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ABSTRACT	
  
	
  
Can	
   a	
   generalist	
   population,	
   evolved	
   in	
   two	
   distinct	
   resources,	
   reach	
   the	
   same	
  

fitness	
  in	
  both	
  as	
  specialist	
  populations,	
  evolved	
  in	
  each	
  resource	
  individually,	
  or,	
  

is	
  a	
  ‘jack	
  of	
  all	
  trades’	
  truly	
  ‘master’	
  of	
  none?	
  This	
  question	
  is	
  relevant	
  to	
  theories	
  

of	
   ecological	
   specialization,	
   the	
  maintenance	
   of	
   genetic	
   variation,	
   and	
   sympatric	
  

speciation,	
   yet	
   its	
   answer	
   remains	
   uncertain,	
   despite	
   a	
   wealth	
   of	
   experiments	
  

aimed	
  at	
  elucidating	
  the	
  limits	
  of	
  adaptation.	
  To	
  test	
  whether	
  bacterial	
  jacks	
  of	
  all	
  

trades	
   truly	
   are	
   masters	
   of	
   none,	
   I	
   measured	
   the	
   fitness,	
   relative	
   to	
   a	
   common	
  

ancestor,	
  of	
  replicate	
  Escherichia	
  coli	
  populations	
  evolved	
  for	
  6,000	
  generations	
  in	
  

the	
   presence	
   of	
   either	
   glucose	
   or	
   lactose	
   alone	
   (specialists),	
   or	
   in	
   varying	
  

combinations	
  (generalists).	
  I	
  found	
  that	
  all	
  populations	
  had	
  significantly	
  increased	
  

their	
   fitness	
   in	
   both	
   glucose	
   and	
   lactose,	
   though	
   the	
   rate	
   and	
  magnitude	
   of	
   the	
  

increases	
   differed.	
   The	
   generalists	
  were	
  masters	
   of	
   all	
   trades	
   for	
   the	
   first	
   4,000	
  

generations;	
   specifically,	
   the	
   geometric	
   mean	
   fitness	
   of	
   most	
   generalist	
  

populations	
   in	
   both	
   single-­‐resource	
   environments	
  was	
   not	
   significantly	
   different	
  

from	
   the	
   geometric	
  mean	
   fitness	
   of	
   the	
   specialist	
   populations	
  measured	
   in	
   their	
  

selective	
   environments.	
   Subsequently,	
   however,	
   the	
   generalists	
   were	
  masters	
   of	
  

none	
   as	
   their	
   geometric	
   mean	
   fitness	
   fell	
   increasingly	
   behind	
   the	
   specialists	
   at	
  

5,000	
   and	
   6,000	
   generations.	
   My	
   results	
   indicate	
   that	
   costs	
   of	
   adaptation	
   are	
  

ultimately	
   unavoidable,	
   even	
   if	
   they	
   fail	
   to	
   constrain	
   the	
   evolution	
  of	
   generalists	
  

for	
  several	
  thousand	
  generations.	
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1	
   INTRODUCTION	
  

The	
  limits	
  of	
  adaptation	
  are	
  of	
  central	
  importance	
  to	
  any	
  general	
  theory	
  of	
  adaptive	
  

evolution.	
  A	
  well-­‐established	
  example	
  of	
  this	
  is	
  the	
  continued	
  effort	
  of	
  ecologists	
  and	
  

evolutionary	
  biologists	
  to	
  explain	
  costs	
  of	
  adaptation	
  and	
  their	
  influence	
  on	
  

evolutionary	
  trajectories.	
  This	
  effort	
  has	
  produced	
  a	
  substantial	
  body	
  of	
  literature	
  

aimed	
  at	
  evaluating	
  the	
  role	
  of	
  adaptive	
  costs	
  in	
  sympatric	
  speciation	
  (Felsenstein	
  

1981;	
  Hawthorne	
  and	
  Via	
  2001;	
  Berlocher	
  and	
  Feder	
  2002),	
  the	
  maintenance	
  of	
  

genetic	
  variation	
  (Hedrick	
  1986;	
  Kassen	
  2002;	
  Clavel	
  et	
  al.	
  2011;	
  Colautti	
  et	
  al.	
  

2012;	
  Draghi	
  and	
  Whitlock	
  2012),	
  the	
  evolution	
  of	
  life	
  history	
  traits	
  (Rose	
  and	
  

Charlesworth	
  1980;	
  Frank	
  1996;	
  Birand	
  et	
  al.	
  2012;	
  Selman	
  et	
  al.	
  2012),	
  the	
  

evolution	
  of	
  virulence	
  (Lenski	
  and	
  May	
  1994;	
  Alizon	
  and	
  van	
  Baalen	
  2005;	
  Brown	
  et	
  

al.	
  2012;	
  Berngruber	
  et	
  al.	
  2013),	
  and	
  the	
  evolution	
  of	
  specialization	
  (Futuyma	
  and	
  

Moreno	
  1988;	
  Wilson	
  and	
  Yoshimura	
  1994;	
  Van	
  Tienderen	
  1997;	
  Ravigné	
  et	
  al.	
  

2009;	
  Remold	
  2012).	
  An	
  intuitive	
  way	
  to	
  consider	
  how	
  costs	
  of	
  adaptation	
  may	
  arise	
  

stems	
  from	
  Fisher’s	
  geometric	
  model,	
  which	
  posits	
  that	
  mutations	
  are	
  likely	
  to	
  have	
  

pleiotropic	
  effects,	
  such	
  that	
  each	
  affects	
  several	
  traits	
  (Fisher	
  1930).	
  Evidence	
  of	
  

pervasive	
  pleiotropy	
  in	
  a	
  number	
  of	
  model	
  systems	
  (e.g.,	
  social	
  amoeba:	
  Foster	
  et	
  al.	
  

2004,	
  Gram-­‐negative	
  bacteria:	
  Batallion	
  et	
  al.	
  2011,	
  Lenski	
  1988a,	
  MacLean	
  et	
  al.	
  

2004,	
  Travisano	
  and	
  Vasi	
  1995,	
  Ostrowski	
  et	
  al.	
  2005;	
  fruit	
  flies:	
  Service	
  and	
  Rose	
  

1995;	
  mice:	
  Wagner	
  et	
  al.	
  2008;	
  DNA	
  and	
  RNA	
  viruses:	
  Bull	
  et	
  al.	
  2000,	
  Duffy	
  et	
  al.	
  

2005,	
  Elena	
  et	
  al.	
  2009;	
  and	
  yeast:	
  Featherstone	
  and	
  Broadie	
  2002,	
  Cooper	
  et	
  al.	
  

2007;	
  Jasmin	
  et	
  al.	
  2012)	
  lends	
  support	
  to	
  this	
  position.	
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Traditionally,	
  costs	
  of	
  adaptation	
  are	
  inferred	
  from	
  negative	
  correlations	
  between	
  

fitness	
  in	
  the	
  selective	
  environment	
  (direct	
  response)	
  and	
  fitness	
  in	
  at	
  least	
  one	
  

non-­‐selective	
  environment	
  (correlated	
  response);	
  for	
  example,	
  in	
  reciprocal	
  

transplant	
  experiments	
  which	
  assay	
  the	
  fitness	
  of	
  replicate	
  populations	
  (or	
  

individuals	
  from	
  the	
  same	
  population)	
  in	
  their	
  own,	
  and	
  in	
  each	
  other’s	
  selective	
  

environments	
  (reviewed	
  in	
  Fry	
  2003;	
  Kassen	
  2002).	
  Such	
  inferences	
  are	
  based	
  on	
  

the	
  assumption	
  that	
  deleterious	
  pleiotropic	
  effects	
  associated	
  with	
  selectively	
  

beneficial	
  mutations	
  have	
  caused	
  fitness	
  to	
  improve	
  in	
  one	
  environment,	
  but	
  

decrease	
  in	
  another.	
  However,	
  a	
  negative	
  relationship	
  in	
  fitness	
  across	
  

environments	
  does	
  not	
  necessarily	
  indicate	
  the	
  presence	
  of	
  a	
  cost;	
  for	
  example,	
  the	
  

same	
  pattern	
  may	
  arise	
  by	
  way	
  of	
  adaptive	
  specificity,	
  such	
  that	
  organisms	
  are	
  

simply	
  more	
  fit	
  in	
  the	
  environments	
  in	
  which	
  they	
  evolved	
  (Lenski	
  and	
  Travisano	
  

1996;	
  Kassen	
  and	
  Bell	
  1998;	
  Cooper	
  and	
  Lenski	
  2010).	
  Moreover,	
  any	
  of	
  three	
  

population	
  genetic	
  mechanisms	
  could	
  underlie	
  a	
  negative	
  relationship:	
  1)	
  beneficial	
  

pleiotropy,	
  i.e.,	
  mutations	
  that	
  are	
  beneficial	
  to	
  different	
  extents	
  in	
  different	
  

environments,	
  2)	
  mutation	
  accumulation	
  (MA),	
  i.e.,	
  selectively	
  neutral	
  mutations	
  

that	
  have	
  deleterious	
  effects	
  in	
  different	
  environments,	
  or	
  3)	
  antagonistic	
  pleiotropy	
  

(AP),	
  i.e.,	
  selectively	
  beneficial	
  mutations	
  that	
  have	
  deleterious	
  effects	
  in	
  different	
  

environments	
  (Roff	
  1996;	
  Sgrò	
  and	
  Hoffmann	
  2004;	
  Roff	
  and	
  Fairbain	
  2007).	
  The	
  

distinction	
  between	
  the	
  first	
  two	
  mechanisms	
  and	
  AP	
  is	
  important,	
  because	
  only	
  	
  AP	
  

can	
  impose	
  a	
  true	
  cost	
  of	
  adaptation,	
  such	
  that	
  organisms	
  experience	
  a	
  necessary	
  

trade-­‐off	
  in	
  fitness	
  that	
  increases	
  with	
  the	
  fixation	
  of	
  each	
  adaptive	
  mutation.	
  It	
  can	
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be	
  difficult	
  to	
  disentangle	
  the	
  contributions	
  of	
  the	
  different	
  mechanisms	
  to	
  the	
  

overall	
  adaptive	
  pattern,	
  in	
  part	
  because	
  of	
  the	
  potentially	
  confounding	
  effects	
  of	
  

mutations	
  that	
  cause	
  general	
  adaptation	
  across	
  environments	
  (Service	
  and	
  Rose	
  

1985;	
  Bennett	
  et	
  al.	
  1992;	
  Fry	
  1993;	
  Ostrowski	
  et	
  al.	
  2005).	
  If	
  populations	
  fix	
  

generally	
  beneficial	
  mutations,	
  in	
  addition	
  to	
  those	
  with	
  deleterious	
  pleiotropic	
  

effects,	
  the	
  relative	
  influence	
  of	
  each	
  type	
  of	
  mutation	
  will	
  determine	
  the	
  slope	
  and	
  

intercept	
  of	
  those	
  populations’	
  correlations	
  in	
  fitness	
  across	
  environments.	
  

Monitoring	
  this	
  relationship	
  as	
  it	
  changes	
  in	
  response	
  to	
  selection	
  can	
  provide	
  a	
  

more	
  comprehensive	
  picture	
  of	
  the	
  underlying	
  mechanisms	
  than	
  evaluating	
  the	
  

relationship	
  at	
  any	
  single	
  point	
  in	
  time.	
  The	
  development	
  of	
  a	
  convenient	
  lab-­‐based	
  

approach	
  for	
  observing	
  real-­‐time	
  evolution	
  (Elena	
  and	
  Lenski	
  2003;	
  	
  Buckling	
  et	
  al.	
  

2009)	
  has	
  provided	
  the	
  opportunity	
  for	
  a	
  long-­‐term	
  study	
  to	
  test	
  how	
  costs	
  

ultimately	
  influence	
  the	
  trajectory	
  of	
  evolution.	
  

	
  

Experimental	
  evolution	
  with	
  microorganisms	
  offers	
  several	
  benefits	
  to	
  researchers	
  

seeking	
  to	
  observe	
  adaptation	
  and	
  elucidate	
  its	
  genetic	
  basis.	
  Microbes	
  have	
  short	
  

generations	
  times	
  and	
  can	
  be	
  maintained	
  at	
  large	
  populations	
  sizes,	
  making	
  it	
  

possible	
  to	
  observe	
  the	
  continued	
  effects	
  of	
  evolutionary	
  processes.	
  Ancestral	
  

populations	
  can	
  be	
  frozen	
  in	
  a	
  non-­‐evolving	
  state	
  and	
  later	
  revived,	
  a	
  key	
  factor	
  that	
  

allows	
  fitness	
  (and	
  the	
  effects	
  of	
  individual	
  mutations)	
  to	
  be	
  determined	
  through	
  

direct	
  comparisons	
  between	
  ancestral	
  and	
  evolved	
  lines.	
  Replicate	
  populations	
  

founded	
  from	
  a	
  single	
  clone	
  effectively	
  ‘replay’	
  evolution,	
  which	
  increases	
  statistical	
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power	
  and	
  serves	
  as	
  a	
  means	
  to	
  distinguish	
  between	
  chance	
  and	
  repeatable	
  

outcomes.	
  Finally,	
  the	
  ability	
  to	
  control	
  environmental	
  conditions	
  provides	
  

considerable	
  flexibility	
  in	
  experimental	
  design,	
  and	
  allows	
  researchers	
  to	
  test	
  for	
  

costs	
  directly	
  by	
  comparing	
  the	
  fitness	
  of	
  generalist	
  populations,	
  evolved	
  in	
  dual-­‐

resource	
  environments,	
  to	
  specialist	
  populations,	
  each	
  evolved	
  in	
  a	
  single-­‐resource	
  

environment.	
  This	
  is	
  the	
  approach	
  that	
  I	
  used	
  to	
  determine	
  the	
  role	
  of	
  adaptive	
  costs	
  

in	
  constraining	
  generalists	
  from	
  simultaneously	
  optimizing	
  their	
  fitness	
  in	
  two	
  

environments	
  (relative	
  to	
  specialists	
  evolved	
  in	
  those	
  environments).	
  

	
  

Previous	
  studies	
  have	
  used	
  microbial	
  systems	
  to	
  test	
  for	
  costs	
  of	
  adaptation	
  to	
  

environments	
  differing	
  in	
  photosynthetic	
  opportunity	
  (Bell	
  and	
  Reboud	
  1997;	
  

Reboud	
  and	
  Bell	
  1997;	
  Kassen	
  and	
  Bell	
  1998),	
  temperature	
  (Bennett	
  et	
  al.	
  1992;	
  

Bull	
  et	
  al.	
  2000),	
  number	
  of	
  resources	
  (Velicer	
  and	
  Lenski	
  1999;	
  Dykhuizen	
  and	
  

Dean	
  2004;	
  Jasmin	
  and	
  Kassen	
  2007;	
  Cooper	
  and	
  Lenski	
  2010;	
  Bailey	
  and	
  Kassen	
  

2012),	
  number	
  of	
  pathogens	
  (Lennon	
  et	
  al.	
  2007;	
  Koskella	
  et	
  al.	
  2012),	
  and	
  host	
  type	
  

(Weaver	
  et	
  al.	
  1999;	
  Turner	
  and	
  Elena	
  2000;	
  Crill	
  et	
  al.	
  2000;	
  Duffy	
  et	
  al.	
  2005;	
  

Remold	
  et	
  al.	
  2008).	
  Each	
  of	
  the	
  studies	
  listed	
  here	
  identified	
  at	
  least	
  one	
  negative	
  

association	
  between	
  direct	
  and	
  correlated	
  responses,	
  but	
  they	
  disagreed	
  on	
  the	
  

underlying	
  genetic	
  bases.	
  The	
  majority	
  found	
  evidence	
  of	
  AP	
  by	
  confirming	
  the	
  

existence	
  of	
  a	
  trade-­‐off	
  in	
  fitness	
  (advance	
  in	
  one	
  environment	
  caused	
  regress	
  in	
  

another,	
  e.g.,	
  Bell	
  and	
  Reboud	
  1997;	
  Bull	
  et	
  al.	
  2000;	
  Turner	
  and	
  Elena	
  2000;	
  

Dykhuizen	
  and	
  Dean	
  2004;	
  Duffy	
  et	
  al.	
  2005;	
  Remold	
  et	
  al.	
  2008;	
  Ward	
  et	
  al.	
  2009;	
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Kassen	
  and	
  Bailey	
  2012),	
  though	
  in	
  some	
  cases	
  AP	
  was	
  present	
  in	
  only	
  a	
  small	
  

number	
  of	
  the	
  populations	
  evaluated	
  (Velicer	
  and	
  Lenski	
  1999;	
  Lennon	
  et	
  al.	
  2007;	
  

Cooper	
  and	
  Lenski	
  2010).	
  Others	
  found	
  evidence	
  for	
  MA	
  (Funchain	
  et	
  al.	
  2000;	
  

MacLean	
  and	
  Bell	
  2002)	
  or	
  a	
  combination	
  of	
  mechanisms,	
  e.g.,	
  AP	
  and	
  MA	
  (Reboud	
  

and	
  Bell	
  1997;	
  Remold	
  2008),	
  or	
  differences	
  in	
  the	
  specificity	
  of	
  beneficial	
  

mutations	
  (Bennett	
  et	
  al.	
  1992;	
  Jasmin	
  and	
  Kassen	
  2007;	
  Cooper	
  and	
  Lenski	
  2010;	
  

Koskella	
  et	
  al.	
  2012).	
  Taken	
  together,	
  the	
  results	
  of	
  these	
  studies	
  indicate	
  that	
  AP	
  is	
  

common,	
  though	
  not	
  ubiquitous.	
  	
