‐9	
   <	
  10-­‐9	
   R	
  +,	
  R	
  +	
   this	
  study	
  

Ω2.6pGERM	
   <	
  10-­‐9	
   <	
  10-­‐9	
   R	
  +,	
  R	
  +	
   this	
  study	
  	
  

a	
  Transfer	
  frequency	
  of	
  pLYL72	
  is	
  expressed	
  as	
  the	
  average	
  ratio	
  of	
  transconjugants	
  per	
  recipient	
  cell.	
  	
  
Where	
  ranges	
  are	
  shown,	
  the	
  value	
  accounts	
  for	
  the	
  variation	
  observed	
  among	
  three	
  separate	
  mating	
  
experiments.	
  
b	
  E,	
  enhancer;	
  R,	
  repressor;	
  +,	
  present;	
  -­‐,	
  absent.	
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Figure	
  4.6:	
  	
  The	
  mob	
  genes	
  are	
  transcribed	
  constitutively	
  when	
  intDOT	
  is	
  

present.	
  	
  	
  Qualitative	
  RT-­‐PCR	
  was	
  performed	
  detecting	
  mobA	
  from	
  strain	
  BT4001	
  

ΩQABC	
  pLYL72	
  Ω2.6pGERM,	
  which	
  contains	
  a	
  copy	
  of	
  intDOT	
  integrated	
  in	
  to	
  the	
  

chromosome.	
  	
  	
  Mob	
  transcript	
  was	
  detectable	
  whether	
  or	
  not	
  Tc	
  was	
  present,	
  which	
  

suggests	
  that	
  IntDOT	
  is	
  not	
  preventing	
  transcription	
  of	
  the	
  mob	
  operon.	
  	
  

	
  

	
   	
  



	
   117	
  

CHAPTER	
  5:	
  	
  CONCLUDING	
  REMARKS	
  AND	
  FUTURE	
  STUDIES	
  

	
  

CTnDOT	
  has	
  proven	
  to	
  be	
  a	
  very	
  engaging	
  subject	
  of	
  study,	
  as	
  CTnDOT	
  is	
  a	
  

very	
  complex	
  mobile	
  element	
  that	
  whose	
  genes	
  are	
  very	
  tightly	
  regulated.	
  	
  In	
  the	
  

absence	
  of	
  tetracycline	
  (Tc)	
  no	
  transfer	
  is	
  detected,	
  yet	
  upon	
  exposure	
  to	
  low	
  levels	
  

of	
  Tc	
  (less	
  than	
  1	
  μg/mL)	
  transfer	
  is	
  stimulated.	
  	
  It	
  is	
  not	
  a	
  far	
  stretch	
  to	
  

conceptualize	
  the	
  need	
  for	
  regulated	
  transfer,	
  as	
  it	
  is	
  easy	
  to	
  imagine	
  that	
  there	
  is	
  a	
  

fitness	
  cost	
  to	
  the	
  donor	
  cell	
  for	
  transfer	
  of	
  the	
  element.	
  	
  However,	
  the	
  regulation	
  of	
  

transfer	
  has	
  proven	
  to	
  be	
  rather	
  complex,	
  with	
  many	
  proteins	
  having	
  dual	
  functions	
  

with	
  respect	
  to	
  conjugative	
  transfer	
  of	
  CTnDOT.	
  

	
   The	
  work	
  I	
  have	
  presented	
  in	
  this	
  dissertation	
  has	
  further	
  described	
  

regulation	
  of	
  CTnDOT	
  conjugative	
  transfer,	
  both	
  positive	
  and	
  negative,	
  at	
  the	
  

transcriptional	
  level.	
  	
  The	
  small	
  RNA	
  RteR	
  proved	
  to	
  be	
  rather	
  elusive.	
  	
  Members	
  of	
  

our	
  laboratory	
  have	
  previously	
  attempted	
  to	
  investigate	
  this	
  regulatory	
  RNA	
  with	
  

the	
  aim	
  of	
  better	
  characterizing	
  how	
  RteR	
  was	
  inhibiting	
  transfer	
  of	
  the	
  self-­‐

transmissible	
  plasmid	
  pLYL72	
  (contains	
  an	
  18	
  kb	
  region	
  of	
  CTnDOT	
  including	
  the	
  

mob	
  operon,	
  tra	
  operon,	
  and	
  oriT).	
  The	
  summation	
  of	
  my	
  work	
  described	
  in	
  Chapter	
  

2	
  confirmed	
  that	
  RteR	
  is	
  a	
  90	
  nt	
  transcript	
  and	
  is	
  targeting	
  within	
  the	
  tra	
  region,	
  as	
  

previously	
  suspected.	
  	
