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Abstract	  

Conserved	  genes	  evolve	  slowly	   in	  nature,	  by	  definition,	  but	  we	   find	   that	   some	  conserved	  

genes	   are	   among	   the	   fastest-‐evolving	   genes	   in	   the	   long-‐term	   evolution	   experiment	   with	  

Escherichia	  coli	  (LTEE).	  We	  identified	  the	  set	  of	  almost	  2000	  core	  genes	  shared	  among	  sixty	  

clinical,	  environmental,	  and	  laboratory	  strains	  of	  E.	  coli.	  During	  the	  LTEE,	  these	  core	  genes	  

accumulated	  significantly	  more	  nonsynonymous	  mutations	  than	  did	  flexible	  (i.e.,	  noncore)	  

genes	  after	  accounting	   for	   the	  mutational	   target	   size.	  Furthermore,	   the	   core	  genes	  under	  

strongest	   positive	   selection	   in	   the	   LTEE	   are	  more	   conserved	   in	   nature	   than	   the	   average	  

core	  gene	  based	  both	  on	  sequence	  diversity	  among	  E.	  coli	  strains	  and	  divergence	  between	  E.	  

coli	  and	  Salmonella	  enterica.	  We	  conclude	  that	  the	  conditions	  of	  the	  LTEE	  are	  novel	   for	  E.	  

coli,	  at	  least	  in	  relation	  to	  the	  long	  sweep	  of	  its	  evolution	  in	  nature.	  We	  suggest	  that	  what	  is	  

most	   novel	   about	   the	   LTEE	   for	   the	   bacteria	   is	   the	   constancy	   of	   the	   environment,	   its	  

biophysical	  simplicity,	  and	  the	  absence	  of	  microbial	  competitors,	  predators,	  and	  parasites.	  
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Introduction	  

By	  combining	  experimental	  evolution	  and	  genomic	  technologies,	  researchers	  can	  study	  in	  

great	  detail	  the	  genetic	  underpinnings	  of	  adaptation	  in	  the	  laboratory	  (Barrick	  and	  Lenski	  

2013).	  	  However,	  questions	  remain	  about	  how	  the	  genetic	  basis	  of	  adaptation	  might	  differ	  

between	  experimental	  and	  natural	  populations	  (Bailey	  and	  Bataillon	  2016).	  	  

To	  explore	  that	   issue,	  we	  examined	  whether	  the	  genes	  that	  evolve	  most	  rapidly	   in	  

the	  long-‐term	  evolution	  experiment	  with	  Escherichia	  coli	  (LTEE)	  also	  evolve	  and	  diversify	  

faster	  than	  typical	  genes	  in	  nature.	  If	  so,	  the	  genes	  involved	  in	  adaptation	  in	  the	  LTEE	  might	  

also	  be	  involved	  in	  local	  adaptation	  to	  diverse	  environments	  in	  nature.	  On	  the	  other	  hand,	  it	  

might	   be	   the	   case	   that	   the	   genes	   involved	   in	   adaptation	   during	   the	   LTEE	  diversify	  more	  

slowly	  in	  nature	  than	  typical	  genes.	  Perhaps	  these	  genes	  are	  highly	  constrained	  in	  nature	  

by	  purifying	  selection.	  For	  example,	  they	  may	  play	  important	  roles	  in	  balancing	  competing	  

metabolic	  demands	  or	  fluctuating	  selective	  pressures	  in	  the	  complex	  and	  variable	  natural	  

world,	  but	  they	  can	  be	  optimized	  to	  fit	  the	  simplified	  and	  stable	  conditions	  of	  the	  LTEE.	  	  	  

To	   test	   these	   alternative	   hypotheses,	   we	   compare	   the	   signal	   of	   positive	   selection	  

across	  genes	   in	   the	  LTEE	   to	   the	  sequence	  diversity	   in	  a	   set	  of	  60	  clinical,	   environmental,	  

and	  laboratory	  strains	  of	  E.	  coli—henceforth,	  the	  “E.	  coli	  collection”—and	  to	  the	  divergence	  

between	  E.	  coli	  and	  Salmonella	  enterica	  genomes,	  respectively.	  We	  find	  that	  the	  genes	  that	  

have	  evolved	  the	  fastest	  in	  the	  LTEE	  tend	  to	  be	  conserved	  core	  genes	  in	  the	  E.	  coli	  collection.	  

We	   can	   exclude	   recurrent	   selective	   sweeps	   at	   these	   loci	   in	   nature	   as	   an	   explanation	   for	  

their	   limited	   diversity	   because	   the	   genes	   and	   the	   particular	   amino-‐acid	   residues	   under	  

positive	  selection	  in	  the	  LTEE	  have	  diverged	  slowly	  since	  the	  Escherichia–Salmonella	  split.	  

