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SI Appendix: Text 

Yield/rate trade-off  

Well-­‐described	
   examples	
   of	
   a	
   yield/rate	
   trade-­‐off	
   are	
   the	
   ones	
   dealing	
   with	
  
metabolic	
  shifts	
  in	
  central	
  carbon	
  metabolism.	
  For	
  instance	
  the	
  Crabtree	
  effect	
  in	
  
yeast	
  describes	
  that	
  an	
  increase	
  of	
  the	
  growth	
  rate	
  leads	
  to	
  production	
  of	
  ethanol	
  
even	
  in	
  the	
  presence	
  of	
  sufficiently	
  high	
  oxygen	
  concentrations.	
  Such	
  a	
  shift	
  from	
  
respiration	
   to	
   fermentation	
   causes	
   large	
   differences	
   in	
   ATP	
   and	
   biomass	
   yield	
  
(32	
  mol	
  ATP	
  per	
  glucose	
  versus	
  2	
  mol	
  ATP	
  per	
  glucose,	
  respectively)(1).	
  Other	
  
examples	
   for	
   such	
   a	
   trade-­‐off	
   are	
   the	
   shift	
   from	
   acetate	
   production	
   to	
   lactate	
  
production	
   in	
   lactic	
  acid	
  bacteria	
   (2),	
   the	
  production	
  of	
  acetate	
  by	
  E.	
  coli	
  (3)	
  at	
  
high	
  growth	
  rates	
  and	
  also	
  the	
  Warburg	
  effect	
  in	
  cancer	
  cells	
  (4).	
  
Although	
   these	
   examples	
   demonstrate	
   such	
   a	
   trade-­‐off,	
   several	
   attempts	
   to	
  
evolve	
  organisms	
  with	
  an	
  increased	
  yield	
  failed.	
  Next	
  to	
  the	
  examples	
  mentioned	
  
in	
   the	
  main	
   text,	
   the	
   yield/rate	
   trade-­‐off	
  was	
   studied	
   in	
  E.	
   coli	
  evolving	
   in	
   the	
  
laboratory	
  for	
  20000	
  generations.	
  In	
  this	
  study	
  the	
  authors	
  did	
  not	
  find	
  a	
  trade-­‐
off	
  when	
  comparing	
  evolved	
  strains	
  with	
  their	
  ancestors	
  or	
  across	
  independently	
  
evolved	
  populations	
  (5).	
  However,	
  within	
  three	
  out	
  of	
  four	
  evolved	
  populations	
  
they	
   did	
   find	
   a	
   significant	
   negative	
   correlation	
   between	
   yield	
   and	
   rate.	
   The	
  
authors	
   speculate	
   that	
   the	
   failure	
   to	
   observe	
   a	
   trade-­‐off	
   in	
   the	
   first	
   two	
  
comparisons	
  could	
  be	
  due	
  to	
  incomplete	
  adaptation	
  to	
  the	
  growth	
  medium	
  when	
  
they	
  started	
  the	
  experiment	
  or	
  because	
  the	
  maximum	
  possible	
  growth	
  rate	
  was	
  
attained,	
  which	
  would	
  hamper	
  the	
  detection	
  of	
  a	
  yield-­‐rate	
  trade-­‐off.	
  The	
  authors	
  
do	
   acknowledge	
   limitations	
   of	
   their	
   experimental	
   setup	
   that	
   possibly	
  
compromise	
  the	
  detection	
  of	
  such	
  a	
  trade-­‐off,	
  and	
  suggest	
  dedicated	
  experiments	
  
for	
  further	
  investigation.	
  
MacLean	
   (6)	
   compared	
   the	
   glucose	
   uptake	
   rate	
   and	
   the	
   biomass	
   yield	
   of	
   13	
  
different	
  yeasts	
  from	
  the	
  Saccharomyces	
  clade	
  (data	
  obtained	
  from	
  Merico	
  et	
  al.	
  
(7)).	
  After	
   the	
  omission	
  of	
  2	
   strains	
   that	
  did	
  not	
  produce	
   ethanol,	
   a	
   significant	
  
negative	
  correlation	
  was	
  found	
  between	
  the	
  glucose	
  uptake	
  rate	
  and	
  the	
  biomass	
  
yield.	
  However,	
  when	
  the	
  actual	
  growth	
  rate	
  measured	
  in	
  the	
  same	
  experiment	
  is	
  
compared	
   to	
   the	
   biomass	
   yield,	
   this	
   correlation	
   does	
   not	
   exist	
   anymore	
   (SI	
  
Appendix;	
  Fig.	
  S12).	
  From	
  an	
  evolutionary	
  perspective	
  the	
  growth	
  rate	
   is	
  much	
  
more	
  relevant	
  to	
  the	
  yield-­‐rate	
  trade-­‐off	
  than	
  the	
  glucose	
  uptake	
  rate.	
  The	
  reason	
  
for	
  this	
  discrepancy	
  between	
  glucose	
  uptake	
  and	
  growth	
  rate	
  might	
  lie	
  in	
  the	
  fact	
  
that	
  most	
  of	
  these	
  strains	
  are	
  not	
  optimized	
  for	
  growth	
  in	
  the	
  medium	
  that	
  this	
  
data	
   was	
   obtained	
   in.	
   Depending	
   on	
   how	
   well	
   a	
   strain	
   was	
   adapted	
   to	
   the	
  
particular	
   medium,	
   the	
   actual	
   yield	
   ratio	
   could	
   be	
   far	
   away	
   from	
   optimality,	
  
which	
  makes	
  it	
  impossible	
  to	
  identify	
  a	
  yield/rate	
  trade-­‐off	
  line.	
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Microbial growth in emulsion 

In	
  our	
  study	
  emulsions	
  were	
  generated	
  by	
  mechanically	
  shaking	
  growth	
  medium	
  
with	
   the	
   appropriate	
   cell	
   density	
   with	
   suitable	
   oil	
   supplemented	
   with	
   a	
  
surfactant.	
  The	
   resulting	
  emulsions	
  droplets	
  are	
  polydisperse	
   (droplets	
  vary	
   in	
  
diameter)	
  and	
  for	
  our	
  experiments	
  we	
  assumed	
  an	
  average	
  droplet	
  size	
  of	
  50	
  µm	
  
(Figure	
  S1).	
  The	
  size	
  distribution	
  of	
  droplets	
  did	
  not	
  change	
  during	
  at	
  least	
  three	
  
days	
   of	
   incubation,	
   indicating	
   that	
   droplet	
   fusion	
   does	
   not	
   occur	
   or	
   is	
   very	
  
limited.	
  	
  	
  An	
  average	
  droplet	
  size	
  of	
  50	
  µm	
  corresponds	
  to	
  a	
  droplet	
  volume	
  of	
  65	
  
picoliters.	
  Based	
  on	
  the	
  average	
  droplet	
  size,	
  the	
  prepared	
  emulsions	
  contained	
  
approximately	
   4.6	
   million	
   droplets.	
   As	
   we	
   used	
   300	
   µl	
   of	
   medium	
   containing	
  
2×106	
   cells	
   per	
  ml	
   to	
   prepare	
   the	
   emulsions	
   the	
   expected	
   number	
   of	
   cells	
   per	
  
droplet	
   is	
   approximately	
   (2×106	
   ×	
   0.3)/4.6×106	
   =0.13.	
   Assuming	
   that	
   droplet	
  
occupation	
   follows	
   a	
   Poisson	
   distribution,	
   it	
   was	
   calculated	
   that	
   11.4%	
   of	
   all	
  
droplets	
  were	
  filled	
  with	
  a	
  single	
  cell	
  and	
  that	
  less	
  than	
  1%	
  were	
  occupied	
  with	
  
more	
  than	
  one	
  cell	
  (Figure	
  S1).	
  Droplets	
  with	
  a	
  smaller	
  diameter	
  have	
  a	
  smaller	
  
likelihood	
  of	
  being	
  occupied	
  by	
  a	
  cell	
  and	
  because	
  the	
  volume	
  of	
  a	
  sphere	
  scales	
  
with	
   the	
   third	
   power	
   of	
   the	
   radius	
   smaller	
   droplets	
   form	
   a	
   relatively	
   small	
  
fraction	
  of	
   the	
   total	
   volume.	
  Bigger	
  droplets	
   are	
  more	
   likely	
   to	
  be	
  occupied	
  by	
  
more	
  than	
  one	
  cell.	
  Such	
  droplets	
  would	
  not	
  contribute	
  to	
  the	
  selection	
  of	
  cells	
  
with	
  an	
  increased	
  number	
  of	
  offspring	
  if	
  they	
  co-­‐reside	
  in	
  a	
  droplet	
  with	
  a	
  faster	
  
growing	
  strain.	
  This	
  means	
   that	
  droplets	
  with	
  a	
   large	
  diameter	
  will	
   slow	
  down	
  
the	
   selection	
   process	
   but	
   will	
   not	
   be	
   detrimental	
   to	
   it.	
   Based	
   on	
   an	
   average	
  
droplet	
  volume	
  of	
  65	
  picoliters,	
  an	
  initial	
  cells	
  density	
  of	
  1	
  cell	
  per	
  droplet	
  and	
  a	
  
maximum	
   cell	
   density	
   of	
   1×109	
   cell/ml	
   the	
   number	
   of	
   cell	
   divisions	
   in	
   a	
   fully-­‐
grown	
  droplet	
  is	
  approximately	
  6.	
  
