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support.	
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  above	
  all,	
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  one	
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  to	
  the	
  one…	
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SUMMARY	
  

	
  

Our	
  understanding	
  of	
  the	
  evolutionary	
  dynamics	
  of	
  selection	
  for	
  herbicide	
  resistance	
  is	
   limited	
  
by	
   the	
  time	
  and	
  space	
  required	
  to	
  conduct	
  meaningful	
  selection	
  experiments	
   in	
  higher	
  plants.	
  
This	
   constrains	
   the	
   study	
   of	
   the	
   dynamics	
   of	
   resistance	
   evolution	
   predominantly	
   to	
  
mathematical	
  models.	
  The	
  primary	
  goal	
  of	
  this	
  thesis	
  was	
  to	
  overcome	
  these	
  limitations,	
  and	
  to	
  
study	
   the	
   evolutionary	
   phenomena	
   underpinning	
   several	
  management	
   strategies.	
   To	
   do	
   so,	
   a	
  
series	
   of	
   experimental	
   evolution	
   studies	
  were	
   conducted	
   using	
  Chlamydomonas	
   reinhardtii,	
   a	
  
single-­‐cell	
  green	
  chlorophyte	
  susceptible	
  to	
  a	
  range	
  of	
  commercial	
  herbicides.	
  In	
  particular,	
  this	
  
thesis	
  explored	
  the	
  impact	
  of	
  herbicide	
  sequences,	
  rotations	
  and	
  mixtures,	
  as	
  well	
  the	
  impact	
  of	
  
herbicide	
  dose,	
  on	
  evolution	
  of	
  resistance.	
  Applying	
  herbicides	
  in	
  sequence	
  allowed	
  the	
  study	
  of	
  
the	
   impact	
   of	
   environmental	
   perturbation	
   on	
   the	
   dynamics	
   of	
   resistance	
   and	
   the	
   associated	
  
fitness	
  costs,	
  finding	
  more	
  rapid	
  selection	
  for	
  resistance	
  to	
  a	
  second	
  and	
  third	
  mode	
  of	
  action	
  in	
  
some	
   populations.	
   Cycling	
   between	
   herbicides	
   creates	
   conditions	
   of	
   temporal	
   environmental	
  
heterogeneity,	
  the	
  outcomes	
  of	
  which	
  are	
  not	
  easily	
  predictable	
  as	
  resistance	
  was	
  slowed	
  down	
  
in	
  some	
  cycling	
  regimes,	
  while	
  in	
  others	
  it	
  accelerated	
  the	
  evolution	
  of	
  resistance	
  or	
  gave	
  rise	
  to	
  
cross-­‐resistance.	
   Herbicide	
   mixtures	
   are	
   a	
   management	
   strategy	
   relying	
   on	
   increases	
   in	
  
environmental	
   complexity	
   to	
  provide	
  better	
   control	
  of	
   resistance.	
  The	
   results	
  presented	
   show	
  
that	
   mixtures	
   were	
   effective	
   at	
   slowing	
   the	
   evolution	
   of	
   resistance	
   when	
   all	
   mixture	
  
components	
   were	
   used	
   at	
   fully	
   effective	
   doses,	
   while	
   low	
   doses	
   of	
   mixtures	
   accelerated	
  
resistance	
   evolution	
   and	
   led	
   to	
   more	
   cross-­‐resistance.	
   Finally,	
   modifications	
   of	
   the	
   applied	
  
herbicide	
  dose	
   allowed	
   the	
   study	
  of	
   local	
   adaptation	
   along	
   an	
  environmental	
   gradient,	
  where	
  
the	
  differences	
  in	
  outcomes	
  based	
  on	
  the	
  specific	
  herbicides	
  used	
  were	
  again	
  evident.	
  Overall,	
  
the	
   work	
   presented	
   here	
   uses	
   applied	
   scenarios	
   to	
   study	
   the	
   underlying	
   evolutionary	
  
phenomena,	
  in	
  order	
  to	
  feed	
  back	
  into	
  the	
  applied	
  thinking.	
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CHAPTER	
  1:	
  INTRODUCTION	
  
	
  

1.1	
  PEST	
  CONTROL	
  IN	
  AGRICULTURE	
  

1.1.1	
  From	
  the	
  Invention	
  to	
  the	
  Present	
  Day	
  

For	
   over	
   10,000	
   years,	
   agriculture	
   has	
   been	
   contributing	
   to	
   the	
   exponential	
   growth	
   of	
   the	
  

human	
  population,	
  facilitating	
  the	
  spread	
  and	
  development	
  of	
  human	
  civilization	
  (Pringle	
  1998).	
  

Throughout	
   this	
   time	
   agricultural	
   pests	
   have	
   caused	
   losses	
   to	
   crop	
   yields,	
   but	
   in	
   spite	
   of	
  

centuries	
  of	
  utilization	
  of	
  diverse	
  methods	
  of	
  pest	
  control	
  (Harris	
  1841),	
  it	
  was	
  the	
  development	
  

of	
   synthetic	
   pesticides	
   (along	
   with	
   fertilizers)	
   that	
   led	
   to	
   an	
   agricultural	
   revolution	
   (Smith	
   &	
  

Kennedy	
   2002).	
   The	
   commercialization	
   of	
   the	
   first	
   synthetic	
   plant	
   hormone	
   analogue	
   2,4-­‐

diclorophenoxyacetic	
  acid	
   (2,4-­‐D)	
   in	
   the	
  1940s	
   (Quastel	
  1950)	
   followed	
  and	
   led	
  to	
   the	
  birth	
  of	
  

the	
   ‘herbicide	
   age’	
   (Smith	
   &	
   Kennedy	
   2002),	
   transforming	
   crop	
   protection	
   and	
   pest	
  

management	
  practices	
  (Zimdahl	
  2007)	
  (Table	
  1).	
  

Table	
   1.	
   The	
   Evolution	
   of	
   weed	
   control	
   methods	
   in	
   the	
   United	
   States	
   (taken	
   from	
   Zimdahl,	
   2007:	
  
Fundamentals	
  of	
  Weed	
  Science,	
  publisher:	
  Academic	
  Press,	
  MA)	
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Novel	
   herbicides	
   were	
   being	
   developed	
   rapidly,	
   and	
   today	
   there	
   are	
   16	
   herbicide	
   families,	
  

distinguished	
  by	
   their	
  mode	
  of	
  action,	
  with	
  over	
  300	
   registered	
  active	
  chemicals	
   (Heap	
  2012).	
  

The	
   constant	
   increase	
   in	
   the	
   number	
   of	
   commercially	
   available	
   herbicides	
   is	
   somewhat	
  

misleading.	
  Even	
  though	
  novel	
  active	
  chemicals	
  are	
  being	
  discovered	
  regularly,	
  no	
  new	
  mode	
  of	
  

action	
  has	
  been	
  found	
  in	
  over	
  20	
  years	
  (Ruegg	
  et	
  al.	
  2007).	
  	
  

1.1.2	
  The	
  Importance	
  of	
  Pest	
  Control	
  

Pests	
   can	
   reduce	
   crop	
   productivity	
   by	
   competition	
   for	
   resources	
   (weeds),	
   herbivory	
  

(invertebrates)	
  or	
  pathogenic	
   activity	
   (microbes,	
   viruses	
   and	
   fungi)	
   (Boote	
  et	
   al.	
   1983).	
   Losses	
  

imposed	
  by	
  agricultural	
  pests	
  can	
  be	
  dramatic,	
  causing	
  as	
  much	
  as	
  90%	
  reduction	
  of	
  potential	
  

crop	
  yield	
  (Oerke	
  2006).	
  They	
  threaten	
  not	
  only	
  crop	
  productivity	
  and	
  farmer’s	
  incomes,	
  but	
  also	
  

the	
  overall	
  food	
  supply	
  and	
  regional	
  economies	
  (Zadoks	
  &	
  Schein	
  1979).	
  	
  

Crop	
  protection	
  refers	
   to	
  management	
  practices	
   that	
  have	
  as	
   their	
  goal	
   the	
  reduction	
   in	
  pest-­‐

induced	
   crop	
   losses.	
   These	
   practices	
   include	
   mechanical,	
   cultural,	
   chemical	
   and	
   biological	
  

approaches.	
   Throughout	
   most	
   of	
   history,	
   mechanical	
   methods	
   of	
   protection,	
   such	
   as	
   hand	
  

pulling,	
  mowing	
  and	
  hoeing	
  were	
  predominant,	
  and	
  still	
  play	
  a	
  crucial	
  role,	
  particularly	
  in	
  weed	
  

management	
  (Mohler	
  2002).	
  Cultural	
  methods	
  (crop	
  rotation,	
  crop	
  row	
  spacing	
  etc.)	
  attempt	
  to	
  

exploit	
   specific	
   pest-­‐host	
   associations,	
   as	
   well	
   as	
   the	
   seasonal	
   variations	
   in	
   pest	
   numbers	
   to	
  

increase	
   yield	
   (Rajendran	
   2002).	
   Chemical	
   control	
   relies	
   on	
   a	
   range	
   of	
   chemicals	
   that	
   target	
  

specific	
   groups	
   of	
   pests	
   (insecticides	
   for	
   insects,	
   fungicides	
   for	
   pathogens	
   and	
   herbicides	
   for	
  

weedy	
  plants)	
  and	
  act	
  to	
  reduce	
  their	
  numbers	
  in	
  the	
  field.	
  Biological	
  control	
  aims	
  to	
  introduce	
  

organisms	
  that	
  are	
  natural	
  predators	
  or	
  pathogens	
  of	
  the	
  pest	
  species	
  (Hokkanen	
  2002),	
  and	
  it	
  

comes	
  with	
  highest	
  potential	
  benefits,	
  but	
  greatest	
  risks	
  (Lynch	
  &	
  Hokkanen	
  1995).	
  Overall,	
  crop	
  

protection	
  has	
  a	
  tremendous	
  impact	
  on	
  productivity	
  (Figure	
  1).	
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Figure	
  1.	
  Crop	
  loses	
  and	
  yield	
  levels.	
  The	
  bars	
  represent	
  the	
  percentage	
  of	
  the	
  attainable	
  yield	
  lost	
  due	
  to	
  
various	
   pests	
   under	
   three	
   scenarios	
   –	
   no	
   crop-­‐protection,	
   the	
   current	
   situation,	
   and	
   the	
   projected	
  
scenario	
  without	
  pesticide	
  use.	
  Use	
  of	
  pesticides	
  increases	
  the	
  attainable	
  yield.	
  Taken	
  from	
  (Oerke	
  2006).	
  

	
  

1.1.3	
  Chemical	
  Methods	
  of	
  Pest	
  Control	
  

Chemical	
  methods	
  of	
  crop	
  protection	
  are	
  the	
  predominant	
  type	
  of	
  pest	
  control	
  today	
  (Lomborg	
  

2001).	
   The	
   relative	
   ease	
   of	
   use	
   and	
   production	
   coupled	
  with	
   a	
   generally	
   high	
   level	
   of	
   control	
  

have	
  led	
  to	
  their	
  widespread	
  use,	
  and	
  to	
  development	
  of	
  a	
  vast	
  number	
  of	
  individual	
  molecules.	
  

Active	
   molecules	
   are	
   classed	
   according	
   to	
   their	
   mode	
   of	
   action	
   –	
   the	
   manner	
   in	
   which	
   they	
  

affect	
  the	
  molecular	
  and	
  cellular	
  mechanisms	
  of	
  the	
  target	
  organism	
  (Smith	
  &	
  Kennedy	
  2002).	
  