  However,	
  I	
  was	
  able	
  to	
  clear	
  up	
  a	
  misconception,	
  and	
  that	
  is	
  

that	
  RteR	
  is	
  actually	
  downstream	
  of	
  the	
  excision	
  protein	
  encoding	
  gene	
  exc,	
  rather	
  

than	
  within	
  the	
  3’	
  end	
  of	
  exc	
  as	
  previously	
  suggested.	
  	
  Further,	
  I	
  have	
  shown	
  that	
  

RteR	
  is	
  not	
  preventing	
  tra	
  transcription	
  as	
  we	
  thought	
  previously,	
  but	
  rather	
  I	
  have	
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provided	
  evidence	
  that	
  RteR	
  is	
  likely	
  initiating	
  premature	
  transcription	
  termination	
  

within	
  traB.	
  	
  

	
   One	
  question	
  that	
  arose	
  while	
  working	
  with	
  RteR,	
  was	
  to	
  determine	
  if	
  an	
  Hfq	
  

homologue	
  was	
  aiding	
  in	
  facilitating	
  the	
  interaction	
  of	
  RteR	
  with	
  the	
  elongating	
  tra	
  

message.	
  	
  While	
  no	
  Hfq-­‐like	
  homologue	
  has	
  been	
  annotated	
  in	
  the	
  B.	
  

thetaiotaomicron	
  genome,	
  this	
  is	
  not	
  surprising	
  as	
  B.	
  thetaiotaomicron	
  is	
  

phylogenetically	
  distant	
  from	
  the	
  more	
  heavily	
  studied	
  Proteobacteria.	
  	
  We	
  

suspected	
  then,	
  that	
  it	
  was	
  very	
  likely	
  a	
  functionally	
  equivalent	
  Hfq	
  homologue	
  

could	
  be	
  present.	
  	
  I	
  attempted	
  a	
  brief	
  bioinformatics-­‐based	
  approach	
  to	
  identify	
  

possible	
  Hfq	
  candidates,	
  which	
  I	
  have	
  described	
  in	
  Chapter	
  3	
  of	
  this	
  dissertation.	
  

	
   While	
  investigating	
  RteR-­‐mediated	
  negative	
  regulation	
  of	
  conjugative	
  

transfer,	
  I	
  wanted	
  to	
  see	
  if	
  the	
  4	
  kb	
  mobilization	
  region	
  of	
  CTnDOT	
  was	
  also	
  a	
  target	
  

of	
  RteR,	
  as	
  this	
  region	
  is	
  also	
  present	
  on	
  the	
  self-­‐transmissible	
  plasmid	
  pLYL72.	
  	
  I	
  

saw	
  Tc	
  dependent	
  transcriptional	
  regulation,	
  where	
  mob	
  transcripts	
  were	
  only	
  

detectable	
  from	
  CTnDOT	
  when	
  cells	
  were	
  exposed	
  to	
  Tc,	
  and	
  a	
  second	
  project	
  was	
  

thus	
  initiated.	
  	
  Given	
  the	
  close	
  proximity	
  between	
  the	
  mob	
  genes	
  and	
  the	
  tra	
  operon	
  

(Figure	
  5.1)	
  we	
  expected	
  that	
  the	
  transcriptional	
  regulation	
  would	
  be	
  quite	
  similar.	
  	
  

Another	
  student,	
  Crystal	
  Hopp,	
  has	
  been	
  studying	
  the	
  binding	
  of	
  the	
  excision	
  

proteins	
  upstream	
  of	
  the	
  tra	
  promoter,	
  and	
  her	
  current	
  predictions	
  are	
  that	
  they	
  are	
  

bending	
  the	
  DNA	
  in	
  such	
  a	
  way	
  as	
  to	
  enhance	
  tra	
  transcription	
  upon	
  Tc	
  induction.	
  	