  

	
  

It	
  may	
  therefore	
  seem	
  reasonable	
  to	
  predict	
  that	
  generalists	
  would	
  be	
  constrained	
  

by	
  the	
  aggregation	
  of	
  deleterious	
  pleiotropic	
  effects	
  as	
  they	
  attempt	
  to	
  adapt	
  

simultaneously	
  to	
  multiple	
  selective	
  pressures.	
  That	
  is,	
  a	
  generalist	
  experiencing	
  

selection	
  in	
  two	
  environments	
  will	
  be	
  constrained	
  from	
  increasing	
  fitness	
  in	
  both	
  as	
  

much	
  as	
  distinct	
  specialist	
  populations,	
  each	
  experiencing	
  selection	
  in	
  one	
  of	
  the	
  

two	
  environments	
  (i.e.,	
  ‘jacks	
  of	
  all	
  trades’	
  should	
  be	
  ‘masters	
  of	
  none’).	
  Support	
  for	
  

this	
  expectation	
  has	
  been	
  found	
  (Ward	
  et	
  al.	
  2009,	
  Koskella	
  et	
  al.	
  2012),	
  but	
  several	
  

instances	
  of	
  low	
  or	
  no-­‐cost	
  generalization	
  (Reboud	
  and	
  Bell	
  1997;	
  Kassen	
  and	
  Bell	
  

1998;	
  Turner	
  and	
  Elena	
  2000;	
  Crill	
  et	
  al.	
  2000;	
  Trindade	
  et	
  al.	
  2009;	
  Cooper	
  and	
  

Lenski	
  2010)	
  confound	
  this	
  prediction.	
  One	
  reason	
  for	
  the	
  disparity	
  in	
  results	
  is	
  the	
  

progressive	
  nature	
  of	
  adaptation;	
  failure	
  to	
  detect	
  	
  does	
  not	
  prove	
  their	
  absence,	
  and	
  

may	
  stem	
  from	
  subsequent	
  mutational	
  events.	
  The	
  most	
  common	
  of	
  these	
  is	
  the	
  

fixation	
  of	
  beneficial,	
  second-­‐site	
  mutations	
  that	
  compensate	
  for	
  the	
  original	
  fitness	
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decrease.	
  Epistatic	
  (gene	
  by	
  gene)	
  interactions	
  between	
  mutant	
  alleles	
  can	
  

determine	
  their	
  individual	
  effects,	
  such	
  that	
  a	
  genotype	
  having	
  a	
  single	
  ‘costly’	
  

mutation	
  suffers	
  a	
  greater	
  decrease	
  in	
  fitness	
  than	
  one	
  having	
  multiple	
  individually	
  

‘costly’	
  mutations.	
  Several	
  examples	
  of	
  such	
  compensatory	
  mutations	
  have	
  been	
  

identified	
  in	
  microbial	
  systems:	
  e.g.,	
  Gram-­‐negative	
  bacteria	
  (Lenski	
  1988b,	
  Schrag	
  

et	
  al.	
  1997,	
  Björkman	
  et	
  al.	
  1999,	
  Trindade	
  et	
  al.	
  2009),	
  and	
  DNA	
  and	
  RNA	
  viruses	
  

(Burch	
  and	
  Chao	
  1999;	
  Bull	
  et	
  al.	
  2000,	
  Poon	
  and	
  Chao	
  2006).	
  Another,	
  less	
  common	
  

event	
  that	
  yields	
  a	
  similar	
  effect	
  is	
  an	
  adaptive	
  reversion	
  (Cairns	
  and	
  Foster	
  1991;	
  

Crill	
  et	
  al.	
  2000),	
  such	
  that	
  the	
  mutant	
  allele	
  reverts	
  to	
  the	
  wild-­‐type,	
  and	
  the	
  

associated	
  decrease	
  in	
  fitness	
  disappears.	
  Both	
  reversals	
  and	
  compensatory	
  

mutations	
  generally	
  require	
  a	
  dramatic	
  change	
  in	
  the	
  selective	
  environment	
  

subsequent	
  to	
  the	
  initial	
  mutation,	
  such	
  that	
  the	
  acquired	
  fitness	
  decrease	
  is	
  no	
  

longer	
  selectively	
  neutral.	
  Detecting	
  any	
  type	
  of	
  adjustment	
  to	
  an	
  initial	
  decrease	
  in	
  

fitness,	
  and	
  moreover,	
  whether	
  such	
  adjustments	
  can	
  counter	
  continuously	
  

amassing	
  decreases,	
  requires	
  an	
  extended	
  experimental	
  timescale.	
  

	
  

1.1	
   Experimental	
  Overview	
  

A	
  previous	
  study	
  has	
  shown	
  that	
  deleterious	
  pleiotropic	
  effects	
  were	
  present,	
  and	
  

indeed	
  common,	
  in	
  bacteria	
  evolved	
  in	
  constant	
  environments,	
  and	
  more	
  often	
  

arose	
  by	
  AP	
  than	
  MA	
  (Cooper	
  and	
  Lenski	
  2000).	
  I	
  aim	
  to	
  extend	
  earlier	
  work	
  by	
  

identifying	
  the	
  extent	
  to	
  which	
  costs	
  influence	
  the	
  evolutionary	
  trajectories	
  of	
  

bacterial	
  populations	
  evolved	
  in	
  constant	
  and	
  fluctuating	
  environments.	
  I	
  tested	
  the	
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fit	
  of	
  standard	
  AP	
  and	
  MA	
  models	
  to	
  the	
  patterns	
  of	
  adaptation	
  in	
  my	
  system	
  by	
  

examining	
  the	
  relationship	
  between	
  fitness	
  in	
  two	
  environments	
  for	
  each	
  group	
  of	
  

populations,	
  and	
  by	
  making	
  between	
  group	
  fitness	
  comparisons,	
  at	
  regular	
  intervals	
  

over	
  the	
  course	
  of	
  6,000	
  generations	
  of	
  evolution.	
  

	
  

Cooper	
  and	
  Lenski	
  (2010)	
  investigated	
  patterns	
  of	
  adaptation	
  and	
  divergence	
  in	
  

populations	
  of	
  E.	
  coli	
  founded	
  from	
  a	
  single	
  ancestral	
  strain	
  and	
  experimentally	
  

evolved	
  in	
  diverse	
  resource	
  environments	
  for	
  2,000	
  generations.	
  Here,	
  I	
  examine	
  a	
  

subset	
  of	
  the	
  same	
  populations,	
  and	
  additional	
  populations	
  derived	
  from	
  them,	
  after	
  

6,000	
  generations	
  of	
  evolution.	
  Six	
  replicate	
  populations	
  were	
  evolved	
  in	
  each	
  of	
  six	
  

environments	
  differing	
  only	
  in	
  the	
  identity	
  and	
  presentation	
  of	
  the	
  limiting	
  

resource(s):	
  glucose	
  (Glu),	
  lactose	
  (Lac),	
  glucose	
  and	
  lactose	
  together	
  (G+L),	
  glucose	
  

and	
  lactose	
  fluctuating	
  daily	
  (G/L),	
  and	
  two	
  environments	
  initially	
  containing	
  glucose	
  

or	
  lactose	
  alone,	
  fluctuating	
  between	
  the	
  two	
  every	
  2000	
  generations	
  (G-­‐L	
  and	
  L-­‐G).	
  

Hereafter,	
  replicate	
  populations	
  evolved	
  in	
  the	
  same	
  environment	
  are	
  referred	
  to	
  as	
  

groups.	
  Groups	
  evolved	
  in	
  environments	
  containing	
  one	
  or	
  two	
  resources	
  are	
  termed	
  

specialists	
  and	
  generalists,	
  respectively.	
  

	
  

My	
  tests	
  of	
  the	
  AP	
  and	
  MA	
  models	
  rely	
  on	
  detectable	
  differences	
  in	
  the	
  response	
  of	
  

populations	
  to	
  the	
  resource	
  regimes	
  prevailing	
  in	
  their	
  selective	
  environments.	
  In	
  

general,	
  there	
  is	
  an	
  expectation	
  that	
  the	
  antagonistic	
  effects	
  of	
  mutations	
  will	
  be	
  

(roughly)	
  inversely	
  proportional	
  to	
  the	
  degree	
  of	
  similarity	
  between	
  environments;	
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for	
  example,	
  if	
  environments	
  contain	
  distinct	
  resources	
  that	
  have	
  a	
  high	
  degree	
  of	
  

overlap	
  in	
  the	
  cellular	
  pathways	
  of	
  import	
  and	
  metabolism,	
  mutations	
  causing	
  

adaptation	
  to	
  either	
  environment	
  are	
  expected	
  to	
  have	
  low	
  or	
  no	
  cost	
  in	
  the	
  other	
  

(Travisano	
  1997,	
  Ostrowski	
  et	
  al.	
  2005).	
  The	
  relationship	
  of	
  E.	
  coli	
  to	
  the	
  resources	
  

used	
  in	
  this	
  experiment	
  is	
  well	
  understood;	
  for	
  example,	
  glucose	
  and	
  lactose	
  are	
  

imported	
  through	
  different	
  inner	
  membrane	
  transport	
  systems	
  and	
  produce	
  

different	
  metabolic	
  byproducts	
  (Postma	
  et	
  al.	
  1993).	
  Knowing	
  that	
  E.	
  coli	
  have	
  

distinct	
  physiological	
  responses	
  to	
  the	
  two	
  resources,	
  I	
  assumed	
  that	
  adaptation	
  

would	
  be	
  specific	
  to	
  the	
  individual	
  resource	
  regimes,	
  such	
  that	
  each	
  group	
  would	
  

have	
  its	
  highest	
  fitness	
  increase	
  in	
  its	
  own	
  evolution	
  environment.	
  The	
  specificity	
  of	
  

adaptation	
  was	
  most	
  important	
  to	
  establish	
  at	
  6,000	
  generations,	
  as	
  my	
  overall	
  

conclusions	
  depended	
  most	
  heavily	
  on	
  adaptive	
  patterns	
  observed	
  at	
  the	
  

experimental	
  endpoint.	
  

	
  

I	
  used	
  two	
  approaches	
  to	
  examine	
  the	
  basis	
  for	
  any	
  fitness	
  costs	
  incurred	
  during	
  

adaptation.	
  First,	
  I	
  sought	
  to	
  assess	
  the	
  contributions	
  of	
  AP	
  and	
  MA	
  to	
  adaptation	
  by	
  

analyzing	
  the	
  relationship	
  between	
  fitness	
  in	
  glucose	
  and	
  lactose	
  for	
  the	
  replicate	
  

populations	
  within	
  each	
  group.	
  Mutations	
  should	
  be	
  selected	
  based	
  on	
  their	
  effect	
  in	
  

one	
  resource	
  in	
  specialist	
  populations,	
  but	
  in	
  two	
  resources	
  in	
  the	
  generalist	
  

populations.	
  Note	
  that	
  expectations	
  for	
  the	
  long-­‐term	
  fluctuating	
  groups	
  are	
  distinct,	
  

in	
  that	
  for	
  these	
  generalists,	
  most	
  mutations	
  will	
  be	
  selected	
  based	
  on	
  their	
  effect	
  in	
  

one	
  environment.	
  In	
  general,	
  I	
  expected	
  that	
  specialists	
  would	
  be	
  more	
  likely	
  than	
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generalists	
  to	
  adapt	
  using	
  mutations	
  with	
  AP	
  and	
  to	
  accumulate	
  costs	
  due	
  to	
  MA,	
  

because	
  generalists	
  should	
  fail	
  to	
  fix	
  mutations	
  that	
  are	
  deleterious	
  in	
  either	
  resource	
  

(unless	
  they	
  confer	
  a	
  substantial	
  benefit	
  in	
  the	
  other).	
  AP	
  models	
  predict	
  a	
  trade-­‐off	
  

in	
  fitness	
  that	
  increases	
  with	
  the	
  fixation	
  of	
  every	
  adaptive	
  mutation;	
  therefore,	
  the	
  

fitness	
  of	
  each	
  specialist	
  group	
  measured	
  in	
  an	
  alternative	
  environment	
  should	
  be	
  

negatively	
  correlated	
  with	
  its	
  direct	
  response.	
  In	
  contrast,	
  MA	
  models	
  predict	
  costs	
  

that	
  occur	
  independently	
  of	
  adaptive	
  mutations,	
  which	
  would	
  manifest	
  as	
  a	
  negative	
  

Y-­‐intercept	
  and	
  a	
  zero	
  slope.	
  A	
  negative	
  slope	
  and	
  intercept	
  would	
  indicate	
  that	
  both	
  

MA	
  and	
  AP	
  have	
  contributed	
  to	
  a	
  cost	
  of	
  adaptation.	
  In	
  addition	
  to	
  comparing	
  the	
  

direct	
  and	
  correlated	
  responses	
  of	
  the	
  specialists,	
  I	
  examined	
  the	
  relationship	
  

between	
  glucose	
  and	
  lactose	
  fitness	
  for	
  the	
  replicate	
  lines	
  within	
  the	
  generalist	
  

groups	
  as	
  well.	
  I	
  did	
  this	
  to	
  get	
  an	
  overall	
  picture	
  of	
  the	
  adaptive	
  dynamics	
  in	
  my	
  

system,	
  despite	
  my	
  expectation	
  that	
  costs	
  would	
  be	
  less	
  common	
  in	
  the	
  generalists.	
  

	
  

My	
  second	
  approach	
  involved	
  comparing	
  the	
  mean	
  fitness	
  of	
  all	
  groups	
  measured	
  in	
  

glucose	
  and	
  lactose,	
  to	
  determine	
  whether	
  generalists	
  (‘jacks	
  of	
  all	
  trades’)	
  truly	
  

were	
  ‘masters’	
  of	
  no	
  environment.	
  The	
  results	
  of	
  my	
  first	
  analysis	
  will	
  indicate	
  

whether	
  specialists	
  experienced	
  costs;	
  as	
  all	
  populations	
  should	
  experience	
  the	
  

same	
  types	
  of	
  mutations	
  (on	
  average),	
  I	
  can	
  then	
  use	
  the	
  results	
  of	
  this	
  analysis	
  to	
  

infer	
  whether	
  the	
  majority	
  of	
  costs	
  in	
  my	
  system	
  as	
  a	
  whole	
  are	
  due	
  to	
  MA	
  or	
  AP.	
  If	
  

the	
  specialists	
  experience	
  costs	
  due	
  to	
  MA,	
  then	
  I	
  expect	
  generalists	
  will	
  also,	
  but	
  the	
  

generalists	
  should	
  be	
  able	
  to	
  overcome	
  the	
  constraints	
  of	
  these	
  costs	
  as	
  they	
  fix	
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adaptive	
  mutations.	
  Thus,	
  the	
  generalists	
  should	
  eventually	
  be	
  masters	
  of	
  all	
  trades;	
  

i.e.,	
  reach	
  the	
  same	
  fitness	
  in	
  two	
  environments	
  as	
  the	
  specialists	
  evolved	
  in	
  those	
  

environments.	
  If	
  the	
  specialists	
  adapt	
  using	
  AP,	
  then	
  the	
  act	
  of	
  adapting	
  should	
  

constrain	
  generalists	
  from	
  being	
  masters	
  of	
  all	
  trades	
  in	
  one	
  of	
  two	
  ways:	
  1)	
  

generalists	
  will	
  fail	
  to	
  fix	
  mutations	
  with	
  AP	
  and	
  thereby	
  have	
  access	
  to	
  a	
  smaller	
  

number	
  of	
  mutations	
  than	
  the	
  specialists	
  (who	
  can	
  substitute	
  all	
  mutations	
  that	
  

provide	
  a	
  benefit	
  in	
  their	
  selective	
  environment,	
  irrespective	
  of	
  antagonistic	
  effects),	
  

in	
  which	
  case	
  the	
  generalists	
  will	
  adapt	
  to	
  the	
  two	
  single-­‐resource	
  environments	
  at	
  

a	
  slower	
  rate	
  than	
  the	
  corresponding	
  specialists,	
  or	
  2)	
  generalists	
  will	
  adapt	
  with	
  AP	
  

and	
  will	
  thereby	
  accrue	
  costs	
  in	
  both	
  single-­‐resource	
  environments,	
  which	
  will	
  

constrain	
  their	
  rate	
  of	
  adaptation	
  relative	
  to	
  the	
  specialists	
  evolved	
  in	
  those	
  

environments.	
  The	
  first	
  scenario	
  predicts	
  that	
  specialists,	
  but	
  not	
  generalists,	
  will	
  

adapt	
  using	
  mutations	
  with	
  AP.	
  The	
  second	
  scenario	
  predicts	
  that	
  specialists	
  and	
  

generalists	
  will	
  fix	
  mutations	
  with	
  AP.	
  	
  

	
  

One	
  caveat	
  to	
  the	
  predictions	
  set	
  forth	
  by	
  the	
  AP	
  model	
  is	
  that	
  they	
  assume	
  a	
  limited	
  

supply	
  of	
  mutations	
  contributes	
  to	
  the	
  constraint	
  on	
  generalist	
  adaptation.	
  All	
  

populations	
  were	
  founded	
  from	
  the	
  same	
  clone	
  and	
  thus	
  began	
  the	
  experiment	
  with	
  

the	
  same	
  mutation	
  rate,	
  but	
  E.	
  coli	
  populations	
  have	
  evolved	
  increased	
  mutation	
  

rates	
  within	
  the	
  timescales	
  used	
  in	
  this	
  experiment	
  (e.g.,	
  Sniegowski	
  et	
  al.	
  1997).	
  If	
  

this	
  occurred	
  in	
  a	
  generalist	
  group,	
  it	
  would	
  violate	
  the	
  assumption	
  set	
  forth	
  by	
  the	
  

model’s	
  prediction	
  and	
  could	
  allow	
  a	
  generalist	
  to	
  be	
  a	
  master	
  of	
  all	
  trades	
  even	
  in	
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the	
  presence	
  of	
  AP.	
  If	
  this	
  occurred	
  in	
  a	
  specialist	
  group,	
  it	
  could	
  cause	
  generalists	
  to	
  

be	
  masters	
  of	
  no	
  environment	
  despite	
  the	
  absence	
  of	
  costs.	
  I	
  did	
  not	
  perform	
  a	
  

comprehensive	
  survey	
  for	
  mutator	
  phenotypes	
  in	
  my	
  populations,	
  however,	
  

comparisons	
  between	
  specialists	
  and	
  generalists	
  rely	
  on	
  the	
  mean	
  group	
  fitness	
  

(mean	
  of	
  six	
  replicate	
  populations)	
  so	
  it	
  is	
  unlikely	
  that	
  a	
  few	
  mutator	
  populations	
  

would	
  significantly	
  skew	
  the	
  overall	
  results.	
  Also,	
  populations	
  that	
  are	
  extreme	
  

outliers	
  in	
  terms	
  of	
  fitness	
  could	
  be	
  easily	
  identified	
  and	
  flagged	
  for	
  follow-­‐up.	
  