	  

Results	  

Core	  Genes	  Are	  Functionally	  Important	  

To	  make	  consistent	  comparisons,	  we	  analyzed	  single-‐copy	  genes	  with	  homologs	   in	  all	  60	  

fully	  sequenced	  genomes	  in	  the	  E.	  coli	  collection.	  For	  the	  purpose	  of	  our	  study,	  we	  define	  

this	  set	  of	  panorthologous	  genes	  as	  the	  E.	  coli	  core	  genome	  and	  the	  set	  of	  all	  other	  genes	  as	  

the	   flexible	   genome	   (Materials	   and	   Methods).	   We	   used	   published	   data	   from	   the	   Keio	  

collection	  of	   single-‐gene	  knockouts	   in	  E.	  coli	   K-‐12	   (Baba	  et	  al.	   2006)	   to	   test	  whether	   the	  

core	   genes	   tend	   to	   be	   functionally	   more	   important	   than	   the	   flexible	   genes	   based	   on	  
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essentiality	   and	   growth	   yield.	   Core	   genes	   are	   indeed	  more	   essential	   than	   flexible	   genes	  

(Welch’s	   t	  =	  6.60,	   d.f.	   =	   3387.8,	   one-‐tailed	  p	   <	   10–10),	   and	  knockouts	   of	   core	   genes	   cause	  

larger	  growth-‐yield	  defects	   than	   flexible	  genes	   in	  both	  rich	   (Welch’s	   t	  =	  3.79,	  d.f.	  =	  3379,	  

one-‐tailed	  p	  <	  0.0001)	  and	  minimal	  media	  (Welch’s	  t	  =	  4.95,	  d.f.	  =3457.3,	  one-‐tailed	  p	  <	  10–

6).	  	  

	  

Core	  Genes	  Evolve	  Faster	  than	  Flexible	  Genes	  in	  the	  LTEE	  	  

We	  first	  examined	  the	  substitutions	  in	  single	  genomes	  sampled	  from	  each	  of	  the	  12	  LTEE	  

populations	  after	  40,000	  generations.	  These	  genomes	  are	  part	  of	  a	  large	  dataset	  comprising	  

264	  fully	  sequenced	  genomes	  from	  the	  first	  50,000	  generations	  of	  the	  LTEE	  (Tenaillon	  et	  al.	  

2016).	   Six	   of	   these	   populations	   had	   evolved	   greatly	   elevated	   point-‐mutation	   rates	   by	  

40,000	  generations	  (Sniegowski	  et	  al.	  1997;	  Wielgoss	  et	  al.	  2013;	  Tenaillon	  et	  al.	  2016).	  As	  

a	  consequence	  of	  their	  much	  higher	  mutation	  rates,	  a	  much	  larger	  fraction	  of	  the	  mutations	  

seen	   in	   hypermutable	   populations	   are	   expected	   to	   be	   neutral	   or	   even	   deleterious	  

passengers	   (hitchhikers),	   as	   opposed	   to	   beneficial	   drivers,	   in	   comparison	   to	   those	  

populations	  that	  retained	  the	  low	  ancestral	  point-‐mutation	  rate	  (Tenaillon	  et	  al.	  2016).	  	  In	  

genomes	   from	   the	   nonmutator	   populations,	   we	   observe	   an	   excess	   of	   nonsynonymous	  

substitutions	   in	   the	   core	   genes.	   The	   core	   genes	   constitute	   ~48.5%	   of	   the	   total	   coding	  

sequence	   in	   the	   genome	   of	   the	   LTEE	   ancestral	   strain,	   but	   69%	   (105/152)	   of	   the	  

nonsynonymous	  substitutions	  are	  in	  the	  core	  genes	  (Table	  1,	  row	  1,	  p	  <	  10–6).	  By	  contrast,	  

the	  frequency	  of	  synonymous	  mutations	  does	  not	  differ	  significantly	  between	  the	  core	  and	  

flexible	   genes	   (Table	   1,	   row	   2).	   	   Also,	   the	   frequencies	   of	   both	   nonsynonymous	   and	  

synonymous	  substitutions	  in	  core	  versus	  flexible	  genes	  are	  close	  to	  the	  null	  expectations	  in	  

the	  populations	  that	  evolved	  hypermutability	  (Table	  1,	  rows	  3	  and	  4).	  	  	  

These	   results	   indicate	   that	   core	   genes	   are	   evolving	   faster,	   on	   average,	   than	   the	  

flexible	   noncore	   genome	   in	   the	   LTEE	   populations	   that	   retained	   the	   ancestral	   point-‐

mutation	  rate.	  	  This	  faster	  evolution	  is	  consistent	  with	  some	  subset	  of	  the	  core	  genes	  being	  

under	  positive	  selection	  to	  change	  from	  their	  ancestral	  state	  during	  the	  LTEE.	  	  To	  examine	  

this	  issue	  more	  closely,	  we	  compared	  the	  rates	  of	  evolution	  of	  core	  genes	  observed	  in	  the	  

LTEE	  with	  the	  rates	  of	  evolution	  of	  the	  same	  genes	  in	  the	  E.	  coli	  collection.	  	  As	  a	  measure	  of	  

the	   rate	   of	   evolution	   of	   each	   core	   gene	   in	   the	   LTEE,	  we	   used	   a	  G-‐score,	   as	   calculated	   by	  
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Tenaillon	  et	  al.	  (2016),	  that	  expresses	  the	  excess	  number	  of	  independent	  nonsynonymous	  

mutations	  in	  nonhypermutable	  lineages	  relative	  to	  the	  number	  expected	  given	  the	  length	  of	  

that	  gene’s	  coding	  sequence	  (relative	  to	  all	  coding	  sequences)	  and	  the	  total	  number	  of	  such	  

mutations.	  	  