Lactococcus	
   lactis	
  MG1363	
   can	
   also	
   form	
   short	
   chains	
   of	
   bacteria,	
  which	
   could	
  
lead	
  to	
  the	
  inoculation	
  of	
  individual	
  droplets	
  with	
  more	
  than	
  one	
  cell.	
  Since	
  cells	
  
within	
   a	
   chain	
   are	
   likely	
   to	
   be	
   genetically	
   identical,	
   this	
   effect	
   should	
   not	
  
compromise	
  the	
  selection	
  procedure.	
  	
  
To	
   estimate	
   the	
   number	
   or	
   transfers	
   in	
   emulsion	
   required	
   to	
   identify	
   mutant	
  
strains	
  we	
  assumed	
   that	
  one	
   in	
  a	
  million	
  cells	
   carries	
  a	
  mutation	
   leading	
   to	
  an	
  
increased	
  number	
  of	
  offspring.	
  If	
  the	
  increase	
  in	
  the	
  number	
  of	
  offspring	
  is	
  30%	
  
the	
   enrichment	
   of	
   this	
   mutant	
   will	
   be	
   more	
   than	
   three	
   orders	
   of	
   magnitude	
  
within	
   30	
   transfers.	
   If	
   the	
   increase	
   in	
   the	
   number	
   of	
   offspring	
   is	
   50%	
   the	
  
enrichment	
  after	
  30	
  transfers	
  will	
  be	
  more	
  than	
  five	
  orders	
  of	
  magnitude,	
  which	
  
would	
  render	
  it	
  making	
  up	
  more	
  than	
  10	
  percent	
  of	
  the	
  total	
  population.	
  

Serial propagation in emulsion allows selection for an increased number of offspring: Proof of 
principle 

We	
  used	
  the	
  protocol	
  for	
  serial	
  propagation	
  in	
  emulsion	
  to	
  propagate	
  L.	
  lactis,	
  a	
  
lactic	
  acid	
  bacterium	
  that	
  produces	
  mainly	
  lactate	
  as	
  a	
  metabolic	
  end	
  product.	
  In	
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L.	
   lactis	
   the	
   production	
   of	
   acetate	
   yields	
   50%	
   more	
   ATP	
   compared	
   to	
   the	
  
production	
   of	
   lactate	
   as	
   a	
   metabolic	
   end	
   product	
   (Fig.	
   1).	
   Consistent	
   with	
   a	
  
suggested	
   yield/rate	
   trade-­‐off	
   in	
   organisms	
   a	
   lactate	
   dehydrogenase	
   (ldh)	
  
mutant,	
   in	
   which	
   the	
   glycolytic	
   flux	
   is	
   mainly	
   diverted	
   towards	
   acetate	
  
production,	
   grows	
   almost	
   4-­‐fold	
   slower	
   but	
   reaches	
   30%	
   higher	
   cell	
   densities	
  
than	
   the	
  wild	
   type	
   strain	
   (8).	
   In	
   a	
   proof	
   of	
   principle	
   assay	
  we	
   showed	
   that	
   in	
  
competition	
  with	
   the	
  wild	
   type	
   strain	
   the	
   fraction	
   of	
   the	
   slow	
  but	
   efficient	
   ldh	
  
mutant	
   increased	
   if	
   propagated	
   in	
   emulsion,	
   while	
   it	
   rapidly	
   decreased	
   in	
  
suspension	
  (Fig.	
  1).	
  	
  

Serial propagation of L. lactis in emulsion selects for populations with an increased number of 
offspring 

In	
  the	
  main	
  text	
  we	
  describe	
  the	
  selection	
  of	
  a	
  high-­‐yield	
  mutant	
  (HB60)	
  through	
  
serial	
  propagation	
  in	
  emulsion.	
  However,	
  a	
  competition	
  experiment	
  of	
  HB60	
  and	
  
the	
  wild	
  type	
  strain	
  MG1363	
  propagated	
  in	
  emulsion	
  every	
  second	
  day	
  resulted	
  
in	
  the	
  co-­‐existence	
  of	
  the	
  two	
  strains	
  but	
  the	
  fraction	
  of	
  HB60	
  did	
  not	
  increase.	
  
This	
  was	
   an	
   unexpected	
   result,	
   as	
  we	
   selected	
  HB60	
  using	
   this	
   same	
   selection	
  
scheme.	
  We	
  hypothesized	
  that	
  the	
  survival	
  of	
  HB60	
  in	
  emulsion	
  was	
  lower	
  than	
  
that	
   of	
  MG1363.	
   Subsequent	
   experiments	
   revealed	
   that	
   variants	
  with	
   elevated	
  
final	
   optical	
   densities	
   increased	
   in	
   frequency	
   in	
   the	
   initial	
   emulsion	
   if	
   the	
  
propagation	
  was	
   continued	
   (Fig.	
   2)	
   and	
   that	
  HB60	
   could	
   invade	
   the	
  wild	
   type	
  
population	
  in	
  emulsion	
  when	
  propagated	
  every	
  day,	
  rather	
  than	
  every	
  two	
  days	
  
(SI	
  Appendix;	
  Fig.	
  S3).	
  These	
  results	
  corroborate	
  the	
  notion	
  that	
  the	
  survival	
  of	
  
HB60	
   compared	
   to	
   MG1363	
   in	
   emulsion	
   is	
   compromised	
   and	
   that	
   the	
   initial	
  
EMS-­‐mutagenized	
  population	
  contained	
  no	
  or	
  very	
   few	
  wild	
   type	
  variants.	
  The	
  
suggestion	
   that	
   very	
   few	
   or	
   no	
   wild	
   type	
   variants	
   resided	
   in	
   the	
   EMS-­‐
mutagenized	
  population	
  of	
  MG1363	
  is	
   further	
  supported	
  by	
  two	
  populations	
  of	
  
EMS-­‐treated	
  MG1363	
  that	
  were	
  adapted	
  in	
  suspension	
  for	
  120	
  generations.	
  This	
  
is	
  comparable	
  to	
  the	
  number	
  of	
  generations	
  during	
  the	
  22	
  propagation	
  steps	
  in	
  
emulsion	
  (~6	
  divisions	
  per	
  emulsion	
  step).	
  The	
  suspension	
  adapted	
  populations	
  
MG1363_Sus1	
   and	
   MG1363_Sus2	
   showed	
   both	
   a	
   lower	
   growth	
   rate	
   and	
   yield	
  
than	
  the	
  wild	
  type	
  MG1363	
  (SI	
  Appendix;	
  Fig.	
  S10).	
  

Full genome re-sequencing 

Full	
   genome	
   re-­‐sequencing	
   revealed	
   that	
   strain	
   HB60	
   contained	
   one	
   point	
  
mutation	
   in	
   ptnD	
   (see	
  main	
   text	
   and	
   Figs.	
   S6,	
   S8,	
   S9)	
   but	
   also	
   3	
   loci	
   where	
   a	
  
mobile	
   genetic	
   element	
   inserted	
   into	
   the	
   genome.	
   Transposable	
   element	
   IS981	
  
inserted	
  into	
  either	
   i)	
   the	
  intergenic	
  region	
  between	
  a	
  hypothetical	
  protein	
  and	
  
the	
  50s	
  ribosomal	
  protein	
  L10	
  ii)	
  into	
  the	
  coding	
  region	
  of	
  a	
  hypothetical	
  protein	
  
and	
   iii)	
   in	
   the	
   intergenic	
   region	
   of	
   two	
   genes	
   encoding	
   hypothetical	
   proteins	
  
(Table	
  S2).	
  All	
  three	
  insertions	
  were	
  also	
  found	
  back	
  in	
  strains	
  HB61	
  and	
  HB62.	
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We	
   cannot	
   exclude	
   that	
   these	
   insertions	
   have	
   an	
   effect	
   on	
   the	
   observed	
  
phenotype	
   of	
   HB60.	
   However,	
   the	
   fact	
   that	
   in	
   strains	
   HB61	
   and	
   HB62	
   three	
  
independent	
  events	
  led	
  to	
  the	
  emergence	
  of	
  new	
  promoters	
  upstream	
  of	
  glucose	
  
transporters,	
   indicate	
   the	
   importance	
   of	
   glucose	
   transport	
   for	
   the	
   selected	
  
phenotypes.	
   It	
   furthermore	
   corroborates	
   the	
   importance	
   of	
   the	
   identified	
  
mutation	
  in	
  the	
  glucose	
  transporter	
  subunit	
  ptnD	
  in	
  HB60.	
  For	
  its	
  validation	
  we	
  
tested	
  a	
  MG1363	
  derived	
  strain	
  in	
  which	
  the	
  complete	
  glucose	
  transport	
  system	
  
ptnABCD	
   is	
   deleted	
   (NZ9000∆ptnABCD).	
   This	
   strain	
   showed	
   indeed	
   a	
   growth	
  
rate	
   and	
   growth	
   yield	
   similar	
   to	
   the	
   one	
   of	
  HB60	
   (SI	
   Appendix;	
   Fig.	
   S10).	
   The	
  
serial	
   propagation	
   of	
   NZ9000∆ptnABCD	
   in	
   suspension	
   led	
   to	
   an	
   increased	
  
growth	
   rate	
   and	
   a	
   decreased	
   yield	
   resembling	
   the	
   trajectories	
   seen	
   with	
   the	
  
HB60	
  reversions	
  towards	
  HB61,	
  HB62	
  and	
  HB63.	
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SI Appendix:  Tables 
	
  
Table	
  S1:	
  Strains	
  used	
  in	
  this	
  study	
  
	
  

	
  
	
  
	
  
	
  
	
  
Table	
   S2:	
  Genome	
  re-­‐sequencing	
  revealed	
  three	
  re-­‐arrangements	
   in	
  HB60	
  and	
  
the	
  additional	
  insertions	
  of	
  IS905	
  upstream	
  of	
  ptnABCD	
  and	
  glcU	
  in	
  strains	
  HB61	
  
and	
  HB63.	
  