  

However,	
  the	
  work	
  I	
  have	
  described	
  in	
  Chapter	
  4	
  of	
  this	
  dissertation	
  has	
  

demonstrated	
  there	
  are	
  in	
  fact	
  different	
  players	
  involved	
  in	
  the	
  transcriptional	
  

regulation	
  of	
  the	
  mob	
  operon.	
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   We	
  have	
  confirmed	
  that	
  the	
  excision	
  proteins	
  Xis2d	
  and	
  Exc	
  are	
  required	
  for	
  

the	
  enhancement	
  of	
  pLYL72	
  conjugative	
  transfer.	
  	
  Without	
  either	
  of	
  these	
  genes	
  in	
  

trans,	
  the	
  mob	
  expression	
  is	
  similar	
  to	
  empty	
  vector	
  levels.	
  	
  A	
  deletion	
  of	
  Xis2c	
  on	
  

the	
  other	
  hand,	
  has	
  no	
  detectable	
  effect	
  on	
  the	
  transcription	
  of	
  the	
  mob	
  genes.	
  	
  This	
  

differs	
  from	
  the	
  tra	
  operon,	
  in	
  that	
  both	
  Xis2c	
  and	
  Xis2d	
  are	
  required	
  for	
  the	
  

activation	
  of	
  a	
  traA::uidA	
  fusion,	
  and	
  a	
  deletion	
  of	
  Exc	
  shows	
  similar	
  levels	
  of	
  GUS	
  

activity	
  relative	
  to	
  the	
  intact	
  excision	
  operon	
  (1).	
  	
  In	
  addition,	
  a	
  negative	
  regulator	
  

encoded	
  on	
  CTnDOT	
  is	
  preventing	
  transcription	
  of	
  the	
  mob	
  operon	
  in	
  the	
  absence	
  of	
  

Tc.	
  	
  We	
  have	
  confirmed	
  that	
  this	
  repressor	
  is	
  not	
  RteR,	
  and	
  localization	
  studies	
  have	
  

suggested	
  that	
  a	
  hypothetical	
  protein	
  Orf2,	
  which	
  is	
  immediately	
  downstream	
  of	
  

IntDOT,	
  is	
  likely	
  acting	
  as	
  the	
  negative	
  regulator.	
  	
  Phyre	
  structural	
  homologue	
  

predictions	
  suggest	
  that	
  Orf2,	
  a	
  120	
  AA	
  protein,	
  is	
  a	
  winged	
  helix	
  DNA	
  binding	
  

protein	
  that	
  shares	
  structural	
  homology	
  with	
  known	
  transcriptional	
  regulators	
  such	
  

as	
  the	
  cyanobacterial	
  SmtB	
  and	
  HlyU	
  from	
  Vibiro	
  vulnificus	
  (2–4).	
  

	
   Although	
  the	
  work	
  described	
  in	
  this	
  dissertation	
  has	
  led	
  us	
  in	
  further	
  

understanding	
  the	
  complex	
  regulation	
  of	
  CTnDOT	
  conjugative	
  transfer,	
  there	
  are	
  

still	
  some	
  gray	
  areas	
  in	
  our	
  knowledge	
  of	
  CTnDOT	
  transcriptional	
  regulation.	
  	
  	
  The	
  

biggest	
  questions	
  that	
  still	
  remain	
  have	
  to	
  do	
  more	
  with	
  the	
  negative	
  regulation	
  of	
  

CTnDOT.	
  	
  First,	
  what	
  is	
  the	
  mechanism	
  of	
  RteR?	
  	
  Second,	
  what	
  is	
  the	
  mechanism	
  of	
  

the	
  negative	
  regulator	
  of	
  the	
  mob	
  region?	
  	
  Each	
  of	
  these	
  questions	
  could	
  readily	
  

warrant	
  at	
  least	
  one	
  publication,	
  and	
  taken	
  together,	
  could	
  possibly	
  make	
  a	
  thesis	
  

project	
  for	
  a	
  graduate	
  student.	
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5.1	
  Confirming	
  the	
  3’	
  end	
  of	
  the	
  tra	
  transcript	
  in	
  the	
  presence	
  of	
  RteR	
  

As	
  stated	
  previously,	
  we	
  hypothesize	
  that	
  RteR	
  is	
  ultimately	
  preventing	
  

conjugative	
  transfer	
  of	
  CTnDOT	
  by	
  binding	
  the	
  elongating	
  tra	
  mRNA	
  within	
  traB,	
  

and	
  inducing	
  a	
  conformational	
  change	
  in	
  the	
  secondary	
  structure	
  of	
  the	
  tra	
  message	
  

that	
  results	
  in	
  the	
  formation	
  of	
  an	
  intrinsic	
  terminator.	
  	