We	  used	  two	  different	  measures	  for	  the	  rate	  of	  evolution	  of	  each	  core	  gene	  in	  nature.	  

The	  first	  one	  is	  based	  on	  the	  level	  of	  nonsynonymous	  sequence	  diversity	  in	  the	  gene	  across	  

the	  60	  sequenced	  genomes	  in	  the	  E.	  coli	  collection.	  	  There	  is	  a	  negative	  correlation	  between	  

a	   core	  gene’s	  G-‐score	   in	   the	  LTEE	  and	   its	  diversity	   in	   in	   the	  E.	  coli	  collection	   (Spearman-‐

rank	   correlation	   r	   =	   –0.0701,	   two-‐tailed	   p	   =	   0.0019;	   Fig.	   1A).	   That	   is,	   core	   genes	   that	  

evolved	  faster	  in	  the	  LTEE	  (i.e.,	  higher	  G-‐scores)	  are	  significantly	  less	  diverse	  in	  the	  E.	  coli	  

collection	   than	   those	   that	   evolved	  more	   slowly.	   Only	   163	   genes	   in	   the	   core	   genome	   had	  

positive	   G-‐scores	   (i.e.,	   one	   or	   more	   nonsynonymous	   mutations	   in	   nonhypermutable	  

lineages)	  in	  the	  LTEE,	  and	  we	  do	  not	  find	  a	  significant	  correlation	  between	  the	  G-score	  and	  

sequence	  diversity	   using	  only	   those	   genes	   (Spearman-‐rank	   correlation	   r	   =	  –0.0470,	   two-‐

tailed	   p	  =	  0.5515;	   Figure	   1B).	   However,	   the	   163	   core	   genes	  with	   positive	  G-‐scores	   have	  

significantly	   lower	  diversity	   in	   the	  E.	  coli	  collection	   than	  do	   the	  1805	  with	   zero	  G-‐scores	  

(Mann-‐Whitney	  U	  =	  125,660,	  two-‐tailed	  p	  =	  0.0020;	  Fig.	  1C).	  	  Hence,	  the	  difference	  between	  

core	   genes	   with	   and	   without	   nonsynonymous	   substitutions	   in	   the	   nonmutator	   LTEE	  

lineages	  largely	  drives	  the	  overall	  negative	  correlation.	  

	   By	  using	  segregating	  polymorphisms	  in	  the	  E.	  coli	  collection,	  our	  first	  measure	  of	  the	  

rate	  of	  evolution	  of	  core	  genes	  in	  nature	  might	  be	  dominated	  by	  transient	  variation	  or	  local	  

adaptation.	   By	   contrast,	   divergence	   between	   core	   genes	   found	   in	   different	   species	   has	  

occurred	  over	  a	  longer	  timescale	  and	  should	  be	  less	  affected	  by	  these	  issues.	  Therefore,	  our	  

second	   measure	   for	   the	   rate	   of	   evolution	   of	   core	   genes	   in	   nature	   uses	   the	   sequence	  

divergence	  between	  E.	  coli	  and	  Salmonella	  enterica.	  We	  repeated	  the	  above	  analyses	  using	  

the	  set	  of	  2853	  panorthologs—single-‐copy	  genes	  that	  map	  one-‐to-‐one	  across	  species	  (Lerat	  

et	  al.	  2003;	  Cooper	  et	  al.	  2010)—for	  E.	  coli	  and	  S.	  enterica.	  We	  found	  a	  negative	  correlation	  

across	  genes	  between	   their	  G-scores	   in	   the	  LTEE	  and	   interspecific	  divergence	   (Spearman	  

rank-‐correlation	   r	   =	   –0.0911,	   two-‐tailed	   p	   <	   10–5;	   Figure	   2A).	   This	   negative	   correlation	  

remains	  significant	  even	  if	  we	  consider	  only	  those	  210	  panorthologs	  with	  positive	  G-‐scores	  

in	  the	  LTEE	  (Spearman	  rank-‐correlation	  r	  =	  –0.2567,	  two-‐tailed	  p	  =	  0.0002;	  Figure	  2B).	  In	  
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addition,	   the	  panorthologs	  with	  positive	  G-‐scores	  are	   less	  diverged	  between	  E.	  coli	  and	  S.	  

enterica	  than	  the	  2643	  panorthologs	  with	  zero	  G-‐scores	  (Mann-‐Whitney	  U	  =	  223,330,	  two-‐

tailed	  p	  <	  10–5;	  Fig.	  2C).	  	  

	   Taken	  together,	  these	  analyses	  contradict	  the	  hypothesis	  that	  those	  genes	  that	  have	  

evolved	  fastest	  in	  the	  LTEE	  are	  ones	  that	  also	  evolve	  and	  diversify	  faster	  than	  typical	  genes	  

in	  nature.	  Instead,	  they	  support	  the	  hypothesis	  that	  the	  genes	  involved	  in	  adaptation	  during	  

the	  LTEE	  tend	  to	  be	  more	  conserved	  than	  typical	  genes	  in	  nature,	  presumably	  because	  they	  

are	  constrained	  in	  nature	  by	  purifying	  selection.	  When	  the	  bacteria	  evolve	  under	  the	  simple	  

and	   stable	   ecological	   conditions	   of	   the	   LTEE,	   these	   previously	   conserved	   genes	   undergo	  

adaptive	  evolution	  that	  fits	  them	  to	  their	  new	  environment.	  