Another	
  caveat	
  to	
  my	
  predictions	
  is	
  that	
  they	
  only	
  apply	
  when	
  populations	
  are	
  at	
  

equilibrium.	
  Additional	
  factors	
  must	
  be	
  taken	
  into	
  account	
  to	
  predict	
  the	
  relative	
  

success	
  of	
  generalist	
  populations	
  at	
  intermediate	
  time	
  points;	
  the	
  most	
  obvious	
  of	
  

these	
  is	
  that,	
  at	
  the	
  same	
  time	
  point,	
  generalist	
  groups	
  have	
  evolved	
  in	
  the	
  presence	
  

of	
  each	
  resource	
  for	
  only	
  half	
  the	
  time	
  of	
  specialist	
  groups.	
  Even	
  in	
  the	
  absence	
  of	
  

AP,	
  this	
  will	
  cause	
  a	
  generalist	
  population	
  to	
  have	
  a	
  lower	
  fitness	
  in	
  each	
  

environment	
  than	
  the	
  corresponding	
  specialist	
  population	
  (Whitlock	
  1996).	
  To	
  

overcome	
  this	
  complication,	
  I	
  also	
  measured	
  the	
  fitness	
  of	
  specialist	
  and	
  generalist	
  

populations	
  at	
  an	
  earlier	
  time	
  point.	
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2	
   METHODS	
  

2.1	
   Strains	
  &	
  Environments	
  

The	
  strains	
  used	
  to	
  found	
  the	
  populations	
  in	
  this	
  study	
  were	
  derived	
  from	
  the	
  same	
  

ancestor,	
  REL606,	
  a	
  clone	
  of	
  E.	
  coli	
  B	
  that	
  was	
  unable	
  to	
  metabolize	
  the	
  sugar	
  

arabinose	
  (Ara-­‐);	
  previously,	
  a	
  mutant	
  able	
  to	
  grow	
  on	
  arabinose	
  (REL607,	
  Ara+)	
  

was	
  isolated	
  from	
  this	
  strain	
  (Lenski	
  et	
  al.	
  1991).	
  Three	
  populations	
  of	
  each	
  Ara	
  

marker	
  type	
  make	
  up	
  the	
  six	
  replicate	
  populations	
  within	
  each	
  group;	
  the	
  Ara	
  

marker	
  is	
  neutral	
  with	
  respect	
  to	
  growth	
  on	
  any	
  of	
  the	
  carbon	
  sources	
  used	
  in	
  this	
  

study	
  (Cooper	
  and	
  Lenski	
  2010)	
  but	
  allows	
  strains	
  to	
  be	
  distinguished	
  when	
  plated	
  

on	
  tetrazolium	
  arabinose	
  (TA)	
  medium.	
  The	
  ancestor	
  used	
  to	
  found	
  these	
  

populations	
  was	
  strictly	
  asexual,	
  and	
  all	
  populations	
  were	
  initially	
  identical	
  (except	
  

for	
  the	
  Ara	
  marker),	
  thus	
  de	
  novo	
  mutation	
  was	
  the	
  only	
  source	
  of	
  genetic	
  variation.	
  

In	
  relative	
  fitness	
  assays,	
  I	
  used	
  a	
  GFP	
  expressing	
  derivative	
  of	
  REL606	
  as	
  a	
  

reference	
  strain.	
  This	
  strain,	
  TC1233,	
  expresses	
  a	
  fast	
  maturing	
  GFP	
  protein	
  from	
  a	
  

strong	
  PA1	
  promoter	
  (Gallet	
  et	
  al.,	
  2012),	
  which	
  allows	
  ancestral	
  and	
  evolved	
  cells	
  to	
  

be	
  distinguished	
  in	
  a	
  flow	
  cytometer.	
  

	
  

The	
  environments	
  used	
  here	
  	
  and	
  precautions	
  taken	
  to	
  screen	
  for	
  external-­‐	
  or	
  cross-­‐

contamination	
  occurring	
  during	
  propagation	
  have	
  been	
  described	
  previously	
  

(Cooper	
  and	
  Lenski	
  2010).	
  Briefly,	
  the	
  environments	
  consisted	
  of	
  a	
  base	
  Davis	
  

minimal	
  medium	
  to	
  which	
  different	
  limiting	
  carbon	
  source(s)	
  were	
  added	
  to	
  a	
  final	
  

concentration	
  that	
  supported	
  equivalent	
  cell	
  densities	
  of	
  ~3.5	
  x	
  108	
  cfu/ml.	
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Resource	
  concentrations	
  were:	
  glucose	
  175	
  µg/ml,	
  lactose	
  210	
  µg/ml,	
  and	
  glucose	
  

87.5	
  µg/ml	
  and	
  lactose	
  105	
  µg/ml	
  together.	
  Cultures	
  were	
  propagated	
  by	
  

transferring	
  10	
  µl	
  from	
  each	
  population	
  into	
  1	
  ml	
  of	
  the	
  corresponding	
  fresh	
  

medium	
  each	
  day.	
  

	
  

2.2	
   Relative	
  Fitness	
  Competitions	
  

The	
  fitness	
  of	
  all	
  strains,	
  relative	
  to	
  the	
  ancestor,	
  was	
  assayed	
  in	
  their	
  selective	
  

environment	
  (direct	
  response)	
  and	
  in	
  glucose	
  and	
  lactose;	
  i.e.,	
  I	
  obtained	
  at	
  least	
  one	
  

correlated	
  response	
  (fitness	
  in	
  a	
  non-­‐selective	
  environment)	
  for	
  each	
  population.	
  

For	
  example,	
  the	
  Glu	
  group	
  was	
  assayed	
  in	
  glucose	
  (direct	
  response)	
  and	
  in	
  lactose	
  

(correlated	
  response).	
  Fitness	
  was	
  determined	
  by	
  competing	
  evolved	
  strains	
  against	
  

the	
  GFP-­‐labeled	
  ancestor,	
  and	
  the	
  density	
  of	
  each	
  competitor	
  was	
  measured	
  using	
  

flow	
  cytometry	
  (Zhang	
  et	
  al.	
  2012).	
  Before	
  each	
  fitness	
  assay,	
  competing	
  

populations	
  were	
  grown	
  separately	
  for	
  one	
  complete	
  propagation	
  cycle	
  in	
  the	
  assay	
  

environment,	
  allowing	
  competitors	
  to	
  reach	
  comparable	
  cell	
  densities	
  and	
  

physiological	
  conditions;	
  populations	
  were	
  incubated	
  at	
  37°C	
  in	
  96	
  well	
  blocks.	
  

Competitors	
  were	
  mixed	
  in	
  equal	
  proportions	
  and	
  diluted	
  1:200	
  into	
  a	
  mix	
  of	
  

purified	
  water,	
  Davis	
  minimal	
  medium,	
  and	
  SYTO	
  17,	
  a	
  red	
  fluorescent	
  nucleic	
  acid	
  

stain	
  used	
  to	
  distinguish	
  bacterial	
  cells	
  from	
  background	
  noise	
  (used	
  at	
  a	
  final	
  

concentration	
  of	
  200	
  nM).	
  Flow	
  cytometry	
  was	
  performed	
  with	
  an	
  Accuri	
  C6	
  Flow	
  

Cytometer	
  (BD	
  Biosciences),	
  and	
  for	
  each	
  sample	
  a	
  total	
  of	
  5,000	
  events	
  were	
  

captured	
  at	
  a	
  rate	
  of	
  500-­‐2,000	
  events/s.	
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All	
  competitions	
  were	
  carried	
  out	
  for	
  one	
  day;	
  samples	
  were	
  taken	
  immediately	
  to	
  

estimate	
  the	
  initial	
  densities	
  of	
  the	
  competing	
  strains,	
  and	
  again	
  after	
  24	
  hours	
  to	
  

obtain	
  the	
  final	
  density	
  of	
  each	
  competitor.	
  The	
  only	
  exception	
  to	
  this	
  was	
  

measuring	
  the	
  direct	
  response	
  of	
  the	
  daily	
  fluctuating	
  (G/L)	
  group,	
  which	
  required	
  

competitors	
  to	
  have	
  a	
  full	
  24-­‐cycle	
  in	
  both	
  glucose	
  and	
  lactose;	
  in	
  those	
  cases	
  

samples	
  to	
  determine	
  final	
  densities	
  were	
  taken	
  after	
  48	
  hours.	
  For	
  all,	
  the	
  fitness	
  of	
  

evolved	
  strains	
  relative	
  to	
  the	
  ancestor	
  was	
  calculated	
  as	
  ln(NE1/NE0)	
  /	
  ln(NA1/NA0),	
  

where	
  NE0	
  and	
  NA0	
  represent	
  the	
  initial	
  densities	
  of	
  the	
  evolved	
  and	
  ancestral	
  

strains,	
  respectively,	
  and	
  NE1	
  and	
  NA1	
  represent	
  their	
  corresponding	
  densities	
  at	
  the	
  

end	
  of	
  the	
  competition.	
  Fitness	
  assays	
  involving	
  the	
  first	
  4,000	
  generations	
  were	
  

performed	
  with	
  nine-­‐fold	
  replication;	
  assays	
  for	
  later	
  time	
  points	
  and	
  direct	
  

competitions	
  were	
  replicated	
  four	
  times.	
  

	
  

For	
  direct	
  competitions	
  between	
  evolved	
  strains,	
  populations	
  with	
  opposite	
  Ara	
  

markers	
  were	
  competed.	
  Competitors	
  were	
  preconditioned	
  and	
  mixed	
  in	
  equal	
  

proportions	
  as	
  described	
  above,	
  and	
  plated	
  on	
  TA	
  agar	
  immediately	
  and	
  after	
  24	
  

hours	
  to	
  determine	
  densities	
  (Cooper	
  and	
  Lenski	
  2010).	
  	
  

	
  

2.3	
   Experimental	
  Blocks	
  

Competitions	
  for	
  generations	
  1,000–4,000	
  were	
  organized	
  in	
  blocks	
  that	
  allowed	
  

two	
  replicate	
  lines	
  from	
  each	
  group	
  to	
  be	
  run	
  simultaneously	
  in	
  both	
  environments	
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(glucose	
  and	
  lactose);	
  on	
  collection	
  days	
  I	
  ran	
  three	
  blocks	
  consecutively	
  to	
  collect	
  

fitness	
  estimates	
  for	
  all	
  populations.	
  Competitions	
  for	
  generations	
  5,000–6,000	
  

were	
  organized	
  such	
  that	
  three	
  replicate	
  lines	
  from	
  each	
  group	
  were	
  run	
  

simultaneously	
  in	
  both	
  environments	
  (two	
  blocks	
  were	
  run	
  consecutively	
  on	
  

collection	
  days	
  to	
  collect	
  estimates	
  for	
  all	
  populations).	
  Competitions	
  to	
  measure	
  the	
  

direct	
  response	
  of	
  the	
  G+L	
  and	
  G/L	
  groups	
  were	
  run	
  in	
  independent	
  blocks	
  that	
  

included	
  two	
  replicate	
  measures	
  for	
  all	
  replicate	
  lines	
  of	
  the	
  respective	
  group	
  at	
  

generations	
  1,000–6,000.	
  A	
  few	
  additional	
  blocks	
  were	
  run	
  to	
  repeat	
  individual	
  

competitions	
  that	
  had	
  been	
  dropped	
  due	
  to	
  experimental	
  error	
  (e.g.,	
  pipetting	
  error	
  

resulted	
  in	
  anomalously	
  low	
  cell	
  counts).	
  	
  

	
  

All	
  blocks	
  contained	
  the	
  same	
  controls:	
  blank	
  wells,	
  REL607	
  alone,	
  TC1233	
  alone,	
  

and	
  REL607	
  competed	
  against	
  TC1233.	
  	
  All	
  blocks	
  run	
  subsequent	
  to	
  the	
  initial	
  

1,000–4,000	
  set	
  contained	
  additional	
  controls:	
  TC1233	
  competed	
  against	
  each	
  of	
  

the	
  four	
  strains	
  which	
  had	
  the	
  highest	
  and	
  lowest	
  mean	
  fitness	
  estimates	
  in	
  glucose	
  

and	
  lactose	
  at	
  4,000	
  generations.	
  In	
  all	
  cases,	
  no	
  significant	
  difference	
  was	
  found	
  

between	
  new	
  and	
  previous	
  fitness	
  estimates	
  for	
  these	
  strains	
  (base	
  on	
  Student’s	
  t-­‐

tests,	
  p	
  <	
  0.05).	
  

	
  

2.4	
   Statistical	
  Analyses	
  

Fitness	
  estimates	
  were	
  calculated	
  in	
  Excel.	
  All	
  other	
  statistical	
  analyses	
  were	
  

performed	
  in	
  R	
  version	
  2.13.0	
  with	
  α=0.05	
  as	
  a	
  significance	
  cut-­‐off.	
  For	
  analyses	
  of	
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variance,	
  population	
  was	
  tested	
  as	
  a	
  random	
  factor	
  and	
  environment	
  was	
  tested	
  as	
  a	
  

fixed	
  factor.	
  In	
  cases	
  where	
  overall	
  trends	
  were	
  interpreted	
  from	
  the	
  outcome	
  of	
  

multiple	
  tests	
  or	
  comparisons	
  (to	
  determine	
  adaptive	
  specificity,	
  Table	
  1)	
  sequential	
  

Bonferroni	
  corrections	
  were	
  performed	
  (Rice	
  1989).	
  For	
  the	
  Master	
  of	
  All	
  Trades	
  

analysis,	
  which	
  compares	
  the	
  mean	
  fitness	
  of	
  all	
  groups,	
  mean	
  fitness	
  estimates	
  are	
  

geometric,	
  i.e.,	
  the	
  nth	
  root	
  of	
  the	
  product	
  of	
  the	
  total	
  number	
  of	
  (n)	
  replicated	
  

measures;	
  this	
  was	
  done	
  to	
  allow	
  comparisons	
  between	
  fitness	
  in	
  constant	
  and	
  

temporally	
  fluctuating	
  environments	
  (Bell	
  1997;	
  Gillespie	
  1998).	
  

	
  

The	
  mean	
  effect	
  of	
  the	
  GFP	
  marker	
  over	
  all	
  relative	
  fitness	
  assays	
  was	
  a	
  cost	
  of	
  2%	
  

in	
  glucose,	
  and	
  a	
  cost	
  of	
  2.3%	
  in	
  lactose.	
  To	
  account	
  for	
  the	
  effect	
  of	
  the	
  marker,	
  data	
  

was	
  normalized	
  based	
  on	
  the	
  average	
  marker	
  effect	
  per	
  environment	
  for	
  all	
  

estimates	
  collected	
  in	
  the	
  same	
  experimental	
  block.	
  	
  

	
  

2.5	
   Master	
  of	
  All	
  Trades	
  Analysis	
  

For	
  the	
  generalists	
  to	
  qualify	
  as	
  masters	
  of	
  all	
  trades	
  at	
  any	
  given	
  time	
  point,	
  they	
  

needed	
  to	
  have	
  geometric	
  mean	
  fitness	
  (averaged	
  across	
  glucose	
  and	
  lactose)	
  equal	
  

to	
  the	
  geometric	
  mean	
  direct	
  response	
  of	
  the	
  specialists	
  (averaged	
  together).	
  To	
  

visualize	
  the	
  master	
  of	
  all	
  trades	
  fitness	
  level	
  for	
  any	
  given	
  time	
  point,	
  I	
  first	
  

combined	
  the	
  geometric	
  mean	
  direct	
  response	
  of	
  the	
  specialists	
  to	
  create	
  a	
  new,	
  two	
  

dimensional	
  point	
  in	
  fitness	
  space	
  (red	
  point,	
  Figure	
  1.A.).	
  I	
  then	
  averaged	
  the	
  

coordinates	
  of	
  this	
  point	
  to	
  get	
  an	
  estimate	
  of	
  fitness	
  across	
  environments,	
  which	
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served	
  as	
  the	
  master	
  of	
  all	
  trades	
  fitness	
  level.	
  Finally,	
  I	
  extended	
  this	
  point	
  to	
  all	
  

other	
  points	
  in	
  fitness	
  space	
  having	
  the	
  same	
  geometric	
  mean	
  fitness	
  across	
  

environments,	
  forming	
  a	
  fitness	
  isocline	
  (red	
  dashed	
  line,	
  Figure	
  1.B.).	
  This	
  fitness	
  

isocline,	
  hereafter	
  referred	
  to	
  as	
  the	
  master	
  of	
  all	
  trades	
  (MAT)	
  isocline,	
  represents	
  

the	
  threshold	
  geometric	
  mean	
  fitness	
  at	
  which	
  generalists	
  are	
  considered	
  masters	
  of	
  

all	
  trades.	
  Using	
  an	
  isocline	
  as	
  the	
  master	
  criterion,	
  rather	
  than	
  a	
  single	
  point,	
  

allowed	
  generalists	
  to	
  qualify	
  as	
  masters	
  without	
  requiring	
  that	
  adaptation	
  must	
  

have	
  occurred	
  to	
  the	
  exact	
  extent	
  in	
  each	
  resource	
  as	
  it	
  did	
  for	
  the	
  specialists	
  (i.e.,	
  

generalists	
  could	
  increase	
  fitness	
  more	
  or	
  less	
  in	
  either	
  resource	
  as	
  long	
  as	
  their	
  

geometric	
  mean	
  fitness	
  across	
  environments	
  was	
  equal	
  to	
  the	
  isocline	
  level).	
  

	
  

	
  

	
  

Figure	
   1	
   (A-­‐B).	
   The	
   MAT	
   isocline	
   (red	
   dashed	
   line)	
   is	
   extrapolated	
   from	
   the	
  
geometric	
  mean	
   direct	
   response	
   of	
   the	
   specialist	
   groups	
   (red	
   open	
   circle).	
   At	
   any	
  
given	
   time	
   point,	
   generalist	
   groups	
   with	
   geometric	
   mean	
   relative	
   fitness	
   not	
  
significantly	
  different	
  from	
  the	
  MAT	
  isocline	
  are	
  designated	
  masters	
  of	
  all	
  trades.	
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The	
  movement	
  of	
  the	
  MAT	
  isocline	
  over	
  time	
  reflects	
  the	
  direct	
  response	
  of	
  the	
  

specialist	
  groups,	
  and	
  therefore	
  the	
  level	
  of	
  fitness	
  to	
  which	
  the	
  generalist	
  groups	
  

were	
  compared.	
  To	
  determine	
  whether	
  generalist	
  groups	
  were	
  masters	
  at	
  any	
  given	
  

time	
  point,	
  I	
  compared	
  the	
  geometric	
  mean	
  fitness	
  of	
  each	
  generalist	
  group	
  to	
  the	
  

MAT	
  isocline	
  (Figure	
  5)	
  using	
  a	
  bootstrap	
  analysis	
  in	
  which	
  I	
  resampled	
  with	
  

replacement	
  from	
  relative	
  fitness	
  estimates	
  and	
  recalculated	
  the	
  geometric	
  mean	
  for	
  

the	
  generalists	
  in	
  both	
  environments,	
  and	
  the	
  specialists	
  in	
  their	
  selective	
  

environments,	
  1,000	
  times.	
  95%	
  confidence	
  intervals	
  were	
  calculated	
  based	
  on	
  the	
  

1,000	
  resampled	
  estimates.	
  Figure	
  5	
  shows	
  the	
  distance	
  in	
  fitness	
  space	
  between	
  

the	
  MAT	
  isocline	
  and	
  each	
  of	
  the	
  generalist	
  groups	
  at	
  all	
  time	
  points;	
  if	
  at	
  any	
  point	
  

the	
  error	
  bars	
  of	
  the	
  points	
  representing	
  mean	
  fitness	
  for	
  any	
  generalist	
  group	
  

overlap	
  the	
  isocline,	
  that	
  generalist	
  group	
  qualifies	
  as	
  a	
  master.	
  