	
  

	
  
1	
  This	
  rearrangement	
  does	
  not	
  occur	
  in	
  the	
  published	
  genome	
  of	
  L.	
  lactis	
  MG1363	
  
but	
  it	
  was	
  found	
  in	
  the	
  isolate	
  that	
  we	
  started	
  all	
  experiments	
  with	
  (designated	
  
Gen0).	
  
2	
  IS905	
  and	
  IS981	
  occur	
  14	
  and	
  16	
  times	
  in	
  the	
  genome	
  of	
  MG1363	
  respectively	
  
(Accession:	
   NC_009004).	
   Depending	
   on	
   the	
   mapping	
   of	
   our	
   reads	
   with	
   the	
  
different	
   IS	
   elements	
   the	
   insertion	
   position	
   and	
   insertion	
   length	
   can	
   vary	
   by	
   a	
  
number	
  of	
  bases.	
  
	
  
	
  
	
  
	
  
  

!"#$%& '()*#%+"%,&- .(/(#(&*(
!"#$%$ !"#$%&'()#&'()*+,-(.,-&/(01-2341,-,14+5(6+51-78-9:;<=#> "())7.-#?@$A-

B10*(..-*'#%$" ->CC=
9D?CCC +*+,--.()/0-,14+5(6+51-78-!"#$%&'()-!"#$%$ E3+&14)-*'#%$" -#??=
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SI Appendix: Figures 
	
  
	
  

 
Figure	
  S1	
  

	
  
Emulsion	
   droplets	
   as	
   prepared	
   for	
   the	
   compartmentalized	
   propagation	
   of	
  
microbial	
   cells	
   (panel	
  a).	
  A	
  histogram	
  of	
   the	
  droplet	
  diameters	
  of	
  152	
  droplets	
  
from	
   the	
   picture	
   in	
   panel	
   a	
   (manually	
   measured	
   with	
   ImageJ;	
  
http://imagej.nih.gov/ij/,	
  1997-­‐2012)	
  shows	
  a	
  mean	
  droplet	
  diameter	
  of	
  43	
  µm	
  
(panel	
  b),	
  which	
  equals	
  a	
  volume	
  of	
  42	
  picoliter.	
  Based	
  on	
   the	
  average	
  droplet	
  
size	
   cell	
   densities	
   for	
   droplet	
   generation	
   can	
  be	
   calculated.	
  Droplet	
   occupation	
  
will	
   follow	
   a	
   probability	
   distribution	
   as	
   shown	
   in	
   panel	
   c	
   (valid	
   for	
   a	
  
monodisperse	
   emulsion	
   (uniform	
   droplet	
   diameter)).	
   Droplet	
   size	
   can	
   slightly	
  
vary	
   between	
   different	
   emulsions.	
   	
   Typically	
   we	
   saw	
   the	
   majority	
   of	
   droplet	
  
diameters	
  ranging	
  from	
  40-­‐60	
  µm.	
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Figure	
  S2	
  

	
  
Growth	
   curves	
   (a)	
   and	
   cell	
   size	
   measurements	
   (b)	
   of	
   strain	
   HB60	
   (red)	
   and	
  
MG1363	
  (black).	
  The	
  shaded	
  areas	
  indicate	
  the	
  SEM	
  (n=12,	
  panel	
  a)	
  (n=2,	
  panel	
  
b).	
   Please	
   note	
   that	
   the	
   emulsion	
   based	
   selection	
   protocol	
   selects	
   for	
   an	
  
increased	
   number	
   of	
   viable	
   offspring	
   at	
   the	
   time	
   of	
   propagation	
   and	
   not	
  
necessarily	
  for	
  increased	
  biomass	
  yield.	
  For	
  instance	
  a	
  mutant	
  with	
  an	
  increased	
  
number	
  of	
  viable	
  offspring	
  but	
  decreased	
  cell	
  size	
  and	
  decreased	
  total	
  biomass	
  
would	
   be	
   favored	
   by	
   selection	
   in	
   emulsion.	
   In	
   the	
   case	
   of	
   HB60	
   an	
   increased	
  
number	
  of	
  offspring	
  coincides	
  with	
  an	
  increased	
  biomass	
  yield.	
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Figure	
  S3	
  

Invasion	
  of	
  the	
  MG1363	
  wild	
  type	
  population	
  by	
  strain	
  HB60.	
  HB60	
  was	
  mixed	
  
with	
  MG1363	
  and	
  propagated	
  in	
  emulsion	
  every	
  24	
  hours.	
   In	
  the	
  initial	
  culture	
  
HB60	
  was	
  not	
  detected	
  in	
  96	
  individual	
  colonies	
  (panel	
  a).	
  After	
  4	
  (panel	
  b)	
  and	
  
8	
  transfers	
  (panel	
  c)	
  in	
  emulsion	
  the	
  fraction	
  of	
  HB60	
  increased	
  as	
  compared	
  to	
  
the	
  initial	
  frequency	
  in	
  the	
  population.	
  The	
  fraction	
  of	
  HB60	
  in	
  the	
  population	
  is	
  
<1%,	
  6%	
  and	
  23%	
  in	
  panel	
  a,	
  b	
  and	
  c	
  respectively.	
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Figure	
  S4	
  

Organic	
  acid	
  profiles	
  of	
  strains	
  MG1363	
  and	
  HB60.	
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Figure	
  S5	
  

Organic	
  acid	
  profiles	
  of	
  HB60	
  (data	
  points	
  after	
  10	
  generations)	
  and	
  during	
   its	
  	
  
adaptation	
   to	
   growth	
   in	
   suspension	
   for	
   50	
   and	
   90	
   generations.	
   Three	
  
independent	
  cultures	
  were	
  adapted	
  in	
  parallel	
  (panels	
  a,	
  b	
  and	
  c)	
  and	
  from	
  each	
  
culture	
   a	
   single	
   colony	
   was	
   isolated	
   and	
   designated	
   HB61,	
   HB62	
   HB63	
  
respectively.	
   The	
   organic	
   acid	
   profiles	
   of	
   the	
   entire	
   population	
   after	
   90	
  
generations	
  resemble	
  the	
  profiles	
  of	
  the	
  single	
  colonies	
  that	
  were	
  isolated.	
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Figure	
  S6	
  

Protein	
   alignment	
   of	
   the	
   protein	
   family	
   pfam03613,	
   which	
   encodes	
   the	
   PTS	
  
system	
   mannose/fructose/sorbose	
   family	
   IID	
   component	
   (only	
   the	
   first	
   240	
  
residues	
  of	
  the	
  alignment	
  are	
  shown).	
  The	
  alignment	
  shows	
  the	
  PtnD	
  protein	
  of	
  
MG1363	
   (top	
   row)	
   and	
   the	
   20	
  most	
   diverse	
  members	
   of	
   the	
   protein	
   family	
   as	
  
selected	
   by	
   the	
   NCBI	
   CDD	
   database	
   (retrieved	
   on	
   24th	
   September	
   2012).	
   The	
  
alignment	
  was	
  made	
   in	
   ClustalW	
  with	
   standard	
   settings	
   and	
   visualization	
  was	
  
done	
  in	
  CLC	
  sequence	
  viewer.	
  Amino	
  acid	
  conservation	
  is	
  indicated	
  from	
  blue	
  to	
  
red	
  with	
  an	
  increasing	
  degree	
  of	
  conservation.	
  At	
  position	
  100	
  of	
  the	
  alignment	
  a	
  
phenylalanine	
   (F)	
   residue	
   is	
   indicated	
   to	
  be	
  well	
   conserved.	
  The	
  G→T	
  mutation	
  
that	
  occurred	
  at	
  position	
  710325	
  	
  (GenBank	
  	
  NC_009004)	
  	
  during	
  the	
  adaptation	
  
in	
  emulsion	
  lead	
  to	
  a	
  change	
  from	
  phenylalanine	
  at	
  this	
  position	
  in	
  MG1363	
  to	
  a	
  
leucine	
   in	
  HB60	
  (F65L).	
  The	
  overall	
  conservation	
  of	
  a	
  phenylalanine	
  residue	
   in	
  
the	
  mutated	
  position	
  in	
  3256	
  proteins	
  (http://pfam.sanger.ac.uk;	
  24Sep2012)	
  of	
  