	  

Protein	  Residues	  that	  Changed	  in	  the	  LTEE	  are	  also	  Conserved	  in	  Nature	  

It	   is	   possible	   that	   the	   substitutions	   in	   the	   LTEE	   occurred	   at	   highly	   variable	   sites	   in	  

otherwise	  conserved	  proteins.	  To	  examine	   this	   issue,	  we	  asked	  whether	  nonsynonymous	  

changes	  found	  in	  the	  nonmutator	  LTEE	  lineages	  at	  40,000	  generations	  tended	  to	  occur	  in	  

fast-‐evolving	   codons.	   For	   the	   66	   proteins	   with	   such	   substitutions	   in	   the	   LTEE,	   we	  

calculated	   the	   diversity	   at	   the	   mutated	   sites	   and	   in	   the	   rest	   of	   the	   protein	   for	   the	   60	  

genomes	  in	  the	  E.	  coli	  collection.	  The	  sites	  that	  had	  changed	  in	  the	  LTEE	  were	  significantly	  

less	  variable	  than	  the	  rest	  of	  the	  protein	  in	  that	  collection	  (Wilcoxon	  signed-‐rank	  test,	  p	  <	  

10–5).	   In	   fact,	   only	   7	   of	   these	   66	   proteins	   had	   any	   variability	   at	   those	   sites	   in	   the	  E.	   coli	  

collection,	  and	  they	  account	  for	  only	  9	  of	  the	  105	  amino-‐acid	  substitutions	  in	  those	  proteins	  

in	   the	   40,000-‐generation	   LTEE	   clones.	   We	   obtained	   similar	   results	   for	   the	   divergence	  

between	  E.	  coli	  and	  Salmonella.	  In	  the	  40,000-‐generation	  LTEE	  clones,	  128	  nonsynonymous	  

substitutions	   occurred	   in	   86	  panorthologs,	   and	   only	   5	   of	   the	   LTEE	   substitutions	  were	   at	  

diverged	  sites.	  These	  results	  demonstrate	  that	  particular	  residues	  under	  positive	  selection	  

in	  the	  LTEE	  are	  ones	  that	  tend	  to	  be	  conserved	  in	  nature.	  

	  

Discussion	  

It	  has	  been	  long	  known	  that,	  in	  nature,	  some	  genes	  evolve	  faster	  than	  others.	  In	  most	  cases,	  

the	  more	  slowly	  evolving	  genes	  are	  core	  genes—ones	  possessed	  by	  most	  or	  all	  members	  of	  

some	  species	  or	  higher	  taxon—and	  their	  relative	  sequence	  conservation	  reflects	  functional	  
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constraints	  that	  limit	  the	  potential	  for	  the	  encoded	  proteins	  to	  change	  while	  retaining	  their	  

functionality.	  As	  a	  consequence,	  the	  ratio	  of	  nonsynonymous	  to	  synonymous	  substitutions	  

also	  tends	  to	  be	  low	  in	  these	  core	  genes.	  By	  contrast,	  we	  found	  that	  most	  nonsynonymous	  

substitutions	  in	  nonmutator	  lineages	  of	  the	  LTEE	  occurred	  in	  core	  genes	  that	  are	  shared	  by	  

all	  E.	  coli	  (Table	  1).	  Moreover,	  even	  among	  the	  core	  genes,	  those	  that	  experienced	  positive	  

selection	   to	  change	   in	   the	  LTEE	  are	  both	   less	  diverse	  over	   the	  E.	  coli	   species	   (Fig.	  1)	  and	  

less	  diverged	  between	  E.	  coli	  and	  S.	  enterica	  (Fig.	  2)	  than	  core	  genes	  without	  substitutions	  

in	  any	  of	  the	  nonmutator	  LTEE	  populations.	  Also,	  the	  particular	  sites	  where	  substitutions	  

occurred	  during	  the	  LTEE	  are	  usually	  more	  conserved	  than	  the	  rest	  of	   the	  corresponding	  

protein,	   excluding	   the	   possibility	   that	   substitutions	   occurred	   at	   a	   subset	   of	   fast-‐evolving	  

positions	  in	  otherwise	  slow-‐evolving	  genes.	  

It	  is	  clear,	  then,	  that	  the	  specific	  conditions	  of	  the	  LTEE	  have	  favored	  new	  alleles	  in	  

core	  genes	  that	  are	  usually	  highly	  conserved	  in	  nature.	  From	  one	  perspective,	  this	  result	  is	  

surprising—the	   37°C	   temperature	   of	   the	   LTEE	   is	   typical	   for	   the	   human	   and	  many	   other	  

mammalian	  bodies	  in	  which	  E.	  coli	   lives;	  the	  limiting	  resource	  is	  glucose,	  which	  is	  E.	  coli’s	  

preferred	  energy	  source,	  such	  that	  it	  will	  repress	  the	  expression	  of	  genes	  used	  to	  catabolize	  

other	  resources	  when	  glucose	   is	  available;	  and	  the	  LTEE	  does	  not	   impose	  other	  stressors	  

such	  as	  pH,	  antibiotics,	  or	  the	  like.	  	  However,	  the	  very	  simplicity	  and	  constancy	  of	  the	  LTEE	  

conditions	  are	  presumably	  novel,	  or	  at	  least	  atypical,	  in	  the	  long	  sweep	  of	  E.	  coli	  evolution.	  