Herbicides	
  are	
  broadly	
  classed	
  into	
  ten	
  groups,	
  some	
  with	
  further	
  distinctions	
  into	
  more	
  specific	
  

mode	
  of	
  actions:	
   (i)	
  auxin	
  growth	
  regulators;	
   (ii)	
  aromatic	
  amino	
  acid	
   inhibitors;	
   (iii)	
  branched-­‐

chain	
  amino	
  acid	
  inhibitors;	
  (iv)	
  chlorophyll	
  pigment	
  inhibitors;	
  (v)	
  meristem	
  destroyers;	
  (vi)	
  cell-­‐

membrane	
   disruptors;	
   (vii)	
   inhibitors	
   of	
   photosynthesis;	
   (viii)	
   cell	
   division	
   inhibitors;	
   (ix)	
   root	
  

inhibitors;	
  and	
  (x)	
  shoot	
  inhibitors	
  (Heap	
  2012).	
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There	
   are	
   many	
   benefits	
   of	
   pesticide	
   use.	
   In	
   terms	
   of	
   crop	
   yield,	
   figure	
   1	
   illustrates	
   the	
  

differences	
   in	
   the	
  attainable	
  yield	
  with	
  and	
  without	
  pesticide	
  use	
   (Oerke	
  2006).	
  The	
  economic	
  

return	
   on	
   pesticide	
   use	
   has	
   been	
   estimated	
   to	
   be	
   four	
   times	
   the	
   original	
   investment	
   (Peshin	
  

2002).	
   Economically,	
   these	
   benefits	
   have	
   driven	
   the	
   global	
   pesticide	
   industry	
   to	
   be	
   valued	
   at	
  

over	
  30	
  billion	
  US	
  dollars	
   in	
  2007	
  (McDougall	
  2007).	
  The	
  consequences	
  of	
  pesticide	
  use	
  on	
  the	
  

environment	
  and	
  health	
  are	
  less	
  well	
  understood.	
  Their	
  use	
  can	
  lead	
  to	
  the	
  destruction	
  of	
  local	
  

environments	
   and	
   natural	
   species	
   (Pimentel	
   &	
   Grainer	
   1997)	
   and	
   the	
   cumulative	
   cost	
   of	
  

negative	
  effects	
  of	
  pesticide	
  use	
  has	
  been	
  estimated	
  at	
  over	
  $8	
  billion	
  (Peshin	
  2002).	
  The	
  impact	
  

that	
  pesticides	
   can	
  have	
  on	
   the	
  environment,	
   health	
   and	
  quality	
  of	
   life	
   remains	
   	
   under	
   active	
  

debate	
  (Cooper	
  &	
  Dobson	
  2007).	
  Nevertheless,	
  pesticides	
  remain	
  the	
  most	
  widely	
  used	
  method	
  

of	
  crop	
  protection	
  and	
  their	
  effective	
  use	
  is	
  essential	
  in	
  establishing	
  future	
  global	
  food	
  security	
  

(Parliamentary	
   Office	
   of	
   Science	
   and	
   Technology	
   2009).	
   So	
   what	
   poses	
   a	
   threat	
   to	
   their	
  

effectiveness?	
  

	
  

1.2	
  EVOLUTION	
  OF	
  HERBICIDE	
  RESISTANCE	
  

1.2.1	
  Defining	
  Herbicide	
  Resistance	
  

The	
  Weed	
  Science	
  Society	
  of	
  America	
  defines	
  herbicide	
  resistance	
  as	
  the	
  “acquired	
  ability	
  of	
  a	
  

weed	
   population	
   to	
   survive	
   a	
   herbicide	
   application	
   that	
   previously	
  was	
   known	
   to	
   control	
   the	
  

population”	
  (WSSoA	
  2012).	
  Herbicide	
  resistance	
  should	
  therefore	
  be	
  studied	
  as	
  an	
  evolutionary	
  

phenomenon,	
  the	
  definition	
  and	
  characteristics	
  of	
  which	
  are	
  relative	
  to	
  and	
  dependent	
  on	
  the	
  

dose	
  of	
  the	
  herbicide	
  applied	
  (Gressel	
  2009).	
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1.2.2	
  History	
  of	
  Herbicide	
  Resistance	
  and	
  the	
  Magnitude	
  of	
  the	
  Problem	
  

The	
   potential	
   for	
   the	
   evolution	
   of	
   resistance	
   to	
   herbicides	
  was	
   hypothesized	
   soon	
   after	
   their	
  

introduction	
   (Harper	
  1956),	
  with	
   the	
   first	
   resistant	
  weed	
  population	
  being	
   found	
   in	
  Canada	
   in	
  

1968	
  (Ryan	
  1970).	
  With	
  time,	
  our	
  awareness	
  of	
  the	
  global	
  spread	
  of	
  herbicide	
  resistance	
  and	
  its	
  

potential	
  economic	
  and	
  agricultural	
   impact	
  has	
  grown	
   (Duke	
  1996).	
   In	
   spite	
  of	
   this,	
   it	
  was	
   the	
  

emergence	
  of	
  glyphosate	
  resistance,	
  thought	
  to	
  be	
  resistance-­‐proof	
  due	
  to	
  the	
  high	
  fitness	
  costs	
  

associated	
  with	
  modifications	
  of	
  the	
  target	
  enzyme	
  (Bradshaw	
  et	
  al.	
  1997)	
  that	
  concluded	
  a	
  shift	
  

in	
  focus	
  from	
  attempts	
  to	
  completely	
  prevent,	
  to	
  understanding	
  how	
  the	
  evolution	
  of	
  resistance	
  

could	
  be	
  slowed	
  down	
  (Powles	
  2008).	
  

Since	
  the	
  commercial	
   introduction	
  of	
  herbicides	
  in	
  the	
  1940’s,	
  resistance	
  has	
  been	
  reported	
  to	
  

an	
   increasing	
   number	
   of	
   modes	
   of	
   action,	
   in	
   a	
   rising	
   number	
   of	
   species,	
   with	
   resistance	
  

populations	
  covering	
  a	
  growing	
  portion	
  of	
  arable	
  land	
  (Heap	
  2012)	
  (Fig.2).	
  Further,	
  resistance	
  to	
  

one	
   herbicide	
   usually	
   provides	
   resistance	
   to	
   all	
   those	
   that	
   share	
   its	
   mode	
   of	
   action	
   (Gressel	
  

2002).	
  Because	
  of	
  this,	
  and	
  the	
  fact	
  that	
  no	
  new	
  mode	
  of	
  action	
  has	
  been	
  identified	
  in	
  over	
  20	
  

years	
   (Ruegg	
  et	
   al.	
   2007),	
   it	
   is	
   becoming	
   apparent	
   that	
   herbicides	
   are	
   a	
   limited	
   resource.	
   The	
  

global	
  distribution	
  of	
  resistant	
  populations	
  mirrors	
  the	
  proportional	
  use	
  of	
  herbicides	
  across	
  the	
  

globe,	
   suggesting	
   that	
  a	
  major	
   factor	
   in	
  determining	
  where	
  and	
  when	
   resistance	
  will	
  evolve	
   is	
  

the	
  frequency	
  and	
  extent	
  of	
  exposure	
  (Fig.3).	
  To	
  ensure	
  future	
  effectiveness	
  of	
  herbicides,	
  and	
  

through	
   that	
   enable	
   their	
   contribution	
   to	
   global	
   food	
   security,	
  measures	
   need	
   to	
   be	
   taken	
   to	
  

limit	
  the	
  evolution	
  and	
  contain	
  the	
  spread	
  of	
  resistance.	
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Figure	
   2.	
   Number	
   of	
   known	
   resistant	
   populations	
   through	
   time	
   (taken	
   from	
   Heap,	
   2012:	
   The	
  
International	
  Survey	
  of	
  Herbicide	
  Resistant	
  Weeds,	
  online)	
  

	
  

Figure	
  3.	
  Global	
  distribution	
  of	
  herbicide	
  resistant	
  populations	
  (taken	
  from	
  Heap,	
  2012:	
  The	
  International	
  
Survey	
  of	
  Herbicide	
  Resistant	
  Weeds,	
  online)	
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1.3	
  MECHANISMS	
  OF	
  HERBICIDE	
  RESISTANCE	
  

Mechanistically,	
   two	
  major	
   types	
   of	
   resistance	
   have	
   been	
   described	
   based	
   on	
   the	
   underlying	
  

molecular	
  mechanisms:	
  target-­‐site	
  and	
  non	
  target-­‐site	
  resistance	
  (Powles	
  &	
  Yu	
  2010).	
  

1.3.1	
  Target-­‐Site	
  Resistance	
  

Most	
  herbicides	
  act	
  by	
  binding	
  to	
  specific	
  plant	
  enzymes	
  and	
  inhibiting	
  their	
  activity.	
  Target-­‐site	
  

resistance	
   occurs	
   when	
   a	
   mutation	
   changes	
   the	
   target	
   site	
   in	
   such	
   a	
   way	
   that,	
   despite	
   the	
  

herbicide	
  reaching	
  the	
  target	
  site	
  in	
  full,	
  lethal	
  dose,	
  its	
  impact	
  is	
  reduced	
  or	
  removed	
  (Powles	
  &	
  

Yu	
  2010).	
  Such	
  changes	
  can	
  be	
  achieved	
  by	
  a	
  modification	
  of	
  the	
  herbicide	
  target	
  through	
  one	
  or	
  

more	
   point-­‐mutations,	
   reducing	
   the	
   herbicide	
   binding	
   affinity	
   (Powles	
  &	
   Yu	
   2010).	
   This	
   is	
   the	
  

most	
   commonly	
   identified	
   resistance	
   mechanism,	
   implicated	
   in	
   resistance	
   to	
   many	
   major	
  

herbicide	
   families	
   (Powles	
   &	
   Shaner	
   2001).	
   An	
   alternate	
  mechanism	
   potentially	
   giving	
   rise	
   to	
  

target-­‐site	
   resistance	
   is	
   the	
  over-­‐production	
  of	
   the	
   target	
  enzyme	
   (Powles	
  &	
  Yu	
  2010).	
   Target	
  

over-­‐production	
   can	
   be	
   achieved	
   either	
   by	
   over-­‐expression	
   or	
   the	
   amplification	
   of	
   the	
   target	
  

enzyme	
  gene,	
   and	
  has	
  been	
  observed	
   in	
  populations	
   resistant	
   to	
  glyphosate	
   (Powles	
  2010).	
   If	
  

resistance-­‐endowing	
  mutations	
  alter	
  the	
  functionality	
  of	
  the	
  enzyme	
  or	
  the	
  plant	
  performance,	
  

they	
  may	
  be	
  accompanied	
  by	
  a	
  fitness	
  cost	
  (Vila-­‐Aiub	
  et	
  al.	
  2009).	
  Target-­‐site	
  resistance	
  is	
  often	
  

associated	
   with	
   target-­‐site	
   cross-­‐resistance	
   –	
   a	
   correlated	
   response	
   to	
   selection	
   whereby	
  

evolution	
  of	
  resistance	
  to	
  one	
  herbicide	
  provides	
  fitness	
  benefits	
  to	
  others	
  that	
  share	
  its	
  mode	
  

of	
  action	
  (Gressel	
  2009).	
  This	
  form	
  of	
  cross-­‐resistance	
  is	
  specific	
  to	
  a	
  herbicide	
  family	
  and	
  can	
  be	
  

seen	
   as	
   a	
   specialist	
   response	
   to	
   selection.	
   In	
   addition,	
   target-­‐site	
   resistance	
   can	
   evolve	
  

independently	
  to	
  multiple	
  herbicides,	
  giving	
  rise	
  to	
  multiple	
  resistance	
  (Gressel	
  2009).	
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1.3.2	
  Non	
  Target-­‐Site	
  Resistance	
  

Non	
   target-­‐site	
   resistance	
   occurs	
  when	
   the	
   herbicide	
   dose	
   that	
   reaches	
   the	
   target	
   enzyme	
   is	
  

reduced	
   to	
  a	
  non-­‐lethal	
  dose	
  as	
  a	
  consequence	
  of	
   i)	
  decreased	
  herbicide	
  penetration	
   into	
   the	
  

plant,	
   ii)	
   enhanced	
   rates	
   of,	
   or	
   capacities	
   for,	
   herbicide	
  metabolism,	
   iii)	
   sequestration	
   of	
   the	
  

herbicide	
   into	
   metabolically	
   inactive	
   compartments	
   of	
   the	
   plant	
   cell	
   (i.e.	
   the	
   vacuole),	
   iv)	
  

decreased	
  rates	
  of	
  translocation	
  of	
  the	
  herbicide	
  or	
  v)	
  combinations	
  of	
  the	
  above	
  mechanisms	
  

(Powles	
  &	
  Yu	
  2010).	
  All	
  of	
  these	
  mechanisms	
  could	
  be	
  associated	
  with	
  a	
  fitness	
  cost	
  (Vila-­‐Aiub	
  et	
  

al.	
  2009).	
  Mechanisms	
  of	
  non	
  target-­‐site	
  herbicide	
  resistance	
  often	
  involve	
  the	
  up-­‐regulation	
  or	
  

changes	
   in	
   the	
   specificity	
   of	
  members	
   of	
   large	
   enzyme	
   families	
   involved	
   in	
   stress	
  metabolism	
  

and	
   inter-­‐	
   and	
   intracellular	
   transport.	
   Cytochrome	
   P450	
   monooxygenases	
   and	
   glutathione	
   S-­‐

transferases	
   are	
   two	
   such	
   enzyme	
   families	
   that	
   have	
   been	
   implicated	
   in	
   herbicide	
   resistance	
  

(Powles	
  &	
  Yu	
  2010).	
  Often,	
   evolution	
  of	
   resistance	
   to	
  one	
  herbicide	
  mode	
  of	
   action	
   via	
   these	
  

mechanisms	
   can	
   have	
   a	
   positive	
   correlated	
   response	
   to	
   selection	
   giving	
   rise	
   to	
   coincidental	
  

evolution	
   of	
   resistance	
   to	
   modes	
   of	
   action	
   that	
   the	
   population	
   has	
   never	
   been	
   previously	
  

exposed	
  to	
  –	
  resulting	
  in	
  the	
  so-­‐called	
  cross-­‐resistance.	
  Such	
  cross-­‐resistance	
  to	
  novel	
  modes	
  of	
  

action	
   can	
   be	
   seen	
   as	
   a	
   generalist	
   response	
   to	
   selection	
   under	
   herbicide	
   exposure	
   (Gressel	
  

2009).	
  	