  Our	
  evidence	
  for	
  this	
  

mechanism	
  is	
  that	
  RT-­‐PCR	
  (qualitative	
  and	
  quantitative)	
  demonstrates	
  that	
  a	
  

similar	
  amount	
  of	
  traA	
  transcript	
  is	
  detected	
  whether	
  or	
  not	
  RteR	
  is	
  present;	
  

however,	
  downstream	
  of	
  traA	
  and	
  through	
  the	
  remainder	
  of	
  the	
  tra	
  operon	
  the	
  

relative	
  amount	
  of	
  transcript	
  is	
  dramatically	
  reduced	
  in	
  the	
  presence	
  of	
  RteR.	
  	
  This	
  

suggests	
  that	
  something	
  is	
  happening	
  at	
  the	
  transcriptional	
  level.	
  	
  This	
  hypothesis	
  is	
  

further	
  supported	
  by	
  the	
  fact	
  that	
  the	
  presence	
  RteR	
  does	
  not	
  appear	
  to	
  result	
  in	
  

destabilization	
  of	
  the	
  tra	
  mRNA,	
  as	
  the	
  half-­‐life	
  is	
  equivalent	
  with	
  and	
  without	
  rteR	
  

in	
  trans	
  (5).	
  	
  Unfortunately,	
  this	
  is	
  our	
  only	
  form	
  of	
  experimental	
  evidence	
  to	
  

support	
  this	
  hypothesis.	
  	
  A	
  preliminary	
  bioinformatics	
  analysis	
  does	
  aid	
  this	
  

hypothesis	
  in	
  that	
  there	
  are	
  two	
  sequences	
  upstream	
  of	
  the	
  intrinsic	
  terminator	
  that	
  

are	
  complementary	
  to	
  the	
  single	
  stranded	
  loop	
  of	
  RteR.	
  	
  These	
  sequences	
  are	
  

located	
  approximately	
  20	
  bp	
  and	
  200	
  bp	
  upstream	
  of	
  the	
  predicted	
  terminator	
  

structure.	
  

	
   To	
  gather	
  further	
  support	
  for	
  this	
  mechanism,	
  we	
  attempted	
  3’	
  RACE	
  on	
  two	
  

separate	
  occasions.	
  	
  The	
  logic	
  was	
  that	
  if	
  RteR	
  were	
  truly	
  terminating	
  the	
  tra	
  

message,	
  we	
  would	
  detect	
  a	
  3’	
  end	
  that	
  corresponds	
  to	
  the	
  predicted	
  terminator	
  

structure.	
  	
  If	
  we	
  were	
  wrong,	
  we	
  would	
  then	
  detect	
  a	
  different	
  3’	
  end	
  or	
  perhaps	
  

visualize	
  an	
  end	
  corresponding	
  to	
  the	
  full-­‐length	
  tra	
  transcript.	
  	
  Alas,	
  our	
  attempts	
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failed,	
  as	
  no	
  3’	
  end	
  was	
  ever	
  detected.	
  	
  It	
  is	
  possible,	
  given	
  the	
  many	
  steps	
  that	
  are	
  

involved	
  in	
  RACE	
  analysis,	
  that	
  the	
  integrity	
  of	
  the	
  RNA	
  transcript	
  was	
  

compromised.	
  	
  3’	
  RACE	
  analysis	
  could	
  again	
  be	
  repeated,	
  with	
  the	
  aim	
  of	
  detecting	
  

any	
  3’	
  end	
  of	
  the	
  tra	
  message	
  to	
  either	
  support	
  or	
  disprove	
  this	
  hypothesis.	
  	
  	
  

An	
  alternative	
  would	
  be	
  to	
  attempt	
  Northern-­‐blotting	
  analysis	
  to	
  detect	
  the	
  

tra	
  message.	
  	
  Because	
  the	
  full-­‐length	
  tra	
  message	
  is	
  over	
  13kb,	
  it	
  is	
  a	
  bit	
  too	
  large	
  to	
  

visualize.	
  	