In	  other	  words,	   the	  uniformity	  and	  simplicity	  of	   the	   laboratory	  conditions—including	  the	  

absence	  of	  microbial	  competitors	  and	  parasites	  as	  well	  as	  host-‐dependent	   factors—stand	  

in	  stark	  contrast	  to	  the	  variable	  and	  complex	  communities	  that	  are	  E.	  coli’s	  natural	  habitat	  

(Blount	  2015).	  	  

Given	   the	   importance	   and	   even	   essentiality	   of	  many	   core	   genes,	   it	   seems	  unlikely	  

that	  most	  of	  the	  nonsynonymous	  mutations	  in	  the	  LTEE	  cause	  complete	  losses	  of	  function.	  	  

Instead,	  we	  suspect	  that	  the	  mutations	  are	  beneficial	  because	  they	  fine-‐tune	  the	  regulation	  

and	  expression	  of	  functions	  that	  contribute	  to	  the	  bacteria’s	  competitiveness	  and	  growth	  in	  

the	  simple	  and	  predictable	  environment	  of	   the	  LTEE.	   	  By	  contrast,	  some	  other	  genes	  that	  

were	   repeatedly	  mutated	   in	   the	   LTEE—not	   by	   point	  mutations,	   but	   instead	   by	   deletions	  

and	   transposable-‐element	   insertions—typically	   encode	   noncore,	   nonessential	   functions	  
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including	  prophage	  remnants,	  plasmid-‐derived	  toxin-‐antitoxin	  modules,	  and	  production	  of	  

extracellular	   structure	   that	   are	  probably	   important	   for	  host	   colonization	   (Tenaillon	  et	   al.	  

2016).	  	  Both	  types	  of	  change	  have	  been	  shown	  to	  be	  adaptive	  in	  the	  LTEE	  environment—

the	  former	  by	  affecting	  a	  gene’s	  function	  and	  the	  expression	  of	  interacting	  genes	  (Cooper	  et	  

al.	  2003,	  Philippe	  et	  al.	  2007),	  and	  the	   latter	  by	  eliminating	  unused	  and	  potentially	  costly	  

functions	  (Cooper	  et	  al.	  2001).	  

Of	   course,	  other	  evolution	  experiments	  would	  generate	  different	   types	  of	  genomic	  

changes,	  including	  in	  some	  cases	  probably	  a	  preponderance	  of	  point	  mutations	  in	  noncore	  

genes.	  For	  example,	  if	  the	  experimental	  environment	  involves	  lethal	  agents	  such	  as	  phages	  

or	  antibiotics,	  then	  perhaps	  only	  a	  few	  noncore	  genes	  might	  be	  the	  targets	  of	  selection,	  and	  

the	  resulting	  mutations	  might	  be	  different	  from	  and	  even	  at	  odds	  with	  adaptation	  to	  other	  

aspects	   of	   the	   environment	   (Scanlan	   et	   al.	   2015).	   Similarly,	   adaptation	   to	   exploit	   novel	  

resources—such	  as	  the	  ability	  to	  use	  the	  citrate	  that	  has	  been	  present	  throughout	  the	  LTEE,	  

but	  which	  only	  one	  population	  has	  discovered	  how	  to	  use	  (Blount	  et	  al.	  2008,	  Blount	  et	  al.	  

2012)—may	   produce	   a	   different	   genetic	   signature	   of	   adaptation.	   Yet	   other	   signatures	  

might	   emerge	   if	   horizontal	   gene	   transfer	   from	  other	   strains	   or	   species	  provided	   another	  

source	  of	  variation	  (Souza	  et	  al.	  1997).	   	  Imagine	  a	  scenario	  in	  which	  gene	  flow	  allowed	  E.	  

coli	  to	  obtain	  DNA	  from	  a	  diverse	  natural	  community;	  in	  that	  case,	  a	  transporter	  acquired	  

from	  another	  bacterial	  species	  might	  well	  provide	  an	  easier	  pathway	  to	  use	  the	  citrate	   in	  

the	  LTEE	  environment.	  