  

	
  

1.4	
  GENETIC,	
  EVOLUTIONARY	
  AND	
  ECOLOGICAL	
  FACTORS	
  AFFECTING	
  THE	
  EVOLUTION	
  OF	
  

RESISTANCE	
  

1.4.1	
  Standing	
  Variation	
  and	
  Mutation	
  

The	
   frequency	
   of	
   resistant	
   individuals	
   (standing	
   variation)	
   for	
   resistance	
   in	
   a	
   wild-­‐type	
  

population	
  not	
  under	
  herbicide	
  exposure	
  remains	
  poorly	
  characterized	
  (Preston	
  &	
  Powles	
  2002;	
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Neve	
  et	
  al.	
  2009),	
  and	
  it	
  depends	
  on	
  the	
  population	
  size,	
  the	
  frequencies	
  of	
  resistance	
  mutations	
  

and	
   the	
   costs	
   associated	
   with	
   them	
   (Vila-­‐Aiub	
   et	
   al.	
   2009).	
   It	
   is	
   therefore	
   herbicide-­‐	
   and	
  

resistance	
   mechanism-­‐specific	
   (Gressel	
   2009).	
   If	
   the	
   standing	
   variation	
   for	
   resistance	
   under	
  

herbicide	
  exposure	
  is	
   low, the	
  main	
  source	
  of	
   its	
  variation	
  are	
  novel	
  mutations	
  (Jasieniuk	
  et	
  al.	
  

1996).	
  Novel	
  mutations	
  arise	
  at	
  somewhat	
  steady	
  rates	
  (Crow	
  &	
  Kimura	
  1970),	
  but	
  this	
  rate	
  can	
  

be	
   substantially	
   different	
  between	
  different	
   genes	
   (Orr	
   2000;	
   Futuyma	
  2009).	
   In	
   addition,	
   the	
  

magnitude	
  of	
  the	
  beneficial	
  effects	
  of	
  mutations	
  has	
  been	
  linked	
  to	
  their	
  frequency	
  (Orr	
  2010),	
  

so	
  that	
  the	
  strength	
  of	
  selection	
  pressure	
  could	
  impact	
  the	
  proportion	
  of	
  mutations	
  that	
  confer	
  

positive	
   fitness	
   under	
   those	
   conditions.	
   The	
   lower	
   mutation	
   rates	
   in	
   chloroplast	
   genomes	
  

compared	
   to	
   the	
   nuclear	
   genome	
   could	
   have	
   an	
   impact	
   on	
   the	
   frequency	
   of	
   resistance	
  

mutations,	
   if	
   the	
   herbicide	
   targets	
   a	
   gene	
   product	
   encoded	
   in	
   the	
   chloroplast	
   (LeBaron	
   &	
  

Gressel	
  1982).	
  The	
  use	
  of	
  herbicides	
  can	
  also	
  affect	
  the	
  mutation	
  rates	
  themselves	
  (Plewa	
  et	
  al.	
  

1984),	
  potentially	
   leading	
  to	
  a	
   local	
   increase	
   in	
  the	
  emergence	
  of	
  resistance	
  (Plewa	
  1985).	
  The	
  

effective	
  population	
  size,	
  which	
  for	
  infesting	
  weed	
  species	
  can	
  be	
  very	
  high,	
  can	
  result	
  in	
  a	
  high	
  

number	
   of	
   individuals	
   carrying	
   resistance	
   mutations,	
   even	
   in	
   spite	
   of	
   low	
   mutation	
   rates	
  

(Jasieniuk	
  et	
  al.	
  1996).	
  	
  

1.4.2	
  Number	
  of	
  Resistance-­‐Bearing	
  Mutations	
  

The	
  number	
  of	
   individual	
  mutation	
  events	
   required	
   to	
  give	
   rise	
   to	
   resistance	
   is	
  another	
   factor	
  

determining	
  the	
  likelihood	
  of	
  a	
  resistant	
  individual	
  arising	
  in	
  a	
  population.	
  Unlike	
  many	
  instances	
  

of	
  adaptive	
  evolution	
  (Lande	
  &	
  Arnold	
  1983),	
  majority	
  of	
  described	
  cases	
  of	
  herbicide	
  resistance	
  

are	
   due	
   to	
   a	
   single	
   point	
   mutation	
   (Powles	
   &	
   Yu	
   2010).	
   This	
   phenomenon	
   is	
   likely	
   due	
   to	
  

herbicides	
  imposing	
  strong	
  selection,	
  which	
  decreases	
  the	
  likelihood	
  of	
  accumulating	
  mutations	
  

of	
   smaller	
   effect	
   (Macnair	
   1991),	
   assuming	
   the	
   fitness	
   effects	
   of	
   beneficial	
   mutations	
   are	
  

exponentially	
   distributed	
   (Orr	
   2005).	
   At	
   lower	
   doses	
   (weaker	
   selection	
   pressures),	
   polygenic	
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inheritance	
   could	
   be	
   favored	
   through	
   accumulation	
   of	
   smaller-­‐effect	
   mutations	
   (ffrench-­‐

Constant	
  et	
  al.	
  2004;	
  Manalil	
  et	
  al.	
  2011),	
  as	
  was	
  found	
  in	
  some	
  experimental	
  studies	
  (Neve	
  &	
  

Powles	
  2005a;	
  Manalil	
  et	
  al.	
  2011).	
  Lowered	
  doses	
  could	
  also	
  favor	
  non	
  target-­‐site	
  resistance,	
  as	
  

it	
  has	
  often	
  been	
  linked	
  to	
  polygenically	
  inherited	
  resistance	
  (Gressel	
  2002;	
  Powles	
  &	
  Yu	
  2010).	
  

In	
  spite	
  of	
  the	
  consequences	
  it	
  might	
  have	
  on	
  selection	
  for	
  resistance,	
  little	
  is	
  known	
  about	
  the	
  

distribution	
  of	
  beneficial	
  effects	
  of	
  novel	
  herbicide	
  resistance	
  mutations	
  (Gressel	
  2009).	
  	
  

1.4.3	
  Mode	
  of	
  Inheritance	
  

The	
  mode	
   of	
   inheritance	
   of	
   resistance	
   plays	
   a	
   role	
   in	
   determining	
   the	
   dynamics	
   of	
   evolution	
  

(Gressel	
  2002).	
  The	
  vast	
  majority	
  of	
  characterized	
  herbicide	
  resistance	
  mutations	
  are	
  dominant	
  

or	
   semi-­‐dominant	
   (Powles	
   &	
   Yu	
   2010).	
   The	
   dominance	
   of	
   the	
   resistance	
   allele	
   affects	
   the	
  

dynamics	
   of	
   resistance	
   as	
   the	
   rate	
   of	
   spread	
   of	
   a	
   rare	
   mutation	
   through	
   the	
   population	
   is	
  

expected	
   to	
   increase	
  with	
   increase	
   in	
   dominance	
   (Charlesworth	
   1992).	
   The	
   effects	
   of	
  mating	
  

type	
   on	
   resistance	
   evolution	
   also	
   depend	
   on	
   the	
   dominance	
   of	
   the	
   mutations,	
   as	
   recessive	
  

alleles	
  are	
  fixed	
  more	
  slowly	
   in	
  sexual	
  than	
   in	
  asexual	
  organisms	
  (Haldane	
  1924).	
  Whether	
  the	
  

resistance	
  gene	
   is	
  nuclear	
  or	
  cytoplasmic	
  also	
  affects	
   the	
  mode	
  of	
   inheritance	
   (Clark	
  1984),	
  as	
  

cytoplasmic	
  genes	
  are	
  most	
  commonly	
  maternally	
  inherited	
  (Birky	
  1995).	
  As	
  such,	
  they	
  often	
  do	
  

not	
  undergo	
  recombination	
  and	
  are	
  therefore	
  subject	
  to	
  more	
  rapid	
  loss	
  of	
  allelic	
  polymorphism	
  

when	
   the	
   resistance	
   mutation	
   is	
   favored,	
   than	
   the	
   nuclear-­‐inherited	
   traits	
   (Clark	
   1984).	
  

Mutations	
   in	
   the	
   cytoplasmic	
  genome	
  have	
  been	
   linked	
  with	
   triazine	
   resistance	
   (Hirschberg	
  &	
  

McIntosh	
  1983).	
  

1.4.4	
  Fitness	
  Costs	
  

Fitness	
  costs	
  of	
  resistance	
  are	
  the	
  negative	
  pleiotropic	
  effects	
  of	
  resistance	
  mutations	
  (negative	
  

correlated	
   responses	
   to	
   selection),	
   most	
   commonly	
   estimated	
   in	
   relation	
   to	
   the	
   wild-­‐type	
  

population	
   in	
   herbicide-­‐free	
   environment	
   (Vila-­‐Aiub	
   et	
   al.	
   2009).	
   Theoretically,	
   costs	
   may	
   be	
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associated	
  with	
   resistance	
  mutations	
   for	
   three	
   reasons.	
   First,	
  modifications	
   of	
   the	
   target	
   site	
  

could	
   introduce	
   changes	
   to	
   a	
   well-­‐adapted	
   enzyme,	
   which	
   are	
   likely	
   to	
   disturb	
   its	
   function	
  

(Cohan	
   et	
   al.	
   1994;	
   Chevillon	
   et	
   al.	
   1995).	
   Second,	
   increased	
   resource	
   investment	
   in	
   the	
  

resistance,	
  particularly	
  if	
  metabolic,	
  should	
  carry	
  a	
  trade	
  off	
  with	
  other	
  life	
  history	
  traits	
  (Herms	
  

&	
  Mattson	
  1994).	
  Last,	
  resistance	
  mutations	
  can	
  bring	
  about	
  phenotypic	
  changes	
  that	
  affect	
  the	
  

organism’s	
  ecological	
   interactions	
   (Strauss	
  et	
   al.	
   2002).	
   For	
   these	
   reasons,	
  existence	
  of	
   fitness	
  

costs	
  has	
  often	
  been	
  assumed,	
  in	
  spite	
  of	
  the	
  data	
  suggesting	
  that	
  they	
  are	
  not	
  universal	
  (Vila-­‐

Aiub	
   et	
   al.	
   2009).	
   As	
   discussed	
   above,	
   fitness	
   costs	
   associated	
   with	
   a	
   resistance	
   mutation	
  

determine	
   its	
   frequency	
   in	
   a	
   non-­‐exposed	
   population	
   (Jasieniuk	
   et	
   al.	
   1996).	
   Further,	
   the	
  

effectiveness	
  of	
  some	
  proposed	
  management	
  strategies	
  relies	
  on	
  the	
  existence	
  of	
  fitness	
  costs	
  

(Beckie	
  2006).	
  As	
  such,	
  understanding	
  the	
  frequency	
  of	
  their	
  occurrence	
  and	
  their	
  magnitude	
  is	
  

necessary	
  in	
  order	
  to	
  make	
  predictions	
  about	
  the	
  dynamics	
  of	
  resistance	
  and	
  the	
  effectiveness	
  

of	
  management	
  strategies.	
  	
  

1.4.5	
  Gene	
  Flow	
  

Gene	
  flow	
  (through	
  seed	
  or	
  pollen	
  movement,	
  or	
  migration)	
  between	
  populations	
  of	
  the	
  same	
  

species	
   can	
  affect	
   the	
  evolution	
  of	
   resistance.	
   If	
   the	
   gene	
   flow	
  occurs	
   from	
  a	
  population	
  with	
  

resistant	
   individuals	
   into	
  a	
  population	
  with	
  only	
  susceptible	
  plants,	
   it	
  can	
   increase	
  the	
  rates	
  of	
  

resistance	
  evolution	
  by	
  providing	
  novel	
  mutations	
  (Jasieniuk	
  et	
  al.	
  1996).	
  Rates	
  of	
  gene	
  flow	
  are	
  

thought	
  to	
  be	
  higher	
  than	
  mutation	
  rates	
  (Ellstrand	
  2003),	
  	
  but	
  even	
  at	
  low	
  levels,	
  gene	
  flow	
  can	
  

stimulate	
   the	
   evolution	
   of	
   herbicide	
   resistance	
   as	
   novel	
   beneficial	
  mutations	
   are	
   very	
   rare	
   in	
  

susceptible	
  weed	
   populations	
   (Mulugeta	
   et	
   al.	
   1992).	
   Gene	
   flow	
   can	
   also	
   act	
   to	
  maintain	
   the	
  

otherwise-­‐declining	
   (sink)	
   populations	
   until	
   rescued	
   by	
   resistance	
   evolution	
   (Holt	
   1996).	
  

