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Interruptions, with comments, 
questions, opinions or whatever 
are most welcome, but please 
speak loudly 



Bacteria	
  and	
  yeast	
  are	
  great	
  tools	
  to	
  study	
  
ecology	
  and	
  evolu2on	
  under	
  well-­‐
controlled	
  condi2ons	
  in	
  real	
  2me	
  	
  

	
  	
  

I	
  won’t	
  rant	
  on	
  about	
  this	
  subject	
  because	
  some	
  of	
  
the	
  best	
  people	
  using	
  these	
  tools	
  to	
  address	
  
ecological	
  and	
  evolu*onary	
  ques*ons	
  will	
  be	
  
lecturing	
  in	
  this	
  course.	
  	
  



Molecular	
  biology	
  has	
  been	
  a	
  great	
  leveler	
  and	
  has	
  made	
  
thinking	
  unnecessary	
  in	
  many	
  areas	
  of	
  modern	
  biology.	
  
With	
  the	
  disappearance	
  of	
  theory	
  has	
  also	
  come	
  the	
  
decline	
  of	
  experimenta*on,	
  and	
  the	
  prac*ce	
  of	
  science	
  
by	
  hypothesis	
  and	
  tes*ng	
  is	
  not	
  known	
  by	
  many	
  students	
  
in	
  the	
  field.	
  	
  So	
  powerful	
  are	
  contemporary	
  tools	
  for	
  
extrac*ng	
  answers	
  from	
  nature	
  that	
  pausing	
  to	
  think	
  
about	
  the	
  results,	
  or	
  asking	
  how	
  one	
  might	
  find	
  out	
  how	
  
cells	
  really	
  work,	
  is	
  likely	
  to	
  be	
  seen	
  as	
  a	
  source	
  of	
  
irrita*ng	
  delay	
  to	
  the	
  managerial	
  classes,	
  and	
  could	
  even	
  
endanger	
  the	
  career	
  of	
  the	
  ques*oner.	
  	
  

In	
  Theory	
  

Sidney	
  Brenner	
  
1927	
  -­‐	
  	
  
	
  

Loose	
  Ends	
  -­‐	
  Current	
  Biology	
  7:	
  3	
  (PR	
  202)	
  1997	
  



Some	
  recognized	
  prejudices	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  –	
  EcLF.net	
  
	
  
'Doing	
  research	
  in	
  popula*on	
  biology	
  without	
  mathema*cal	
  and/or	
  
computer	
  simula*on	
  models	
  is	
  like	
  playing	
  tennis	
  without	
  a	
  net	
  or	
  
boundary	
  lines'.	
  (Stolen	
  with	
  modifica*on	
  from	
  Robert	
  Frost)	
  
	
  
'Data	
  may	
  be	
  a	
  crutch	
  for	
  the	
  insecure,	
  but	
  really	
  self-­‐confident	
  scien*sts	
  
subject	
  their	
  hypotheses	
  to	
  tests	
  that	
  can	
  reject	
  them'	
  
	
  
'Just	
  because	
  a	
  project	
  may	
  be	
  useful,	
  doesn't	
  mean	
  it's	
  not	
  interes*ng,	
  
high-­‐quality	
  and	
  delicious	
  to	
  work	
  on	
  Science.'	
  
	
  
'For	
  us,	
  natural	
  and	
  not-­‐so-­‐natural	
  selec*on	
  is	
  about	
  dN/dt	
  and	
  not	
  	
  
dN/dS.'	
  
	
  
‘All	
  models	
  and	
  model	
  systems	
  are	
  wrong,	
  some	
  are	
  useful’.	
  (Borrowed	
  
with	
  a	
  friendly	
  amendment	
  from	
  George	
  Box)	
  
	
  
‘Models	
  are	
  more	
  useful	
  when	
  they	
  don’t	
  fit	
  the	
  data	
  than	
  when	
  they	
  do’.	
  
	
  

(aphorisms?)	
  	
  



Microbes	
  and	
  Contagion	
  

Antonie	
  van	
  Leeuwenhoek	
  1632-­‐1723	
  	
  

John%Snow
1813+1858%

Ignaz	
  Semmelweis	
  	
  
1818-­‐	
  1865	
  

Edward	
  Jenner	
  	
  
1749-­‐1823	
  

Joseph	
  Lister	
  
1827-­‐1912	
  

Lazzaro	
  Spallanzani	
  
1729-­‐1799	
  



“A particle of small-pox matter, so minute as to be borne by the 
wind, must multiply itself many thousandfold in a person thus 
inoculated; and so with the contagious matter of scarlet fever1. 
It has recently been ascertained2 that a minute portion of the 
mucous discharge from an animal affected with rinderpest, if 
placed in the blood of a healthy ox, increases so fast that in a 
short space of time "the whole mass of blood, weighing many 
pounds, is infected, and every small particle of that blood 
contains enough poison to give, within less than forty-eight 
hours, the disease to another animal." 

The Variation in Animals and Plants Under Domestication New York: D. Appleton & Co.  1883    
Includes citations to articles written in the middle 1860s. 