	  We	  can	  turn	  the	  question	  around	  from	  asking	  why	  core	  genes	  evolve	  so	  quickly	  in	  

the	  LTEE,	  to	  asking	  why	  they	  usually	  evolve	  slowly	  in	  nature.	  Core	  genes	  encode	  functions	  

that,	  by	  definition,	  are	  widely	  shared,	  and	  so	  their	  sequences	  have	  had	  substantial	  time	  to	  

diverge	   across	   taxa	   (Biller	   et	   al.	   2015)	   and	   become	   fine-‐tuned	   to	   different	   niches.	   As	   a	  

consequence,	   there	   are	   fewer	   opportunities	   for	   new	   alleles	   of	   core	   genes	   to	   provide	   an	  

advantage.	  Moreover,	  given	  the	  diversity	  of	  species	  (including	  transients)	   in	  most	  natural	  

communities,	  extant	  species	  may	  usually	   fill	  any	  vacant	  niches	   that	  appear	   faster	   than	  de	  

novo	  evolution.	  Nonetheless,	  mutations	  in	  conserved	  core	  genes	  might	  sometimes	  provide	  

the	  best	  available	  paths	  for	  adaptation	  to	  new	  conditions,	  such	  as	  when	  formerly	  free-‐living	  

or	  commensal	  bacteria	  become	  pathogens	   (Lieberman	  et	  al.	  2011).	   In	  such	  cases,	   finding	  

parallel	  or	  convergent	  changes	  offers	  a	  way	  to	  identify	  adaptive	  mutations	  when	  they	  occur	  
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in	  core	  genes.	  For	  example,	  E.	  coli	  and	  S.	  enterica	  have	  been	  found	  to	  undergo	  convergent	  

changes	   at	   the	   amino-‐acid	   level	   in	   core	   genes	   when	   strains	   evolve	   pathogenic	   lifestyles	  

(Chattopadhyay	  et	  al.	  2009;	  Chattopadhyay	  et	  al.	  2012).	  	  

In	  summary,	  the	  genetic	  signatures	  of	  adaptation	  vary	  depending	  on	  circumstances	  

including	  the	  novelty	  of	  the	  environment	  from	  the	  perspective	  of	  the	  evolving	  population,	  

the	  complexity	  of	  the	  biological	  community	  in	  which	  the	  population	  exists,	  the	  intensity	  of	  

selection,	  and	  the	  number	  and	  types	  of	  genes	  that	  can	  produce	  useful	  phenotypes.	   	   In	  the	  

LTEE,	  nonsynonymous	  mutations	  in	  core	  genes	  that	  encode	  conserved	  and	  even	  essential	  

functions	  for	  E.	  coli	  have	  provided	  a	  major	  source	  of	  the	  large	  fitness	  gains	  in	  the	  evolving	  

populations	  over	  many	  thousands	  of	  generations	  (Wiser	  et	  al.	  2013,	  Lenski	  et	  al.	  2015).	  

	  

Materials	  and	  Methods	  

Panortholog	  Identification	  in	  the	  E.	  coli	  Collection	  

We	   downloaded	   the	   nucleotide	   and	   amino-‐acid	   sequences	   from	   GenBank	   for	   60	   fully	  

sequenced	   E.	   coli	   genome	   accessions	   (Table	   S1).	  We	   refer	   to	   this	   diverse	   set	   of	   clinical,	  

environmental,	  and	   laboratory	  strains	  as	   the	  E.	  coli	   collection.	  We	   identified	  1968	  single-‐

copy	   orthologous	   genes,	   or	   panorthologs,	   that	   are	   shared	   by	   all	   60	   strains	   in	   the	  E.	   coli	  

collection	  using	  the	  pipeline	  described	  in	  Cooper	  et	  al.	  (2010).	  To	  guard	  against	  recent	  gene	  

duplication	   or	   horizontal	   transfer	   events,	  we	   confirmed	   that	   none	   of	   these	   panorthologs	  

had	  better	  local	  BLAST	  hits	  in	  any	  given	  genome.	   	  We	  refer	  to	  these	  panorthologs	  as	  core	  

genes,	   and	   other	   genes	   that	   are	   present	   in	   only	   some	   of	   the	  E.	   coli	   collection	   as	   flexible	  

genes.	  

The	  NCBI	  Refseq	  accession	  for	  the	  ancestor	  for	  the	  LTEE,	  E.	  coli	  B	  strain	  REL606,	  is	  

NC_012967.	  The	  accession	  for	  the	  S.	  enterica	  strain	  used	  as	  an	  outgroup	  is	  NC_003197.	  We	  

downloaded	  E.	  coli	  and	  S.	  enterica	  orthology	  information	  from	  the	  OMA	  orthology	  database	  

(Altenhoff	  et	  al.	   2015),	   only	   examining	   the	  one-‐to-‐one	  matches.	   For	   internal	   consistency,	  

we	  also	  used	  the	  panortholog	  pipeline	  to	  generate	  one-‐to-‐one	  panorthologs	  between	  E.	  coli	  

B	  strain	  REL606	  and	  S.	  enterica.	  We	  analyzed	  the	  2853	  panortholog	  pairs	  that	  the	  pipeline	  

and	  the	  OMA	  database	  called	  identically.	  

	  

Analysis	  of	  the	  Keio	  Collection	  	  
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We	  downloaded	  data	  on	  essentiality	  and	  growth	  yield	   in	   rich	  and	  minimal	  media	   for	   the	  

Keio	  collection	  of	   single-‐gene	  knockouts	   in	  E.	  coli	  K-‐12	   from	   the	  supplementary	   tables	   in	  

the	  original	  paper	  describing	  the	  collection	  (Baba	  et	  al.	  2006).	  We	  classified	  the	  knocked-‐

out	  genes	  as	  panorthologs	  (i.e.,	  core)	  or	  not	  (i.e.,	  flexible),	  and	  we	  compared	  differences	  in	  

essentiality	  and	  growth	  yield	  between	  the	  two	  sets	  of	  genes.	  