Immigration	
  into	
  a	
  well-­‐adapted	
  (resistant)	
  population,	
  on	
  the	
  other	
  hand,	
  could	
  be	
  decreasing	
  

the	
  relative	
  proportion	
  of	
  resistant	
  individuals	
  or	
  diluting	
  the	
  effects	
  of	
  resistance	
  mutations,	
  in	
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particular	
   in	
   sexually-­‐reproducing	
   populations	
   (Jasieniuk	
   et	
   al.	
   1996).	
   For	
   this	
   reasons,	
   the	
  

maintenance	
  of	
  a	
  susceptible	
  source	
  population	
  has	
  been	
  advocated	
  as	
  a	
  potential	
  management	
  

strategy	
   (Beckie	
  2006).	
   Formation	
  of	
   soil	
   seed	
  banks	
   (or	
  presence	
  of	
  dormant	
   spores,	
   in	
   fungi	
  

and	
  bacteria)	
  provides	
  an	
  additional,	
  temporal	
  source	
  of	
  immigration,	
  by	
  which	
  past	
  genotypes	
  

are	
  re-­‐introduced	
  in	
  the	
  population	
  (Maxwell	
  et	
  al.	
  1990).	
  In	
  addition	
  to	
  maintaining	
  a	
  declining	
  

population	
   in	
   the	
   presence	
   of	
   herbicides,	
   temporal	
   immigrants	
   have	
   experienced	
   periods	
   of	
  

relaxed	
   selection	
   (depending	
  on	
   the	
   soil	
   persistence	
  of	
   the	
  herbicide)	
   and	
  potentially	
   bring	
   in	
  

novel	
   mutants	
   (Gressel	
   2002).	
   Seed	
   banks	
   also	
   allow	
   a	
   refuge	
   from	
   periods	
   of	
   herbicide	
  

exposure,	
  potentially	
  disrupting	
  management	
  strategies	
  that	
  rely	
  on	
  temporal	
  variations	
  in	
  the	
  

applied	
  herbicide(s)	
  (Gressel	
  2002).	
  	
  

1.4.6	
  Mating	
  Type	
  

Weed	
  species	
  have	
  an	
  unprecedented	
  diversity	
  of	
  breeding	
  systems	
  (Barrett	
  2002).	
  Where	
  the	
  

population	
   lies	
   on	
   the	
   spectrum	
   from	
   highly	
   self-­‐fertilizing	
   to	
   randomly	
   mating	
   has	
  

consequences	
   on	
   its	
   response	
   to	
   selection	
   pressure	
   imposed	
   by	
   herbicides	
   (Jasieniuk	
   et	
   al.	
  

1996).	
  Recombination	
  often	
  leads	
  to	
  greater	
  genetic	
  diversity	
  (Agrawal	
  2006)	
  and	
  can	
  enhance	
  

rates	
  of	
  adaptation	
   (Colegrave	
  2002;	
  Becks	
  &	
  Agrawal	
  2010).	
   Its	
  effects	
  are	
  dependent	
  on	
   the	
  

number	
   of	
   resistance	
  mutations	
   required	
   (Neve	
   &	
   Powles	
   2005b)	
   and	
   their	
   dominance,	
   with	
  

recessive	
   mutations	
   fixed	
   more	
   rapidly	
   in	
   selfing	
   populations,	
   while	
   random	
   mating	
   and	
  

outcrossing	
  favor	
  resistance	
  through	
  non-­‐recessive	
  mutations	
  (Charlesworth	
  1992;	
  Jasieniuk	
  et	
  

al.	
  1996).	
  

1.4.7	
  Selection	
  Pressure	
  

The	
  strength	
  of	
  selection	
  imposed	
  by	
  herbicides	
  surpasses	
  most	
  common	
  evolutionary	
  pressures	
  

occurring	
   in	
   natural	
   plant	
   populations	
   (Jasieniuk	
   et	
   al.	
   1996).	
   Most	
   herbicides	
   are	
   applied	
   at	
  

rates	
   that	
  eliminate	
  over	
  90%	
  of	
   individuals	
   in	
   the	
  population	
   (Gressel	
  &	
  Segel	
  1982).	
  At	
   such	
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extreme	
  selection	
  pressures,	
  a	
  resistance	
  mutation	
  rapidly	
  moves	
  to	
  fixation,	
  almost	
  irrespective	
  

of	
   its	
   initial	
   frequency	
   (Gressel	
   &	
   Segel	
   1990).	
   The	
   likelihood	
   of	
   resistance	
   evolution	
   varies	
  

between	
   herbicides	
   (Friesen	
   et	
   al.	
   2000).	
   These	
   differences	
   can	
   be	
   due	
   to	
   the	
   availability	
   of	
  

mutations	
   that	
   reduce	
   the	
   binding	
   to	
   the	
   target	
   or	
   due	
   to	
   the	
   ease	
   of	
   sequestering	
   or	
  

metabolizing	
  the	
  herbicide	
  (Gressel	
  2002).	
  

	
  

1.5.	
  MANAGEMENT	
  OF	
  RESISTANCE	
  

As	
  the	
  inevitability	
  of	
  herbicide	
  resistance	
  evolution	
  and	
  its	
  economic	
  and	
  environmental	
  impact	
  

became	
   apparent	
   (Hamill	
   et	
   al.	
   2004),	
  management	
   strategies	
   aimed	
   at	
   prolonging	
   herbicide	
  

longevity	
   were	
   devised,	
   although	
   often	
   with	
   the	
   lack	
   of	
   understanding	
   of	
   underlying	
  

evolutionary	
   processes	
   involved	
   (Gressel	
   2009).	
   Among	
   the	
   proposed	
   methods	
   of	
   herbicide	
  

application,	
   manipulation	
   of	
   the	
   dose,	
   cycling	
   (rotating)	
   between	
   herbicides	
   and	
   the	
   use	
   of	
  

herbicide	
   mixtures	
   have	
   seen	
   widespread	
   adoption	
   in	
   field	
   practices	
   (Beckie	
   2006).	
   Here	
   I	
  

outline	
  the	
  theoretical	
  underpinnings	
  of	
  these	
  methods.	
  	
  

1.5.1	
  Post-­‐Resistance	
  Herbicide	
  Sequences	
  	
  	
  

A	
  common	
  practice	
  among	
  farmers,	
  and	
  often	
  a	
  necessity	
  rather	
  than	
  a	
  management	
  strategy,	
  is	
  

to	
   respond	
   to	
   reduced	
  effectiveness	
  of	
  one	
  herbicide	
  by	
  employing	
  a	
  novel/different	
  mode	
  of	
  

action	
   (Beckie	
   2006).	
   In	
   spite	
   of	
   such	
   practices,	
   there	
   is	
   a	
   tendency	
   to	
   observe	
   every	
   case	
   of	
  

evolving	
  resistance	
  independently,	
  and	
  how	
  resistance	
  to	
  one	
  herbicide	
  affects	
  the	
  evolution	
  of	
  

resistance	
   to	
   another	
   is	
   poorly	
   understood.	
   Exposure	
   to	
   a	
   sequence	
   of	
   herbicides	
   could	
   slow	
  

down	
  evolution	
  of	
   resistance	
  to	
  subsequent	
  herbicides,	
   if	
   independent	
  resistance	
  mechanisms	
  

with	
  associated	
  fitness	
  costs	
  were	
  accumulating	
  (Andersson	
  &	
  Hughes	
  2010;	
  Hall	
  et	
  al.	
  2010).	
  On	
  

the	
  other	
  hand,	
  environmental	
  perturbations	
  could	
  affect	
   the	
  adapting	
  population	
  by	
  allowing	
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access	
   to	
   previously	
   inaccessible	
   adaptive	
   peaks	
   (Arnold	
   et	
   al.	
   2001),	
   potentially	
   speeding	
   up	
  

resistance	
  evolution	
  or	
  leading	
  to	
  a	
  higher	
  peak	
  where	
  resistance	
  is	
  greater	
  or	
  less	
  costly.	
  With	
  

respect	
   to	
   herbicide	
   resistance,	
   a	
   correlated	
   response	
   to	
   selection	
   in	
   the	
   form	
   of	
   cross-­‐

resistance	
  after	
  exposure	
  to	
  a	
  herbicide	
  is	
  an	
  example	
  of	
  a	
  mechanism	
  that	
  could	
  provide	
  access	
  

to	
   novel	
   peaks	
   and	
   accelerates	
   rates	
   of	
   resistance	
   evolution	
   (Powles	
   &	
   Yu	
   2010).	
   These	
  

mechanisms	
  will	
  be	
  discussed	
  in	
  more	
  detail	
   in	
  Chapter	
  3,	
  where	
  I	
  present	
  experiments	
  to	
  test	
  

these	
   hypotheses.	
   Understanding	
   the	
   effects	
   of	
   evolution	
   of	
   resistance	
   on	
   the	
   rates	
   of	
  

resistance	
  in	
  another	
  mode	
  of	
  action	
  is	
  of	
  relevance	
  to	
  other	
  xenobiotics,	
  as	
  similar	
  practices	
  are	
  

observed	
   upon	
   the	
   emergence	
   of	
   insecticide	
   (Denholm	
   &	
   Rowland	
   1992),	
   fungicide	
   (Russell	
  

2005)	
  and	
  antibiotic	
  (Bonhoeffer	
  et	
  al.	
  1997)	
  resistance.	
  

1.5.2	
  Herbicide	
  Cycling	
  

A	
   commonly	
   recommended	
  management	
   practice	
   is	
   to	
   cycle	
   herbicides	
   -­‐	
   a	
   temporal	
   rotation	
  

between	
   two	
  or	
  more	
  herbicides	
  with	
  different	
  modes	
  of	
   action.	
  Herbicide	
   cycling	
   introduces	
  

temporal	
   environmental	
   heterogeneity.	
   This	
   means	
   that	
   over	
   a	
   given	
   time	
   scale	
   fewer	
  

generations	
  are	
  exposed	
  to	
  any	
  single	
  herbicide.	
  This	
  can	
  lead	
  to	
  a	
  reduction	
  in	
  the	
  strength	
  of	
  

selection	
  for	
  resistance	
  to	
  that	
  herbicide	
  (MacArthur	
  1964;	
  Futuyma	
  &	
  Moreno	
  1988).	
  The	
  real	
  

potential	
  of	
  strategies	
  based	
  on	
  herbicide	
  cycling	
  to	
  retard	
  evolution	
  of	
  resistance	
  depends	
  on	
  

the	
   existence	
   of	
   antagonistic	
   pleiotropy,	
   so	
   that	
   adaptation	
   in	
   one	
   environment	
   (herbicide)	
  

incurs	
   a	
   fitness	
   cost	
   in	
   other	
   environments	
   (Lewontin	
   1974;	
   Whittaker	
   &	
   Levin	
   1976).	
   If	
  

antagonistic	
  pleiotropy	
  is	
  strong	
  enough,	
  it	
  could	
  completely	
  prevent	
  the	
  evolution	
  of	
  resistance	
  

in	
   a	
   cycling	
   environment.	
  When	
   the	
   environment	
   varies	
   in	
   time,	
   a	
   generalist	
   strategy	
  may	
  be	
  

more	
  likely	
  to	
  evolve	
  (Hedrick	
  1986)	
  and	
  in	
  terms	
  of	
  herbicide	
  resistance	
  this	
  can	
  often	
  mean	
  a	
  

wider-­‐pattern	
  of	
  cross-­‐resistance	
  (see	
  section	
  1.3).	
  The	
  detailed	
  discussion	
  of	
  these	
  mechanisms	
  

can	
  be	
  found	
  in	
  Chapter	
  4.	
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There	
   is	
   no	
   clear	
   consensus	
   on	
   the	
   efficacy	
   of	
   herbicide	
   cycling,	
   as	
   some	
   studies	
   report	
   its	
  

beneficial	
   effects	
   (Gressel	
   &	
   Segel	
   1990;	
   Jasieniuk	
   et	
   al.	
   1996)	
   while	
   others	
   warn	
   against	
  

widespread	
  use	
  (Diggle	
  et	
  al.	
  2003;	
  Neve	
  2008).	
  The	
  effects	
  of	
  cycling	
  on	
  the	
  level	
  of	
  resistance	
  

and	
   fitness	
   of	
   the	
   evolved	
   individuals	
   are	
   even	
   less	
  well	
   understood	
   and	
   the	
   potential	
   of	
   this	
  

method	
  of	
  application	
  to	
  lead	
  to	
  cross-­‐resistance	
  has	
  not	
  been	
  empirically	
  tested	
  (Gressel	
  1995).	
  

The	
   consequences	
   of	
   cycling	
   on	
   the	
   evolution	
   of	
   antibiotic	
   (Brown	
   &	
   Nathwani	
   2005)	
   and	
  

insecticide	
   resistance	
   (Caprio	
   1998)	
   remain	
   equally	
   poorly	
   understood	
   and	
   ambiguous,	
  

identifying	
  a	
  clear	
  need	
  for	
  further	
  investigations.	
  	