  However,	
  if	
  we	
  are	
  correct	
  about	
  premature	
  transcription	
  termination	
  the	
  

terminated	
  transcript	
  is	
  roughly	
  1.4	
  kb,	
  which	
  would	
  be	
  in	
  the	
  detectable	
  size	
  range	
  

to	
  visualize	
  on	
  a	
  Northern	
  blot.	
  	
  Observing	
  a	
  1.4	
  kb	
  transcript	
  would	
  further	
  support	
  

a	
  premature	
  transcription	
  termination	
  mechanism.	
  

	
  

5.2	
  Further	
  confirmation	
  of	
  the	
  RteR	
  binding	
  site	
  in	
  traB	
  

As	
  mentioned	
  in	
  the	
  previous	
  section,	
  we	
  need	
  more	
  evidence	
  that	
  explains	
  

just	
  how	
  RteR	
  is	
  inhibiting	
  conjugative	
  transfer	
  of	
  CTnDOT.	
  	
  Although	
  all	
  signs	
  are	
  

pointing	
  to	
  the	
  initiation	
  of	
  transcriptional	
  termination,	
  there	
  is	
  still	
  a	
  possibility	
  we	
  

are	
  wrong.	
  	
  As	
  described	
  previously,	
  confirming	
  a	
  3’	
  end	
  of	
  the	
  tra	
  message	
  that	
  

corresponds	
  to	
  the	
  predicted	
  intrinsic	
  terminator	
  and/or	
  a	
  1.4	
  kb	
  transcript	
  

detected	
  would	
  further	
  support	
  the	
  hypothesis	
  of	
  premature	
  termination.	
  	
  	
  More	
  

conclusive	
  evidence	
  of	
  the	
  RteR	
  mechanism	
  would	
  be	
  to	
  confirm	
  how	
  RteR	
  is	
  

interacting	
  with	
  the	
  tra	
  mRNA.	
  	
  	
  I	
  predict	
  that	
  RteR	
  is	
  mediating	
  contact	
  with	
  the	
  tra	
  

transcript	
  through	
  the	
  single	
  stranded	
  8	
  nt	
  loop	
  that	
  is	
  located	
  in	
  the	
  middle	
  of	
  the	
  

transcript.	
  	
  My	
  logic	
  for	
  this	
  is	
  that	
  site	
  directed	
  mutations	
  that	
  are	
  predicted	
  to	
  

change	
  the	
  secondary	
  structure	
  in	
  a	
  way	
  that	
  closes	
  that	
  loop	
  are	
  sufficient	
  to	
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abolish	
  RteR-­‐mediated	
  negative	
  regulation	
  of	
  conjugative	
  transfer.	
  	
  Second,	
  a	
  

complementary	
  region	
  to	
  this	
  loop	
  is	
  present	
  within	
  traB.	
  	
  	
  This	
  interaction	
  could	
  be	
  

tested	
  by	
  generating	
  site	
  directed	
  mutations	
  that	
  target	
  the	
  8	
  nt	
  loop	
  by	
  changing	
  

the	
  primary	
  sequence	
  but	
  are	
  not	
  predicted	
  to	
  alter	
  the	
  secondary	
  structure.	
  	
  

	
   If	
  these	
  mutations	
  do	
  result	
  in	
  a	
  loss	
  of	
  RteR	
  regulation,	
  which	
  is	
  expected,	
  I	
  

would	
  then	
  make	
  compensatory	
  mutations	
  in	
  the	
  putative	
  RteR	
  binding	
  site(s)	
  

within	
  the	
  tra	
  message.	
  	
  In	
  the	
  5’	
  end	
  of	
  traB	
  is	
  a	
  sequence	
  that	
  is	
  complementary	
  to	
  

6	
  of	
  the	
  8	
  nt	
  in	
  the	
  single	
  stranded	
  central	
  loop	
  of	
  RteR.	
  	
  The	
  first	
  possible	
  binding	
  

site	
  is	
  approximately	
  20	
  bp	
  upstream	
  of	
  the	
  predicted	
  intrinsic	
  terminator	
  that	
  is	
  

forming	
  in	
  traB.	
  	
  	
  Ideally,	
  these	
  compensatory	
  mutations	
  would	
  be	
  made	
  within	
  the	
  

context	
  of	
  the	
  entire	
  tra	
  operon,	
  however	
  working	
  with	
  a	
  35	
  kb	
  plasmid	
  for	
  site	
  

directed	
  mutagenesis	
  is	
  not	
  feasible.	
  	