C. Darwin 

Even	
  ole	
  Chuck	
  Darwin	
  knew	
  of	
  contagion	
  



Emil%Von%Behring
185421917

Emil	
  Roux	
  
	
  1853-­‐1933	
  

Paul	
  Ehrlich	
  
	
  1854	
  -­‐	
  1915	
  

Louis&Pasteur&1822/1895

Robert'Koch'1843/1910

Origin	
  of	
  Microbiology	
  (Bacteriology)	
  	
  



Food	
  and	
  Industrial	
  Microbiology	
  	
  

Louis	
  Pasteur	
  

A	
  major	
  focus	
  of	
  applied	
  microbiology	
  

Fermenta*on 	
   	
  Spoilage	
   	
   	
  	
  	
  	
  	
  	
  Preserva*on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Food	
  Safety	
  

“If	
  it	
  doesn’t	
  rot,	
  don’t	
  eat	
  it”.	
  	
  M.	
  Pollan	
  



Pathogenesis and virulence are the 
product of a complex interaction 
between microbes and their host.  

Stanley Falkow  1934 -     

Pathogenesis and Virulence  

Ques2ons	
  –	
  
How	
  do	
  microbes	
  cause	
  disease?	
  

	
  A	
  major	
  focus	
  of	
  contemporary	
  Microbiology	
  
	
  
Why	
  do	
  microbes	
  cause	
  disease?	
  (Bite	
  the	
  hand	
  that	
  feeds	
  them)	
  –	
  	
  

	
  A	
  cool	
  evolu*onary	
  ques*on	
  
	
   	
  Conven*onal	
  wisdom	
  –	
  a	
  primi*ve	
  character	
  	
  
	
   	
  Trade-­‐off	
  –	
  virulence	
  is	
  necessary	
  for	
  transmission	
  
	
   	
  Coincidental	
  	
  (shit	
  happens)	
  
	
   	
  Short-­‐sighted	
  within	
  host	
  evolu*on	
  	
  

Much	
  (most?)	
  of	
  the	
  virulence	
  of	
  bacteria	
  
is	
  consequence	
  of	
  failings	
  and	
  screw-­‐ups	
  
in	
  the	
  host	
  immune	
  response.	
  	
  



Culturing	
  and	
  Naming	
  Names	
  
Much	
  of	
  late	
  19th	
  and	
  early	
  20th	
  century	
  	
  Microbiology	
  was	
  devoted	
  to	
  
developing	
  methods	
  to	
  culture	
  microbes	
  in	
  vitro	
  and	
  iden*fy	
  them	
  and,	
  
to	
  some	
  extent	
  determine	
  their	
  phylogene*c	
  rela*onship.	
  
	
  
Emphasis	
  was	
  given	
  to	
  pathogens	
  and	
  microbes	
  of	
  prac*cal	
  interest	
  and	
  
not	
  excessively	
  fas*dious,	
  e.g.	
  a	
  bias	
  for	
  aerobes.	
  	
  	
  
	
  

Morphology,	
  serology	
  and	
  biochemistry	
  (what	
  they	
  can	
  eat)	
  played	
  a	
  
major	
  role	
  in	
  the	
  iden*fica*on	
  process	
  and	
  s*ll	
  does.	
  



Gram	
  Stain	
  



hjp://www.cepheid.com/tests-­‐and-­‐reagents/clinical-­‐ivd-­‐test	
  

Rapid	
  Molecular	
  Diagnosis	
  of	
  the	
  E2ologic	
  
Agents	
  of	
  Infec2ons	
  

	
  



E. coli O157:H7 has some 1,346 ORFs not found in K-12

4639 
KB 
 

5498 
KB 

Who’s the real E. coli? 

E. coli K12 
(MG1655) 

E. coli O157:H7  



Phenetic and evolutionary alignment-free whole-genome 
phylogenies of E. coli/Shigella.  

Gregory E. Sims, and Sung-Hou Kim PNAS 
2011;108:8329-8334 

©2011 by National Academy of Sciences 

Phenetic and evolutionary alignment-free 
whole-genome phylogenies of E. coli/
Shigella. Two method were used, both 
constructed from FFPs of length l = 24. The 
compositional phylogeny in A uses all 
features of length l = 24 and the Jensen–
Shannon divergence (the tree is drawn 
unscaled). The evolutionary phylogeny in B 
depicts the likely evolutionary history of the 
phylogroups. The tree was constructed from 
features present in all 38 genomes and a 
distance derived from a multistate 
unordered characters model of feature 
frequency. Distances represent the number 
of character feature changes. The 
differences between the two trees reflect 
lateral transfer of features or genes within 
Shigella and between B1 [B1 is phenetically 
separated into B1e (EHEC) and B1c 
(commensal) subgroups] and E. The A 
phylogroup can be divided into a, b, and c 
strains. Numerical values placed at internal 
branches represent 10% jackknife 
confidence values. No value represents 
100% agreement among pseudoreplicates. 
	