	
  

2.6	
   Direct	
  Fitness	
  Competitions	
  

I	
  performed	
  two	
  sets	
  of	
  direct	
  competitions	
  between	
  evolved	
  lines	
  to	
  better	
  

interpret	
  the	
  results	
  of	
  between-­‐group	
  comparisons,	
  and	
  a	
  third	
  set	
  to	
  examine	
  

unique	
  within-­‐group	
  dynamics.	
  In	
  all	
  cases,	
  the	
  results	
  of	
  direct	
  competitions	
  were	
  

interpreted	
  with	
  respect	
  to	
  the	
  results	
  previously	
  obtained	
  through	
  indirect	
  

competitions	
  between	
  the	
  ancestor	
  and	
  evolved	
  lines.	
  I	
  compared	
  the	
  fitness	
  

estimates	
  obtained	
  by	
  each	
  using	
  the	
  following	
  bootstrap	
  analysis.	
  First,	
  I	
  resampled	
  

with	
  replacement	
  from	
  replicate	
  direct	
  fitness	
  estimates	
  and	
  recalculated	
  the	
  mean	
  

and	
  95%	
  confidence	
  intervals	
  for	
  fitness,	
  10,000	
  times.	
  I	
  then	
  performed	
  the	
  same	
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analysis	
  using	
  indirect	
  fitness	
  estimates	
  for	
  each	
  of	
  the	
  evolved	
  strains	
  that	
  were	
  

competed,	
  measured	
  relative	
  to	
  the	
  ancestor,	
  and	
  created	
  a	
  ratio	
  from	
  the	
  

bootstrapped	
  values	
  [(evolved/ancestor)	
  /	
  (evolved/ancestor)];	
  the	
  mean	
  and	
  95%	
  

confidence	
  intervals	
  were	
  calculated	
  from	
  this	
  ratio.	
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3	
   RESULTS	
  

3.1	
   Specificity	
  of	
  Adaptation	
  

All	
  populations	
  adapted	
  to	
  their	
  selective	
  environments	
  (Figure	
  2).	
  Moreover,	
  all	
  

populations	
  significantly	
  increased	
  their	
  fitness	
  in	
  both	
  the	
  glucose	
  and	
  lactose	
  

environments,	
  even	
  if	
  one	
  of	
  these	
  resources	
  was	
  absent	
  from	
  their	
  selective	
  

environment	
  (Figure	
  2).	
  	
  

	
  

Figure	
  2	
  (A-­‐D).	
  Fitness	
  of	
  evolved	
  groups	
  relative	
  to	
  the	
  ancestor	
  over	
  the	
  course	
  of	
  
the	
   experiment.	
   Points	
   and	
   error	
   bars	
   represent	
   the	
   mean	
   and	
   95%	
   confidence	
  
interval	
  of	
  replicate	
  fitness	
  measures	
  for	
  each	
  population	
  in	
  a	
  group.	
  Shaded	
  regions	
  
indicate	
  periods	
  of	
  selection	
  in	
  lactose	
  for	
  the	
  G-­‐L	
  and	
  L-­‐G	
  groups.	
  
	
  

2.A.	
  Direct	
  and	
  Correlated	
  Responses	
  of	
  the	
  Specialist	
  Groups.	
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2.B.	
  Direct	
  and	
  Average	
  Correlated	
  Responses	
  of	
  the	
  G+L	
  and	
  G/L	
  Groups.	
  

	
  
	
  

2.C.	
  Relative	
  Fitness	
  of	
  the	
  G-­‐L	
  and	
  L-­‐G	
  Groups	
  in	
  Glucose.	
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2.D.	
  Relative	
  Fitness	
  of	
  the	
  G-­‐L	
  and	
  L-­‐G	
  Groups	
  in	
  Lactose.	
  

	
  
	
  

These	
  results	
  suggests	
  that	
  groups	
  had	
  adapted	
  to	
  aspects	
  of	
  the	
  environments	
  

common	
  to	
  all	
  resource	
  regimes	
  (e.g.,	
  temperature	
  or	
  minimal	
  media).	
  Testing	
  my	
  

central	
  question	
  is	
  only	
  tenable	
  if	
  the	
  selective	
  environments	
  are	
  distinct,	
  therefore,	
  

I	
  needed	
  to	
  confirm	
  that	
  the	
  majority	
  of	
  adaptation	
  was	
  specific	
  to	
  environment.	
  I	
  

did	
  this	
  by	
  comparing	
  the	
  mean	
  endpoint	
  fitness	
  of	
  each	
  group	
  in	
  its	
  own	
  

environment	
  to	
  the	
  fitness	
  of	
  other	
  groups	
  in	
  the	
  same	
  environment	
  (Table	
  1);	
  the	
  

direct	
  responses	
  of	
  the	
  G+L	
  and	
  G/L	
  groups	
  were	
  excluded	
  from	
  this	
  analysis	
  as	
  

other	
  groups	
  were	
  not	
  assayed	
  in	
  their	
  environments.	
  A	
  majority	
  of	
  the	
  comparisons	
  

were	
  positive,	
  such	
  that	
  groups	
  tended	
  to	
  increase	
  their	
  fitness	
  most	
  in	
  their	
  own	
  

selective	
  environment.	
  This	
  was	
  true	
  for	
  all	
  groups	
  except	
  L-­‐G;	
  three	
  groups	
  had	
  

correlated	
  responses	
  that	
  were	
  either	
  not	
  significantly	
  different	
  from,	
  or	
  larger	
  than,	
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its	
  own	
  mean	
  fitness	
  in	
  lactose	
  at	
  6,000	
  generations.	
  Taken	
  together,	
  these	
  results	
  

indicate	
  that	
  a	
  substantial	
  portion	
  of	
  the	
  overall	
  adaptation	
  was	
  specific	
  to	
  the	
  

particular	
  resource	
  regime	
  imposed	
  in	
  the	
  environments,	
  so	
  I	
  had	
  some	
  confidence	
  

that	
  it	
  was	
  appropriate	
  to	
  apply	
  the	
  following	
  analyses	
  to	
  my	
  system.	
  

	
  

Group	
   Direct	
  Response	
  	
   Difference	
  in	
  Response	
   p-­‐value	
  
Glu	
   1.30	
  	
   Lac	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.10	
   <	
  0.001	
  
	
   	
   G+L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.05	
   0.005	
  
	
   	
   G/L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.10	
   <	
  0.001	
  
	
   	
   G-­‐L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.02	
   0.225	
  
	
   	
   L-­‐G	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.07	
   <	
  0.001	
  
Lac	
  	
   1.50	
   Glu	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.19	
   <	
  0.001	
  
	
   	
   G+L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.10	
   <	
  0.001	
  
	
   	
   G/L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.10	
   <	
  0.001	
  
	
   	
   G-­‐L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.13	
   <	
  0.001	
  
	
   	
   L-­‐G	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.06	
   	
  	
  0.007	
  
G-­‐L	
  	
   1.29	
   Glu	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐0.02	
   0.776	
  
	
   	
   Lac	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.08	
   <	
  0.001	
  
	
   	
   G+L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.09	
   0.079	
  
	
   	
   G/L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.09	
   <	
  0.001	
  
	
   	
   L-­‐G	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.06	
   	
  0.009	
  
L-­‐G	
   1.43	
   Glu	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.13	
   <	
  0.001	
  
	
   	
   Lac	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐0.06	
   0.994	
  
	
   	
   G+L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.04	
   0.073	
  
	
   	
   G/L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.04	
   0.086	
  
	
   	
   G-­‐L	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.07	
   0.005	
  

	
  

Table	
   1.	
   Mean	
   direct	
   response	
   of	
   each	
   group	
   compared	
   to	
   the	
   mean	
   correlated	
  
responses	
   of	
   other	
   groups	
   measured	
   in	
   the	
   first	
   group’s	
   selective	
   environment.	
  
Comparisons	
  were	
   done	
   at	
   6,000	
   generations.	
   Difference	
   in	
   response	
   is	
   the	
  mean	
  
direct	
   response	
   of	
   the	
   first	
   group	
   minus	
   the	
   mean	
   correlated	
   response	
   of	
   the	
  
comparison	
   group.	
  Welch	
   two-­‐sample	
   t-­‐tests	
   following	
   F-­‐tests	
   for	
   equal	
   variance;	
  
bolded	
   p-­‐values	
   indicate	
   that	
   direct	
   response	
   was	
   larger	
   after	
   correction	
   for	
  
multiple	
  comparisons.	
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3.2	
   Costs	
  of	
  Adaptation	
  

Having	
  established	
  the	
  specificity	
  of	
  adaptation,	
  I	
  next	
  sought	
  to	
  determine	
  which	
  

genetic	
  mechanism	
  could	
  best	
  explain	
  this	
  specificity.	
  Though	
  I	
  expected	
  costs	
  

would	
  be	
  more	
  likely	
  to	
  occur	
  in	
  the	
  specialist	
  populations,	
  I	
  wanted	
  to	
  examine	
  the	
  

basis	
  of	
  any	
  constraints	
  that	
  may	
  be	
  detected,	
  so	
  I	
  included	
  the	
  generalists	
  in	
  this	
  

analysis	
  as	
  well.	
  Figure	
  3	
  shows	
  the	
  relationship	
  between	
  fitness	
  in	
  glucose	
  and	
  

lactose	
  for	
  the	
  replicate	
  populations	
  making	
  up	
  each	
  group	
  at	
  all	
  time	
  points.	
  	
  

	
  

Figure	
   3	
   (A-­‐F).	
   Relationship	
   between	
   glucose	
   and	
   lactose	
   fitness	
   for	
   the	
   replicate	
  
populations	
   of	
   each	
   group.	
   Points	
   represent	
   the	
  mean	
   fitness	
   of	
   replicate	
   lines	
   in	
  
both	
   environments,	
   at	
   the	
   time	
   (in	
   generations)	
   indicated.	
   P-­‐values	
   and	
   Pearson	
  
correlation	
  coefficients	
  (r)	
  are	
  indicated.	
  	
  
	
  
3.A.	
  Relationship	
  Between	
  Glucose	
  and	
  Lactose	
  Fitness	
  for	
  the	
  Glu	
  Group.	
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3.B.	
  Relationship	
  Between	
  Glucose	
  and	
  Lactose	
  Fitness	
  for	
  the	
  Lac	
  Group.	
  

	
  

	
  

3.C.	
  Relationship	
  Between	
  Glucose	
  and	
  Lactose	
  Fitness	
  for	
  the	
  G+L	
  Group.	
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3.D.	
  Relationship	
  Between	
  Glucose	
  and	
  Lactose	
  Fitness	
  for	
  the	
  G/L	
  Group.	
  

	
  

	
  

3.E.	
  Relationship	
  Between	
  Glucose	
  and	
  Lactose	
  Fitness	
  for	
  the	
  G-­‐L	
  Group.	
  

	
  

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

 

R
el

at
ive

 F
itn

es
s 

in
 L

ac
to

se

!

r = −0.5 , P = 0.31
1000

G/L Group

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

 

 

!

r = 0.5 , P = 0.31
2000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

 

 

!

r = −0.66 , P = 0.15

3000 !

Population
1
2
3
4
5
6

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

R
el

at
ive

 F
itn

es
s 

in
 L

ac
to

se

!

r = −0.31 , P = 0.55

4000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

 

!

r = 0.52 , P = 0.29

5000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

 

!

r = 0.68 , P = 0.14

6000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

 

Re
la

tiv
e 

Fi
tn

es
s 

in
 L

ac
to

se

!

r = 0.3 , P = 0.56
3000

G−L Group

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

 

 

!

r = −0.17 , P = 0.75

4000 !

Population
1
2
3
4
5
6

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

Re
la

tiv
e 

Fi
tn

es
s 

in
 L

ac
to

se

!

r = −0.08 , P = 0.88
5000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

Re
la

tiv
e 

Fi
tn

es
s 

in
 L

ac
to

se

!

r = −0.08 , P = 0.88
5000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

 

!

r = 0.04 , P = 0.93
6000

!!

1.0 1.1 1.2 1.3 1.4

1.
1

1.
2

1.
3

1.
4

1.
5

1.
6

Relative Fitness in Glucose

Re
la

tiv
e 

Fi
tn

es
s 

in
 L

ac
to

se

!

r = −0.08 , P = 0.88
5000



	
   27	
  

3.F.	
  Relationship	
  Between	
  Glucose	
  and	
  Lactose	
  Fitness	
  for	
  the	
  L-­‐G	
  Group.	
  

	
  

	
  
No	
  correlations	
  for	
  any	
  group	
  at	
  any	
  time	
  were	
  significant,	
  which	
  limits	
  the	
  strength	
  

of	
  conclusions;	
  still,	
  some	
  informative	
  patterns	
  emerged.	
  For	
  the	
  specialist	
  groups,	
  

which	
  demonstrated	
  a	
  striking	
  contrast	
  in	
  long-­‐term	
  patterns,	
  the	
  relationship	
  

between	
  fitness	
  in	
  glucose	
  and	
  lactose	
  is	
  equivalent	
  to	
  the	
  relationship	
  between	
  

their	
  direct	
  and	
  correlated	
  responses.	
  Negative	
  correlations	
  would	
  be	
  consistent	
  

with	
  the	
  action	
  of	
  AP,	
  and	
  negative	
  Y-­‐intercepts	
  with	
  the	
  action	
  of	
  MA,	
  in	
  causing	
  the	
  

observed	
  specificity	
  in	
  adaptation.	
  After	
  1,000	
  generations	
  of	
  evolution,	
  the	
  Lac	
  

group	
  had	
  a	
  marginally	
  non-­‐significant	
  (p=0.06)	
  negative	
  correlation	
  between	
  direct	
  

and	
  correlated	
  response	
  (Figure	
  3.B.),	
  though	
  all	
  replicate	
  lines	
  had	
  increased	
  

fitness	
  in	
  both	
  environments.	
  This	
  pattern	
  is	
  consistent	
  with	
  AP	
  in	
  combination	
  with	
  

generally	
  beneficial	
  mutations,	
  though	
  it	
  could	
  also	
  be	
  explained	
  by	
  beneficial	
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pleiotropy.	
  For	
  the	
  same	
  group	
  at	
  subsequent	
  time	
  points,	
  most	
  correlations	
  were	
  

positive;	
  the	
  overall	
  pattern	
  indicates	
  that	
  mutations	
  with	
  deleterious	
  effects	
  in	
  

glucose	
  were	
  not	
  a	
  predominant	
  mechanism	
  by	
  which	
  adaptation	
  to	
  lactose	
  

occurred.	
  	
  

	
  

In	
  contrast,	
  the	
  Glu	
  group	
  had	
  a	
  (nonsignificant)	
  positive	
  correlation	
  between	
  direct	
  

and	
  correlated	
  response	
  at	
  1,000	
  generations	
  (Figure	
  3.A.).	
  All	
  replicate	
  lines	
  had	
  

increased	
  fitness	
  in	
  glucose,	
  but	
  some	
  had	
  decreased	
  fitness	
  in	
  lactose;	
  the	
  negative	
  

Y-­‐intercept	
  and	
  positive	
  correlation	
  suggest	
  the	
  presence	
  of	
  MA.	
  At	
  subsequent	
  time	
  

points	
  the	
  Glu	
  group	
  had	
  negative	
  correlations	
  with	
  positive	
  Y-­‐intercepts,	
  which	
  

suggests	
  a	
  mix	
  of	
  adaptive	
  mechanisms	
  including	
  AP.	
  This	
  interpretation	
  is	
  

corroborated	
  by	
  the	
  pattern	
  of	
  correlated	
  response	
  seen	
  in	
  Figure	
  2.A.;	
  for	
  the	
  first	
  

3,000	
  generations,	
  Glu	
  group	
  populations	
  adapted	
  to	
  glucose	
  while	
  experiencing	
  

fluctuations	
  in	
  lactose	
  fitness	
  that	
  indicate	
  the	
  presence	
  of	
  multiple	
  competing	
  

mutations	
  with	
  deleterious	
  pleiotropic	
  effects.	
  During	
  the	
  latter	
  portion	
  of	
  the	
  

experiment,	
  positive	
  correlations	
  and	
  a	
  pattern	
  of	
  steady	
  increase	
  in	
  lactose	
  fitness	
  

indicate	
  that	
  costs	
  accrued	
  by	
  the	
  Glu	
  group	
  during	
  the	
  earlier	
  stages	
  of	
  adaptation	
  

were	
  eventually	
  overcome,	
  at	
  least	
  in	
  part,	
  by	
  the	
  fixation	
  of	
  mutations	
  with	
  

beneficial	
  pleiotropy.	
  In	
  fact,	
  there	
  was	
  no	
  significant	
  difference	
  in	
  the	
  mean	
  fitness	
  

of	
  the	
  Glu	
  group	
  in	
  glucose	
  or	
  lactose	
  at	
  6,000	
  generations	
  (Welch	
  two-­‐sample	
  t-­‐test,	
  

p	
  >	
  0.5).	
  The	
  specialist	
  groups	
  were	
  each	
  selected	
  in	
  a	
  single	
  resource,	
  but	
  they	
  had	
  

distinct	
  adaptive	
  patterns;	
  the	
  Lac	
  group	
  may	
  have	
  experienced	
  a	
  mild	
  cost	
  of	
  



	
   29	
  

adaptation	
  that	
  was	
  quickly	
  overcome,	
  whereas	
  evidence	
  of	
  costs	
  were	
  relatively	
  

strong	
  in	
  the	
  Glu	
  group	
  during	
  the	
  first	
  half	
  of	
  the	
  experiment.	
  