  

1.5.3	
  Herbicide	
  Mixtures	
  

Environments	
   that	
   contain	
   mixtures	
   of	
   herbicides	
   expose	
   a	
   population	
   to	
   multiple	
   selection	
  

pressures	
   simultaneously.	
   To	
   gain	
   positive	
   fitness,	
   an	
   organism	
   requires	
   either	
   multiple	
  

independent	
  mutations	
  conferring	
  resistance	
  to	
  each	
  of	
   the	
  herbicides,	
  or	
  mutations	
   that	
  give	
  

rise	
  to	
  broad-­‐range	
  (cross-­‐)	
  resistance.	
  The	
  probability	
  of	
  multiple	
  resistance	
  mutations	
  arising	
  in	
  

one	
  individual	
  decreases	
  with	
  each	
  additional	
  chemical	
  in	
  the	
  mixture	
  (Wrubel	
  &	
  Gressel	
  1994).	
  

Therefore,	
   these	
   conditions	
   could	
   favor	
  mutations	
   that	
   give	
   rise	
   to	
   a	
   wider	
   pattern	
   of	
   cross-­‐

resistance	
  as	
  a	
  potentially	
  lower	
  number	
  of	
  mutations	
  could	
  provide	
  resistance	
  to	
  all	
  herbicides.	
  

The	
  detailed	
  discussion	
  of	
   these	
  evolutionary	
  mechanisms	
  can	
  be	
   found	
   in	
  Chapter	
  5,	
  where	
   I	
  

present	
  the	
  experiments	
  designed	
  to	
  test	
  these	
  hypotheses.	
  	
  

Use	
  of	
  multiple	
  chemicals	
  with	
  different	
  modes	
  of	
  action	
   is	
  generally	
  seen	
  as	
  offering	
  the	
  best	
  

level	
   of	
   resistance	
   control	
   (for	
   herbicide	
   resistance:	
   (Naylor	
   2002);	
   insecticide:	
   (Denholm	
   &	
  

Rowland	
   1992);	
   and	
   antibiotics:	
   (Brown	
   &	
   Nathwani	
   2005)).	
   The	
   propensity	
   for	
   resistance	
  

evolution	
  depends	
  on	
  the	
  dose	
  of	
  the	
  xenobiotics	
  used	
  in	
  the	
  mixture	
  (Yeh	
  et	
  al.	
  2009;	
  Trindade	
  

et	
   al.	
   2009).	
   For	
   herbicides,	
   environmental	
   concerns	
   increase	
   the	
   need	
   to	
   understand	
   the	
  

relationship	
  between	
  the	
  dose,	
  satisfactory	
  control	
  and	
  long-­‐term	
  effectiveness.	
  Lowered	
  doses	
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in	
  a	
  mixture	
  have	
  been	
  shown	
  to	
  offer	
  comparable	
  levels	
  of	
  short-­‐term	
  control	
  (Blackshaw	
  et	
  al.	
  

2006)	
   but	
   the	
   effects	
   of	
   lowered	
   combined	
  doses	
   on	
   the	
   evolution	
   of	
   resistance	
   are	
   not	
  well	
  

understood.	
  	
  

1.5.4	
  Herbicide	
  Dose	
  Manipulations	
  

It	
  has	
  been	
  suggested	
  that	
  reductions	
  in	
  administered	
  doses	
  could	
  lead	
  to	
  ‘creeping’	
  resistance	
  

by	
   allowing	
   accumulation	
   of	
  mutations	
   of	
   smaller	
   effect	
   (Gressel	
   1995;	
   2009).	
   In	
   fact,	
   several	
  

studies	
  have	
  demonstrated	
  that	
  lowered	
  herbicide	
  rates	
  can	
  lead	
  to	
  rapid	
  evolution	
  of	
  polygenic	
  

resistance	
  in	
  controlled	
  environments	
  (Neve	
  &	
  Powles	
  2005a;	
  2005b;	
  Busi	
  &	
  Powles	
  2009)	
  and	
  in	
  

the	
   field	
   (Manalil	
  et	
  al.	
  2011),	
  as	
   the	
  propensity	
   for	
   resistance	
  evolution	
   in	
  a	
  single-­‐xenobiotic	
  

environment	
  is	
  thought	
  to	
  be	
  equivalent	
  to	
  the	
  frequency	
  of	
  resistant	
  mutations	
  as	
  a	
  function	
  of	
  

dose	
   (Drlica	
   2003).	
   The	
   question	
   remains	
   whether	
   adaptation	
   at	
   lower	
   doses	
   can	
   lead	
   to	
  

comparable	
  levels	
  of	
  resistance	
  at	
  the	
  recommended	
  dose.	
  This	
  issue	
  may	
  be	
  viewed	
  from	
  the	
  

perspective	
   of	
   local	
   adaptation	
   (Kawecki	
   &	
   Ebert	
   2004).	
   Varying	
   the	
   applied	
   dose	
   creates	
   an	
  

environmental	
   gradient	
  of	
   increasing	
  harshness.	
   If	
   populations	
   are	
  best	
   adapted	
   to	
   their	
   local	
  

conditions,	
  resistance	
  to	
  high	
  and	
  commercially	
  relevant	
  doses	
  will	
  only	
  occur	
  when	
  populations	
  

are	
   selected	
   at	
   those	
   doses,	
   and	
   therefore	
   selection	
   at	
   lower	
   doses	
   might	
   not	
   pose	
   a	
   great	
  

management	
  risk.	
  

	
  

1.6	
  EVOLUTIONARY	
  DYNAMICS	
  OF	
  HERBICIDE	
  RESISTANCE	
  

1.6.1	
  The	
  Dynamics	
  of	
  Evolving	
  Herbicide	
  Resistance	
  

In	
   spite	
   of	
   their	
   potential	
   to	
   play	
   a	
   fundamental	
   role	
   in	
   the	
   understanding	
   of	
   resistance	
  

management	
   (chapter	
   1.5),	
   there	
   have	
   been	
   very	
   few	
   experimental	
   studies	
   exploring	
   the	
  

dynamics	
   of	
   herbicide	
   resistance	
   evolution	
   (Neve	
   et	
   al.	
   2009).	
   In	
   large	
   part	
   due	
   to	
   the	
   slow	
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replication	
  times	
  of	
  weedy	
  plants	
  and	
  the	
  large	
  areas	
  required	
  for	
  experimental	
  approaches,	
  the	
  

focus	
   of	
   the	
   majority	
   of	
   herbicide	
   resistance	
   studies	
   has	
   been	
   on	
   characterizing	
   resistance	
  

mechanisms	
   in	
   already	
   evolved	
   populations	
   (Powles	
  &	
   Yu	
   2010).	
   Such	
   an	
   approach	
   limits	
   the	
  

understanding	
  of	
  resistance	
  to	
  the	
  outcomes	
  of	
  prolonged	
  exposure,	
  ignoring	
  the	
  ecological	
  and	
  

evolutionary	
   events	
   that	
   occur	
   early	
   during	
   selection.	
   In	
   fact,	
   the	
   key	
   events	
   that	
   would	
  

determine	
  the	
  characteristics	
  of	
  the	
  evolved	
  resistance	
  are	
  likely	
  to	
  have	
  occurred	
  at	
  these	
  early	
  

stages	
  of	
  exposure	
  (Neve	
  et	
  al.	
  2009),	
  and	
  include	
  the	
  standing	
  genetic	
  variation	
  for	
  resistance	
  

(Preston	
  &	
  Powles	
  2002),	
  and	
  the	
  presence	
  of	
  a	
  variety	
  of	
  resistance	
  mutations	
  that	
  differ	
  with	
  

respect	
  to	
  the	
  magnitude	
  of	
  the	
  fitness	
  benefit	
   (Gressel	
  2009)	
  and	
  the	
  associated	
  fitness	
  costs	
  

(Andersson	
   2003;	
   Wijngaarden	
   et	
   al.	
   2005).	
   These	
   factors	
   could	
   impact	
   the	
   effectiveness	
   of	
  

various	
  management	
  strategies	
  and	
  determine	
  the	
  outcomes	
  of	
  selection	
  (Neve	
  et	
  al.	
  2009).	
  The	
  

outcomes	
   of	
   a	
  mixture	
   strategy,	
   for	
   example,	
   depend	
   on	
   the	
   frequency	
   of	
   an	
   individual	
  with	
  

multiple	
  resistance	
  mutations	
  relative	
  to	
  the	
  frequency	
  of	
  a	
  generalist	
  with	
  cross-­‐resistance	
  to	
  

all	
   mixture	
   components,	
   and	
   which	
   is	
   selected	
   for	
   can	
   have	
   different	
   implications	
   for	
  

management.	
  In	
  short,	
  the	
  dynamics	
  determine	
  the	
  outcomes,	
  and	
  to	
  study	
  them,	
  mathematical	
  

models	
  and	
  model	
  organisms	
  have	
  been	
  employed.	
  	
  

1.6.2	
  Models	
  in	
  Herbicide	
  Resistance	
  Research	
  

Mathematical	
   models	
   enable	
   rapid,	
   large-­‐scale	
   comparisons	
   between	
   in-­‐silico	
   populations,	
  

allowing	
  the	
  evaluation	
  of	
  the	
  impact	
  that	
  various	
  factors	
  might	
  have	
  on	
  evolutionary	
  dynamics	
  

(Neve	
  et	
  al.	
  2009).	
  A	
  model	
  can	
  break	
  down	
  the	
  biological	
  complexity	
  and	
  look	
  at	
  the	
  impact	
  of	
  

individual	
  components,	
  such	
  as	
  mutation	
  frequency,	
  type	
  of	
  resistance	
  and	
  the	
  initial	
  frequency	
  

of	
  resistance.	
  (Jasieniuk	
  et	
  al.	
  1996).	
  In	
  addition,	
  models	
  have	
  been	
  employed	
  to	
  address	
  specific	
  

cropping	
   system-­‐related	
   questions.	
   Most	
   commonly,	
   these	
   models	
   evaluate	
   the	
   impact	
   of	
  

continuous	
   exposure	
   to	
   a	
   single	
   herbicide,	
   cycling	
   and	
   mixtures	
   strategies	
   on	
   the	
   rates	
   of	
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resistance	
  evolution	
   (Gressel	
  &	
  Segel	
   1990;	
  Powles	
  et	
   al.	
   1997;	
  Diggle	
  et	
   al.	
   2003;	
  Neve	
  et	
   al.	
  

2011).	
  The	
  relevance	
  of	
  models	
  to	
  field	
  situations	
  can	
  be	
  questioned	
  as	
  they	
  rely	
  on	
  a	
  series	
  of	
  

underlying	
  assumptions	
  used	
  to	
  define	
  the	
  properties	
  of	
  the	
  evolving	
  populations.	
  The	
  validity	
  

of	
  those	
  assumptions	
  needs	
  to	
  be	
  evaluated	
  in	
  actually	
  evolving	
  populations.	
  	
  

1.6.3	
  Model	
  Organisms	
  in	
  Herbicide	
  Resistance	
  Research	
  

Certain	
  model	
  organisms,	
  such	
  as	
  Arabidopsis	
  thaliana,	
  share	
  many	
  features	
  with	
  agriculturally	
  

relevant	
  weeds,	
  while	
  having	
  much	
  shorter	
   life	
  cycles.	
  This	
  makes	
   them	
  suitable	
   for	
   testing	
  of	
  

ecological	
  and	
  evolutionary	
  hypotheses.	
  In	
  their	
  own	
  right,	
  these	
  model	
  organisms	
  can	
  be	
  used	
  

to	
   develop	
   experimental	
   evolutionary	
   approaches	
   to	
   understanding	
   herbicide	
   resistance.	
   In	
  

addition,	
  they	
  can	
  help	
  elucidate	
  the	
  assumptions	
  used	
  in	
  mathematical	
  models,	
  and	
  bridge	
  the	
  

gap	
   between	
   in	
   silico	
   predictions	
   and	
   actual	
   events	
   in	
   the	
   fields.	
   For	
   example,	
   studies	
   with	
  

A.thaliana	
   have	
   investigated	
   some	
   important	
  parameters	
  driving	
   resistance	
  evolution,	
   such	
  as	
  

the	
  frequency	
  of	
  resistance	
  mutations	
  (Jander	
  et	
  al.	
  2003)	
  or	
  the	
  costs	
  associated	
  with	
  herbicide	
  

resistance	
  (Roux	
  2004;	
  Roux	
  &	
  Reboud	
  2005;	
  Roux	
  2005).	
  