  



Pure	
  Culture	
  and	
  Serial	
  and	
  Dilu2on	
  



Fluorescence	
  Ac2vated	
  Cell	
  Sor2ng	
  	
  (FACS)	
  	
  

Gullberg	
  E,	
  et	
  al.	
  (2011)	
  Selec*on	
  of	
  Resistant	
  Bacteria	
  at	
  Very	
  Low	
  
An*bio*c	
  Concentra*ons.	
  PLoS	
  Pathog	
  7(7):	
  	
  e1002158.	
  doi:
10.1371/journal.ppat.1002158	
  



Jeffrey	
  E.	
  Barrick 	
  &	
  Richard	
  E.	
  Lenski	
  
Nature	
  Reviews	
  Gene*cs	
  14,	
  827–839	
  (2013	
  

Culture	
  Methods	
  Beyond	
  Flasks	
  



The	
  Inconvenient	
  Reality	
  of	
  Physical	
  Structure	
  
Both	
  for	
  modeling	
  and	
  for	
  experiments,	
  we	
  maintain	
  the	
  
fic*on	
  that	
  bacteria	
  are	
  planktonic	
  cells	
  frolicking	
  about	
  in	
  
an	
  essen*ally	
  dimensionless	
  habitat	
  all	
  with	
  equal	
  access	
  to	
  
nutrients,	
  wastes,	
  toxic	
  compounds,	
  phage	
  and	
  an*bio*cs.	
  	
  	
  

While	
  we	
  have	
  methods	
  to	
  deal	
  with	
  this	
  inconvenient	
  realty	
  
of	
  the	
  physical	
  structure	
  experimentally,	
  the	
  theory	
  for	
  this	
  is	
  
only	
  in	
  its	
  nascent	
  phase.	
  	
  	
  (I	
  will	
  put	
  some	
  papers	
  into	
  the	
  
KITP	
  site.)	
  	
  	
  I	
  think,	
  it’s	
  where	
  the	
  ac2on	
  is.	
  	
  

Unfortunately,	
  in	
  the	
  real	
  world,	
  bacteria	
  exist	
  as	
  colonies	
  
and	
  micro-­‐colonies	
  on	
  surfaces	
  or	
  embedded	
  in	
  semi	
  solids	
  
or	
  the	
  polysaccharide	
  matrices	
  of	
  	
  biofilms.	
  	
  

The	
  Big	
  Ques2on:	
  	
  Will	
  qualita*vely	
  different	
  ecological	
  and	
  
evolu*onary	
  outcomes	
  obtain	
  in	
  physical	
  structured	
  popula*ons?	
  	
  	
  	
  



Ernest	
  Hanbury	
  Hankin	
  
1865	
  -­‐	
  	
  1939	
  

ANNALES	
  DE	
  L'INSTITUT	
  PASTEUR	
  (1896).	
  

Nikolay	
  Gamaleya	
  
1859-­‐1949	
  
	
  

Frederick	
  W.	
  Twort	
  
1877-­‐1950	
  

Félix	
  d'Hérelle	
  	
  
1873-­‐1949	
  

Bacteriophage	
  	
  
“The	
  most	
  abundant	
  organisms	
  on	
  earth”	
  (and	
  

a	
  great	
  tool	
  for	
  molecular	
  biology)	
  



Ly2c	
  Phage	
  	
  



Mutations Occur at Random 

Two hypotheses 
1- Mutations occur only when the organism is confronted by the selecting 
agent, e.g.  Streptomycin causes mutations for resistance to streptomycin. 
Natural selection is the composer as well as the editor of evolution. 
Lamarkian.  

 2- Mutations occur at random and are observed when they are under selection.  For 
example,  Str-r or phage resistance mutants are generated during the course of 
growth and are selected for when the bacteria confront Streptomycin or phage. 

Natural selection is the editor but not the composer of evolution.    

hjps://telliamedrevisited.wordpress.com/2013/08/29/luria-­‐and-­‐delbruck-­‐1943-­‐gene*cs/	
  

Blog	
  by	
  Richard	
  Lenski	
  



Fluctuation Test 

Salvador Luria and Max Delbruck (1943) 

Hyp. 1 Mutations occur only after 
they confront the selective agent 

Many cultures started with very few cells – grow up to 109 

Little Variation would be anticipated 

E.	
  coli	
  B	
  and	
  the	
  ly*c	
  phage	
  T1.	
  	
  



Fluctuation Test 

Hyp. 2 Mutations occur at random 

Many cultures started with very few cells – grow up to 109 

Lots of variation would be anticipated 



Fluctua2on	
  Test	
  
The	
  results	
  of	
  their	
  experiments	
  were	
  consistent	
  with	
  the	
  second	
  
hypothesis,	
  muta*ons	
  occur	
  at	
  random.	
  	
  Natural	
  selec*on	
  is	
  the	
  editor	
  but	
  
not	
  the	
  composer	
  of	
  gene*c	
  varia*on.	
  	
  

Luria,	
  SE	
  and	
  M.	
  Delbruck	
  (1943)	
  Muta*ons	
  from	
  virus	
  sensi*vity	
  to	
  virus	
  resistance.	
  