this	
   family	
   is	
  86%.	
  The	
  IID	
  component	
  of	
   the	
  PTS	
  systems	
   is	
   located	
   in	
  the	
  cell	
  
membrane	
   and	
   together	
   with	
   component	
   IIC	
   it	
   is	
   responsible	
   for	
   the	
  
translocation	
   of	
   sugar	
   moieties	
   over	
   the	
   membrane.	
   Based	
   on	
   the	
   observed	
  
decrease	
  of	
   the	
  glycolytic	
   flux	
   in	
  HB60	
  (SI	
  Appendix;	
  Fig.	
  S7)	
  we	
  conclude	
   that	
  
the	
  F65L	
  mutation	
  led	
  to	
  decreased	
  PtnD	
  activity.	
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I HRN - KDD LAAAMSHN - L EF FNTHPF LVT FVMG I V L SL EQNKA - - - - - D I AT I RAVRV SAMGPLGG I GDAL FWFT LV P I T
I HTN - KED LKASMAHN - LD F LNTHPF LVT FVMG I V L SL EQNKA - - - - - DT AT I RSVR I SAAGPLGG I GDAL FWLT LV P I T
I HTN - QAD L SKALQGH - MGF FNTHPF LVT FVMG I V LAMERSKQ- - - - - N I N S I QST K I AVGAPMGG I GDAMFWLT L L P I C
I HRN - PQD L SN SMKMH - MEF I NVHPFDVT F L SGLV LAMEQNKE- - - - - K I ST I RAVKVALMGPLGG I GDAL FWLT L L P I C
I HGNNRAD LAKSLKNH - LQF FNASPKL FT F L LGTAVAMEENKE- - - - - KPSM I NVMKVAGMGPTGG I GDA I DHMT LMPLT
I HQN - PED LKKALKNN - LQFYNANPKMFT L PLGLA I AMEESKE- - - - - KPST I A SVKAATMGSV SGVGDALDH SVML PLT
I HRD - KED LAL SL ENH - LQFMNTNPQLVT FMHGV I I AMEESKE- - - - - SPKS I QA I KTALMGPLGG I GDAL FY LT V L P I A
I YKDDKPGL SAAMKDN - L EF I NTHPN LVGF LMGL L I SMEEKGE- - - - - NRDT I KGLKVAL FGP I AG I GDA I FWFT L L P I M
I HNDDKEKV SQSMKDN - L EF I NTNPT LVGF LMGLV L SL EEN SE- - - - - DRSL I KGLKVAL FGPLAG I GDAL LWFT L L P I V
I FGNDKKAL SEAMSDN - MEF I NT APPLV S I LMGL LT SL EEKRV - - - - - DRQT I RGLKNGL FGPMAG I GDA I YWFT LMP I V
I YGNDKEGLAAAL ESN - LQF I NTNNYAAPL LMGL EASL EEHGE- - - - - KRST I DGLR I A L FGPLAG I GDA I TWFT I L P I V
I HGKD SEEV SKALD EYGVD F I NT EQHAASF LMGLV L SMEENRA - - - - - DRKL I KNMKTGL FGSFAG I GDA I FWFT L L P I S
I YKND EAEFKRVT T SN - L EFYNTNPQPY PFV SS I MLAMYD SGQ- - - - - D EDDVRA I KFALMGPLAG I GDAL SQFGLAPL F
I YKD EPEKLKETASAN - L EFYNTNPQML PF I T SMQLAMYDNGQ- - - - - SVTDT RS I KMALMGPL SG I GD S I AQFG I APL F
LY PE- KEAQEAAVRRH - LA F FNTHPYVAAA I VGGV LYHEQR I ARGEE- PPDKVTAFKAALMGPLAALGDGF FWL SLKPAV
LY PQ- GPAREEAVRRH - LV F FNTHPYVAAA I VGGV I NH EER I ARGEE- T PDKVVAFKAALMGPLAALGDGF FWL SLKPAT
LY PE- PARREEALARH - LGF FNCHPYMAAA I VGGA I HH EERVAAGL E- PGQGPLAYKAT LQGPLAAVGDGF FWTALRPF F
LYHG- - SD LQRVCRKN - LAY FN SNPV LAL P I I GGSLRL EEQKSRG- MD SSMEV ED FKSALAGPCAAMGD SF FWGTWRPLA
I Y PD - PVKRREARKKY - I RHYNTHPFWT PL LVGT F L SL EAG I AAQT - F PPQ I LRN LKDT TAYT L SA I GD SV FGGTMLV SW

GA I AASLAVGGS I I APL F F F I VWNA I R I A F LWYTQEFGYKSGSA I T KD LGGGL LQT VT KGAS I LGMFV LGV L I QRWVT TN
GALGASLA I SGN I LGP I I F F FAWN I I RMAF LWYTQEFGYKAGT E I T KD L SGG I LKN I T KGAS I LGMFV I GALVQRWVT I N
AG I T SNMALTGN I AAPFV F L LV FNVAQFA I RYWLMHWSYRLGTDA I G I LT A - NARQFT RAAS I LGV FVVGALT CLYGGTA
AGLTANMAMEGQ I I GAV L F L I I FNAVQFAVRFGLMYWSYGLGT KAVT L LT S- SAKEFT RAAS I LG I FVVGGL I ANYGGT S
GG I GAD LALQGS I MGAV F F FV L FNAVH FGLRFGLAHYAYRMGVAA I PM I KA - NT KKVGHAASMVGMT V I GALVAT YVRLA
AG I GASLAL EGSL FGP I V F L L L FNV FH FGLRFGLAHYGYQAGT SALAL LKT - HT RR I SHAAS I VGMT V I GALVASYVH L S
LALGAS I A I EGS I AGPFV F F I LYQT VH F LVY FGLMFMGYRAGTAAMVNMGD - AT EKLAKAAN I MG I FV I GALCAT F I RLQ
LA I GSS I A LQGNPLGV LV F FV LYQAYR I PMY FWL L F LGYNAGV SAL EKL SD - QAEKLGRAAN I VGLGV I GSMVAKYVKV S
AA I GSQL SL EGN I LGP I V F L L L FN I PYMAAK I GL I N LGYKMGVKA I SV L SE- ST KKL SRSAT I VG I SVVGAL I PKSVQLT
AG I CSSFASQGN L LGP I L F FAVY - L L I F F LRVGWTHVGY SVGVKA I DKVRE- N SQM I ARSAT I LG I T V I GGL I A SYVH I N
AG I SASFASQGS I VGP I L F FGVY - VCV F L SR I I WT SAGYKLGVKA I D I LKE- N SKS I SKAAT T LGVT V I GGL I A SYVH I T
GG I AASFASKGN I LGP I I F F LVY - LA I F LCR I P FAH LGYN LGVKA I DV I QD - N SK I I ARVAT I MGLT V I GAL I SQYVAL S
AG I T ASFAKQGS I LGPLV F F LVY - LAMFVARAP I A L LGYNAGT KA I SK I RE - N SG I V SHCAS I LGCT V I GGL I AT YVQ I A
GS I AASLCKQH S I LGP I F F LA FW- I LMAV SRV F F LKAGYKLGSGA I SKLT E- NAKALT KGAG I LGVMVVGAM I PSYVT FA
SS I FASLALQGMTWAP I P F I LCL FG I T FGVRMLMGY LGWKVGT S I I DT L SD - RMAA I ADVASMLGLT V I AGL SV SFVKVN
ST I FAGLAMDGLGFAPMGFWF SML I SML I I K L LMGY LGFKLGT SV I ET L SD - K I GK I SSAAN I VGVT V I AALAT SFVKAN
GA I CAGLV PL LHAWAAV L F LV LYN LVH I T LRARLYWMGL SLGDRLV EAVARAKL PARGARLRSVAAACSGGVAAWLAVD L
GAV SAALV PL LGVWAV PL F LV LYN LVH L L LRVRLYWLGLT LGDRLV EAVARAN L PARGARLRAVAAASAGGVAAWLAV SF
GALAVVGAL L LGV PALVAALVVYNA I H LALR I GL FRAGY LRGDALVGT I AH LN L PVVADRLRAGGAALCG- VAGAV F LMR
ACLAVWLT LAGYGWSV F L F L L I YNT PAF F LRFYGFWLGYRRDYR I I DN LQRWRL PD LAYRLRALMVML LGGL SAWVAHTG
SLAT CSL LVAGYQSAAFALGL F L FTALQAFKL FT F I AGLREGLKV LNRLRNWNL I NWGERLKSGNAV LAAV L LWQL F PAH

1
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Figure	
  S7	
  

Acidification	
  rate	
  normalized	
   to	
  wild	
   type	
  strain	
  MG1363.	
  Major	
  metabolic	
  end	
  
products	
  in	
  L.	
  lactis	
  are	
  lactic	
  acid,	
  acetic	
  acid	
  and	
  formic	
  acid,	
  which	
  contribute	
  
to	
   the	
  acidification	
  of	
   the	
  medium.	
  The	
  acidification	
  rate	
   is	
   therefore	
  a	
  readout	
  
for	
   the	
   glycolytic	
   flux.	
   Compared	
   to	
   the	
   wild	
   type,	
   strain	
   HB60	
   shows	
   41%	
  
decreased	
  acidification	
  rate,	
  while	
  HB61,	
  HB62	
  and	
  HB63	
  show	
  a	
  27%,	
  32%	
  and	
  
45%	
   increase	
   in	
   their	
   acidification	
   rate	
   respectively.	
   	