	
  

1.7	
  EXPERIMENTAL	
  EVOLUTION	
  AND	
  CHLAMYDOMONAS	
  REINHARDTII	
  

1.7.1	
  Experimental	
  Evolution	
  with	
  Microorganisms	
  

Conceptually,	
   experimental	
   evolution	
   is	
   simple	
  –	
  expose	
  a	
   series	
  of	
   replicate	
  populations	
   to	
   a	
  

novel	
   environment,	
  while	
  maintaining	
  a	
   series	
  of	
  populations	
   in	
   the	
  ancestral	
   environment	
   to	
  

serve	
  as	
  a	
  control	
  (Garland	
  &	
  Rose	
  2009).	
  The	
  researcher	
  can	
  vary	
  one	
  or	
  more	
  biotic,	
  abiotic	
  or	
  

demographic	
   factors	
   to	
   create	
   the	
   novel	
   conditions	
   and	
   adaptation	
   is	
   inferred	
   via	
   increased	
  

population	
   fitness	
   and	
   growth	
   rates.	
   The	
   fitness	
   of	
   the	
   evolved	
  populations	
   can	
  be	
  measured	
  

and	
   compared	
   to	
   that	
   of	
   the	
   control	
   populations	
   in	
   a	
   variety	
   of	
   ways	
   (Elena	
  &	
   Lenski	
   2003),	
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allowing	
   the	
   evaluation	
   of	
   the	
   evolutionary	
   changes	
   that	
   occurred.	
   Ultimately,	
   experimental	
  

evolution	
  as	
  a	
  method	
  allows	
  monitoring	
  evolution	
  in	
  real	
  time,	
  and	
  through	
  direct	
  comparisons	
  

between	
   different	
   stages	
   in	
   the	
   selection	
   process	
   allows	
   characterization	
   of	
   the	
   patterns	
   of	
  

change	
  and	
  adaptation.	
  	
  

Certain	
   properties	
   of	
   microbes	
   render	
   them	
   particularly	
   well	
   suited	
   for	
   use	
   in	
   experimental	
  

evolution	
   (Elena	
   &	
   Lenski	
   2003).	
   Single-­‐cell	
   organisms	
   have	
   short	
   generation	
   times,	
   some	
  

dividing	
   as	
   often	
   as	
   every	
   20	
   minutes.	
   This	
   property	
   allows	
   experiments	
   to	
   run	
   for	
   many	
  

generations,	
  making	
  selection	
  experiments	
  manageable	
  in	
  time	
  and	
  thus	
  overcoming	
  the	
  single	
  

greatest	
  obstacle	
  to	
  studying	
  evolution	
  in	
  real	
  time	
  in	
  higher	
  organisms.	
  Due	
  to	
  their	
  small	
  size,	
  

microorganisms	
   permit	
   large	
   population	
   sizes	
   to	
   be	
  maintained	
   in	
   small	
   spaces,	
   reducing	
   the	
  

effects	
  of	
  genetic	
  drift	
  and	
  facilitating	
  experimental	
  replication.	
  In	
  addition,	
  space	
  and	
  resources	
  

can	
   be	
   controlled	
   to	
   define	
   the	
   total	
   population	
   size.	
   Another	
   benefit	
   of	
   using	
   microbes	
   for	
  

studies	
   in	
   experimental	
   evolution	
   is	
   that	
   they	
   can	
   be	
   frozen	
   and/or	
   stored	
   in	
   suspended	
  

animation,	
  and	
   thus	
  preserved	
   in	
   time.	
   Later	
   retrieval	
  of	
   the	
   frozen/stored	
  populations	
  allows	
  

comparisons	
  between	
  different	
  time	
  points	
  in	
  the	
  selection	
  experiment,	
  allowing	
  the	
  researcher	
  

to	
  trace	
  the	
  progress	
  of	
  adaptation.	
   It	
   is	
  due	
  to	
  these	
  factors,	
  and	
  the	
  simplicity	
  of	
  the	
  system	
  

that	
  allows	
  modifications	
  of	
  a	
   single	
  variable	
  between	
  conditions,	
   that	
  experimental	
  evolution	
  

has	
  been	
  successful	
  in	
  exploring	
  a	
  wide-­‐variety	
  of	
  questions	
  in	
  evolutionary	
  biology	
  (Buckling	
  et	
  

al.	
  2009;	
  Garland	
  &	
  Rose	
  2009).	
  	
  

1.7.2	
  Chlamydomonas	
  reinhardtii	
  as	
  a	
  model	
  organism	
  

Chlamydomonas	
  reinhardtii	
  was	
  first	
  described	
  in	
  1888	
  (Proschold	
  et	
  al.	
  2005).	
  Chlamydomonas	
  

reinhardtii	
  is	
  a	
  unicellular	
  green	
  chlorophyte,	
  capable	
  of	
  growing	
  both	
  as	
  an	
  autotroph	
  (through	
  

photosynthesis)	
   and	
   a	
   heterotroph	
   (by	
   metabolizing	
   acetate).	
   Under	
   most	
   conditions	
   it	
  

replicates	
  asexually,	
  while	
  nitrogen	
  starvation	
  induces	
  the	
  formation	
  of	
  spores	
  following	
  a	
  sexual	
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period	
   between	
   the	
   two	
  mating	
   types	
   (Harris	
   2008).	
   It	
   has	
   been	
   used	
   as	
   a	
  model	
   system	
   for	
  

studying	
   flagellar	
   motion	
   and	
   phototaxis,	
   due	
   to	
   the	
   relative	
   simplicity	
   and	
   ease	
   of	
   system	
  

perturbations	
   (Harris	
   2008).	
   The	
   fact	
   that	
   it	
   is	
   a	
  well-­‐characterized	
   system,	
  with	
   a	
   sequenced	
  

genome,	
   large	
   community	
   of	
   researchers	
   and	
   a	
   vast	
   resource	
   database	
   (www.chlamy.org)	
  

makes	
  C.reinhardtii	
  a	
  good	
  organism	
  to	
  use	
  in	
  experimental	
  studies.	
  

The	
  typical	
  length	
  of	
  the	
  C.reinhardtii	
  life	
  cycle	
  is	
  7-­‐10	
  hours	
  under	
  laboratory	
  conditions,	
  in	
  full	
  

medium	
  (one	
  that	
  meets	
  all	
  nutritional	
  requirements	
  of	
  the	
  cell	
  growing	
  photosynthetically)	
  and	
  

in	
   the	
  presence	
  of	
   light.	
  Cells	
   can	
  be	
   stored	
  on	
  agar	
   for	
  up	
   to	
   six	
  months	
  and	
   successfully	
   re-­‐

suspended	
  at	
  a	
  future	
  point.	
  The	
  difficulty	
  of	
  reviving	
  C.reinhardtii	
  cells	
  after	
  being	
  frozen	
  makes	
  

cryopreservation,	
   a	
   method	
   commonly	
   used	
   in	
   experimental	
   evolution	
   studies,	
   very	
   difficult	
  

(Harris	
   2008).	
  C.reinhardtii	
  has	
   been	
   adopted	
   for	
   use	
   in	
   experimental	
   evolution	
   studies	
   as	
   an	
  

attempt	
   to	
   step	
   away	
   from	
   prokaryotes	
   and	
   explore	
   experimental	
   evolution	
   in	
   a	
   eukaryotic	
  

organism	
   (Bell	
   1990a;	
   1990b).	
   It	
   has	
   been	
   used	
   to	
   study	
   the	
   properties	
   of	
   single-­‐strain	
   (Bell	
  

1990a;	
   1991)	
   and	
  mixtures	
   of	
   populations	
   (Bell	
   1990b);	
   evolution	
   of	
   heterotrophy	
   (Bell	
   1997;	
  

Reboud	
  &	
  Bell	
  1997);	
  adaptation	
  (Bell	
  &	
  Reboud	
  1997;	
  Kassen	
  &	
  Bell	
  2000);	
  the	
  impact	
  of	
  sex	
  on	
  

natural	
   selection	
   (Silva	
   &	
   Bell	
   1996;	
   Colegrave	
   2002),	
   and	
   other	
   questions.	
   Through	
   such	
  

extensive	
   research	
   the	
   behavior	
   of	
   C.reinhardtii	
   under	
   laboratory	
   conditions	
   is	
   well	
  

characterized,	
  informing	
  its	
  suitability	
  as	
  a	
  model	
  organism	
  for	
  the	
  experiments	
  described	
  in	
  this	
  

thesis.	
  	
  

1.7.3	
  Use	
  of	
  C.reinhardtii	
  in	
  Herbicide	
  Resistance	
  Research	
  

An	
   obstacle	
   limiting	
   much	
   experimental	
   research	
   attempting	
   to	
   understand	
   the	
   evolution	
   of	
  

herbicide	
   resistance	
   is	
   the	
   length	
   of	
   weedy	
   plant	
   life	
   cycle,	
   which	
   for	
   many	
   agriculturally	
  

relevant	
   species	
   is	
   a	
   year.	
   This	
   has	
   resulted	
   in	
   the	
  majority	
   of	
   studies	
   on	
  herbicide	
   resistance	
  

having	
   been	
   conducted	
   after	
   the	
   resistance	
   has	
   evolved,	
   or	
   through	
   mathematical	
   modeling	
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(Powles	
  &	
  Yu	
  2010).	
  Difficulties	
   in	
  carrying	
  out	
  direct	
  experimental	
   tests	
  have	
  distanced	
  weed	
  

science	
  from	
  evolutionary	
  thinking,	
  resulting	
   in	
  a	
   lack	
  of	
  understanding	
  of	
  herbicide	
  resistance	
  

as	
  an	
  evolutionary	
  phenomenon	
  (Neve	
  et	
  al.	
  2009).	
  C.reinhardtii	
  has	
  been	
  suggested	
  as	
  a	
  model	
  

system	
  for	
  studying	
  herbicide	
  resistance	
  evolution	
  (Reboud	
  et	
  al.	
  2007).	
  In	
  addition,	
  C.renhardtii	
  

is	
  susceptible	
  to	
  a	
  range	
  of	
  commercially	
  available	
  herbicides	
  of	
  different	
  modes	
  of	
  action,	
  due	
  

to	
  shared	
  biochemical	
  and	
  metabolic	
  pathways	
  with	
  higher	
  plants	
  (Reboud	
  2002).	
  The	
  ability	
  of	
  

C.reinhardtiii	
  to	
  evolve	
  resistance	
  to	
  atrazine,	
  a	
  member	
  of	
  the	
  triazine	
  family	
  of	
  herbicides,	
  has	
  

been	
   demonstrated	
   (Reboud	
   et	
   al.	
   2007),	
   paving	
   the	
   way	
   for	
   its	
   establishment	
   as	
   a	
   model	
  

organism	
  for	
  pro-­‐active	
  herbicide	
  resistance	
  research.	
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1.8	
  MAJOR	
  STUDY	
  OBJECTIVES	
  

In	
  its	
  essence,	
  this	
  thesis	
  is	
  concerned	
  with	
  the	
  exploration	
  of	
  the	
  evolutionary	
  events	
  occurring	
  

under	
  extreme	
  anthropogenic	
  environmental	
  conditions	
  imposed	
  by	
  herbicides.	
  It	
  works	
  within	
  

a	
  combined	
  applied-­‐theoretical	
  framework	
  by	
  taking	
  as	
  its	
  starting	
  point	
  an	
  applied	
  principle	
  –	
  a	
  

real-­‐life	
   method	
   of	
   herbicide	
   application	
   –	
   and	
   attempts	
   to	
   understand	
   the	
   underlying	
  

evolutionary	
  principles.	
   It	
   does	
   so	
  by	
  observing	
   the	
   effects	
   of	
   various	
   application	
  methods	
  on	
  

the	
  dynamics	
  of	
  resistance	
  evolution	
  (rates	
  at	
  which	
  resistance	
  evolves),	
  the	
  level	
  of	
  resistance	
  

reached	
  by	
  evolving	
  populations,	
  their	
  growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides,	
  and	
  the	
  extent	
  

of	
  cross-­‐resistance	
  they	
  exhibit.	
   In	
  this	
  thesis,	
   I	
  attempt	
  to	
  address	
  questions	
  of	
   importance	
  to	
  

the	
  study	
  of	
  evolution	
  and	
  adaptation	
  by	
  examining	
  the	
  effects	
  of:	
  

• Herbicide	
  sequences,	
  investigating	
  how	
  accumulation	
  of	
  resistance	
  mechanisms	
  impacts	
  

rates	
  of	
  evolution.	
  

• Cycling	
   between	
   herbicides,	
   assessing	
   the	
   impact	
   of	
   temporal	
   environmental	
  

heterogeneity.	
  

• Herbicide	
  mixtures,	
  investigating	
  the	
  effects	
  of	
  environmental	
  complexity.	
  	
  

• Herbicide	
  dose,	
  exploring	
  local	
  adaptation	
  along	
  an	
  environmental	
  gradient.	
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CHAPTER	
  2:	
  MATERIALS	
  AND	
  METHODS	
  
	
  

This	
  chapter	
  outlines	
  the	
  materials	
  and	
  methods	
  adopted	
  in	
  all	
  or	
  the	
  majority	
  of	
  experiments	
  

presented	
  in	
  this	
  thesis.	
  Each	
  experimental	
  chapter	
  contains	
  a	
  separate	
  materials	
  and	
  methods	
  

section	
   explaining	
   the	
   experiment-­‐specific	
  methodology,	
   and	
  detailing	
   any	
  possible	
   deviations	
  

from	
  the	
  contents	
  of	
  this	
  chapter.	
  Each	
  experiment	
  therefore,	
  unless	
  specifically	
  stated,	
  utilized	
  

the	
  methods	
  described	
  in	
  this	
  chapter.	
  	