Gene*cs	
  28:491-­‐511	
  



Joshua Lederberg 
(1953) 

Replica Plating Demonstration of 
Random Mutations 

Plates without 
Streptomycin - Oodles 
of bacterial colonies 

Plates with 
Streptomycin 



Did	
  these	
  experiments	
  reject	
  the	
  alterna*ve	
  hypothesis,	
  
directed	
  muta*on	
  (Lamarkian)?	
  
	
  
How	
  would	
  you	
  reject	
  the	
  hypothesis	
  that	
  a	
  some	
  
muta*ons	
  are	
  generated	
  as	
  a	
  response	
  to	
  the	
  selec*ve	
  
pressure?	
  

Some	
  Ques2ons	
  to	
  Ponder?	
  



Temperate	
  	
  Phage	
  and	
  Lysogeny	
  



Evidence	
  for	
  Lysogeny	
  

Andre	
  Lwoff	
  
1902-­‐	
  1994	
  
	
  

“	
  I	
  decided	
  to	
  operate	
  on	
  individual	
  cells.	
  	
  …	
  	
  I	
  was	
  led	
  to	
  this	
  
decision	
  because	
  I	
  don’t	
  like	
  either	
  mathema*cs	
  of	
  sta*s*cs.	
  	
  	
  I	
  
like	
  to	
  see	
  things,	
  not	
  calculate	
  probabili*es.	
  	
  “	
  (Nobel	
  Prize	
  
Speech,	
  1963)	
  

19	
  Times	
  	
  



Francois	
  Jacob	
   	
   	
  Jacques	
  Mondo	
  	
  	
  	
  	
  	
  	
  	
  Andre	
  Lwoff	
  

Not	
  a	
  bad	
  Lab	
  



Phage-­‐Encoded	
  Toxins	
  and	
  Human	
  Diseases	
  

hjp://viralzone.expasy.org/3967?outline=all_by_species	
  



Recombina2on	
  in	
  Bacteria	
  
Bacteria	
  may	
  not	
  have	
  sex	
  oren,	
  but	
  when	
  they	
  do	
  it’s	
  really	
  
good	
  evolu*onarily	
   (and	
  scien*fically).	
  	
  

Transforma*on	
  –	
  uptake	
  of	
  free	
  DNA	
  

Conjuga*on	
  –	
  Direct	
  cell-­‐cell	
  contact	
  	
  

Transduc*on	
  -­‐	
  Mediated	
  by	
  phage	
  	
  



Transformation – First evidence for Recombination in 
Bacteria – Evidence for DNA as the Genetic Material 

Griffiths, F. J. (1928) J. Hygiene 27: 113 

Smooth	
  Virulent 	
  Rough	
  Avirulent	
  

Transforma*on	
  in	
  vitro	
  
	
  

AVERY,	
  0.	
  T.,	
  C.	
  M.	
  MACLEOD	
  and	
  M.	
  MCCARTY,	
  1944	
  Studies	
  
on	
  the	
  chemical	
  nature	
  of	
  the	
  substance	
  inducing	
  transforma*on	
  
of	
  pneumococcal	
  types.	
  J.	
  Exp.	
  Med.	
  79:	
  137-­‐158.	
  

Streptococcus	
  pneumoniae	
  (pneumococcus)	
  	
  



Transforma2on	
  a	
  complex	
  process	
  

Streptococcus	
  pneumoniae	
  	
  



Conjuga2on	
  -­‐	
  1946	
  

Joshua	
  Lederberg	
   	
   	
   	
  Edward	
  Tatum	
  
1925-­‐2008 	
   	
   	
   	
  1909-­‐	
  1975 	
   	
   	
  	
  	
  
	
  



Conjuga2ve	
  Plasmid	
  Transfer	
  and	
  Chromosomal	
  Gene	
  
Recombina2on	
  

Plasmid	
  Transfer	
   Integra*on	
  and	
  transfer	
  of	
  
chromosomal	
  genes	
  	
  



E. coli K-12 and Bacterial Genetics	
  

A	
  classical	
  gene*c	
  map	
  of	
  the	
  E.	
  coli	
  chromosome	
  



Serendipity	
  and	
  Good	
  Fortune	
  

Had	
  Luria	
  and	
  Delbruck	
  been	
  working	
  with	
  a	
  temperate	
  phage	
  
(which	
  they	
  didn’t	
  believe	
  in	
  at	
  the	
  *me)	
  or	
  a	
  bacteria	
  with	
  a	
  
restric*on-­‐modifica*on	
  or	
  CRISPR-­‐Cas	
  immune	
  system	
  and	
  
phage	
  suscep*ble	
  to	
  their	
  ac*on,	
  they	
  would	
  have	
  concluded	
  
that	
  muta*ons	
  in	
  bacteria	
  are	
  directed	
  (Lamarkian).	
  	
  

Had	
  Lederberg	
  and	
  Tatum	
  worked	
  with	
  virtually	
  any	
  E.	
  coli	
  
other	
  than	
  K12,	
  they	
  would	
  not	
  have	
  gojen	
  the	
  
recombina*on.	
  	