	
  

Evidence	
  of	
  costs	
  is	
  present	
  in	
  the	
  generalist	
  groups	
  as	
  well,	
  though	
  they	
  

demonstrated	
  a	
  mix	
  of	
  (nonsignificant)	
  positive	
  and	
  negative	
  correlations	
  between	
  

fitness	
  in	
  glucose	
  and	
  lactose,	
  all	
  with	
  positive	
  Y-­‐intercepts.	
  A	
  contrast	
  in	
  the	
  

adaptive	
  trajectories	
  of	
  the	
  mix	
  and	
  daily	
  fluctuating	
  groups	
  is	
  evident;	
  the	
  G/L	
  

group	
  increased	
  fitness	
  in	
  glucose	
  significantly	
  less	
  (Welch	
  two-­‐sample	
  t-­‐test,	
  p	
  =	
  

0.001),	
  than	
  the	
  G+L	
  group	
  (Figure	
  2.C.).	
  This	
  suggests	
  that	
  the	
  mix	
  regime	
  more	
  

efficiently	
  selected	
  against	
  mutations	
  with	
  deleterious	
  effects	
  in	
  glucose	
  or	
  lactose	
  

than	
  the	
  daily	
  fluctuating	
  regime.	
  This	
  is	
  not	
  surprising,	
  as	
  mutations	
  occurring	
  in	
  

the	
  daily	
  fluctuating	
  regime	
  would	
  experience	
  up	
  to	
  6.4	
  generations	
  of	
  selection	
  in	
  a	
  

single	
  resource	
  before	
  the	
  environment	
  changed,	
  so	
  mutations	
  with	
  AP	
  would	
  have	
  

had	
  time	
  to	
  rise	
  to	
  high	
  frequency	
  before	
  their	
  associated	
  costs	
  would	
  be	
  selected	
  

against.	
  In	
  contrast,	
  mutations	
  in	
  the	
  mix	
  regime	
  would	
  experience	
  a	
  maximum	
  of	
  

half	
  that	
  number	
  of	
  generations	
  in	
  the	
  presence	
  of	
  a	
  single	
  resource	
  (as	
  cells	
  

preferentially	
  metabolize	
  the	
  glucose	
  first)	
  before	
  the	
  environment	
  changed.	
  Both	
  

groups	
  spent	
  the	
  same	
  average	
  number	
  of	
  generations	
  of	
  selection	
  in	
  both	
  

resources,	
  and	
  indeed	
  there	
  was	
  no	
  significant	
  difference	
  between	
  the	
  G+L	
  and	
  G/L	
  

groups’	
  average	
  correlated	
  responses	
  (Welch	
  two-­‐sample	
  t-­‐test,	
  p	
  >	
  0.2).	
  However,	
  

the	
  lower	
  endpoint	
  fitness	
  of	
  the	
  G/L	
  group	
  in	
  glucose,	
  coupled	
  with	
  its	
  negative	
  

correlations,	
  strongly	
  suggests	
  the	
  influence	
  of	
  AP.	
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The	
  adaptive	
  patterns	
  of	
  the	
  long-­‐term	
  fluctuating	
  groups	
  also	
  indicate	
  the	
  presence	
  

of	
  costs.	
  The	
  L-­‐G	
  group	
  (evolved	
  in	
  lactose	
  for	
  2,000	
  generations	
  before	
  switching	
  to	
  

glucose)	
  had	
  positive	
  correlations	
  between	
  fitness	
  in	
  glucose	
  and	
  lactose	
  for	
  the	
  

majority	
  of	
  the	
  experiment	
  (Figure	
  3.F.),	
  but	
  two	
  replicate	
  populations	
  significantly	
  

decreased	
  their	
  fitness	
  in	
  lactose	
  after	
  switching	
  to	
  a	
  glucose	
  selective	
  environment	
  

(Welch	
  two-­‐sample	
  t-­‐tests,	
  p	
  <	
  0.01).	
  During	
  the	
  same	
  time	
  period,	
  neither	
  

population	
  had	
  a	
  significant	
  fitness	
  increase	
  in	
  the	
  selective	
  environment,	
  so	
  the	
  

costs	
  were	
  independent	
  of	
  any	
  (detectable)	
  adaptive	
  benefit	
  and	
  therefore,	
  most	
  

likely	
  due	
  to	
  MA.	
  Finally,	
  both	
  long-­‐term	
  fluctuating	
  groups	
  had	
  significant	
  

decreases	
  in	
  mean	
  fitness	
  in	
  the	
  alternate	
  environment	
  after	
  switching	
  back	
  to	
  their	
  

original	
  selective	
  environment	
  between	
  4,000	
  and	
  5,000	
  generations	
  (Welch	
  two-­‐

sample	
  t-­‐tests,	
  p	
  ≤	
  0.001).	
  However,	
  during	
  the	
  same	
  time	
  period,	
  both	
  groups	
  

significantly	
  increased	
  mean	
  fitness	
  in	
  their	
  selective	
  environments	
  (Welch	
  two-­‐

sample	
  t-­‐tests,	
  p	
  <	
  0.05).	
  The	
  fact	
  that	
  costs	
  accrued	
  while	
  the	
  groups	
  were	
  adapting	
  

implicates	
  AP	
  as	
  the	
  underlying	
  mechanism.	
  

	
  

Though	
  correlations	
  between	
  fitness	
  in	
  the	
  single-­‐resource	
  environments	
  were	
  non-­‐

significant,	
  I	
  was	
  able	
  to	
  infer	
  that	
  groups	
  adapted	
  using	
  a	
  combination	
  of	
  

mechanisms.	
  The	
  results	
  of	
  this	
  analysis	
  are	
  most	
  consistent	
  with	
  beneficial	
  

pleiotropy;	
  allele	
  replacement	
  experiments	
  are	
  needed	
  to	
  identify	
  the	
  effects	
  of	
  the	
  

specific	
  mutations	
  present,	
  and	
  to	
  confirm	
  the	
  presence	
  of	
  those	
  with	
  deleterious	
  

pleiotropic	
  effects.	
  Though	
  I	
  did	
  not	
  find	
  strong	
  evidence	
  of	
  ‘costly’	
  mutations,	
  I	
  next	
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sought	
  to	
  determine	
  whether	
  costs	
  of	
  adaptation	
  could	
  be	
  inferred	
  from	
  comparing	
  

the	
  long-­‐term	
  adaptive	
  patterns	
  of	
  specialist	
  and	
  generalist	
  groups.	
  

	
  

3.3	
   Specialists	
  vs.	
  Generalists	
  

Analyzing	
  the	
  relationship	
  between	
  direct	
  and	
  correlated	
  response	
  in	
  the	
  specialist	
  

groups	
  did	
  not	
  reveal	
  a	
  consistent	
  pattern	
  of	
  cost.	
  An	
  alternative	
  explanation	
  for	
  the	
  

adaptive	
  specificity	
  observed	
  in	
  the	
  specialist	
  groups	
  is	
  the	
  fixation	
  of	
  beneficially	
  

pleiotropic	
  mutations	
  that	
  conferred	
  greater	
  benefits	
  in	
  the	
  environments	
  in	
  which	
  

they	
  occurred.	
  Such	
  mutations	
  would	
  be	
  accessible	
  to	
  generalist	
  populations;	
  

therefore,	
  if	
  beneficial	
  pleiotropy	
  was	
  common	
  enough	
  to	
  be	
  the	
  main	
  underlying	
  

cause	
  of	
  specificity	
  in	
  the	
  Glu	
  and	
  Lac	
  groups,	
  I	
  expected	
  it	
  would	
  manifest	
  as	
  

generalists	
  and	
  specialists	
  maintaining	
  comparable	
  levels	
  of	
  fitness	
  in	
  the	
  single-­‐

resource	
  environments	
  throughout	
  the	
  experiment.	
  The	
  possibility	
  remained	
  that	
  

MA	
  or	
  AP	
  were	
  the	
  underlying	
  cause	
  of	
  specificity	
  in	
  the	
  Glu	
  and	
  Lac	
  groups,	
  but	
  that	
  

their	
  deleterious	
  effects	
  had,	
  for	
  the	
  most	
  part,	
  been	
  masked	
  by	
  additional	
  beneficial	
  

mutations.	
  If	
  the	
  majority	
  of	
  costs	
  were	
  due	
  to	
  MA,	
  I	
  expected	
  that	
  generalists	
  would	
  

be	
  able	
  to	
  overcome	
  these	
  costs	
  and	
  eventually	
  catch	
  up	
  the	
  specialists,	
  as	
  adaptive	
  

mutations	
  fixed.	
  If	
  AP	
  was	
  the	
  underlying	
  mechanism,	
  I	
  expected	
  that	
  the	
  generalists	
  

would	
  experience	
  an	
  insurmountable	
  constraint	
  on	
  their	
  abilities	
  to	
  increase	
  fitness	
  

in	
  both	
  environments.	
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I	
  tested	
  these	
  predictions	
  by	
  comparing	
  the	
  geometric	
  mean	
  relative	
  fitness	
  of	
  

specialist	
  and	
  generalist	
  groups	
  in	
  glucose	
  and	
  lactose	
  over	
  the	
  course	
  of	
  the	
  

experiment.	
  If	
  generalists	
  were	
  masters	
  of	
  all	
  trades,	
  they	
  would	
  have	
  fitness	
  not	
  

significantly	
  different	
  from	
  the	
  MAT	
  isocline,	
  representing	
  the	
  combined	
  direct	
  

response	
  of	
  the	
  specialist	
  groups.	
  Figure	
  4	
  shows	
  the	
  geometric	
  mean	
  fitness	
  of	
  all	
  

groups,	
  in	
  both	
  environments,	
  at	
  all	
  time	
  points	
  making	
  up	
  the	
  experiment.	
  Figure	
  5	
  

shows	
  the	
  Euclidean	
  distance	
  between	
  the	
  MAT	
  isocline	
  and	
  the	
  geometric	
  mean	
  

relative	
  fitness	
  of	
  each	
  generalist	
  group	
  at	
  all	
  time	
  points;	
  I	
  considered	
  generalist	
  

groups	
  masters	
  of	
  all	
  trades	
  if	
  the	
  95%	
  confidence	
  intervals	
  for	
  their	
  geometric	
  

mean	
  fitness	
  overlapped	
  the	
  MAT	
  isocline.	
  	
  

	
  

The	
  G+L	
  and	
  G/L	
  groups	
  were	
  masters	
  of	
  all	
  trades	
  for	
  the	
  first	
  two	
  time	
  points	
  

making	
  up	
  the	
  experiment,	
  and	
  in	
  fact,	
  by	
  3,000	
  generations,	
  the	
  majority	
  of	
  

generalists	
  were	
  masters	
  of	
  all	
  trades	
  (Figure	
  5).	
  This	
  marked	
  the	
  half-­‐way	
  point	
  of	
  

the	
  experiment,	
  and	
  the	
  first	
  time	
  point	
  at	
  which	
  the	
  long-­‐term	
  alternating	
  groups	
  

could	
  be	
  considered	
  generalists.	
  A	
  similar	
  pattern	
  was	
  observed	
  at	
  4,000	
  

generations,	
  when	
  again	
  most	
  generalists	
  were	
  masters	
  of	
  all	
  trades.	
  Thus,	
  for	
  the	
  

first	
  two-­‐thirds	
  of	
  the	
  experiment,	
  the	
  generalists	
  were	
  not	
  constrained	
  by	
  costs	
  

from	
  increasing	
  their	
  fitness	
  relative	
  to	
  the	
  specialists.	
  At	
  subsequent	
  time	
  points,	
  

however,	
  the	
  generalists’	
  rates	
  of	
  adaptation	
  fell	
  increasingly	
  behind	
  the	
  specialists’,	
  

and	
  no	
  generalists	
  were	
  masters	
  of	
  all	
  trades	
  at	
  5,000	
  or	
  6,000	
  generations	
  (Figure	
  

5).	
  



	
   33	
  

	
  
	
  

Figure	
  4.	
  Mean	
  relative	
  fitness	
  of	
  all	
  groups	
  in	
  glucose	
  and	
  lactose	
  over	
  the	
  course	
  of	
  
the	
  experiment.	
  Points	
  and	
  error	
  bars	
  represent	
  the	
  geometric	
  mean	
  relative	
  fitness	
  
and	
   standard	
   error	
   for	
   the	
   six	
   replicate	
   lines	
   making	
   up	
   each	
   group.	
   Time	
   in	
  
generations	
   is	
   indicated	
   at	
   the	
   top	
   left	
   of	
   each	
   panel;	
   symbols	
   and	
   colors	
   are	
  
consistent	
   throughout:	
   blue	
   circles,	
   Glu	
   group;	
   yellow	
   circles,	
   Lac	
   group;	
   green	
  
squares,	
  G+L	
  group;	
  green	
  diamonds,	
  G/L	
  group;	
  green	
  circles,	
  G-­‐L	
  group;	
  and	
  green	
  
triangles,	
  L-­‐G	
  group.	
  
	
  

The	
  fact	
  that	
  the	
  generalists	
  eventually	
  fell	
  behind	
  master	
  of	
  all	
  trades	
  fitness	
  levels	
  

suggests	
  that	
  they	
  were	
  able	
  to	
  avoid	
  or	
  compensate	
  for	
  adaptive	
  costs	
  for	
  the	
  first	
  

several	
  thousand	
  generations,	
  but	
  this	
  became	
  increasingly	
  difficult	
  at	
  later	
  time	
  

points.	
  If	
  antagonistic	
  pleiotropy	
  became	
  increasingly	
  common	
  as	
  the	
  generalist	
  

populations	
  evolved,	
  this	
  could	
  constrain	
  the	
  generalists’	
  rates	
  of	
  adaptation	
  

through	
  either	
  of	
  two	
  possibilities.	
  One	
  is	
  that	
  if	
  generalists	
  fail	
  to	
  fix	
  mutations	
  with	
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Figure	
  5.	
  Euclidean	
  distance	
  between	
  generalist	
  groups	
  and	
   the	
  MAT	
   isocline	
   (red	
  
dashed	
   line	
  at	
  zero)	
  over	
   the	
  course	
   the	
  experiment.	
  The	
  Y-­‐axis	
   indicates	
  distance	
  
between	
   the	
   geometric	
   mean	
   direct	
   response	
   of	
   specialist	
   groups	
   (MAT	
   isocline)	
  
and	
   the	
   geometric	
   mean	
   correlated	
   response	
   of	
   the	
   generalist	
   groups.	
   Points	
  
represent	
  the	
  geometric	
  mean	
  relative	
   fitness	
   for	
  the	
  six	
  replicate	
   lines	
  making	
  up	
  
each	
  group,	
  and	
  error	
  bars	
  are	
  95%	
  confidence	
  intervals.	
  Both	
  were	
  calculated	
  using	
  
a	
   bootstrap	
   analysis	
   (see	
  Methods).	
   For	
   the	
   long-­‐term	
   fluctuating	
   groups,	
   shaded	
  
regions	
  indicate	
  periods	
  of	
  selection	
  in	
  lactose.	
  
	
  

associated	
  AP,	
  they	
  would	
  be	
  limited	
  by	
  the	
  supply	
  of	
  mutations	
  from	
  increasing	
  

their	
  fitness	
  as	
  much	
  in	
  two	
  environments	
  as	
  specialists	
  each	
  evolved	
  in	
  those	
  

environments.	
  A	
  possible	
  example	
  of	
  this	
  is	
  the	
  L-­‐G	
  group,	
  which	
  had	
  mostly	
  

positive	
  correlations	
  between	
  fitness	
  in	
  the	
  two	
  environments,	
  suggesting	
  the	
  

avoidance	
  of	
  AP	
  (Figure	
  3.F.),	
  but	
  which	
  increased	
  its	
  mean	
  fitness	
  in	
  lactose	
  less	
  

than	
  the	
  Lac,	
  G+L,	
  and	
  G/L	
  groups	
  (Table	
  1).	
  Another	
  possibility	
  is	
  that	
  if	
  generalists	
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adapted	
  with	
  AP,	
  they	
  would	
  suffer	
  a	
  decreased	
  rate	
  of	
  adaptation	
  relative	
  to	
  the	
  

specialists	
  as	
  costs	
  accumulated	
  in	
  each	
  of	
  the	
  two	
  environments.	
  I	
  found	
  

indications	
  of	
  AP	
  in	
  the	
  daily	
  and	
  long-­‐term	
  fluctuating	
  groups,	
  and	
  a	
  previous	
  

experiment	
  confirmed	
  the	
  presence	
  of	
  two	
  mutations	
  with	
  AP	
  in	
  this	
  system.	
  Quan	
  

et	
  al.	
  (2012)	
  identified	
  mutations	
  in	
  the	
  LacI	
  and	
  LacO	
  genes,	
  both	
  of	
  which	
  were	
  

beneficial	
  in	
  lactose	
  and	
  deleterious	
  in	
  glucose,	
  and	
  had	
  fixed	
  in	
  the	
  majority	
  of	
  

replicate	
  lines	
  from	
  the	
  Lac,	
  G+L,	
  and	
  G/L	
  group	
  after	
  2,000	
  generations	
  of	
  

evolution.	
  This	
  lends	
  some	
  confidence	
  to	
  my	
  inferences,	
  though	
  the	
  relative	
  

abundance	
  of	
  AP	
  in	
  evolved	
  generalist	
  genotypes	
  cannot	
  be	
  determined	
  based	
  on	
  

my	
  analyses	
  alone.	
  Still,	
  the	
  results	
  of	
  my	
  long-­‐term	
  comparisons	
  between	
  

specialists	
  and	
  generalists	
  demonstrate	
  increasing	
  adaptive	
  costs.	
  

	
  

3.4	
   Variation	
  in	
  Response	
  

The	
  previous	
  analyses	
  focused	
  on	
  comparing	
  adaptive	
  patterns	
  between	
  groups,	
  but	
  

comparing	
  the	
  direct	
  response	
  of	
  replicate	
  lines	
  within	
  a	
  group	
  allowed	
  me	
  to	
  

explore	
  the	
  possibility	
  that	
  populations	
  were	
  evolving	
  toward	
  different	
  adaptive	
  

peaks	
  in	
  the	
  same	
  environment.	
  I	
  performed	
  a	
  series	
  of	
  ANOVAs	
  to	
  examine	
  the	
  

significance	
  of	
  among-­‐population	
  variation	
  in	
  direct	
  response	
  after	
  6,000	
  

generations	
  of	
  evolution	
  (Table	
  2).	
  A	
  previous	
  study	
  performed	
  the	
  same	
  analysis	
  

with	
  these	
  populations	
  after	
  2,000	
  generations,	
  and	
  reported	
  significant	
  variation	
  in	
  

the	
  Lac	
  and	
  G/L	
  groups,	
  with	
  only	
  the	
  G/L	
  group	
  remaining	
  significant	
  after	
  

sequential	
  x	
  correction	
  (Cooper	
  and	
  Lenski	
  2010).	
  At	
  6,000	
  generations,	
  I	
  found	
  that	
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the	
  Lac,	
  G/L,	
  and	
  L-­‐G	
  groups	
  each	
  had	
  significant	
  among-­‐population	
  variation	
  both	
  

before,	
  and	
  after	
  correction	
  for	
  multiple	
  comparisons.	
  In	
  addition	
  to	
  the	
  G/L	
  group,	
  

which	
  showed	
  signs	
  of	
  divergent	
  evolution	
  at	
  both	
  time	
  points	
  examined,	
  both	
  

groups	
  that	
  experienced	
  an	
  initial	
  period	
  of	
  selection	
  in	
  a	
  lactose-­‐limited	
  

environment	
  showed	
  signs	
  of	
  increasing	
  divergence.	
  A	
  caveat	
  to	
  this	
  analysis	
  is	
  that	
  

the	
  presence	
  of	
  significant	
  differences	
  in	
  direct	
  response	
  cannot	
  be	
  ruled	
  out	
  even	
  if	
  

none	
  are	
  detected	
  through	
  this	
  analysis;	
  for	
  example	
  if	
  95%	
  confidence	
  intervals	
  for	
  

a	
  single	
  replicate	
  line	
  overlap	
  those	
  of	
  the	
  others,	
  no	
  difference	
  will	
  be	
  detected,	
  

even	
  if	
  the	
  means	
  are	
  quite	
  different.	
  	