   HB60	
   shows	
   a	
   different	
  
organic	
  acid	
  profile,	
  which	
  might	
  lead	
  to	
  an	
  overestimation	
  of	
  the	
  corresponding	
  
glycolytic	
  flux	
  based	
  on	
  the	
  acidification	
  rate.	
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Figure	
  S8	
  

The	
   selection	
   of	
   MG1363	
   in	
   emulsion	
   resulted	
   in	
   the	
   isolation	
   of	
   a	
   mutant	
  
(HB60)	
  with	
  a	
  point	
  mutation	
  (F65L)	
  in	
  ptnD.	
  During	
  the	
  subsequent	
  adaptation	
  
of	
   HB60	
   in	
   suspension	
   insertion	
   element	
   IS905	
   (red)	
   integrated	
   into	
   the	
  

ptnAB      ptnC      ptnD  

MG1363              ATTAAAGAATTCC  

HB60                        ATTAAATAATTCC  
HB61                        ATTAAATAATTCC  
HB63                        ATTAAATAATTCC                              

  IS905  

Direct  repeat  

TTGATTAAtattcttcaactctacttgagtgtttacacataattattgacagtatcaaacatttgcaaatatcgatt  
                                  -­35                -­10  

tgaagtagtataataactaagtaataatttttattataatcttatataggaggttactcacaTTGAGTA  

Insertion  in  HB61  and  HB63  

a  

glcU  

  IS905  

Direct  repeat  

TTTGGCCAATGTGCTGACACACTTGAAAGCTTATTTGATTAAtattcttcaactctacttgagtgt

ttacacataattattgacagtatccaaaaaaaagagtaaaatagagaaatgcttaatttttaagtaaaaaaactatt
        -­35               -­10  

ttaaagaggtaaatataaacATGCAAGGAGTT  

Insertion  in  HB63  

b  
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promoter	
  region	
  of	
  the	
  ptnABCD	
  operon	
  in	
  strains	
  HB61	
  and	
  HB63.	
  IS905	
  carries	
  
a	
  perfect,	
  outward	
  facing	
   -­‐35	
  promoter	
  element	
  (underlined).	
  This	
   -­‐35	
  element	
  
in	
  combination	
  with	
  the	
  down-­‐stream	
  located	
  -­‐10	
  element	
  (underlined)	
  closely	
  
resembles	
  a	
  consensus	
  promoter	
  sequence	
  that	
  did	
  not	
  occur	
  in	
  the	
  parent	
  strain.	
  
The	
  original	
  point	
  mutation	
   found	
   in	
  ptnD	
   of	
   strain	
  HB60	
   remained	
   in	
   	
   strains	
  
HB61	
   and	
   HB63	
   during	
   the	
   adaptation	
   in	
   suspension.	
   The	
   up-­‐regulation	
   of	
  
transcription	
  through	
  the	
  insertion	
  of	
  IS905	
  in	
  promoter	
  regions	
  of	
  MG1363	
  has	
  
been	
  described	
  before	
   (9,	
  10).	
  The	
   insertion	
   locus	
  of	
   IS905	
   is	
   flanked	
  by	
  direct	
  
terminal	
  repeats	
  (light	
  blue).	
  The	
  IS	
  element	
  is	
  inserted	
  at	
  position	
  712501	
  in	
  the	
  
genome	
  of	
  L.	
  lactis	
  MG1363	
  (GenBank	
  	
  NC_009004)	
  
Panel	
   b:	
   In	
   HB63	
   IS905	
   integrated	
   also	
   in	
   the	
   upstream	
   region	
   of	
   the	
   glucose	
  
permease	
   gene	
   glcU.	
   Analogous	
   to	
   panel	
   a	
   this	
   insertion	
   resulted	
   in	
   the	
  
integration	
  of	
   the	
  same	
   -­‐35	
  element	
   	
   (underlined)	
  17	
  bases	
  upstream	
  of	
  a	
   	
   -­‐10	
  
element	
   (underlined)	
   which	
   results	
   in	
   a	
   region	
   that	
   closely	
   resembles	
   a	
  
consensus	
   promoter	
   sequence	
   that	
   did	
   not	
   occur	
   in	
   the	
   parent	
   strain.	
   The	
   IS	
  
element	
   is	
   inserted	
   at	
   position	
   2521652	
   in	
   the	
   genome	
   of	
   L.	
   lactis	
   MG1363	
  
(GenBank	
  	
  NC_009004).	
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a	
  

b	
  
	
  

	
  

	
  

Figure	
  S9	
  

Genomic	
  region	
  of	
  the	
  ptn	
  locus	
  after	
  the	
  IS905	
   integration	
  in	
  strains	
  HB61	
  and	
  
HB63.	
   IS905	
   is	
   indicated	
   in	
   red	
   and	
   the	
   partial	
   ptnA	
   gene	
   in	
   green	
   (panel	
   a).	
  
Genomic	
   region	
   of	
   the	
   glcU	
   locus	
   after	
   the	
   IS905	
   integration	
   in	
   strain	
   HB63.	
  
IS905	
   is	
   indicated	
   in	
   red	
   and	
   the	
   partial	
   glcU	
   gene	
   in	
   green	
   (panel	
   b).	
   The	
   IS	
  
element	
  is	
  flanked	
  by	
  inverted	
  repeats	
  (10)	
  which	
  are	
  underlined	
  and	
  in	
  bold.	
  
	
  
	
  
	
   	
  

GAACAACTGTAATATTTTTATGAAAACATTGGTAGTGTAAAATAAGTTGTGTAAACACTAAAAAGGAATAAATCCGTTAT
AGTAGAGTTGCGAAACATTACTAGAAAGAGATTTATTCCTATGACTCAGTTTACCACAGAACTACTTAACTTCCTAGCCCAAA
AGCAAGATATTGATGAATTTTTCCGTACTTCTCTTGAAACTGCTATGAATGATCTGCTTCAAGCAGAGTTATCAGCCTTTTTA
GGGTATGAACCTTACGATAAAGTAGGCTATAATTCTGGGAATAGTCGTAACGGAAGCTATTCACGGCAATTTGAAACCAAATA
TGGGACTGTTCAGTTGAGCATTCCTAGAGATCGTAATGGGAACTTTAGTCCAGCTTTGCTTCCCGCTTATGGACGTCGAGATG
ACCACTTGGAAGAGATGGTTATCAAACTCTATCAAACCGGTGTAACGACTCGAGAAATTAGTGATATCATCGAGCGAATGTAT
GGTCATCACTATAGTCCTGCCACAATTTCTAATATCTCAAAAGCAACTCAGGAGAATGTCGCTACTTTTCATGAGCGAAGCTT
AGAAGCCAATTACTCTGTTTTATTTCTTGACGGAACCTATCTTCCATTAAGACGTGGAACCGTTAGTAAAGAATGTATTCATA
TCGCACTTGGCATTACACCAGAAGGACAGAAGGCTGTTCTTGGATATGAAATCGCCCCAAATGAAAATAATGCTTCTTGGTCC
ACCCTGTTAGACAAGCTTCAAAACCAAGGAATCCAACAGGTTTCTCTTGTAGTGACCGATGGCTTCAAGGGGCTTGAACAGAT
TATCAGTCAGGCTTACCCATTAGCTAAACAACAACGTTGCTTAATTCATATTAGTCGAAATCTAGCTAGTAAAGTGAAACGAG
CAGATAGAGCGGTTATTCTGGAGCAATTTAAAACGATTTATCGTGCTGAAAATTTAGAAATGGCAGTGCAAGCTTTAGAGAA
CTTTATCGCCGAATGGAAACCAAAGTATAGGAAAGTCATGGAAAGTCTGGAGAATACGGATAATCTTTTAACTTTTTATCAGT
TTCCCTACCAGATTTGGCACAGCATTTATTCGACAAACCTCATTGAGTCTCTTAACAAAGAAATCAAACGTCAAACGAAAAAG
AAGGTTCTTTTTCCTAACGAGGAGGCTCTGGAACGTTACTTAGTTACTTTGTTTGAAGATTATAATTTCAAGCAAAGTCAACG
CATCCATAAAGGGTTTGGCCAATGTGCTGACACACTTGAAAGCTTATTTGATTAATATTCTTCAACTCTACTTGAGTGTTTAC
ACATAATTATTGACAGTATCAAACATTTGCAAATATCGATTTGAAGTAGTATAATAACTAAGTAATAATTTTTATTATAAT
CTTATATAGGAGGTTACTCACATTGAGTATCGGAATTGTTATTGCGAGCCATGGTGAATTCGCTGCAGGCATCAAACAATCTG
GTTCTATGATTTTCGGAGAGCAAGAAAAAGTACAAGTTGTTACTTTTATGCCTAGCGAAGGACCAACTGATTTGCATGCTAAA
ATTGAAGCTGCCATCGCAACATTTGATGCTGAAGATGAAGTACTTGTCCTTGCTGACTTATGGAGCGGTTCTCCATTTAACCA
AGCAAGTGCAGTGATGGGTGAAAATCCAGAGCGCAAGATCGCTATCATCACAGGCCTCAACCTGCCTATGCTTATCCAAGCCT
ACACAGAACGCATGATGGACGCGTCTGCTGGAGTGGATAAAGTCGTAGCAAATATTATGAAAGAAGCCAAAGGCGGTA	
  