  

“What	
  is	
  true	
  for	
  E.	
  coli	
  is	
  true	
  for	
  Elephants,	
  only	
  more	
  
so.”	
  	
  (ajributed	
  to	
  J.	
  Monod)	
  



. 

Ochiai	
  K,	
  Yamanaka	
  T,	
  Kimura	
  K	
  (1959)	
  Studies	
  on	
  inheritance	
  of	
  drug	
  resistance	
  by	
  mixed	
  cul*va*on	
  [In	
  Japanese].	
  Nippon	
  Iji	
  
Shimpo	
  1861:	
  38-­‐42.	
  	
  
Akiba	
  T,	
  Koyama	
  K,	
  Ishuiki	
  Y,	
  Kimura	
  S,	
  Fukushima	
  T	
  (1960)	
  On	
  the	
  mechanism	
  of	
  development	
  of	
  mul*ple	
  drug-­‐resistant	
  clones	
  
of	
  Shigella	
  Japanese	
  Journal	
  of	
  Microbiology	
  4:	
  219-­‐227	
  
Mitsuhashi	
  S,	
  Harada	
  K,	
  Hashimoto	
  H	
  (1960)	
  Mul*ple	
  resistance	
  of	
  enteric	
  bacteria	
  and	
  transmission	
  to	
  other	
  strains	
  in	
  mixed	
  
cul*va*on.	
  Japan	
  Journal	
  of	
  Experimental	
  Medicine	
  30:	
  179-­‐184.	
  
	
  

First Evidence for Transmissible 
Antibiotic Resistance  

Also the first evidence for a role of horizontal gene (and accessory 
element) transfer in adaptive evolution in bacteria.   

In	
  the	
  later	
  1950s	
  Japanese	
  inves*gators	
  isolated	
  Shigella	
  (dysentary)	
  strains	
  
that	
  were	
  resistant	
  to	
  mul*ple	
  an*bio*cs,	
  combina*ons	
  of	
  Str,	
  Tet,	
  Cam,	
  Neo	
  
resistant.	
  

The	
  E.	
  coli	
  from	
  these	
  pa*ents	
  had	
  similar	
  resistance	
  pajerns.	
  

By	
  mixing	
  resistant	
  Shigella	
  and	
  sensi*ve	
  E.	
  coli	
  they	
  were	
  able	
  to	
  transfer	
  
the	
  resistance	
  in	
  vitro.	
  	
  
They	
  postulated	
  that	
  the	
  resistance	
  was	
  carried	
  by	
  a	
  plasmid	
  analogous	
  to	
  the	
  
F	
  plasmid	
  in	
  E.	
  coli	
  ==>	
  An*bio*c	
  resistance,	
  R-­‐	
  plasmids.	
  

Tet	
  
Str	
  

Cam	
  
Tet	
  

Str	
  
Cam	
  



Generalized	
  Transduc2on	
  



Specialized	
  Transduc2on	
  



Transposons 

When move to a Lambda phage, the DNA of polar gal mutant 
of E. coli was heavier than that of the DNA of its Gal+ ancestor. 

Postulated that the gal mutation was cause by the insertion of a 
moveable element, Insertion Sequence (IS), into the gal gene. 



Transposon – Insertion sequences with genes 

Denatured and 
reannealed plasmid 
DNA 



Many of the antibiotic resistance genes carried 
by R- plasmids are borne on transposons. 



Integrons 

Mobile genetic elements with the machinery to capture genes by site-
specific recombination.   Among the more important genes they capture are 
those that code for resistance to antibiotics.  

int1- integrase; aadA, aadB - aminoglycoside resistance,  oxa2 beta-lactamase, 
sul1 - suphonamide resistance  



Some	
  Ques2ons	
  to	
  Ponder	
  (discuss)	
  
	
  
What	
  are	
  the	
  selec*ve	
  forces	
  responsible	
  for	
  the	
  evolu*on	
  and	
  
maintenance	
  of	
  “sex”	
  in	
  bacteria;	
  	
  transforma*on,	
  conjuga*on,	
  and	
  
transduc*on?	
  	
  	
  
	
  
With	
  horizontal	
  gene	
  transfer	
  (HGT)	
  how	
  do	
  bacteria	
  maintain	
  their	
  
gene*c	
  integrity;	
  why	
  isn’t	
  there	
  a	
  con*nuum?	
  	
  
	
  
The	
  genomes	
  of	
  bacteria	
  abound	
  with	
  plasmids,	
  transposons,	
  
and	
  defunct	
  prophage	
  with	
  no	
  apparent	
  func*on.	
  	
  How	
  do	
  these	
  
elements	
  become	
  established	
  and	
  how	
  are	
  they	
  	
  maintained?	
  	
  

Why	
  are	
  genes	
  for	
  producing	
  toxins	
  coded	
  for	
  by	
  prophage,	
  rather	
  
than	
  chromosomal	
  genes	
  (or	
  plasmids)?	
  	
  	
  

Why	
  are	
  genes	
  borne	
  on	
  mobile	
  gene*c	
  elements,	
  rather	
  
than	
  chromosomes?	
  