  

	
  

Group	
   Mean	
  direct	
  response	
  	
   F	
   p-­‐value	
  
Glu	
  	
   1.302497	
   2.5661	
  	
   0.051	
  
Lac	
   1.495232	
   6.9556	
   <0.001	
  
G+L	
   1.389957	
   1.4582	
   0.240	
  
G/L	
   1.363739	
   7.0299	
   <0.001	
  
G-­‐L	
  	
   1.285213	
   0.789	
   0.568	
  
L-­‐G	
   1.432832	
   9.9503	
   <0.001	
  

	
  

Table	
  2.	
  Results	
  of	
   one-­‐way	
  ANOVA	
   for	
  within	
  group	
  variation	
   in	
  direct	
   response.	
  
Bolded	
  p-­‐values	
   indicate	
   a	
   significant	
  variation	
   in	
  direct	
   response	
  after	
   correction	
  
for	
  multiple	
  comparisons.	
  
	
  
	
  
3.5	
   Direct	
  Competitions	
  

In	
  an	
  effort	
  to	
  more	
  thoroughly	
  interpret	
  the	
  indirect	
  comparisons	
  between	
  groups	
  

which	
  made	
  up	
  the	
  bulk	
  of	
  my	
  experiment,	
  I	
  performed	
  a	
  series	
  of	
  competitions	
  

wherein	
  fitness	
  was	
  measured	
  directly,	
  rather	
  than	
  relative	
  to	
  the	
  ancestor.	
  The	
  

results	
  of	
  all	
  direct	
  competitions	
  were	
  interpreted	
  by	
  comparison	
  to	
  the	
  results	
  of	
  



	
   37	
  

indirect	
  competitions;	
  therefore,	
  I	
  plotted	
  the	
  mean	
  and	
  95%	
  confidence	
  intervals	
  

for	
  both	
  direct	
  and	
  indirect	
  fitness	
  estimates	
  side	
  by	
  side.	
  In	
  all	
  cases,	
  means	
  and	
  

error	
  bars	
  were	
  calculated	
  with	
  a	
  bootstrap	
  analysis	
  (see	
  Methods).	
  I	
  interpreted	
  no	
  

significant	
  difference	
  if	
  the	
  confidence	
  intervals	
  from	
  both	
  sets	
  of	
  fitness	
  measures	
  

overlapped	
  the	
  other’s	
  mean;	
  otherwise,	
  interpretations	
  depended	
  on	
  the	
  degree	
  of	
  

overlap.	
  First,	
  I	
  competed	
  two	
  lines	
  from	
  each	
  specialist	
  group	
  against	
  one	
  line	
  from	
  

each	
  generalist	
  group	
  (Figure	
  6).	
  These	
  lines	
  were	
  selected	
  randomly	
  with	
  respect	
  

to	
  their	
  performance	
  in	
  relative	
  fitness	
  competitions.	
  I	
  competed	
  Glu	
  and	
  Lac	
  

specialists	
  in	
  their	
  respective	
  environments,	
  in	
  keeping	
  with	
  previous	
  comparisons	
  

between	
  generalist	
  and	
  specialist	
  fitness	
  estimates.	
  	
  

	
  

A	
   majority	
   (thirteen	
   of	
   sixteen)	
   of	
   direct	
   fitness	
   estimates	
   showed	
   little	
   or	
   no	
  

difference	
   from	
   their	
   corresponding	
   relative	
   fitness	
   estimates;	
   notably,	
   the	
   two	
  

direct	
  estimates	
  most	
  different	
  from	
  the	
  corresponding	
  indirect	
  estimates	
  were	
  both	
  

in	
  lactose.	
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Figure	
   6.	
   Fitness	
   estimates	
   from	
   direct	
   competitions	
   between	
   specialist	
   and	
  
generalist	
   populations.	
   Competitions	
  were	
   performed	
   at	
   6,000	
   generations	
   in	
   the	
  
evolution	
   environment	
   of	
   the	
   specialist	
   used	
   (i.e.	
   competitions	
   with	
   glucose	
  
specialists	
  were	
  performed	
  in	
  glucose).	
  Competed	
  populations	
  are	
  indicated	
  on	
  the	
  
X-­‐axis.	
   Direct	
   fitness	
   estimates	
   are	
   shown	
   in	
   green.	
   Relative	
   fitness	
   estimates	
   are	
  
shown	
   in	
  blue	
   for	
  glucose	
  specialists	
  and	
  yellow	
   for	
   lactose	
  specialists.	
  Points	
  and	
  
error	
   bars	
   representing	
   the	
   mean	
   and	
   95%	
   confidence	
   intervals	
   were	
   calculated	
  
from	
  a	
  bootstrap	
  analysis	
  (see	
  Methods).	
  	
  
	
  

Next,	
   I	
   performed	
   direct	
   competitions	
   between	
   generalist	
   lines,	
   again	
   selected	
  

randomly	
   with	
   respect	
   to	
   their	
   performance	
   in	
   relative	
   fitness	
   competitions.	
   I	
  

competed	
   one	
   population	
   from	
   the	
  G+L	
   group	
   against	
   two	
   populations	
   each	
   from	
  

the	
  G/L,	
  G-­‐L,	
  and	
  L-­‐G	
  groups.	
  These	
  competitions	
  were	
  performed	
   in	
  both	
  glucose	
  

and	
   lactose	
   environments,	
   as	
   generalist	
   fitness	
   in	
   both	
   environments	
   was	
  

considered	
   in	
   previous	
   analyses.	
   Figure	
   7	
   shows	
   the	
   mean	
   and	
   95%	
   confidence	
  

intervals	
   for	
   both	
   indirect	
   and	
   direct	
   fitness	
   estimates	
   measured	
   in	
   glucose	
   and	
  

lactose.	
   These	
   results	
   were	
   more	
   variable	
   than	
   the	
   previous	
   set.	
   Only	
   two	
   of	
   six	
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direct	
   fitness	
   estimates	
   showed	
   little	
   or	
   no	
   difference	
   from	
   their	
   corresponding	
  

relative	
   fitness	
   estimates	
   in	
   either	
   environment,	
   while	
   four	
   showed	
   a	
   significant	
  

difference	
  in	
  one	
  of	
  the	
  two	
  environments.	
  Again,	
  differences	
  occurred	
  more	
  often	
  in	
  

lactose	
   (3	
  of	
  4	
  observed	
  here).	
  Differences	
   in	
  direct	
   and	
   indirect	
   fitness	
   estimates	
  

could	
  reflect	
  a	
  number	
  of	
  within	
  population	
  dynamics,	
  discussed	
  at	
  greater	
   length	
  

below.	
  

	
  

	
  

Figure	
   7.	
   Fitness	
   estimates	
   from	
   direct	
   competitions	
   between	
   generalist	
  
populations.	
   Competitions	
   were	
   performed	
   at	
   6,000	
   generations	
   in	
   glucose	
   and	
  
lactose.	
   Competed	
   populations	
   are	
   indicated	
   at	
   the	
   top	
   left	
   of	
   each	
   panel.	
   Direct	
  
fitness	
   estimates	
   are	
   shown	
   in	
   blue.	
   Relative	
   fitness	
   estimates	
   are	
   shown	
   in	
   red.	
  
Points	
   and	
   error	
   bars	
   representing	
   the	
  mean	
   and	
   95%	
   confidence	
   intervals	
  were	
  
calculated	
  from	
  a	
  bootstrap	
  analysis	
  (see	
  Methods).	
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3.6	
   Glucose	
  Adaptation	
  

The	
  final	
  series	
  of	
  direct	
  competitions	
  I	
  performed	
  was	
  in	
  response	
  to	
  a	
  signal	
  of	
  

unusual	
  within-­‐group	
  dynamics.	
  This	
  signal	
  was	
  the	
  accelerated	
  rate	
  at	
  which	
  the	
  

Glu	
  group	
  adapted	
  to	
  the	
  lactose	
  environment	
  (despite	
  never	
  having	
  experienced	
  

selection	
  in	
  lactose)	
  during	
  the	
  final	
  phases	
  of	
  the	
  experiment	
  (Figure	
  2.B.).	
  

Specifically,	
  that	
  group	
  saw	
  a	
  mean	
  relative	
  fitness	
  increase	
  of	
  15%	
  in	
  lactose	
  

between	
  5,000	
  and	
  6,000	
  generations	
  that	
  was	
  not	
  an	
  artifact	
  of	
  outlying	
  

populations	
  with	
  high	
  individual	
  increases;	
  in	
  fact,	
  only	
  one	
  of	
  six	
  populations	
  

increased	
  fitness	
  in	
  lactose	
  less	
  than	
  9%.	
  Before	
  considering	
  which	
  genetic	
  

mechanisms	
  could	
  best	
  explain	
  this	
  increase,	
  I	
  needed	
  to	
  rule	
  out	
  the	
  possibility	
  that	
  

it	
  was	
  due	
  to	
  experimental	
  error.	
  The	
  simplest	
  way	
  to	
  do	
  this	
  was	
  to	
  plate	
  each	
  

population	
  on	
  TA	
  agar	
  and	
  check	
  for	
  inconsistencies	
  in	
  Ara	
  markers.	
  Such	
  

inconsistencies	
  would	
  indicate	
  cross-­‐contamination	
  or	
  a	
  confusion	
  of	
  the	
  lines	
  that	
  

went	
  unnoticed	
  during	
  propagation;	
  however,	
  I	
  found	
  evidence	
  of	
  none.	
  As	
  an	
  added	
  

precaution,	
  I	
  sequenced	
  genes	
  from	
  a	
  subset	
  of	
  the	
  replicate	
  populations	
  to	
  identify	
  

mutations	
  that	
  were	
  present	
  at	
  both	
  early	
  and	
  late	
  experimental	
  time	
  points.	
  First,	
  I	
  

selected	
  five	
  clones	
  from	
  each	
  of	
  three	
  populations	
  at	
  two	
  times	
  points	
  (2,000	
  and	
  

6,000	
  generations)	
  after	
  plating	
  on	
  nutrient-­‐rich	
  agar.	
  I	
  then	
  identified	
  candidate	
  

genes	
  containing	
  mutations	
  that	
  occurred	
  prior	
  to	
  2,000	
  generations,	
  based	
  on	
  

previous	
  whole	
  genome	
  sequencing	
  of	
  evolved	
  clones	
  (data	
  not	
  shown).	
  I	
  used	
  

standard	
  PCR	
  methods	
  to	
  amplify	
  candidate	
  genes	
  and	
  purify	
  reactions	
  for	
  

sequencing,	
  and	
  ultimately	
  identified	
  a	
  total	
  of	
  five	
  distinct	
  point	
  mutations	
  that	
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were	
  present	
  in	
  clones	
  from	
  both	
  time	
  points	
  (Table	
  3).	
  These	
  results	
  indicated	
  that	
  

a	
  confusion	
  of	
  the	
  lines	
  was	
  statistically	
  improbable.	
  

	
  

Population	
   Generation	
  	
   Number	
  of	
  Clones	
   Gene	
  	
   Annotation	
  	
  
Glu4	
   2,000	
   1	
   pykF	
   D336N	
  (GAC→AAC)	
  	
  
	
   6,000	
   5	
   pykF	
   D336N	
  (GAC→AAC)	
  
Glu4	
   2,000	
   1	
   spoT	
   F409V	
  (TTC→GTC)	
  
	
   6,000	
   5	
   spoT	
   F409V	
  (TTC→GTC)	
  
Glu5	
   2,000	
   4	
   recD	
   V10A	
  (GTT→GCT)	
  
	
   6,000	
   5	
   recD	
   V10A	
  (GTT→GCT)	
  
Glu5	
   2,000	
   5	
   spoT	
   R701Q	
  (CGA→CAA)	
  
	
   6,000	
   5	
   spoT	
   R701Q	
  (CGA→CAA)	
  
Glu6	
   2,000	
   2	
   spoT	
   (CGT→CTT)	
  	
  
	
   6,000	
   5	
   spoT	
   (CGT→CTT)	
  	
  

	
  

Table	
  3.	
  Sequencing	
  results	
   from	
  Glu	
  group	
  clones	
  at	
  2,000	
  and	
  6,000	
  generations	
  
(to	
   confirm	
   the	
   identity	
   of	
   the	
   replicate	
   populations).	
   The	
   number	
   of	
   individual	
  
clones	
  from	
  each	
  time	
  point	
  in	
  which	
  the	
  mutation	
  was	
  identified	
  is	
  indicated.	
  
	
  

One	
  hypothesis	
  that	
  could	
  explain	
  a	
  dramatic	
  fitness	
  increase	
  in	
  a	
  non-­‐selective	
  

environment	
  is	
  the	
  presence	
  of	
  ecological	
  interactions	
  within	
  populations,	
  e.g.,	
  

cross-­‐feeding	
  between	
  coexisting	
  subpopulations.	
  This	
  could	
  lead	
  to	
  accelerated	
  

coevolution	
  between	
  subpopulations,	
  such	
  that	
  relative	
  fitness	
  estimates	
  would	
  no	
  

longer	
  be	
  representative	
  of	
  evolution	
  in	
  a	
  stable	
  environment	
  (deVisser	
  and	
  Rozen	
  

2005).	
  If	
  such	
  interactions	
  were	
  present	
  in	
  the	
  Glu	
  group	
  and	
  had	
  resulted	
  in	
  the	
  

detection	
  of	
  a	
  non-­‐transitive	
  fitness	
  increase	
  in	
  lactose,	
  I	
  would	
  expect	
  that	
  fitness	
  

estimates	
  derived	
  from	
  direct	
  competitions	
  would	
  be	
  significantly	
  different	
  from	
  the	
  

previous	
  relative	
  fitness	
  estimates.	
  Therefore,	
  I	
  competed	
  all	
  populations	
  from	
  the	
  

Glu	
  group	
  at	
  5,000	
  and	
  6,000	
  generations	
  directly	
  against	
  themselves	
  (Figure	
  8);	
  I	
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did	
  this	
  in	
  the	
  lactose	
  environment,	
  in	
  which	
  I	
  expected	
  direct	
  and	
  relative	
  fitness	
  

estimates	
  to	
  be	
  significantly	
  different	
  if	
  non-­‐transitivity	
  had	
  been	
  an	
  influence,	
  and	
  

in	
  the	
  glucose	
  environment	
  to	
  serve	
  as	
  a	
  control.	
  	
  

	
  

	
  

	
  

Figure	
  8.	
  Fitness	
  estimates	
  from	
  direct	
  competitions	
  between	
  replicate	
   lines	
  of	
  the	
  
Glu	
  group.	
  Competitions	
  were	
  performed	
  at	
  5,000	
  and	
  6,000	
  generations	
  in	
  glucose	
  
and	
   lactose	
   environments.	
   Competed	
   populations	
   are	
   indicated	
   at	
   the	
   top	
   left	
   of	
  
each	
   panel	
   (5,000	
   x	
   6,000).	
   Direct	
   fitness	
   estimates	
   are	
   shown	
   in	
   blue.	
   Relative	
  
fitness	
  estimates	
  are	
  shown	
  in	
  red.	
  Points	
  and	
  error	
  bars	
  representing	
  the	
  mean	
  and	
  
95%	
  confidence	
  intervals	
  were	
  calculated	
  from	
  a	
  bootstrap	
  analysis	
  (see	
  Methods).	
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The	
  majority	
  of	
  direct	
  fitness	
  estimates	
  showed	
  little	
  or	
  no	
  difference	
  from	
  their	
  

corresponding	
  relative	
  fitness	
  estimates	
  in	
  either	
  environment	
  (Figure	
  8),	
  and	
  there	
  

was	
  no	
  tendency	
  for	
  a	
  greater	
  difference	
  in	
  either	
  environment.	
  	
  Though	
  these	
  

results	
  do	
  not	
  rule	
  out	
  the	
  existence	
  of	
  ecological	
  interactions	
  within	
  these	
  

populations,	
  they	
  demonstrate	
  that	
  such	
  interactions	
  are	
  unlikely	
  to	
  have	
  impacted	
  

relative	
  fitness	
  competitions	
  in	
  a	
  meaningful	
  way.	
  