CGCCGCCAATTTTAGTTCTAATTGAAAAAAGAAAATAAATTTACTTGAACAGTTATGAATCTTATGTATTCTTTTATCTCTTG
TTTTTTCCAAAAAAAGGTAGTGTAAAATAAGTTGTGTAAACACAAAAAGGAATAAATCCGTTATAGTAGAGTTGCGAAAC
ATTACTAGAAAGAGATTTATTCCTATGACTCAGTTTACCACAGAACTACTTAACTTCCTAGCCCAAAAGCAAGATATTGATGA
ATTTTTCCGTACTTCTCTTGAAACTGCTATGAATGATCTGCTTCAAGCAGAGTTATCAGCCTTTTTAGGGTATGAACCTTACG
ATAAAGTAGGCTATAATTCTGGGAATAGTCGTAACGGAAGCTATTCACGGCAATTTGAAACCAAATATGGGACTGTTCAGTTG
AGCATTCCTAGAGATCGTAATGGGAACTTTAGTCCAGCTTTGCTTCCCGCTTATGGACGTCGAGATGACCACTTGGAAGAGAT
GGTTATCAAACTCTATCAAACCGGTGTAACGACTCGAGAAATTAGTGATATCATCGAGCGAATGTATGGTCATCACTATAGTC
CTGCCACAATTTCTAATATCTCAAAAGCAACTCAGGAGAATGTCGCTACTTTTCATGAGCGAAGCTTAGAAGCCAATTACTCT
GTTTTATTTCTTGACGGAACCTATCTTCCATTAAGACGTGGAACCGTTAGTAAAGAATGTATTCATATCGCACTTGGCATTAC
ACCAGAAGGACAGAAGGCTGTTCTTGGATATGAAATCGCCCCAAATGAAAATAATGCTTCTTGGTCCACCCTGTTAGACAAGC
TTCAAAACCAAGGAATCCAACAGGTTTCTCTTGTAGTGACCGATGGCTTCAAGGGGCTTGAACAGATTATCAGTCAGGCTTAC
CCATTAGCTAAACAACAACGTTGCTTAATTCATATTAGTCGAAATCTAGCTAGTAAAGTGAAACGAGCAGATAGAGCGGTTAT
TCTGGAGCAATTTAAAACGATTTATCGTGCTGAAAATTTAGAAATGGCAGTGCAAGCTTTAGAGAACTTTATCGCCGAATGGA
AACCAAAGTATAGGAAAGTCATGGAAAGTCTGGAGAATACGGATAATCTTTTAACTTTTTATCAGTTTCCCTACCAGATTTGG
CACAGCATTTATTCGACAAACCTCATTGAGTCTCTTAACAAAGAAATCAAACGTCAAACGAAAAAGAAGGTTCTTTTTCCTAA
CGAGGAGGCTCTGGAACGTTACTTAGTTACTTTGTTTGAAGATTATAATTTCAAGCAAAGTCAACGCATCCATAAAGGGTTTG
GCCAATGTGCTGACACACTTGAAAGCTTATTTGATTAATATTCTTCAACTCTACTTGAGTGTTTACACATAATTATTGACAG
TATCCAAAAAAAAGAGTAAAATAGAGAAATGCTTAATTTTTAAGTAAAAAAACTATTTTAAAGAGGTAAATATAAACATGCA
AGGAGTTCTTCTCGCGCTTGTTCCAATGTTTGCTTGGGGTTCTATCGGATTTGTAGCTAACAAATTTGGTGGAGATGCTAAAC
AACAAACACTTGGAATGACATTAGGCGCTTTTGTTTTTGCACTTATTGTTTTCTTATTCCGTATGCCAACATTGACCATGGCA
AATTTTCTTAATTGGATTTATTGGTGGTTTACCTTTGGGCGATTGGTCAATTTGGTCA	
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Figure	
  S10	
  

	
  
Yield/rate	
   plot	
   of	
  L.	
   lactis	
  MG1363	
   and	
   21	
   derivatives.	
  HB60–S1,	
  HB60-­‐S2	
   and	
  
HB60–S3	
   are	
   individual	
   cultures	
   of	
   HB60	
   that	
   were	
   adapted	
   to	
   growth	
   in	
  
suspension	
  for	
  60,	
  100	
  and	
  160	
  generations	
  (legend	
  designations	
  end	
  with	
  -­‐P6,	
  -­‐
P10	
  and	
  -­‐P160	
  respectively).	
  Strains	
  HB60-­‐S1-­‐P10,	
  HB60-­‐S2-­‐P10,	
  HB60-­‐S3-­‐P10	
  
are	
  single	
  colony	
  isolates	
  from	
  the	
  individual	
  cultures	
  and	
  they	
  were	
  designated	
  
HB61,	
   HB62	
   and	
   HB63	
   respectively.	
   MG1363_Sus_1	
   and	
   MG1363_Sus_2	
   are	
  
cultures	
  of	
   the	
  originally	
  EMS	
  treated	
  MG1363	
  culture	
   that	
  was	
  propagated	
   for	
  
120	
  generations	
  in	
  suspension.	
  Strains	
  NZ9000_∆ptnABCD	
  (11)	
  is	
  deficient	
  of	
  the	
  
mannose	
  PTS	
  which	
  was	
   found	
   to	
   be	
  mutated	
   in	
  HB60.	
   Strain	
  NZ9000_∆ptcBA	
  
(11)	
  is	
  deficient	
  of	
  a	
  cellobiose	
  PTS	
  system	
  that	
  is	
  also	
  involved	
  in	
  glucose	
  uptake	
  
in	
   L.	
   lactis.	
   	
   Strains	
   NZ9000(12),	
   NZ9000_∆ptnABCD	
  and	
   NZ9000_∆ptcBA	
   were	
  
obtained	
   on	
   GM17	
   medium	
   and	
   adapted	
   to	
   growth	
   in	
   the	
   chemically	
   defined	
  
medium	
  (CDMpc).	
  The	
  cultures	
  indicated	
  in	
  this	
  figure	
  were	
  adapted	
  for	
  30,	
  40	
  
and	
   100	
   generations	
   (legend	
   designations	
   end	
   with	
   -­‐P3,	
   -­‐P4	
   and	
   -­‐P10	
  
respectively).	
   Standard	
   errors	
   are	
   shown	
   (n=11).	
   If	
   error	
   bars	
   are	
   not	
   visible	
  
they	
  fall	
  within	
  the	
  plotted	
  symbol.	
  The	
  diagonal	
   line	
  shows	
  a	
  linear	
  regression	
  
line	
  with	
  an	
  adjusted	
  R2=	
  0.71	
  and	
  a	
  p<0.0001,	
  DF=20.	
  From	
  the	
  same	
  cultures	
  
cell	
   size,	
   cell	
   numbers,	
   organic	
   acid	
   profiles	
   and	
   the	
   total	
   protein	
   content	
  was	
  
determined.	
  See	
  the	
  correlations	
  in	
  Fig.	
  4	
  of	
  the	
  main	
  text.	
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Figure	
  S11	
  

Serial	
  propagation	
  of	
   the	
  double	
   ldh	
  mutant	
  NZ9020	
   for	
  up	
   to	
  280	
  generations	
  
did	
  not	
  result	
  in	
  an	
  increased	
  growth	
  rate	
  (primary	
  y-­‐axis)	
  or	
  a	
  change	
  in	
  lactate	
  
production	
   (secondary	
   y-­‐axis).	
   NZ9020	
   was	
   cultured	
   for	
   approximately	
   100	
  
generations	
   (culture	
   designations	
   ending	
   with	
   “-­‐p10”)	
   or	
   approximately	
   280	
  
generations	
  (culture	
  designations	
  ending	
  with	
  “-­‐p28”).	
  	
  The	
  propagation	
  for	
  100	
  
generations	
  was	
  done	
  for	
  96	
  individual	
  cultures	
  with	
  similar	
  results	
  for	
  growth	
  
rates.	
  MG1363	
  is	
  shown	
  as	
  a	
  reference.	
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Figure	
  S12	
  

	
  
MacLean	
   2008	
   argued	
   for	
   the	
   existence	
   of	
   a	
   yield/rate	
   trade-­‐off	
   based	
   on	
   the	
  
biomass/glucose	
   uptake	
   (qGluc)	
   plot	
   of	
   different	
   yeast	
   species	
   (bottom	
   left	
  
panel).	
   However,	
   within	
   the	
   same	
   dataset	
   this	
   correlation	
   is	
   not	
   found	
   if	
   the	
  
growth	
  rate	
  is	
  compared	
  to	
  either	
  biomass	
  yield	
  or	
  the	
  glucose	
  consumption	
  rate,	
  
indicating	
   that	
   in	
  yeasts	
   there	
  seems	
  no	
  clear	
  correlation	
  between	
  growth	
  rate	
  
and	
  glucose	
  uptake	
  rate	
  under	
  these	
  conditions	
  as	
  also	
  observed	
  by	
  Youk	
  et	
  al.	
  