  

	
  

2.1	
  Culture	
  conditions	
  

The	
   culture	
   media	
   used	
   in	
   all	
   experiments	
   was	
   modified	
   Bold’s	
   Medium	
   (subsequently	
   BM)	
  

(Harris	
  2008).	
  For	
  all	
  selection	
  experiments,	
  populations	
  were	
  cultured	
  in	
  disposable	
  25x150mm	
  

borosilicate	
  glass	
   tubes,	
   in	
  20ml	
  of	
  BM	
  and	
  maintained	
   in	
  an	
  orbital	
   shaker	
   incubator,	
  at	
  28oC	
  

and	
  180rpm,	
  under	
  continuous	
  light	
  exposure,	
  provided	
  by	
  six	
  fluorescent	
  tubes	
  mounted	
  in	
  the	
  

incubator	
   lid	
  (Osram	
  L30	
  W/21-­‐840,	
  cool	
  white;	
   light	
   intensity	
  measured	
  at	
  the	
   location	
  of	
  the	
  

tubes	
  was	
  161	
  µmolm-­‐2s-­‐1).	
  

2.2	
  Founding	
  population	
  

The	
  Chlamydomonas	
  reinhardtii	
  strain	
  used	
  in	
  the	
  experiments	
  is	
  Seger’s	
  CC-­‐1690	
  wild	
  type	
  mt+	
  

21gr,	
   obtained	
   from	
   the	
  Chlamydomonas	
   Resource	
  Center’s	
   core	
   collection.	
   Prior	
   to	
   selection	
  

experiments,	
  the	
  strain	
  had	
  been	
  adapted	
  to	
  the	
  culture	
  conditions	
  (Chapter	
  2.1)	
  in	
  the	
  absence	
  

of	
   herbicides	
   through	
   continuous	
  exposure	
   for	
  over	
   700	
   generations.	
   To	
  do	
   this,	
   200µl	
   of	
   the	
  

growing	
   population	
  were	
   transferred	
   into	
   fresh	
   herbicide-­‐free	
  media	
   every	
   seven	
   days	
   for	
   18	
  

months	
  prior	
  to	
  the	
  start	
  of	
  the	
  first	
  experiment.	
  Every	
  10	
  transfer	
  periods	
  (2	
  months),	
  as	
  well	
  as	
  

prior	
  to	
  the	
  start	
  of	
  a	
  selection	
  procedure,	
  a	
  contamination	
  check	
  was	
  performed	
  on	
  the	
  stock	
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populations.	
   This	
  was	
   done	
   by	
   transferring	
   approximately	
   15,000	
   cells	
   onto	
   three	
   agar	
   plates	
  

with	
  BM	
  and	
  three	
  agar	
  places	
  with	
  BM	
  and	
  acetate	
  under	
  sterile	
  conditions.	
  Plates	
  were	
  then	
  

placed	
  under	
  light	
  for	
  5	
  days,	
  when	
  they	
  were	
  checked	
  for	
  contamination.	
  Two	
  weeks	
  before	
  the	
  

start	
  of	
  all	
  selection	
  experiments,	
  20µl	
  of	
  this	
  adapted	
  population	
  (approximately	
  15,000	
  cells)	
  

was	
   spread	
  on	
   an	
   agar	
   plate.	
  After	
   7	
   days	
   of	
   growth,	
   a	
   single	
   colony	
  was	
  picked	
   and	
  used	
   to	
  

inoculate	
  a	
  BM	
   liquid	
  culture.	
  This	
  colony	
  was	
  multiplied	
   for	
   two	
  transfer	
  cycles	
   (14	
  days)	
  and	
  

was	
  used	
  to	
  found	
  experimentally	
  evolving	
  populations.	
  	
  	
  

2.3	
  Measuring	
  OD750	
  and	
  estimating	
  the	
  number	
  of	
  cell	
  divisions	
  

To	
   study	
   how	
   a	
   population	
   responds	
   to	
   herbicide	
   application,	
   the	
   population	
   growth	
   was	
  

inferred	
  from	
  the	
  measurements	
  of	
  population	
  density.	
  To	
  do	
  this,	
  the	
  optical	
  density	
  at	
  750nm	
  

(OD750)	
  was	
  measured	
   in	
  a	
   Jenway	
  6315	
  benchtop-­‐spectrophotometer,	
  with	
  a	
  24-­‐25.5mm	
  test	
  

tube	
   holder	
   accessory	
   that	
   allowed	
   for	
   25x150mm	
  glass	
   tubes	
   to	
   be	
   fitted.	
   The	
  machine	
  was	
  

sensitive	
  to	
  OD750	
  of	
  0.001,	
  but	
  the	
  natural	
  variation	
  in	
  glass	
  thickness	
  and	
  residue,	
  as	
  estimated	
  

by	
   repeated	
  measurements	
   of	
  OD750	
   of	
   tubes	
   containing	
   only	
   BM,	
   accounted	
   for	
   the	
   lack	
   of	
  

sensitivity	
  below	
  OD750	
  of	
  0.020.	
  	
  

To	
  produce	
  a	
  calibration	
  equation	
  converting	
  OD750	
  into	
  the	
  approximate	
  number	
  of	
  cells	
  in	
  that	
  

population,	
   I	
   carried	
  out	
  a	
   series	
  of	
   cell	
   counts	
  and	
  correlated	
   them	
  to	
  a	
   corresponding	
  OD750	
  

measurement.	
  125,000	
  cells	
  were	
  used	
  to	
  inoculate	
  a	
  BM	
  culture	
  grown	
  for	
  nine	
  days.	
  An	
  OD750	
  

measurement	
   and	
   cell	
   counts	
  were	
   taken	
   on	
   a	
   series	
   of	
   dilutions,	
   at	
   10,20,30,40,50,60,80,90	
  

and	
   100%	
   of	
   the	
   final	
   volume.	
   The	
   measurements	
   were	
   repeated	
   on	
   10	
   independent	
  

populations.	
  A	
  sample	
  of	
  10μl	
  was	
  taken	
  from	
  each	
  population	
  at	
  each	
  measurement	
  point	
  and	
  

diluted	
  100	
  fold	
  with	
  ddH2O	
  in	
  1.5ml	
  microcentrifuge	
  tube.	
  5μl	
  of	
  Lugol	
  stain	
  was	
  added,	
  and	
  the	
  

sample	
   gently	
   hand	
   shaken	
   to	
   minimize	
   cell	
   burst.	
   10μl	
   of	
   the	
   sample	
   was	
   placed	
   on	
   the	
  

haemocytometer	
  plate	
  (Improved	
  neubauer,	
  depth	
  0.1mm,	
  1/400mm2)	
  and	
  covered	
  with	
  a	
  glass	
  



	
  

 25 

lid.	
  The	
  plate	
  with	
  the	
  sample	
  was	
  placed	
  under	
  a	
  light	
  microscope,	
  the	
  number	
  of	
  cells	
  counted	
  

and	
  converted	
  into	
  the	
  total	
  number	
  of	
  cells	
  per	
  ml	
  of	
  diluted	
  sample	
  by	
  multiplying	
  with	
  104,	
  as	
  

each	
  plate	
   surfaces	
   contained	
  0.1μl	
  of	
   the	
  diluted	
   sample.	
   The	
  optical	
  density-­‐cell	
   count	
  pairs	
  

were	
  used	
  to	
  determine	
  the	
  relationship	
  between	
  the	
  two	
  by	
  finding	
  the	
  equation	
  for	
  the	
  curve	
  

of	
  best	
  fit	
  and	
  constraining	
  it	
  to	
  0	
  on	
  both	
  axes	
  (Fig.4).	
  The	
  resulting	
  function	
  was	
  quadratic	
  and	
  

described	
  by	
  the	
  below	
  equation.	
  It	
  is	
  worth	
  noting	
  that	
  populations	
  reached	
  a	
  threshold	
  OD750	
  

value	
   at	
   approximately	
   1.00,	
   and	
   that	
   the	
   relationship	
   is	
   accurately	
  described	
  by	
   the	
   function	
  

below	
  only	
  within	
  the	
  presented	
  range	
  of	
  OD750	
  	
  measurements.	
  	
  

Number	
  of	
  cells/ml	
  =	
  854,534*(	
  OD750)2	
  +	
  1,277,248*	
  OD750	
  

The	
  cell	
  size	
  of	
  wild	
  type	
  and	
  cells	
  that	
  have	
  evolved	
  resistance	
  was	
  estimated	
  using	
  the	
  grid	
  on	
  

the	
  haemocytometer	
  plate,	
  to	
  check	
  whether	
  OD750	
  was	
  a	
  good	
  estimate	
  of	
  population	
  size.	
  No	
  

significant	
  variations	
  in	
  cell	
  size	
  were	
  observed	
  between	
  wild	
  type	
  and	
  resistant	
  cells.	
  

	
  

Figure	
  4.	
  Optical	
   density-­‐cell	
   count	
  pairs	
  and	
  the	
  curve	
  of	
  best	
   fit.	
  The	
  measurements	
  were	
  taken	
  one,	
  
two,	
   three	
   and	
   four	
   days	
   after	
   inoculation,	
   OD750	
   measured	
   and	
   the	
   cells	
   counted.	
   The	
   pairs	
   were	
  
modeled	
   to	
   obtain	
   the	
   curve	
   of	
   best	
   fit,	
   which	
   described	
   the	
   relationship	
   between	
   OD750	
  and	
   the	
   cell	
  
count.	
  Each	
  point	
  is	
  the	
  mean	
  OD750	
  and	
  mean	
  cell	
  count	
  for	
  the	
  ten	
  independent	
  measurements	
  at	
  each	
  
day.	
  Bars	
  are	
  standard	
  errors.	
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2.4	
  Herbicides	
  

A	
  variety	
  of	
  herbicides	
  were	
  utilized	
  in	
  each	
  experiment,	
  some	
  to	
  select	
  for	
  resistance,	
  others	
  to	
  

determine	
  if	
  cross-­‐resistance	
  (generalism)	
  was	
  selected	
  for.	
  To	
  determine	
  if	
  the	
  active	
  ingredient	
  

inhibited	
   the	
   growth	
   of	
   C.reinhardtii	
   populations,	
   125,000	
   cells	
   of	
   the	
   ancestral	
   CC-­‐1690	
  

populations	
  were	
  inoculated	
  into	
  BM	
  supplemented	
  with	
  a	
  range	
  of	
  concentrations	
  of	
  a	
  number	
  

of	
   herbicides	
   of	
   interest.	
   These	
   populations	
   were	
   placed	
   under	
   culture	
   conditions	
   for	
   seven	
  

days.	
   If	
   there	
  was	
   no	
  measurable	
   growth	
   over	
   7	
   days	
   (defined	
   as	
  OD750	
   below	
   the	
   sensitivity	
  

levels	
  of	
  the	
  apparatus	
  (Chapter	
  2.3))	
  at	
  one	
  of	
  the	
  herbicide	
  concentrations	
  within	
  this	
  range,	
  I	
  

concluded	
   that	
  C.reinhardtii	
   was	
   susceptible	
   to	
   that	
   herbicide.	
   To	
  more	
   accurately	
   determine	
  

the	
  minimum	
  inhibitory	
  concentration	
  (MIC)	
  of	
  each	
  active	
  herbicide,	
  I	
  exposed	
  125,000	
  cells	
  to	
  

a	
  narrower	
  range	
  of	
  concentrations	
  around	
  the	
  previously	
  identified	
  limiting	
  concentration,	
  with	
  

three	
  replicates	
  per	
  concentration.	
  The	
  populations	
  were	
  incubated	
  for	
  seven	
  days,	
  at	
  the	
  end	
  

of	
  which	
  the	
  OD750	
  was	
  measured.	
  The	
  assay	
  was	
  repeated	
  twice	
  in	
  two	
  consecutive	
  weeks.	
  To	
  

test	
  if	
  the	
  relationship	
  between	
  herbicide	
  concentration	
  and	
  growth	
  was	
  sigmoidal	
  and	
  reached	
  

0	
   value,	
   the	
   data	
   was	
   used	
   to	
   construct	
   a	
   dose	
   response	
   curve	
   by	
   fitting	
   a	
   non-­‐linear	
   4-­‐

parameter	
  regression	
  on	
  the	
  relationship	
  between	
  the	
  concentration	
  of	
  the	
  herbicide	
  (dose)	
  and	
  

the	
   growth	
   in	
   OD750	
   after	
   seven	
   days	
   (drm	
   function	
   of	
   the	
   drc	
   package	
   in	
   R2.15.0).	
   Figure	
   5	
  

shows	
   a	
   sample	
   dose	
   response	
   curve	
   illustrating	
   the	
   desired	
   sigmoidal	
   curve	
   shape.	
   If	
   the	
  

relationship	
  was	
  confirmed	
  as	
  sigmoidal,	
  the	
  lowest	
  concentration	
  tested	
  at	
  which	
  there	
  was	
  no	
  

measurable	
  growth	
  (OD750	
  below	
  0.020,	
  the	
  natural	
  variation	
  of	
  the	
  apparatus)	
  was	
  used	
  as	
  the	
  

MIC.	
   The	
   tested	
   value	
   as	
  opposed	
   to	
   a	
   value	
  extrapolated	
   from	
   the	
  dose	
   response	
   curve	
  was	
  

used,	
   as	
   the	
   fitted	
   model	
   assumed	
   the	
   curve	
   never	
   reached	
   0	
   value	
   (complete	
   control	
   was	
  

impossible),	
   and	
   was	
   therefore	
   likely	
   to	
   overestimate	
   the	
  minimum	
   inhibitory	
   concentration.	
  