	
  
Restric2on	
  Modifica2on	
  and	
  CRISPR-­‐CAS	
  

The	
  Innate	
  and	
  Adap2ve	
  Immune	
  
systems	
  of	
  bacteria	
  

Tools	
  for	
  Capitalist	
  Molecular	
  Biologists	
  and	
  
Delicious	
  Ques*ons	
  for	
  Popula*on	
  and	
  
Evolu*onary	
  Biologists	
  to	
  address	
  



Phage	
  
Origin	
  

Lawn	
  A	
   Lawn	
  B	
   Lawn	
  C	
  

A	
   1E9	
   1E9	
   1E6	
  

B	
   1E6	
   1E9	
   1E6	
  

C	
   1E6	
   1E9	
   1E9	
  

Innate	
  Immunity	
  in	
  Bacteria	
  and	
  Archaea	
  

Restric2on	
  and	
  Modifica2on	
  



Two	
  outcomes	
  for	
  infec*on	
  by	
  a	
  phage	
  with	
  unmodified	
  DNA	
  

Most	
  probable	
   Rare	
  

A	
  race	
  between	
  two	
  enzyma2c	
  processes	
  



Restric2on	
  Sites	
  and	
  Restric2on	
  Endonucleases	
  



Mapping and Fingerprinting DNA by 
Restriction Fragment Analysis 

DNA – Gel electrophoresis   
- 

 

 

 

 

 

+ 

Origin 

In this gel with an electrolyte 
buffer, DNA will migrate at a 
rate inversely proportional to 
its molecular weight (light 
migrates faster than heavy). 

Agarose gel under UV with 
an ethidimum bromide stain 

1    2   3 



http://www.youtube.com/watch?v=G3H-Uzts108 

Stanley Cohen  Herbert Boyer 

In vitro production of recombinant DNA 

Check out the video 

Two major techniques.   

(1)  Splicing genes into plasmids in vitro (generating recombinants) 

(2)  Transforming E. coli with the recombinant plasmids.  



---G                   A A T T C ------------- 
---C T TA A                     G-------------   
 
---G                     A AT T C------------ 
-- -C T T A A                    G------------ 

Insertion of DNA from one organism into the DNA 
of another 

The donor and recipient DNA are cut by the same restriction 
endonuclease with overlapping ends, voila: 

DNA from two 
different sources with 
overhung ends. 

Ligase 



Non-conjugative plasmid vector for R-DNA 

Insertion of a DNA into a bacterial plasmid 



Inserting Foreign DNA into a Plasmid 



Sources of DNA for cloning and producing proteins 

C (Complementary) DNA is made from a 
mRNA template using an enzyme, reverse 
transcriptase which codes for the synthesis of 
RNA to DNA.  Commonly for genes that code 
for proteins that are highly expressed and for 
which there would be oodles of mRNA. 

C - DNA 

Synthetic oligonucleotides: 

From the DNA sequence, it is possible to 
infer the amino acid composition of a 
protein. 

If the protein is relatively short, a synthetic 
oligonucleotide can be made and inserted 
into a plasmid. 

The growth hormone, somatistatin (14 
amino acids) was the first of these products.  



Agrobacterium turmorfaciens Synthetic Genetic 
Engineering 

The insert of interest in is inserted 
into a “disarmed” Ti plasmid 
carrying a Kan and Spc resistance 
gene.  The latter are needed to select 
for the transformed plant cell.   

Cannot replicate 
inagrobacterium 

Can replicate 
inagrobacterium 

The Kan-r gene can be expressed in 
the plant cell and is used to select for 
cells with the plasmid. 

The end product is a plant expressing 
the inserted region(presumably via 
the nos promoter. 



Production of human insulin in E. coli 

The DNA coding for the two subunits of 
human insulin are fused with the gene for 
E. coli   β-galactosidase and separately 
cloned and expressed in E. coli using a Lac 
operon and promotor 

A number of proteins have been 
made this way, including with 
synthetic DNAs.  The big problem is 
getting them to form the right 
tertiary and quaternary structure.  

The β-galactosidase is removed from the 
proteins produced and the two subunits of 
insulin are allowed to refold and, with a 
little chemical help, rejoin to form a 
functional human insulin, which is then 
harvested. 



Production of useful proteins by genetic 
engineering in mammals 

In this case, the gene is 
inserted into the ova and for 
its expression is linked to the 
promoter of a gene that is only 
expressed in mammary tissue, 
β-lactoglobin.  The protein can 
then be harvested from milk. 



	
  	
  

•  Clustered	
  Regularly	
  Interspaced	
  Short	
  Palindromic	
  Repeats	
  
•  Discovered	
  in	
  1987	
  in	
  K-­‐12	
  (Ishino	
  et	
  al.),	
  acronym	
  coined	
  in	
  2002	
  (Jansen	
  et	
  al.)	
  