(13).	
  Data	
  taken	
  from	
  Merico	
  	
  et	
  al.	
  2007	
  (7).	
  Bottom	
  panels	
  show	
  the	
  individual	
  
data	
   points	
   fitted	
   with	
   a	
   linear	
  model	
   (red	
   line)	
   and	
   the	
   top	
   panels	
   show	
   the	
  
corresponding	
  Pearson	
  correlation	
  coefficients	
  and	
  p-­‐values.	
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SI Appendix:  Materials and Methods 

Chemically induced mutagenesis  

For	
  chemically	
  induced	
  mutagenesis	
  L.	
  lactis	
  MG1363	
  was	
  grown	
  in	
  the	
  presence	
  
of	
  25	
  mM	
  ethyl	
  methanesulfonate	
  (EMS)	
  over	
  night.	
  This	
  concentration	
  of	
  EMS	
  
allowed	
  L.	
  lactis	
  to	
  still	
  grow	
  exponentially,	
  but	
  at	
  a	
  decreased	
  growth	
  rate	
  and	
  to	
  
a	
   lower	
   final	
  optical	
  density.	
  The	
  exposure	
   to	
  EMS	
  was	
  stopped	
  after	
  16	
  hours	
  
while	
   the	
  culture	
  was	
   still	
   growing.	
  EMS	
  was	
   removed	
  by	
  centrifugation	
  of	
   the	
  
culture,	
   aspiration	
  of	
   the	
  medium	
  and	
   re-­‐suspending	
  of	
   the	
   cells	
   in	
  GCDM	
   to	
   a	
  
final	
  cell	
  density	
  of	
   	
   	
  2×106	
  cells	
  per	
  ml.	
  These	
  cells	
  were	
  serially	
  transferred	
  in	
  
emulsion	
  31	
  times.	
  

Surfactant synthesis 

One	
  mmol	
  Krytox	
   157	
   FS-­‐H	
   (MW	
  7500),	
   (DuPont)	
  was	
   stirred	
   under	
   argon	
   or	
  
nitrogen,	
  degassed	
  with	
  vacuum	
  and	
  refilled	
  with	
  argon	
  or	
  nitrogen	
  2-­‐3	
  times	
  to	
  
remove	
   oxygen.	
   Then	
   2mmol	
   thionyl	
   chloride	
   (Sigma-­‐Aldrich)	
   were	
   added	
  
dropwise	
  to	
  the	
  reaction	
  mixture	
  while	
  stirring	
  for	
  5minutes	
  at	
  4ºC.	
  Stirring	
  was	
  
continued	
   for	
  another	
  hour	
  at	
   room	
   temperature.	
  Then	
  excess	
   thionyl	
   chloride	
  
was	
  removed	
  under	
  vacuum	
  for	
  30	
  minutes.	
  During	
  stirring	
  10	
  mL	
  FC-­‐3283	
  (3M,	
  
Novec)	
   and	
   2	
   mmol	
   O,O′-­‐Bis(2-­‐aminopropyl)	
   polypropylene	
   glycol-­‐block-­‐
polyethylene	
   glycol-­‐block-­‐polypropylene	
   glycol	
   (MW	
   900)	
   (Jeffamine	
   ED-­‐900;	
  
Sigma-­‐Aldrich)	
  were	
  added	
  drop-­‐wise.	
  The	
  resulting	
  emulsion	
  was	
  stirred	
  for	
  2	
  
hours	
  at	
  room	
  temperature.	
   	
  Then	
  20	
  mL	
  FC-­‐3283	
  were	
  added	
  and	
  the	
  sample	
  
was	
   filtered	
   through	
   celite.	
   Finally	
   FC-­‐3283	
  was	
   removed	
   under	
   vacuum.	
   This	
  
surfactant	
  was	
  used	
  without	
  further	
  purification.	
  
Although	
  not	
  used	
  for	
  the	
  results	
  presented	
  here,	
  we	
  found	
  that	
  the	
  use	
  of	
  0.5%	
  
Pico-­‐Surf™	
   (Dolomite	
   Microfluidics)	
   in	
   HFE7500	
   (3M	
   Novec)	
   has	
   similar	
  
emulsification	
  properties	
  as	
  compared	
  to	
  the	
  surfactant	
  described	
  above.	
  

Proof of Principle experiment 

Overnight	
  cultures	
  of	
  strains	
  NZ9000	
  and	
  NZ9010	
  were	
  inoculated	
  at	
  a	
  ratio	
  of	
  
7:3	
   based	
   on	
   optical	
   density	
   measurements.	
   This	
   co-­‐culture	
   was	
   serially	
  
propagated	
  in	
  suspension	
  every	
  24	
  hours	
  by	
  preparing	
  1:1000	
  dilutions	
  of	
  10	
  ml	
  
batch	
  cultures.	
  Another	
  co-­‐culture	
  was	
  propagated	
  with	
  the	
  described	
  emulsion	
  
based	
   protocol	
   every	
   48	
   hours	
   for	
   4	
   transfers.	
   Throughout	
   the	
   experiment	
  
dilutions	
   of	
   the	
   culture	
   were	
   plated	
   on	
   GM17	
   or	
   GM17	
   supplemented	
   with	
   5	
  
μg/ml	
   erythromycin.	
   NZ9010	
   is	
   erythromycin	
   resistant	
   which	
   allowed	
  
monitoring	
   the	
   fraction	
   of	
   NZ9010	
   in	
   the	
   mixed	
   culture	
   throughout	
   the	
  
experiment.	
  	
  

Serial propagation in suspension 

HB60	
   was	
   serially	
   propagated	
   in	
   10	
   ml	
   batch	
   cultures	
   by	
   preparing	
   1:1000	
  
dilutions	
  every	
  24	
  hours.	
  The	
  fast	
  growing	
  revertants	
  HB61,	
  HB62	
  and	
  HB63	
  are	
  
single	
  colony	
  isolates	
  from	
  three	
  independent	
  cultures	
  that	
  were	
  propagated	
  for	
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9	
   transfers.	
   The	
   number	
   of	
   generations	
   generated	
   throughout	
   these	
  
propagations	
  is	
  approximately	
  90.	
  
Three	
   cultures	
   of	
   NZ9020	
   were	
   serially	
   propagated	
   in	
   10	
   ml	
   cultures	
   as	
  
described	
  above	
   for	
  up	
  to	
  280	
  generations.	
  Additionally	
  96	
  cultures	
  of	
  NZ9020	
  
were	
   propagated	
   in	
   parallel	
   by	
   culturing	
   them	
   in	
   deep-­‐well	
   plates	
   that	
   were	
  
filled	
   with	
   1.8	
   ml	
   medium.	
   Every	
   24	
   hours	
   cultures	
   were	
   propagated	
   by	
  
inoculating	
  a	
  deep-­‐well	
  plate	
  with	
  a	
  96-­‐pin	
  replicator	
  that	
  transfers	
  roughly	
  1-­‐2	
  
µl	
   of	
   the	
   fully-­‐grown	
   culture.	
   Ten	
   transfers	
   resulted	
   in	
   approximately	
   100	
  
generations.	
  	
  

Growth curve analysis 

The	
  R	
  software	
  package	
  was	
  used	
  to	
  analyze	
  the	
  growth	
  curves	
  from	
  microplate	
  
experiments.	
   The	
   optical	
   density	
   (OD)	
   measurements	
   were	
   background	
  
corrected	
   for	
  each	
  well	
  by	
   subtracting	
   the	
  average	
  of	
   the	
   first	
  3	
   reads	
   from	
  all	
  
values.	
  The	
  OD	
  after	
  inoculation	
  is	
  below	
  the	
  detection	
  limit	
  of	
  the	
  plate	
  reader,	
  
which	
   allows	
   it	
   to	
   use	
   the	
   first	
   values	
   as	
   background	
   measurements	
   for	
  
individual	
  wells.	
   Individual	
   background	
   correction	
   per	
  well	
   has	
   the	
   advantage	
  
that	
   small	
   variations	
   caused	
  by	
   irregularities	
   in	
   the	
  microplate	
   or	
   the	
  medium	
  
volume	
  will	
  be	
  taken	
  into	
  account.	
  For	
  the	
  determination	
  of	
  the	
  growth	
  rate	
  the	
  
region	
   of	
   exponential	
   growth	
   was	
   determined	
   as	
   values	
   that	
   were	
   above	
   the	
  
noise	
   level	
   of	
   the	
   OD	
   measurement	
   and	
   below	
   20-­‐50%	
   of	
   the	
   maximum	
   OD	
  
reached	
  by	
  each	
   curve.	
  The	
   slope	
  of	
   the	
   ln-­‐transformed	
  data	
  was	
   calculated	
  as	
  
the	
  growth	
  rate.	
  
The	
  maximum	
  OD	
  reached	
  was	
  determined	
  as	
   the	
  average	
  of	
   the	
   three	
  highest	
  
OD	
   values	
   measured	
   after	
   cells	
   go	
   into	
   stationary	
   phase.	
   Growth	
   curves	
   that	
  
were	
  obvious	
  outliers,	
  which	
  were	
  usually	
  caused	
  by	
  gas	
  bubbles	
  in	
  wells	
  were	
  
omitted	
   from	
   the	
   analysis.	
   Per	
   384	
  well	
   plate	
   (384	
   growth	
   curves)	
  we	
   usually	
  
identified	
  less	
  than	
  3	
  of	
  such	
  outliers	
  that	
  were	
  omitted	
  from	
  data	
  analysis.	
  