	
  

An	
  alternative	
  hypothesis	
  to	
  explain	
  how	
  the	
  Glu	
  group	
  was	
  able	
  to	
  overcome	
  its	
  

cost	
  of	
  adaptation	
  and	
  increase	
  its	
  fitness	
  in	
  the	
  lactose	
  environment	
  is	
  through	
  the	
  

influence	
  of	
  epistatic	
  (gene	
  by	
  gene)	
  interactions.	
  If	
  the	
  effects	
  of	
  mutations	
  were	
  

dependent	
  on	
  the	
  genetic	
  background	
  in	
  which	
  they	
  occurred,	
  mutations	
  that	
  would	
  

have	
  been	
  selectively	
  deleterious	
  at	
  an	
  early	
  time	
  point	
  could	
  be	
  beneficial	
  if	
  they	
  

occurred	
  at	
  a	
  later	
  time	
  point.	
  I	
  explored	
  this	
  possibility	
  by	
  screening	
  for	
  

constitutive	
  expression	
  of	
  the	
  lactose	
  metabolism	
  machinery,	
  a	
  phenotype	
  which	
  

has	
  been	
  linked	
  to	
  mutations	
  in	
  the	
  LacI	
  and	
  LacO	
  genes	
  and	
  shown	
  to	
  impose	
  a	
  cost	
  

in	
  the	
  glucose-­‐limited	
  environment	
  (Quan	
  et	
  al.	
  2012).	
  If	
  either	
  of	
  these	
  mutations	
  

was	
  responsible	
  for	
  the	
  large	
  fitness	
  increase	
  in	
  lactose,	
  I	
  expected	
  that	
  most	
  

populations	
  would	
  have	
  the	
  constitutive	
  expression	
  phenotype	
  at	
  6,000,	
  but	
  not	
  

5,000	
  generations.	
  I	
  screened	
  ~250	
  colonies	
  from	
  each	
  of	
  the	
  six	
  Glu	
  group	
  

populations,	
  at	
  both	
  time	
  points,	
  on	
  agar	
  supplemented	
  with	
  X-­‐gal	
  (on	
  which	
  the	
  

wildtype	
  and	
  mutant	
  phenotypes	
  can	
  be	
  visibly	
  distinguished).	
  No	
  populations	
  

displayed	
  the	
  mutant	
  phenotype	
  at	
  5,000	
  generations,	
  but	
  four	
  of	
  six	
  had	
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frequencies	
  of	
  approximately	
  30%	
  or	
  higher	
  at	
  6,000	
  generations.	
  To	
  confirm	
  the	
  

results	
  of	
  my	
  plating	
  assay,	
  I	
  amplified	
  and	
  sequenced	
  the	
  LacI	
  and	
  LacO	
  genes	
  in	
  

clones	
  from	
  each	
  of	
  the	
  four	
  lines	
  that	
  expressed	
  the	
  mutant	
  phenotype	
  (at	
  the	
  6,000	
  

generation	
  time	
  point).	
  I	
  found	
  mutations	
  in	
  LacI	
  in	
  three	
  of	
  these	
  lines,	
  and	
  in	
  LacO	
  

in	
  the	
  other	
  (Table	
  4).	
  As	
  an	
  added	
  precaution	
  against	
  cross-­‐contamination,	
  I	
  

sequenced	
  other	
  genes	
  in	
  the	
  same	
  clones,	
  in	
  which	
  mutations	
  had	
  been	
  found	
  

previously	
  (e.g.,	
  Table	
  3).	
  My	
  logic	
  was	
  that	
  finding	
  a	
  single	
  clone	
  with	
  both	
  the	
  new	
  

and	
  old	
  mutations	
  supported	
  the	
  hypothesis	
  that	
  the	
  new	
  mutation	
  had	
  occurred	
  in	
  

the	
  same	
  lineage	
  and	
  been	
  selected	
  for.	
  	
  

	
  

Population	
   Clone	
  Name	
   Gene	
   Annotation	
  
Glu3	
   3_1	
   lacI	
   (T→C),	
  (T→G)	
  
Glu4	
   4_1	
   lacI	
   G	
  deletion	
  
	
   4_1	
   pykF	
   D336N	
  (GAC→AAC)	
  
Glu5	
   5_1	
   lacO	
   (G→A)	
  
	
   5_1	
   lacI	
   (T→G)	
  
Glu5	
   5_2	
   lacI	
   (T→G),	
  G	
  insertion	
  
	
   5_2	
   spoT	
   R701Q	
  (CGA→CAA)	
  
	
   5_2	
   recD	
   V10A	
  (GTT→GCT)	
  
Glu6	
   6_1	
   lacI	
   (T→G),	
  (A→G)	
  
	
   6_2	
   lacI	
   (T→C),	
  G	
  insertion	
  
	
   6_2	
   spoT	
   (CGT→CTT)	
  

	
  

Table	
  4.	
  Sequencing	
  results	
  from	
  Glu	
  group	
  clones	
  at	
  6,000	
  generations	
  (to	
  confirm	
  
the	
  presence	
  of	
  mutations	
  causing	
  constitutive	
  expression	
  of	
  the	
  lactose	
  metabolism	
  
machinery).	
   Clone	
   name	
   is	
   included	
   to	
   allow	
   multiple	
   clones	
   from	
   the	
   same	
  
population	
  which	
  had	
  different	
  combinations	
  of	
  mutations	
  to	
  be	
  distinguished.	
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I	
  found	
  clones	
  with	
  mutations	
  in	
  LacI,	
  and	
  with	
  the	
  same	
  point	
  mutations	
  identified	
  

previously	
  in	
  other	
  genes,	
  in	
  single	
  clones	
  from	
  the	
  Glu4,	
  Glu5,	
  and	
  Glu6	
  populations	
  

(Table	
  4).	
  Therefore	
  I	
  have	
  some	
  confidence	
  that	
  the	
  evolved	
  genetic	
  background	
  

acted	
  epistatically	
  with	
  these	
  (previously	
  deleterious)	
  mutations,	
  allowing	
  them	
  to	
  

rise	
  to	
  high	
  frequency	
  between	
  5,000	
  and	
  6,000	
  generations.	
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4	
   DISCUSSION	
  

I	
  compared	
  the	
  fitness	
  of	
  specialist	
  and	
  generalist	
  populations,	
  measured	
  in	
  

different	
  environments,	
  at	
  regular	
  intervals	
  over	
  6,000	
  generations	
  of	
  evolution.	
  My	
  

aim	
  in	
  doing	
  this	
  was	
  to	
  elucidate	
  the	
  extent	
  to	
  which	
  costs	
  of	
  adaptation	
  influence	
  

long-­‐term	
  evolutionary	
  trajectories.	
  To	
  achieve	
  this	
  aim,	
  I	
  tested	
  the	
  fit	
  of	
  standard	
  

AP	
  and	
  MA	
  models	
  to	
  the	
  adaptive	
  patterns	
  I	
  observed,	
  and	
  evaluated	
  both	
  between-­‐

group	
  and	
  within-­‐group	
  dynamics.	
  My	
  results	
  indicate	
  that	
  costs	
  of	
  adaptation	
  are	
  

ultimately	
  unavoidable,	
  though	
  populations	
  may	
  not	
  experience	
  them	
  for	
  a	
  

substantial	
  number	
  of	
  generations.	
  

	
  

4.1	
   Specificity	
  &	
  Costs	
  of	
  Adaptation	
  

After	
  6,000	
  generations,	
  all	
  groups	
  had	
  significantly	
  increased	
  their	
  fitness	
  in	
  each	
  of	
  

the	
  two	
  resources	
  making	
  up	
  the	
  experiment	
  (Figure	
  2.).	
  These	
  results	
  demonstrate	
  

that	
  selection	
  in	
  the	
  single-­‐resource	
  environments	
  was	
  not	
  required	
  for	
  adaptation	
  

to	
  them,	
  which	
  was	
  not	
  necessarily	
  expected.	
  However,	
  it	
  is	
  not	
  particularly	
  

surprising,	
  given	
  that	
  there	
  is	
  overlap	
  in	
  the	
  pathways	
  by	
  which	
  E.	
  coli	
  metabolizes	
  

glucose	
  and	
  lactose,	
  and	
  a	
  previous	
  study	
  linked	
  the	
  amount	
  of	
  beneficial	
  pleiotropy	
  

in	
  adaptation	
  to	
  the	
  degree	
  of	
  overlap	
  in	
  the	
  import	
  and	
  metabolic	
  pathways	
  of	
  

different	
  resources	
  (Travisano	
  and	
  Lenski	
  1996).	
  Additionally,	
  I	
  was	
  able	
  to	
  confirm	
  

that	
  the	
  majority	
  of	
  adaptation	
  was	
  specific	
  to	
  the	
  resource-­‐regimes	
  present	
  in	
  the	
  

environments	
  (Table	
  1),	
  which	
  gave	
  me	
  confidence	
  that	
  differences	
  in	
  the	
  

environments	
  were	
  large	
  enough	
  that	
  my	
  central	
  question	
  could	
  be	
  tested	
  reliably	
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using	
  this	
  system.	
  I	
  expected	
  that	
  costs	
  would	
  be	
  a	
  prevalent	
  adaptive	
  mechanism,	
  

as	
  ample	
  evidence	
  of	
  AP	
  has	
  been	
  found	
  previously	
  in	
  a	
  similar	
  system	
  (Cooper	
  and	
  

Lenski	
  2000).	
  I	
  attempted	
  to	
  determine	
  whether	
  AP	
  was	
  the	
  underlying	
  genetic	
  

basis	
  of	
  adaptive	
  specificity	
  in	
  the	
  Glu	
  and	
  Lac	
  groups	
  by	
  examining	
  the	
  relationship	
  

between	
  their	
  direct	
  and	
  correlated	
  responses	
  (Figure	
  3).	
  Correlations	
  were	
  non-­‐

significant,	
  so	
  I	
  was	
  unable	
  to	
  conclude	
  whether	
  the	
  observed	
  specificity	
  was	
  due	
  to	
  

beneficial	
  or	
  deleterious	
  pleiotropic	
  effects.	
  However,	
  considering	
  each	
  group’s	
  

mean	
  fitness	
  in	
  glucose	
  and	
  lactose,	
  alongside	
  the	
  within-­‐group	
  relationships	
  

between	
  fitness	
  across	
  environments,	
  allowed	
  me	
  to	
  detect	
  patterns	
  of	
  cost	
  in	
  both	
  

specialist	
  and	
  generalist	
  groups.	
  	
  

	
  

The	
  specialists	
  maintained	
  distinct	
  adaptive	
  trajectories	
  throughout	
  the	
  experiment;	
  

I	
  found	
  that	
  in	
  general,	
  adaptation	
  to	
  glucose	
  tended	
  to	
  impose	
  costs	
  in	
  lactose,	
  but	
  

not	
  vice-­‐versa.	
  I	
  offer	
  three	
  lines	
  of	
  evidence	
  to	
  support	
  this	
  interpretation.	
  First,	
  by	
  

1,000	
  generations	
  the	
  Glu	
  group	
  had	
  a	
  significant	
  positive	
  direct	
  response,	
  but	
  some	
  

replicate	
  populations	
  had	
  decreased	
  their	
  fitness	
  in	
  lactose,	
  revealing	
  a	
  pattern	
  

consistent	
  with	
  MA	
  (Figure	
  2.A.)	
  Second,	
  for	
  the	
  first	
  half	
  of	
  the	
  experiment,	
  

populations	
  evolving	
  in	
  glucose	
  had	
  substantial	
  fluctuations	
  in	
  lactose	
  fitness	
  while	
  

steadily	
  increasing	
  fitness	
  in	
  glucose	
  (Figure	
  2.A.),	
  indicating	
  the	
  presence	
  multiple	
  

adaptive	
  mutations	
  with	
  different	
  pleiotropic	
  effects.	
  Finally,	
  the	
  overall	
  adaptive	
  

patterns	
  of	
  the	
  Lac	
  group	
  suggest	
  that	
  it	
  was	
  able	
  to	
  adapt	
  using	
  (mostly)	
  mutations	
  

with	
  positive	
  or	
  no	
  pleiotropic	
  effects	
  in	
  glucose;	
  the	
  only	
  suggestion	
  of	
  a	
  cost	
  was	
  a	
  



	
   48	
  

(nonsignificant)	
  negative	
  correlation	
  at	
  1,000	
  generations.	
  The	
  specialists’	
  overall	
  

rates	
  of	
  adaptation	
  also	
  sharply	
  contrast;	
  the	
  Glu	
  group	
  increased	
  its	
  fitness	
  in	
  both	
  

glucose	
  and	
  lactose	
  during	
  the	
  later	
  stages	
  of	
  the	
  experiment,	
  which	
  suggests	
  that	
  

costs	
  accrued	
  early	
  on	
  were	
  compensated	
  by	
  the	
  fixation	
  of	
  additional	
  mutations.	
  

The	
  Lac	
  group,	
  however,	
  had	
  no	
  significant	
  fitness	
  increase	
  in	
  either	
  environment	
  

between	
  4,000	
  and	
  6,000	
  generations,	
  suggesting	
  that	
  the	
  average	
  effect	
  of	
  

mutations	
  that	
  fixed	
  in	
  that	
  group	
  was	
  diminishing	
  over	
  time.	
  Both	
  patterns	
  are	
  

consistent	
  with	
  increasing	
  epistasis,	
  such	
  that	
  gene	
  by	
  gene	
  interactions	
  became	
  

more	
  common	
  and	
  modified	
  the	
  effects	
  of	
  mutations	
  that	
  occurred	
  during	
  the	
  later	
  

stages	
  of	
  adaptation;	
  interestingly,	
  the	
  interactions	
  within	
  the	
  specialist	
  groups	
  

seemed	
  to	
  be	
  having	
  opposite	
  effects.	
  Adaptive	
  mutations	
  in	
  the	
  Glu	
  group	
  seem	
  to	
  

have	
  larger	
  benefits	
  in	
  lactose	
  at	
  later	
  time	
  points,	
  whereas	
  all	
  mutations	
  in	
  the	
  Lac	
  

group	
  at	
  later	
  time	
  points	
  have	
  diminished	
  effects.	
  I	
  discuss	
  the	
  effects	
  of	
  epistasis	
  in	
  

the	
  Glu	
  group	
  in	
  more	
  detail	
  below.	
  

	
  

	
  

I	
  was	
  able	
  to	
  infer	
  the	
  presence	
  of	
  AP	
  in	
  the	
  daily	
  fluctuating	
  generalist	
  group	
  based	
  

on	
  its	
  higher	
  number	
  of	
  negative	
  correlations	
  between	
  fitness	
  in	
  glucose	
  and	
  lactose,	
  

and	
  slower	
  rate	
  of	
  adaptation	
  to	
  glucose	
  than	
  the	
  mixed	
  resource	
  regime.	
  Bailey	
  and	
  

Kassen	
  (2012)	
  found	
  a	
  similar	
  result	
  when	
  comparing	
  rates	
  of	
  adaptation	
  in	
  mixed	
  

and	
  spatially	
  fluctuating	
  environments,	
  such	
  that	
  populations	
  evolved	
  in	
  mixed	
  

environments	
  adapted	
  significantly	
  faster.	
  In	
  my	
  case,	
  the	
  effect	
  was	
  not	
  large	
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enough	
  to	
  cause	
  a	
  difference	
  in	
  the	
  average	
  correlated	
  response	
  of	
  the	
  G/L	
  group,	
  

relative	
  the	
  G+L	
  group,	
  but	
  the	
  overall	
  pattern	
  suggests	
  competing	
  adaptive	
  

mutations	
  having	
  different	
  pleiotropic	
  effects,	
  providing	
  a	
  strong	
  signal	
  of	
  AP.	
  

Decreases	
  in	
  the	
  mean	
  fitness	
  of	
  the	
  long-­‐term	
  fluctuating	
  generalists,	
  in	
  non-­‐

selective	
  environments	
  following	
  the	
  switch	
  to	
  a	
  new	
  selective	
  resource,	
  were	
  also	
  

consistent	
  with	
  the	
  presence	
  of	
  costs.	
  These	
  costs	
  were	
  more	
  likely	
  due	
  to	
  AP	
  than	
  

MA	
  because	
  they	
  occurred	
  at	
  the	
  same	
  time	
  as	
  significant	
  increases	
  in	
  direct	
  

response	
  (for	
  both	
  groups).	
  I	
  did	
  find	
  some	
  signal	
  of	
  MA	
  in	
  two	
  replicate	
  lines	
  of	
  the	
  

L-­‐G	
  group,	
  which	
  decreased	
  their	
  fitness	
  in	
  the	
  non-­‐selective	
  environment,	
  and	
  

simultaneously	
  failed	
  to	
  increase	
  their	
  fitness	
  in	
  the	
  selective	
  environment.	
  My	
  

results,	
  coupled	
  with	
  previous	
  identification	
  of	
  two	
  mutations	
  with	
  AP	
  that	
  had	
  fixed	
  

in	
  most	
  generalist	
  groups	
  by	
  2,000	
  generations	
  (Quan	
  et	
  al.	
  2012),	
  indicate	
  that	
  

costs	
  due	
  to	
  AP	
  and	
  MA	
  were,	
  to	
  some	
  extent,	
  present	
  in	
  this	
  system.	
  Identifying	
  

costs	
  themselves	
  was	
  not	
  my	
  central	
  aim,	
  and	
  to	
  determine	
  the	
  comprehensive	
  

genetic	
  makeup	
  of	
  these	
  populations	
  would	
  require	
  whole-­‐genome	
  sequencing	
  and	
  

a	
  series	
  of	
  allele	
  replacement	
  experiments.	
  However,	
  I	
  was	
  able	
  to	
  quantify	
  the	
  

influence	
  of	
  mechanisms	
  underlying	
  adaptation	
  (and	
  thus	
  make	
  inferences	
  about	
  

their	
  relative	
  abundance)	
  by	
  comparing	
  the	
  fitness	
  of	
  specialist	
  and	
  generalist	
  

groups	
  at	
  regular	
  intervals.	
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4.2	
   Specialists	
  vs.	
  Generalists	
  

To	
  test	
  predictions	
  about	
  which	
  genetic	
  mechanisms	
  produced	
  the	
  observed	
  

patterns	
  of	
  adaptation	
  in	
  the	
  specialists,	
  and	
  thereby	
  infer	
  which	
  mechanisms	
  gave	
  

rise	
  to	
  the	
  adaptation	
  of	
  the	
  generalists,	
  I	
  compared	
  the	
  geometric	
  mean	
  relative	
  

fitness	
  of	
  all	
  groups	
  in	
  glucose	
  and	
  lactose	
  over	
  the	
  course	
  of	
  the	
  experiment.	
  

Generalists	
  were	
  considered	
  masters	
  of	
  all	
  trades	
  at	
  any	
  time	
  point	
  if	
  they	
  had	
  

geometric	
  mean	
  relative	
  fitness	
  not	
  significantly	
  different	
  from	
  the	
  MAT	
  isocline,	
  

calculated	
  from	
  the	
  combined	
  direct	
  response	
  of	
  the	
  specialists	
  (Figure	
  5).	
  If	
  costs	
  

due	
  to	
  AP	
  were	
  prevalent,	
  I	
  expected	
  that	
  generalists	
  would	
  be	
  constrained	
  from	
  

reaching	
  master	
  of	
  all	
  trades	
  fitness	
  levels.	
  I	
  also	
  considered	
  whether	
  beneficial	
  

pleiotropy	
  was	
  common,	
  which	
  would	
  have	
  lead	
  to	
  the	
  generalists	
  and	
  specialists	
  

maintaining	
  similar	
  levels	
  of	
  fitness	
  throughout	
  the	
  experiment.	
  	