•  New	
  class	
  of	
  non-­‐con*guous	
  DNA	
  repeats	
  (aka	
  SPIDR,	
  SRSR,	
  DR,	
  DVR,	
  LTRR,	
  TREP)	
  
•  Oren	
  *mes,	
  adjacent	
  to	
  cas	
  genes	
  (CRISPR-­‐associated)	
  
•  Present	
  in	
  most	
  Archaea	
  (84%,	
  98/116)	
  and	
  nearly	
  	
  half	
  of	
  the	
  Bacteria	
  (46%,	
  668/1,441)	
  	
  
•  Occurrence	
  not	
  linked	
  to	
  phylogeny,	
  subject	
  to	
  HGT	
  (Godde	
  &	
  Bickerton,	
  2006)	
  

TTTAAGTAACTGTACAAC TGTTTGACAGCAAATCAAGATTCGAATTGT GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC AATGACGAGGAGCTATTGGCACAACTTACA   GTTTTTGTACTCTCAAGATTTAAG 
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CRISPR-­‐Cas	
  –	
  Adap2ve	
  immunity	
  in	
  Prokaryotes	
  



CRISPR-­‐Cas	
  –	
  Adap2ve	
  immunity	
  in	
  Prokaryotes	
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  cas	
  genes	
  (CRISPR-­‐associated)	
  
•  Present	
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  most	
  Archaea	
  (84%,	
  98/116)	
  and	
  nearly	
  	
  half	
  of	
  the	
  Bacteria	
  (46%,	
  668/1,441)	
  	
  
•  Occurrence	
  not	
  linked	
  to	
  phylogeny,	
  subject	
  to	
  HGT	
  (Godde	
  &	
  Bickerton,	
  2006)	
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• 	
  Up	
  to	
  587	
  repeats	
  within	
  a	
  locus	
  and	
  807	
  repeats	
  in	
  a	
  genome	
  (Wu	
  et	
  al.,	
  2009)	
  
• 	
  Up	
  to	
  20	
  loci	
  in	
  a	
  single	
  genome	
  (Lillestol	
  et	
  al.,	
  2006)	
  



Ini*ally	
  they	
  thought	
  the	
  spacers	
  were	
  random	
  sequences.	
  	
  	
  	
  
	
  
	
  They	
  subsequently	
  found	
  that	
  the	
  sequences	
  of	
  these	
  spacers	
  were	
  
iden*cal	
  or	
  nearly	
  iden*cal	
  to	
  regions	
  of	
  the	
  genome	
  of	
  co-­‐exis*ng	
  
phages	
  and	
  plasmids.	
  	
  

Could	
  CRISPR	
  be	
  some	
  kind	
  of	
  immune	
  system,	
  	
  an	
  adap*ve	
  immune	
  
system,	
  with	
  memory,	
  specificity,	
  and	
  the	
  capacity	
  to	
  deal	
  with	
  vast	
  
numbers	
  of	
  different	
  viruses	
  plasmids	
  and	
  other	
  infec*ous	
  DNAs?	
  

Surely	
  not	
  in	
  prokaryotes,	
  even	
  Drosophila	
  …..	
  	
  

Bolo*n	
  A,	
  Quinquis	
  B,	
  Sorokin	
  A,	
  Ehrlich	
  SD	
  (2005)	
  Clustered	
  regularly	
  interspaced	
  short	
  
palindrome	
  repeats	
  (CRISPRs)	
  have	
  spacers	
  of	
  extrachromosomal	
  origin.	
  Microbiology	
  
151:	
  2551-­‐2561.	
  

	
  Mojica	
  FJ,	
  Diez-­‐Villasenor	
  C,	
  Garcia-­‐Mar*nez	
  J,	
  Almendros	
  C	
  (2009)	
  Short	
  mo*f	
  sequences	
  
determine	
  the	
  targets	
  of	
  the	
  prokaryo*c	
  CRISPR	
  defence	
  system.	
  Microbiology	
  155:	
  
733-­‐740.	
  

Pourcel	
  C,	
  Salvignol	
  G,	
  Vergnaud	
  G	
  (2005)	
  CRISPR	
  elements	
  in	
  Yersinia	
  pes*s	
  acquire	
  new	
  
repeats	
  by	
  preferen*al	
  uptake	
  of	
  bacteriophage	
  DNA,	
  and	
  provide	
  addi*onal	
  tools	
  for	
  
evolu*onary	
  studies.	
  Microbiology	
  151:	
  653-­‐663.	
  

	
  

CRISPR-­‐Cas	
  –	
  Adap2ve	
  immunity	
  in	
  Prokaryotes	
  



SCIENCE	
  (2007)	
  315:	
  1709	
  

SCIENCE	
  (2008)	
  322:	
  1843	
  

Experimental	
  Demonstra2on	
  of	
  CRISPR-­‐Cas	
  
can	
  be	
  an	
  Adap2ve	
  Immune	
  System	
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CRISPR/Cas	
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  an	
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  Immune	
  System	
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hjp://www.addgene.org/	
  