Dry weight, cell size and fermentation end products determination 

Biomass	
  dry	
  weight	
  of	
  cultures	
  was	
  determined	
  by	
  filtering	
  4	
  ml	
  of	
  cell	
  culture	
  
through	
  a	
  dried,	
  and	
  pre-­‐weighed	
  0.2	
  μm	
  pore	
  filter	
  using	
  a	
  vacuum	
  pump	
  and	
  
subsequent	
  drying	
  at	
  60°C	
  until	
  filters	
  reached	
  a	
  stable	
  weight.	
  	
  
Bacterial	
   cell	
   size	
   and	
   number	
   was	
   determined	
   in	
   a	
   Multisizer	
   3	
   (Beckman-­‐
Coulter),	
  which	
  was	
  used	
  with	
  a	
  30	
  µm	
  aperture	
  according	
  to	
  the	
  manufacturers	
  
instructions.	
  
The	
   extracellular	
   concentration	
   of	
   glucose,	
   lactate,	
   formate,	
   acetate,	
   pyruvate,	
  
succinate	
   and	
   ethanol	
   was	
   quantified	
   by	
   HPLC	
   analysis	
   of	
   fermentation	
  
supernatants	
   obtained	
   by	
   filtration	
   through	
   a	
   0.2	
   µm	
   polyethersulfone	
   (PES)	
  
filter	
   (VWR	
   International	
   B.V.,	
   Amsterdam,	
   The	
   Netherlands).	
   Separation	
   and	
  
quantification	
  of	
  the	
  compounds	
  of	
  interest	
  was	
  achieved	
  using	
  an	
  isocratic	
  flow	
  
through	
   an	
   aminex	
   ion-­‐exclusion	
   column	
   using	
   a	
   previously	
   described	
   set	
   up	
  
(14).	
  The	
  carbon	
  flux	
  towards	
  lactate	
  was	
  estimated	
  as	
  the	
  fraction	
  of	
  carbon	
  [in	
  
mM]	
   in	
   the	
   metabolic	
   end-­‐products	
   lactate,	
   acetate	
   and	
   formate:	
   Fraction	
   of	
  
lactate	
  =	
  (3×	
  [lactate])/(3×[lactate]	
  +	
  2×[acetate]	
  +	
  [formate]).	
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Acidification measurements 

Cells	
  were	
  pre-­‐cultured	
  for	
  16	
  hours	
  and	
  propagated	
  1:20	
  in	
  the	
  same	
  medium.	
  
When	
   mid-­‐logarithmic,	
   cells	
   were	
   washed	
   once	
   in	
   saline	
   supplemented	
   with	
  
5µg/ml	
   chloramphenicol	
   and	
   re-­‐suspended	
   in	
   CDM	
   medium	
   that	
   was	
   diluted	
  
with	
   four	
   parts	
   of	
   saline	
   and	
   supplemented	
   with	
   10	
   µM	
   of	
   5-­‐(6)-­‐
Carboxyfluorescein	
   (#21877,	
   Sigma-­‐Aldrich)	
   and	
   5	
   µg/ml	
   chloramphenicol.	
  
Multiple	
  wells	
   of	
   a	
   black	
  microplate	
  with	
   transparent	
   bottom	
  were	
   filled	
  with	
  
190µl	
   of	
   the	
   cell	
   suspension	
   and	
   the	
   optical	
   density	
   was	
   determined.	
  
Subsequently	
   10	
   µl	
   of	
   100mM	
   glucose	
   solution	
   were	
   added	
   to	
   each	
   well	
  
(resulting	
  in	
  a	
  concentration	
  of	
  5	
  mM	
  glucose)	
  and	
  fluorescence	
  emission	
  at	
  520	
  
nm	
   (Excitation	
   485	
   nm)	
   was	
   measured	
   in	
   regular	
   intervals	
   for	
   2	
   hours	
   in	
   a	
  
microplate	
  reader	
  (Fluorostar,	
  BMG	
  LABTECH	
  GmbH,	
  Ortenberg,	
  Germany).	
  
This	
   cell	
   suspension	
   was	
   weakly	
   buffered	
   and	
   allowed	
   acidification	
  
measurements	
   based	
   on	
   the	
   decreasing	
   fluorescence	
   intensity	
   of	
   the	
   pH-­‐
dependent	
   indicator	
   carboxy-­‐fluoresceine.	
   The	
   addition	
   of	
   chloramphenicol	
  
prevents	
  translation	
  and	
  therefore	
  the	
  measured	
  acidification	
  rate	
  is	
  a	
  measure	
  
for	
   the	
   glycolytic	
   flux	
   with	
   the	
   protein	
   machinery	
   present	
   during	
   the	
   growth	
  
phase	
  in	
  which	
  cells	
  were	
  harvested.	
  Acidification	
  was	
  plotted	
  as	
  the	
  slope	
  of	
  the	
  
linear	
  decrease	
  in	
  fluorescence	
  corrected	
  for	
  the	
  optical	
  density	
  (fluorescence	
  in	
  
arbitrary	
  units/minute/OD600)	
  and	
  normalized	
  to	
  strain	
  MG1363.	
  

Protein determination 

To	
  determine	
  total	
  protein	
  content,	
  1000	
  µl	
  of	
  fully-­‐grown	
  cultures	
  were	
  washed	
  
two	
  times	
  with	
  saline	
  and	
  re-­‐suspended	
  in	
  200	
  µl	
  saline.	
  50	
  µl	
  of	
  10%	
  SDS	
  were	
  
added	
  and	
  subsequently	
  incubated	
  at	
  90˚C	
  for	
  one	
  hour.	
  Total	
  protein	
  was	
  then	
  
determined	
  by	
  using	
  the	
  BCA	
  protein	
  assay	
  Kit	
  (Sigma-­‐Aldrich)	
  according	
  to	
  the	
  
manufacturers	
   specifications.	
   The	
   1000	
   µl	
   of	
   culture	
   used	
   were	
   obtained	
   by	
  
pooling	
   4	
   times	
   250	
   µl	
   of	
   independent	
   cultures	
   that	
   were	
   grown	
   in	
   a	
   96-­‐well	
  
microplate	
  in	
  a	
  plate	
  reader.	
  	
  

Genome re-sequencing 

Microbial	
   DNA	
   for	
   genome	
   sequencing	
   was	
   isolated	
   from	
   3×109	
   cells	
   of	
   an	
  
overnight	
  culture	
  with	
  the	
  DNeasy	
  Blood	
  &	
  Tissue	
  kit	
  (Quiagen)	
  according	
  to	
  the	
  
manufacturers	
   instructions	
   .	
  Sequencing	
  of	
  genomic	
  DNA	
  was	
  performed	
  on	
  an	
  
Illumina	
  HiSeq2000	
  platform	
  as	
  described	
  earlier	
   (15),	
  with	
   the	
  deviation	
   that	
  
the	
  enrichment	
  step	
  was	
  omitted	
  and	
  the	
  libraries	
  were	
  sequenced	
  as	
  single	
  101	
  
bp	
   reads.	
   Sequencing	
   resulted	
   in	
   8834988,	
   20378452	
   and	
   9108362	
   reads	
   for	
  
strains	
   HB60,	
   HB61	
   and	
   HB63	
   respectively,	
   which	
   corresponds	
   to	
   an	
   average	
  
sequence	
  coverage	
  of	
  318.9,	
  718.4	
  and	
  332	
  respectively.	
  Sequence	
  analysis	
  was	
  
done	
   with	
   the	
   Breseq	
   Software	
   package	
   (16)	
   using	
   standard	
   settings	
   and	
   the	
  
MG1363	
   genome	
   as	
   a	
   reference	
   (GenBank	
   file:	
   	
   NC_009004).	
   The	
   call	
   of	
  
mutations	
  was	
  based	
  on	
  comparison	
  with	
  the	
  sequencing	
  data	
  obtained	
  from	
  the	
  
re-­‐sequencing	
   of	
   the	
   original	
   strain	
   that	
   was	
   used	
   to	
   start	
   all	
   experiments,	
  
designated	
   L.	
   lactis	
   Gen0.	
   The	
   insertion	
   of	
   IS905	
   upstream	
   of	
   ptnABCD	
   and	
  
upstream	
   of	
   glcU	
   was	
   confirmed	
   by	
   PCR	
   amplification	
   and	
   Sanger	
   amplicon	
  
sequencing	
  of	
  the	
  insertion	
  loci.	
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The	
  sequencing	
  data	
  of	
  strains	
  HB60,	
  HB61	
  and	
  HB63	
  is	
  deposited	
   in	
  the	
  NCBI	
  
Sequence	
   Read	
   Archive	
   (SRA)	
   under	
   the	
   project	
   number	
   SRP017852.	
   The	
  
sequencing	
   data	
   of	
   strain	
   Gen0,	
   is	
   deposited	
   under	
   the	
   accession	
   number	
  
SRS385784.	
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