  

	
  

The	
  mix	
  and	
  daily	
  fluctuating	
  generalists	
  were	
  already	
  masters	
  of	
  all	
  trades	
  at	
  1,000	
  

and	
  2,000	
  generations,	
  and	
  in	
  fact,	
  most	
  generalists	
  were	
  masters	
  of	
  all	
  trades	
  

during	
  the	
  mid-­‐points	
  of	
  the	
  experiment.	
  This	
  suggests	
  that	
  mutations	
  with	
  

deleterious	
  effects	
  in	
  either	
  environment	
  largely	
  failed	
  to	
  fix	
  during	
  the	
  first	
  4,000	
  

generations,	
  though	
  the	
  generalists’	
  patterns	
  of	
  correlated	
  response	
  indicate	
  that	
  

such	
  mutations	
  were	
  sometimes	
  present	
  at	
  reasonably	
  high	
  frequencies	
  .	
  The	
  effects	
  

of	
  those	
  that	
  were	
  accrued	
  did	
  not	
  constrain	
  the	
  generalists’	
  rate	
  of	
  adaptation,	
  

relative	
  to	
  the	
  specialists’,	
  until	
  5,000	
  and	
  6,000	
  generations,	
  when	
  all	
  generalists	
  

fell	
  significantly	
  behind	
  the	
  MAT	
  isocline.	
  This	
  pattern	
  of	
  eventual	
  decline	
  provides	
  a	
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strong	
  signal	
  of	
  the	
  effects	
  of	
  AP,	
  as	
  the	
  constraining	
  effects	
  of	
  MA	
  are	
  expected	
  to	
  

decrease,	
  rather	
  than	
  increase	
  with	
  the	
  fixation	
  of	
  adaptive	
  mutations.	
  Though	
  I	
  

previously	
  described	
  results	
  indicating	
  the	
  presence	
  of	
  some	
  costs,	
  and	
  a	
  few	
  

mutations	
  with	
  AP	
  have	
  been	
  identified	
  in	
  this	
  system	
  (Quan	
  et	
  al.	
  2012),	
  I	
  found	
  

more	
  evidence	
  that	
  the	
  avoidance	
  of	
  deleterious	
  pleiotropic	
  effects	
  lead	
  to	
  

decreased	
  rates	
  of	
  adaptation	
  in	
  the	
  generalists,	
  rather	
  than	
  the	
  accumulation	
  of	
  

costs	
  in	
  both	
  single-­‐resource	
  environments.	
  One	
  observation	
  that	
  supports	
  this	
  

hypothesis	
  is	
  that	
  the	
  patterns	
  of	
  adaptation	
  in	
  the	
  Lac	
  group	
  indicate	
  the	
  general	
  

avoidance	
  of	
  costs,	
  and	
  this	
  group	
  also	
  had	
  a	
  decreased	
  rate	
  of	
  adaptation	
  during	
  the	
  

later	
  stages	
  of	
  the	
  experiment.	
  It	
  is	
  worth	
  mentioning	
  that	
  if	
  the	
  experiment	
  had	
  

ended	
  after	
  3,000	
  or	
  even	
  4,000	
  generations	
  of	
  evolution,	
  conclusions	
  about	
  the	
  role	
  

of	
  costs	
  in	
  constraining	
  long-­‐term	
  adaptive	
  trajectories	
  would	
  have	
  been	
  completely	
  

different.	
  In	
  all,	
  I	
  found	
  that	
  costs	
  are	
  indeed	
  an	
  essential	
  component	
  of	
  adaptation,	
  

though	
  that	
  they	
  may	
  not	
  act	
  to	
  constrain	
  evolution	
  for	
  a	
  substantial	
  amount	
  of	
  time.	
  

	
  

4.3	
   Variation	
  in	
  Response	
  

I	
  performed	
  additional	
  tests	
  to	
  examine	
  the	
  dynamics	
  of	
  adaptation	
  in	
  my	
  

populations	
  in	
  greater	
  detail;	
  first,	
  I	
  performed	
  a	
  series	
  of	
  ANOVAs	
  to	
  test	
  for	
  within	
  

group	
  (among	
  population)	
  variation	
  in	
  direct	
  response.	
  Significant	
  differences	
  in	
  the	
  

direct	
  response	
  of	
  replicate	
  lines,	
  founded	
  from	
  the	
  same	
  ancestor	
  and	
  evolved	
  in	
  

the	
  same	
  selective	
  environment,	
  may	
  indicate	
  that	
  populations	
  are	
  evolving	
  to	
  

different	
  adaptive	
  peaks.	
  After	
  2,000	
  generations	
  of	
  evolution,	
  a	
  single	
  group	
  of	
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replicate	
  populations,	
  evolved	
  in	
  the	
  daily	
  fluctuating	
  environment,	
  was	
  found	
  to	
  

have	
  significant	
  differences	
  in	
  direct	
  response	
  after	
  correction	
  for	
  multiple	
  

comparisons	
  (Cooper	
  and	
  Lenski	
  2010).	
  I	
  performed	
  the	
  same	
  analysis	
  after	
  6,000	
  

generations	
  of	
  evolution,	
  and	
  found	
  that	
  the	
  same	
  group,	
  as	
  well	
  as	
  two	
  others	
  (Lac	
  

and	
  L-­‐G)	
  had	
  significant	
  differences	
  in	
  direct	
  response.	
  The	
  maintenance	
  of	
  

significant	
  variation	
  in	
  the	
  G/L	
  group	
  is	
  not	
  surprising,	
  and	
  could	
  in	
  fact	
  be	
  aligned	
  

with	
  my	
  hypothesis	
  about	
  the	
  increased	
  presence	
  of	
  AP	
  in	
  this	
  group.	
  I	
  found	
  signal	
  

of	
  multiple	
  mutations	
  with	
  deleterious	
  pleiotropic	
  effects	
  in	
  this	
  group,	
  which	
  are	
  

likely	
  a	
  result	
  of	
  the	
  daily	
  fluctuations	
  in	
  selective	
  pressures;	
  such	
  mutations	
  would	
  

be	
  likely	
  to	
  direct	
  populations	
  toward	
  different	
  adaptive	
  peaks,	
  as	
  they	
  act	
  to	
  

constrain	
  simultaneous	
  adaptation	
  to	
  different	
  selective	
  pressures.	
  I	
  should	
  note	
  

that	
  the	
  Lac	
  group	
  had	
  a	
  high	
  level	
  of	
  variation	
  in	
  direct	
  response	
  at	
  2,000	
  

generations,	
  but	
  that	
  this	
  variation	
  was	
  not	
  significant	
  after	
  correction	
  for	
  multiple	
  

comparisons.	
  Still,	
  my	
  results	
  indicate	
  that	
  this	
  variation	
  has	
  increased,	
  suggesting	
  

that	
  mutations	
  which	
  fixed	
  early	
  in	
  this	
  group’s	
  adaptive	
  history	
  were	
  the	
  source	
  of	
  

initial	
  variation.	
  This	
  is	
  supported	
  by	
  the	
  fact	
  that	
  the	
  L-­‐G	
  group	
  also	
  had	
  significant	
  

variation	
  in	
  direct	
  response	
  by	
  6,000	
  generations,	
  as	
  these	
  groups	
  had	
  identical	
  

adaptive	
  trajectories	
  for	
  the	
  first	
  2,000	
  generations.	
  	
  

	
  

4.4	
   Direct	
  Competitions	
  

In	
  an	
  effort	
  to	
  better	
  interpret	
  the	
  relative	
  fitness	
  estimates	
  which	
  form	
  the	
  basis	
  of	
  

my	
  project,	
  I	
  performed	
  a	
  series	
  of	
  direct	
  competitions	
  between	
  evolved	
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populations.	
  This	
  served	
  as	
  a	
  check	
  for	
  non-­‐transitivity	
  in	
  my	
  system,	
  though	
  it	
  was	
  

not	
  exhaustive	
  (had	
  the	
  results	
  of	
  the	
  Glu	
  group	
  competitions	
  been	
  more	
  variable,	
  I	
  

may	
  have	
  had	
  reason	
  to	
  perform	
  a	
  more	
  comprehensive	
  survey).	
  As	
  my	
  central	
  

question	
  involved	
  a	
  comparison	
  between	
  the	
  response	
  of	
  specialist	
  and	
  generalist	
  

groups	
  in	
  the	
  specialists’	
  selective	
  environments,	
  I	
  first	
  performed	
  direct	
  

competitions	
  between	
  a	
  selection	
  of	
  specialist	
  and	
  generalist	
  populations,	
  in	
  the	
  

specialists’	
  environments	
  (Figure	
  6).	
  The	
  fitness	
  estimates	
  produced	
  by	
  these	
  direct	
  

competitions	
  were,	
  for	
  the	
  most	
  part,	
  not	
  significantly	
  different	
  from	
  those	
  

previously	
  found	
  in	
  the	
  equivalent	
  indirect	
  competitions.	
  The	
  results	
  of	
  direct	
  

competitions	
  between	
  generalist	
  populations	
  were	
  more	
  variable	
  (Figure	
  7).	
  I	
  note,	
  

however,	
  than	
  even	
  when	
  differences	
  were	
  found,	
  they	
  tended	
  to	
  be	
  small	
  relative	
  to	
  

the	
  overall	
  fitness	
  improvement	
  of	
  each	
  population.	
  Additionally,	
  my	
  central	
  

question	
  relied	
  on	
  comparisons	
  between	
  specialists	
  and	
  generalists,	
  and	
  I	
  found	
  no	
  

indication	
  that	
  non-­‐transitivity	
  had	
  influenced	
  those	
  results.	
  	
  

	
  

4.5	
   Glucose	
  Adaptation	
  

An	
  unexpected	
  result	
  was	
  the	
  accelerated	
  rate	
  with	
  which	
  the	
  Glu	
  group	
  adapted	
  to	
  

lactose	
  during	
  the	
  later	
  stages	
  of	
  the	
  experiment.	
  Selection	
  for	
  compensatory	
  

mutations	
  can	
  be	
  ruled	
  out	
  the	
  large	
  fitness	
  increase	
  occurred	
  in	
  a	
  non-­‐selective	
  

environment.	
  Additionally,	
  for	
  the	
  effects	
  of	
  pleiotropy	
  alone	
  to	
  explain	
  the	
  

observed	
  pattern	
  requires	
  that	
  specific	
  types	
  of	
  mutations	
  would	
  have	
  had	
  to	
  occur	
  

preferentially	
  at	
  different	
  stages	
  of	
  adaptation;	
  for	
  example,	
  if	
  mutations	
  with	
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antagonistically	
  pleiotropic	
  effects	
  had	
  larger	
  selective	
  benefits	
  than	
  mutations	
  with	
  

beneficial	
  pleiotropic	
  effects	
  for	
  the	
  first	
  3,000	
  generations	
  of	
  evolution,	
  after	
  which	
  

time	
  the	
  pattern	
  reversed.	
  Having	
  ruled	
  out	
  the	
  likelihood	
  of	
  cross-­‐contamination,	
  

another	
  hypothesis	
  was	
  the	
  presence	
  of	
  ecological	
  interactions	
  within	
  populations	
  

making	
  up	
  the	
  group,	
  e.g.,	
  cross-­‐feeding	
  between	
  coexisting	
  subpopulations.	
  Such	
  

interactions	
  have	
  been	
  detected	
  in	
  evolving	
  lines	
  of	
  E.	
  coli	
  (Turner	
  et	
  al.	
  1996;	
  Rozen	
  

and	
  Lenski	
  2000;	
  Spencer	
  et	
  al.	
  2008),	
  and	
  have	
  been	
  shown	
  to	
  lead	
  to	
  non-­‐

transitivity	
  between	
  relative	
  fitness	
  estimates	
  (deVisser	
  and	
  Rozen	
  2005).	
  If	
  such	
  

interactions	
  were	
  present	
  in	
  the	
  Glu	
  group	
  and	
  had	
  spuriously	
  inflated	
  relative	
  

fitness	
  estimates	
  for	
  this	
  group	
  measured	
  in	
  lactose	
  at	
  6,000	
  generations,	
  I	
  would	
  

expect	
  that	
  fitness	
  estimates	
  derived	
  from	
  direct	
  competitions	
  at	
  the	
  same	
  time	
  

point	
  would	
  be	
  significantly	
  different.	
  However,	
  the	
  majority	
  of	
  comparisons	
  

showed	
  no	
  significant	
  difference.	
  

	
  

Positive	
  epistasis	
  is	
  an	
  alternative	
  explanation	
  for	
  the	
  Glu	
  group’s	
  ability	
  to	
  

overcome	
  its	
  initial	
  constraint	
  in	
  lactose.	
  I	
  explored	
  this	
  possibility	
  by	
  confirming	
  

the	
  presence	
  of	
  mutations	
  in	
  LacI	
  and	
  LacO,	
  known	
  to	
  have	
  antagonistically	
  

pleiotropic	
  effects	
  in	
  this	
  system;	
  each	
  are	
  beneficial	
  in	
  lactose	
  but	
  deleterious	
  in	
  

glucose	
  (Quan	
  et	
  al	
  2012).	
  My	
  findings	
  suggest	
  that	
  these	
  mutations,	
  having	
  

occurred	
  in	
  the	
  evolved	
  genetic	
  background	
  of	
  four	
  Glu	
  group	
  populations,	
  no	
  longer	
  

have	
  deleterious	
  effects	
  in	
  glucose	
  but	
  were	
  instead	
  selectively	
  beneficial,	
  and	
  

indeed	
  rose	
  to	
  relatively	
  high	
  frequencies	
  between	
  5,000	
  and	
  6,000	
  generations.	
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However,	
  to	
  confirm	
  the	
  presence	
  of	
  positive	
  epistatic	
  interactions	
  between	
  the	
  

evolved	
  genetic	
  background	
  and	
  each	
  of	
  these	
  mutations	
  requires	
  an	
  allele	
  

replacement	
  experiment.	
  For	
  example,	
  one	
  could	
  replace	
  the	
  mutant	
  allele	
  with	
  the	
  

ancestor	
  allele	
  in	
  the	
  evolved	
  genetic	
  background,	
  then	
  measure	
  the	
  fitness	
  of	
  these	
  

new	
  clones	
  in	
  both	
  single-­‐resource	
  environments.	
  If	
  these	
  mutations	
  are	
  in	
  fact	
  

beneficial	
  in	
  the	
  evolved	
  genetic	
  background,	
  replacing	
  them	
  with	
  the	
  ancestral	
  

allele	
  should	
  cause	
  fitness	
  to	
  decrease	
  in	
  glucose,	
  as	
  well	
  as	
  lactose.	
  Further	
  

experiments,	
  in	
  which	
  evolved	
  alleles	
  are	
  combined	
  in	
  the	
  ancestral	
  background,	
  

could	
  reveal	
  specific	
  interactions	
  between	
  mutations	
  and	
  potentially	
  indicate	
  the	
  

source	
  of	
  epistasis.	
  

	
  

A	
  final	
  point	
  of	
  interest	
  related	
  to	
  the	
  presence	
  of	
  ecological	
  interactions	
  is	
  the	
  

existence	
  of	
  slow-­‐growing	
  Ara-­‐	
  colonies	
  in	
  an	
  historically	
  Ara+	
  population.	
  Figure	
  9	
  

shows	
  photographs	
  of	
  this	
  population	
  (Glu1)	
  at	
  6,270	
  generations,	
  plated	
  on	
  TA	
  

agar	
  and	
  incubated	
  at	
  37o	
  C	
  for	
  24	
  and	
  48	
  hours,	
  respectively.	
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Figure	
  9.	
  Photographs	
  of	
  the	
  Glu1	
  population,	
  plated	
  on	
  TA	
  agar,	
  after	
  incubation	
  for	
  
24	
  hours	
  (right)	
  and	
  48	
  hours	
  (left).	
  
	
  
The	
  coexistence	
  of	
  both	
  morphs	
  has	
  continued	
   for	
  at	
   least	
  270	
  generations,	
  and	
   is	
  

monitored	
   during	
   propagation	
   by	
   plating	
   on	
   TA	
   every	
   12	
   transfers.	
   Rozen	
   and	
  

Lenski	
   (2000)	
   evaluated	
   the	
   dynamics	
   of	
   two	
   coexisting	
   morphs	
   that	
   arose	
   in	
   a	
  

single	
  population	
  of	
  E.	
  coli	
  during	
  a	
  long	
  term	
  evolution	
  experiment,	
  and	
  found	
  that	
  

the	
  relationship	
  was	
  maintained	
  by	
   frequency-­‐dependent	
  selection,	
  such	
   that	
  each	
  

type	
  had	
  a	
  selective	
  benefit	
  when	
  it	
  was	
  rare.	
  To	
  confirm	
  that	
  this	
  is	
  the	
  case	
  in	
  our	
  

experiment	
   would	
   require	
   an	
   additional	
   experiment	
   to	
   explore	
   the	
   relationship	
  

between	
  the	
  two	
  morphs	
  (e.g.,	
  Elena	
  and	
  Lenski	
  1997).	
  For	
  example,	
  clones	
  of	
  each	
  

type	
  could	
  be	
  selected	
  and	
  competed	
  at	
  different	
  starting	
  frequencies,	
  to	
  determine	
  

the	
   fitness	
   of	
   each	
   type	
   when	
   rare.	
   Note	
   that	
   if	
   these	
   subpopulations	
   were	
   both	
  

present	
  during	
  the	
  final	
  time	
  point	
  of	
  the	
  experiment	
  and	
  caused	
  non-­‐transitivity	
  in	
  

relative	
   fitness	
   estimates,	
   this	
   would	
   have	
   been	
   detected	
   through	
   direct	
  

competitions	
  between	
   the	
  Glu	
  group	
  populations.	
  These	
  adaptive	
  dynamics	
  are	
  an	
  

interesting	
  point	
  for	
  follow-­‐up,	
  but	
  have	
  had	
  no	
  detectable	
  influence	
  on	
  my	
  results.	
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The	
  novel	
  aspect	
  of	
  my	
  study	
  was	
  identifying	
  the	
  influence	
  of	
  costs	
  on	
  long-­‐term	
  

evolution,	
  i.e.,	
  their	
  constraining	
  effects	
  on	
  simultaneous	
  adaptation	
  to	
  multiple	
  

resources.	
  My	
  interpretations	
  of	
  the	
  traditional	
  test	
  for	
  costs	
  of	
  adaptation	
  

(examining	
  the	
  relationship	
  between	
  fitness	
  across	
  environments,	
  in	
  search	
  of	
  a	
  

negative	
  correlation),	
  was	
  aided	
  by	
  a	
  set	
  of	
  comparisons	
  between	
  fitness	
  measured	
  

in	
  different	
  environments	
  at	
  multiple	
  time	
  points.	
  For	
  several	
  groups,	
  fitness	
  in	
  non-­‐

selective	
  environments	
  fluctuated	
  as	
  a	
  result	
  of	
  competing	
  mutations,	
  and	
  the	
  

deleterious	
  effects	
  of	
  those	
  mutations	
  would	
  not	
  have	
  been	
  evident	
  in	
  a	
  ‘snap-­‐shot’	
  

of	
  the	
  relationship	
  between	
  fitness	
  in	
  the	
  two	
  environments	
  at	
  any	
  one	
  time	
  point.	
  

Long-­‐term	
  observational	
  studies	
  are	
  needed	
  to	
  inform	
  the	
  overall	
  role	
  of	
  individual	
  

mutational	
  mechanisms	
  to	
  adaptive	
  evolution.	
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