  Another	
  alternative	
  would	
  be	
  to	
  sub-­‐clone	
  a	
  

region	
  containing	
  traB	
  for	
  site	
  directed	
  mutagenesis	
  and	
  then	
  re-­‐construct	
  an	
  intact	
  

tra	
  operon	
  on	
  pLYL72	
  containing	
  this	
  mutation.	
  	
  A	
  third	
  possibility,	
  and	
  perhaps	
  a	
  

more	
  feasible	
  option	
  to	
  study	
  the	
  effect	
  of	
  compensatory	
  tra	
  mutations,	
  would	
  be	
  to	
  

construct	
  a	
  traC::uidA	
  fusion.	
  	
  If	
  this	
  fusion	
  has	
  sufficient	
  GUS	
  activity	
  with	
  respect	
  to	
  

tetracycline	
  induction,	
  this	
  region	
  would	
  be	
  much	
  easier	
  to	
  manipulate	
  with	
  site	
  

directed	
  mutagenesis,	
  and	
  thus	
  further	
  testing	
  where	
  RteR	
  is	
  binding	
  within	
  the	
  tra	
  

message.	
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5.3	
  Confirming	
  the	
  mechanism	
  Xis2d	
  and	
  Exc	
  mediated	
  transcriptional	
  

activation	
  of	
  the	
  mob	
  operon	
  

	
   Although	
  footprinting	
  of	
  the	
  region	
  between	
  the	
  mob	
  and	
  tra	
  promoter	
  has	
  

confirmed	
  that	
  Xis2D	
  is	
  binding	
  here	
  (C.	
  Hopp,	
  unpublished),	
  at	
  this	
  point	
  we	
  cannot	
  

be	
  certain	
  whether	
  this	
  binding	
  interaction	
  is	
  facilitating	
  only	
  the	
  activation	
  of	
  tra	
  

expression	
  or	
  if	
  this	
  binding	
  is	
  also	
  facilitating	
  the	
  enhancement	
  of	
  mob	
  

transcription.	
  

Utilization	
  of	
  a	
  mobA::uidA	
  fusion	
  will	
  unfortunately	
  not	
  work,	
  as	
  I	
  previously	
  

constructed	
  such	
  a	
  fusion	
  (pJW602)	
  and	
  observed	
  that	
  background	
  GUS	
  activity	
  	
  	
  

from	
  the	
  chromosome	
  was	
  similar	
  to	
  that	
  of	
  pJW602,	
  which	
  renders	
  this	
  mob	
  fusion	
  

unusable	
  in	
  Bacteroides.	
  	
  I	
  would	
  be	
  hesitant	
  to	
  move	
  this	
  fusion	
  to	
  E.	
  coli	
  because	
  

previous	
  GUS	
  fusions	
  have	
  shown	
  altered	
  activity	
  in	
  E.	
  coli	
  compared	
  to	
  Bacteroides	
  

(J.	
  Park,	
  unpublished	
  data).	
  	
  This	
  difference	
  is	
  likely	
  attributable	
  to	
  the	
  difference	
  

between	
  E.	
  coli	
  and	
  Bacteroides	
  promoter	
  sequences.	
  	
  

Another	
  possibility	
  then	
  would	
  be	
  to	
  construct	
  a	
  mob	
  fusion	
  using	
  a	
  different	
  

reporter	
  gene.	
  	
  Although	
  we	
  have	
  not	
  tested	
  this	
  in	
  our	
  own	
  lab,	
  another	
  group	
  has	
  

reported	
  the	
  use	
  of	
  the	
  xylosidase/arabinosidase	
  gene	
  XA	
  in	
  Bacteroides	
  ovatus	
  as	
  a	
  

reporter	
  gene.	
  	
  Further,	
  this	
  group	
  also	
  reports	
  the	
  use	
  of	
  this	
  fusion	
  in	
  B.	
  

thetaiotaomicron,	
  and	
  no	
  background	
  activity	
  was	
  detectable	
  in	
  empty	
  vector	
  

controls	
  (6).	
  	
  These	
  observations	
  suggest	
  that	
  the	
  use	
  of	
  XA	
  as	
  a	
  reporter	
  fusion	
  is	
  a	
  

good	
  alternative	
  for	
  future	
  studies	
  in	
  B.	
  thetaiotaomicron.	
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