CRISPR	
  genome	
  edi*ng	
  
systems	
  allow	
  users	
  to	
  design	
  
short	
  guided	
  RNAs,	
  (gRNA)	
  
which	
  target	
  their	
  DNA	
  
sequence	
  of	
  interest.	
  When	
  
expressed	
  intracellularly	
  in	
  
conjunc*on	
  with	
  a	
  CRISPR	
  
associated	
  endonuclease	
  
(Cas9),	
  the	
  gRNA	
  directs	
  Cas9	
  
to	
  the	
  target	
  sequence	
  
where	
  it	
  unwinds	
  and	
  cleaves	
  
the	
  double	
  stranded	
  DNA.	
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  COX,	
  F.	
  ZHANG	
  and	
  L.	
  A.	
  MARRAFFINI,	
  2013	
  RNA-­‐guided	
  edi*ng	
  of	
  
bacterial	
  genomes	
  using	
  CRISPR-­‐Cas	
  systems.	
  Nat	
  Biotechnol	
  31:	
  233-­‐239.	
  
	
  

SUPER	
  VIDEO	
  ABOUT	
  CRISPR-­‐MEDIATED	
  GENE	
  EDITING	
  AND	
  THEIR	
  USE	
  
hjps://www.youtube.com/watch?v=2pp17E4E-­‐O8	
  



Guiding	
  RNA	
  

Cas	
  9	
  	
  

DNA	
  

CRISPR-­‐Cas	
  and	
  CRISPR-­‐mediated	
  Genome	
  Edi2ng	
  



CRISPR-­‐Cas	
  and	
  CRISPR-­‐mediated	
  Genome	
  Edi2ng	
  



Popula2on	
  Dynamic	
  and	
  Evolu2onary	
  
Ques2ons	
  about	
  R-­‐M	
  and	
  CRISPR-­‐Cas	
  
	
  
What	
  are	
  the	
  ecological	
  and	
  gene*c	
  condi*ons	
  responsible	
  for	
  the	
  
evolu*on	
  and	
  maintenance	
  of	
  Restric*on	
  Modifica*on	
  and	
  CRISPR-­‐Cas	
  in	
  
popula*ons	
  of	
  bacteria	
  and	
  archaea?	
  	
  ‘	
  

	
  	
  
Are	
  R-­‐M	
  and	
  CRISPR-­‐Cas	
  commonly	
  immune	
  systems?	
  	
  
	
  
What	
  role	
  do	
  R-­‐M	
  and	
  CRISPR-­‐Cas	
  play	
  in	
  maintaining	
  the	
  gene*c	
  integrity	
  
of	
  bacteria	
  and	
  archaea	
  by	
  limi*ng	
  horizontal	
  gene	
  transfer?	
  
	
  
Why	
  do	
  bacteria	
  put	
  up	
  with	
  R-­‐M	
  and	
  CRISPR-­‐Cas	
  for	
  immunity	
  when	
  they	
  
can	
  evolve	
  envelope	
  resistance?	
  
	
  



Wenyan	
  Jiang	
  (Rockefeller/Columbia)	
  
CRISPR-­‐Cas	
  and	
  the	
  rates	
  of	
  plasmid	
  
transfer.	
  

Gregory	
  Goldberg	
  (Rockefeller)	
  
CRISPR-­‐Cas	
  and	
  the	
  dynamics	
  of	
  temperate	
  
phage	
  and	
  lysogeny	
  

Maros	
  Pleska	
  (IST	
  Vienna)	
  
R-­‐M	
  and	
  the	
  dynamics	
  of	
  temperate	
  phage	
  
and	
  lysogeny	
  



Mechanisms:	
  	
  A	
  cure	
  for	
  the	
  Microbiome	
  Mania	
  

High	
  Tech,	
  High	
  Throughput,	
  Community	
  Ecology	
  

Raises	
  some	
  delicious	
  quan*ta*ve	
  popula*on	
  dynamic,	
  ecological	
  
and	
  evolu*onary	
  ques*ons	
  	
  
	
  
What	
  are	
  mechanisms	
  responsible	
  for	
  limi*ng	
  the	
  densi*es	
  of	
  the	
  
component	
  popula*ons	
  and	
  determining	
  their	
  rela*ve	
  numbers.	
  	
  
•  Resources	
  (nutrients)?	
  
•  Preda*on	
  (phage,	
  protozoa)?	
  
•  The	
  physical	
  habitat?	
  
•  Allopathic	
  interac*ons	
  between	
  the	
  component	
  popula*ons?	
  
•  Synergis*c	
  interac*ons	
  between	
  the	
  component	
  popula*ons?	
  



Rolf	
  Freter	
  	
  
1926	
  -­‐2009	
  



§  Reduced drug uptake 
§  Active pumping of 

drugs out of the cell 
§  Enzymatic alteration of 

the antibiotic 
§  Modification of targets 
§  Drug sequestering by 

protein binding 
§  Overproduction of the 

target 
§  Metabolic bypass of 

the targeted pathway 

Antibiotic Resistance a Problem and a 
Great Career Opportunity 



Apocalyp2c	
  Predic2ons	
   Almost	
  Certainly	
  Bullshit	
  	
  



y	
  =	
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An	
  Ar*sts	
  Concep*on	
  of	
  a	
  Bacterium	
  Ar*st’s	
  	
  