	  

Nonsynonymous	  and	  Synonymous	  Substitutions	  in	  the	  LTEE	  at	  40,000	  Generations	  

We	  identified	  all	  substitutions	   in	  protein-‐coding	  genes	   in	  the	  genome	  sequences	  of	  single	  

clones	   isolated	   from	   each	   of	   the	   12	   independently	   evolving	   populations	   of	   the	   LTEE	   at	  

40,000	  generations.	  These	  data	  were	  reported	  in	  two	  previous	  studies	  (Maddamsetti	  et	  al.	  

2015;	   Tenaillon	   et	   al.	   2016).	   Six	   of	   the	   12	   populations	   descend	   from	   REL606,	   and	   six	  

descend	   from	   REL607	   (Lenski	   et	   al.	   1991).	   These	   ancestral	   strains	   differ	   by	   point	  

mutations	  in	  the	  araA	  and	  recD	  genes	  (Tenaillon	  et	  al.	  2016),	  and	  the	  two	  mutations	  were	  

thus	  excluded	  from	  our	  analysis.	  

	  

G	  Scores	  and	  Positive	  Selection	  on	  Genes	  in	  the	  LTEE	  	  

We	  use	  the	  G-‐score	  statistics	  reported	  in	  Supplementary	  Table	  2	  of	  Tenaillon	  et	  al.	  

(2016)	  as	  a	  measure	  of	  positive	  selection	  at	  the	  gene	  level	  in	  the	  LTEE.	  The	  G-‐score	  for	  each	  

gene	   reflects,	   in	   a	   likelihood	   framework,	   the	   number	   of	   independent	   nonsynonymous	  

mutations	  in	  nonmutator	  lineages	  relative	  to	  the	  number	  expected	  given	  the	  length	  of	  that	  

gene’s	   coding	   sequence	   (relative	   to	   all	   coding	   sequences)	   and	   the	   total	   number	   of	   such	  

mutations.	  In	  this	  analysis,	  the	  nonmutator	  lineages	  included	  the	  six	  LTEE	  populations	  that	  

never	  evolved	  point-‐mutation	  hypermutability	  as	  well	  as	  lineages	  in	  the	  other	  populations	  

before	   they	  became	  mutators.	  This	   analysis	   included	  whole-‐genome	  sequences	   from	  264	  

clones	  isolated	  at	  11	  time	  points	  through	  50,000	  generations	  of	  the	  LTEE.	  

	  

Sequence	  Diversity	  and	  Divergence	  

We	   adapted	  Nei’s	   nucleotide	   diversity	  metric	   (Nei	   and	   Li	   1979)	   for	   use	  with	   amino-‐acid	  

sequences	   to	   reflect	   nonsynonymous	   differences.	   Specifically,	   we	   calculated	   the	   mean	  

number	  of	  differences	  per	  site	  between	  all	  1770	  (i.e.,	  60	  x	  59	  /	  2)	  pairs	  of	  sequences	  in	  the	  

protein	  alignments	  from	  the	  60	  genomes	  in	  the	  E.	  coli	  collection.	  In	  the	  site-‐specific	  analysis,	  
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we	   calculated	   this	   diversity	  metric	   separately	   for	   the	   sites	   that	   evolved	   in	   the	   LTEE	   and	  

those	  that	  did	  not,	  and	  we	  compared	  the	  values	  to	  see	  if	  the	  former	  also	  tended	  to	  vary	  in	  

nature.	  For	  the	  sequence	  divergence	  between	  E.	  coli	  and	  S.	  enterica,	  we	  used	  the	  ancestral	  

strain	  of	  the	  LTEE,	  REL606,	  as	  the	  representative	  E.	  coli	  genome	  in	  order	  to	  maximize	  the	  

number	  of	  orthologous	  genes	  available	   in	  our	  analysis.	  The	  divergence	  for	  each	  gene	  was	  

calculated	   as	   the	   proportion	   of	   amino-‐acid	   residues	   that	   differ	   between	   the	   two	   aligned	  

proteins,	  where	   an	   amino-‐acid	  difference	   implies	   at	   least	   one	  nonsynonymous	   change	   in	  

the	  corresponding	  codon	  since	  the	  most	  recent	  common	  ancestor	  of	  the	  two	  alleles.	  

	  

Statistical	  Analyses	  

All	  data	  tables	  and	  analysis	  scripts	  will	  be	  deposited	  in	  the	  Dryad	  Digital	  Repository	  upon	  

acceptance	  (doi:XXXX).	  
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Table	  1.	  Nonsynonymous	  Mutations	  Overrepresented	  in	  the	  Core	  Genome	  of	  Nonmutator	  
LTEE	  Populations.	  
	  

Category	  and	  Population	   Core	   Flexible	   Odds	  Ratio	   Significance	  

Nonsynonymous	  mutations	  
in	  nonmutator	  populations	   105	   47	   2.37	   p	  <	  10–6	  

Synonymous	  mutations	  in	  
nonmutator	  populations	  	   10	   15	   0.71	   p	  =	  0.4297	  

Nonsynonymous	  mutations	  
in	  mutator	  populations	  	   2038	   2247	   0.96	   p	  =	  0.2273	  

Synonymous	  mutations	  in	  
mutator	  populations	   845	   880	   1.02	   p	  =	  0.6822	  

	  
NOTE—The	  length	  of	  the	  core	  and	  flexible	  (i.e.,	  noncore)	  portions	  of	  the	  coding	  sequences	  in	  
the	  genome	  of	  the	  LTEE	  ancestor	  (E.	  coli	  strain	  REL606)	  are	  1,944,921	  and	  2,066,263	  bp,	  
respectively.	  Data	  show	  the	  numbers	  of	  mutations	  found	  in	  the	  core	  and	  flexible	  portions	  in	  
genomes	  sampled	  and	  sequenced	  at	  40,000	  generations	  from	  six	  nonmutator	  populations	  
that	   retained	   the	  ancestral	  point-‐mutation	   rate	  and	  six	  mutator	  populations	   that	  evolved	  
hypermutability.	  The	  odds	  ratio	  expresses	  the	  extent	  to	  which	  the	  category	  of	  mutation	  is	  
overrepresented	  (>1)	  or	  underrepresented	  (<1)	  in	  the	  core	  genome	  relative	  to	  the	  flexible	  
genome	   in	   the	   indicated	  populations.	   	  The	  p-‐value	   is	  based	  on	  a	   two-‐tailed	  binomial	   test	  
comparing	   the	  observed	  numbers	  of	  mutations	   to	   the	   expectations	  based	  on	   the	   relative	  
lengths	  of	  the	  core	  and	  flexible	  genomes.	  
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FIG.	  1.	  Relationship	  between	  positive	  selection	  in	  the	  LTEE	  and	  nonsynonymous	  sequence	  

diversity	  of	  core	  genes	  in	  the	  E.	  coli	  collection	  of	  60	  clinical,	  environmental,	  and	  laboratory	  

strains.	   The	   G-‐score	   provides	   a	   measure	   of	   positive	   selection	   based	   on	   the	   excess	   of	  

nonsynonymous	   substitutions	   in	   the	   LTEE	   lineages	   that	   retained	   the	   ancestral	   point-‐

mutation	   rate.	   The	   log10	   and	   square-‐root	   transformations	   of	   the	   G-‐score	   and	   sequence	  

diversity,	  respectively,	  improve	  visual	  dispersion	  of	  the	  data	  for	  individual	  genes,	  but	  they	  

do	  not	  affect	  the	  nonparametric	  tests	  performed,	  which	  depend	  only	  on	  rank	  order.	  (A)	  G-‐

scores	   and	   sequence	   diversity	   are	   negatively	   correlated	   across	   all	   1968	   core	   genes	  

(Spearman-‐rank	  correlation,	  p	  =	  0.0019).	  (B)	  The	  correlation	  becomes	  not	  significant	  using	  

only	  the	  163	  genes	  with	  positive	  G-‐scores	  (Spearman-‐rank	  correlation,	  p	  =	  0.5515).	  (C)	  The	  

163	  core	  genes	  with	  positive	  G-‐scores	  in	  the	  LTEE	  have	  significantly	  lower	  nonsynonymous	  

sequence	   diversity	   in	   natural	   isolates	   than	   the	   1805	   genes	   with	   zero	   G-‐scores	   (Mann-‐

Whitney	  test,	  p	  =	  0.0020).	  Error	  bars	  show	  95%	  confidence	  intervals	  around	  the	  median.	  
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FIG.	  2.	  Relationship	  between	  positive	  selection	  in	  the	  LTEE	  and	  nonsynonymous	  sequence	  

divergence	  of	  panorthologs	  between	  E.	  coli	  (strain	  REL606)	  and	  S.	  enterica.	  REL606	  is	  the	  

common	  ancestor	   of	   the	   LTEE	  populations.	   See	   Fig.	   1	   for	   additional	   details.	   (A)	  G-‐scores	  

and	   divergence	   are	   negatively	   correlated	   across	   all	   2853	   panorthologs	   (Spearman-‐rank	  

correlation,	   p	   <	   10-‐5).	   (B)	   The	   correlation	   remains	   significant	   even	   using	   only	   the	   210	  

panorthologs	  with	  positive	  G-‐scores	  (Spearman-‐rank	  correlation,	  p	  =	  0.0002).	  (C)	  The	  210	  

panorthologs	  with	  positive	  G-‐scores	  in	  the	  LTEE	  are	  significantly	  less	  diverged	  between	  E.	  

coli	   and	   S.	   enterica	   in	   natural	   isolates	   than	   the	   2643	   panorthologs	   with	   zero	   G-‐scores	  

(Mann-‐Whitney	   test,	   p	   =	   <	   10-‐5).	   Error	   bars	   show	   95%	   confidence	   intervals	   around	   the	  

median.	  
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Supplementary	  File	  1.	  NCBI	  Refseq	  ID,	  strain	  name,	  and	  lifestyle	  (commensal	  or	  pathogen)	  
for	  the	  collection	  of	  60	  strains	  with	  complete	  genome	  sequences	  used	  to	  identify	  the	  set	  of	  
panorthologs	  that	  represent	  the	  core	  genome	  of	  Escherichia	  coli.	  
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