New	
  herbicide	
  solutions	
  were	
  made	
  prior	
  to	
  the	
  start	
  of	
  each	
  experiment,	
  their	
  MIC	
  determined	
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according	
   to	
   the	
   above	
   protocol,	
   and	
   the	
   same	
   solution	
   was	
   used	
   for	
   the	
   duration	
   of	
   that	
  

experiment.	
  Table	
  2	
  provides	
  a	
  summary	
  of	
  all	
   tested	
  herbicides,	
   their	
  activity	
   in	
  C.reinhardtii,	
  

and	
  the	
  MIC,	
  when	
  applicable.	
  	
  

	
  

Figure	
  5.	
  Sample	
  dose	
  response	
  curve.	
  Atrazine	
  dose	
  response,	
  relating	
  growth	
  in	
  OD750	
  after	
  seven	
  days	
  
to	
  the	
  concentration	
  of	
  atrazine.	
  The	
  points	
  are	
  the	
  mean	
  of	
  three	
  replicate	
  observations.	
  	
  

2.5	
  Transfer	
  Protocol	
  

Populations	
   were	
   transferred	
   into	
   appropriate	
   fresh	
   media	
   (supplemented	
   with	
   appropriate	
  

herbicides)	
  every	
  seven	
  days.	
   In	
  addition	
  to	
  the	
  evolving	
  populations,	
  source	
  populations	
  were	
  

also	
  maintained	
  by	
  transferring	
  into	
  herbicide-­‐free	
  media.	
  Each	
  source	
  population	
  corresponded	
  

to	
  a	
  single	
  replicate	
  population	
  within	
  each	
  regime,	
  so	
  that	
  if	
  the	
  design	
  called	
  for	
  six	
  replicates	
  

of	
   each	
   regime,	
   six	
   source	
   populations	
   were	
   maintained	
   and	
   used	
   as	
   described	
   below.	
   The	
  

source	
  populations	
  also	
  served	
  as	
  controls	
  in	
  each	
  experiment.	
  At	
  each	
  transfer,	
  the	
  OD750	
  of	
  the	
  

population	
  was	
  estimated	
  and	
  200µl	
  of	
  the	
  evolving	
  culture	
  was	
  transferred	
  into	
  fresh	
  media.	
  If	
  

the	
  number	
  of	
  cells	
  in	
  200µl	
  of	
  culture	
  medium	
  estimated	
  from	
  OD750	
  was	
  less	
  than	
  125,000,	
  as	
  

would	
  happen	
  until	
   resistance	
  evolved,	
   then	
   the	
  appropriate	
  number	
  of	
   cells	
   from	
  one	
  of	
   the	
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source	
   populations	
   was	
   added	
   to	
   make	
   the	
   total	
   cell	
   number	
   at	
   the	
   transfer	
   approximately	
  

125,000.	
  Therefore,	
  the	
  minimum	
  number	
  of	
  cells	
  at	
  the	
  beginning	
  of	
  each	
  cycle	
  was	
  125,000.	
  

For	
   each	
   replicate	
  within	
   the	
   experimental	
   regime,	
   the	
   same	
   source	
   population	
  was	
   used	
   for	
  

immigration	
  throughout	
  the	
  experiment.	
  According	
  to	
  this	
  protocol,	
  when	
  undergoing	
  sufficient	
  

growth	
   (at	
   least	
   6.64	
   cell	
   division	
   in	
   seven	
  days),	
   a	
   population	
   is	
   capable	
  of	
  maintaining	
   itself	
  

after	
   the	
  weekly	
   bottleneck	
   event.	
  When	
   growth	
   did	
   not	
   reach	
   this	
   number	
   of	
   cell	
   divisions,	
  

weekly	
  bottlenecks	
  would	
  drive	
  the	
  population	
  towards	
  extinction,	
  and	
  these	
  populations	
  were	
  

maintained	
  by	
  immigration	
  from	
  the	
  corresponding	
  source	
  population.	
  

2.6	
  Measuring	
  level	
  of	
  resistance	
  and	
  growth	
  rates	
  in	
  absence	
  of	
  herbicides	
  

The	
  number	
  of	
   cell	
  divisions	
  undergone	
  by	
  a	
  population	
   in	
  exposure	
   to	
  a	
   selective	
  dose	
  of	
  an	
  

herbicide	
   (MIC)	
   was	
   adopted	
   as	
   the	
   estimate	
   of	
   the	
   level	
   of	
   resistance.	
   After	
   the	
   selection	
  

procedure,	
  125,000	
  cells	
  from	
  each	
  evolved	
  population	
  were	
  used	
  to	
  inoculate	
  each	
  resistance	
  

assay	
   and	
   the	
   final	
   population	
   size	
   was	
   determined	
   by	
   measuring	
   OD750	
   after	
   seven	
   days	
   of	
  

growth.	
  This	
  assay	
  was	
   replicated	
   twice	
   for	
  each	
   tested	
  population	
  and	
   the	
  mean	
  used	
  as	
   the	
  

level	
  of	
  resistance.	
  

The	
  number	
  of	
   cell	
  divisions	
   in	
   the	
  absence	
  of	
  herbicides	
  was	
   adopted	
  as	
   the	
  estimate	
  of	
   the	
  

population’s	
   growth	
   rate	
   in	
   the	
   ancestral	
   environment.	
   Whether	
   evolved	
   resistance	
   was	
  

associated	
  with	
  a	
  fitness	
  cost	
  was	
  determined	
  by	
  comparing	
  the	
  growth	
  rates	
  in	
  the	
  absence	
  of	
  

herbicides	
   of	
   the	
   evolved	
   population	
   to	
   the	
   mean	
   of	
   the	
   source	
   populations.	
   The	
   relative	
  

differences	
  in	
  fitness	
  costs	
  between	
  evolved	
  populations	
  were	
  estimated	
  by	
  directly	
  comparing	
  

their	
  growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides.	
  125,000	
  cells	
  were	
  used	
  to	
  inoculate	
  each	
  assay	
  

and	
   the	
   population	
   size	
   determined	
   after	
   four	
   rather	
   than	
   seven	
   days	
   of	
   growth,	
   in	
   order	
   to	
  

more	
   clearly	
   distinguish	
   between	
   populations	
   as	
   they	
   grew	
   more	
   rapidly	
   in	
   the	
   absence	
   of	
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herbicides.	
  The	
  assay	
  was	
  replicated	
  twice	
  for	
  each	
  tested	
  population	
  and	
  the	
  mean	
  number	
  of	
  

cell	
  divisions	
  used	
  as	
  the	
  growth	
  rate	
  in	
  the	
  ancestral	
  environment.	
  	
  	
  

2.7	
  Cross-­‐resistance	
  assays	
  

Cross-­‐resistance	
   was	
   defined	
   as	
   observable	
   growth	
   after	
   seven	
   days	
   of	
   exposure	
   to	
   a	
   novel	
  

herbicide	
  the	
  population	
  has	
  not	
  been	
   in	
  prior	
  exposure	
  to.	
  The	
  number	
  of	
  cell	
  divisions	
  were	
  

estimated	
  by	
  inoculating	
  BM	
  containing	
  the	
  MIC	
  of	
  a	
  novel	
  herbicide	
  with	
  125,000	
  cells	
  from	
  the	
  

evolved	
  population,	
  and	
  the	
  OD750	
  measured	
  after	
  seven	
  days.	
  Each	
  assay	
  was	
  replicated	
  twice,	
  

and	
  the	
  population	
  marked	
  as	
  cross-­‐resistant	
  to	
  the	
  tested	
  herbicide	
   if	
   it	
  reached	
  OD750	
  above	
  

0.02,	
  the	
  natural	
  variation	
  of	
  the	
  apparatus	
  (Chapter	
  2.3).	
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Table	
  2.	
  Tested	
   herbicides:	
   their	
  mode	
  of	
  action,	
  activity	
   in	
  C.reinhardtii	
   and	
   the	
  determined	
  minimum	
  
inhibitory	
   concentration.	
  When	
  multiple	
   values	
   are	
   provided	
   for	
   the	
  MIC,	
   they	
   correspond	
   to	
   different	
  
experiments/chapters.	
  	
  

Commercial	
  herbicide	
   Mode	
  of	
  action	
   Active	
  in	
  
C.reinhardtii?	
  

MIC	
  (mg/l)	
  	
  

Atrazine	
   Photosystem	
  II	
  inhibitor	
  
	
  

Yes	
   0.125	
  (C.3/6);0.115	
  
(C.4);	
  0.140	
  (C.5)	
  

Glyphosate	
   Aromatic	
  amino	
  acid	
  
synthesis	
  inhibitor	
  

Yes	
   90	
  (C.3/4/6);	
  	
  
95	
  (C.5)	
  

Carbetamide	
  
	
  

Mitosis	
  inhibitor	
  
	
  

Yes	
   2.8	
  

S-­‐metolachlor	
   Inhibitor	
  of	
  very	
  long	
  chain	
  
fatty	
  acid	
  synthesis	
  

Yes	
   1.1	
  

Iodosulfuron-­‐methyl-­‐
sodium	
  

Inhibitor	
  of	
  acetolactate	
  
synthase	
  

Yes	
   8	
  (C.3/5);	
  	
  
7.8	
  (C.4/6)	
  

tembotrione	
   Inhibitor	
  of	
  4-­‐hydrohyphenyl-­‐
pyruvate-­‐dioxygenase	
  

Yes	
   65	
  

Flurochloridone	
  
	
  

Inhibitor	
  of	
  carotenoid	
  
synthesis	
  

Yes	
   2.25	
  

Isoproturon	
   Photosystem	
  II	
  inhibitor	
  
	
  

Yes	
   0.7	
  

2,4	
  dichlorophenoxy-­‐
acetic	
  acid	
  

Synthetic	
  auxin	
   No	
   n/a	
  

Dicamba	
  
	
  

Plant	
  growth	
  inducer	
   No	
   n/a	
  

Bentazone	
  
	
  

Photosystem	
  II	
  inhibitor	
   No	
   n/a	
  

Imazaquin	
  
	
  

Plant	
  growth	
  inducer	
   No	
   n/a	
  

Metribuzin	
  
	
  

Photosystem	
  II	
  inhibitor	
   No	
   n/a	
  

Sulcotryone	
  
	
  

4-­‐Hydroxyphenylpyruvate	
  
oxygenase	
  inhibitor	
  

No	
   n/a	
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CHAPTER	
  3:	
  HERBICIDE	
  SEQUENCES	
  –	
  CONSEQUENCES	
  OF	
  RESISTANCE	
  ACCUMULATION	
  
	
  

3.1	
  Introduction	
  

Exposure	
  to	
  extreme	
  environmental	
  conditions	
  can	
  lead	
  to	
  rapid	
  adaptation	
  (Hardie	
  &	
  Hutchings	
  

2010),	
   such	
  as	
   the	
  evolution	
  of	
   resistance	
  due	
   to	
  widespread	
  use	
  of	
  pesticides	
  and	
  antibiotics	
  

(Bergstrom	
  &	
  Feldgarden	
  2007;	
  Powles	
  &	
  Yu	
  2010).	
   In	
  the	
  face	
  of	
  emerging	
  resistance	
  and	
  the	
  

reduced	
  effectiveness	
  of	
  a	
  xenobiotic,	
   it	
   is	
  often	
  necessary	
   to	
  employ	
  a	
  chemical	
  with	
  a	
  novel	
  

mode	
  of	
   action	
   to	
   ensure	
  population	
   control	
   (Beckie	
   2006;	
  Bergstrom	
  &	
  Feldgarden	
  2007),	
   in	
  

the	
   hope	
   that	
   this	
   chemical	
   will	
   provide	
   sufficient	
   control	
   or	
   even	
   eliminate	
   the	
   resistant	
  

individuals.	
  The	
  consequences	
  of	
  such	
  xenobiotic	
  sequences	
  for	
  resistance	
  management	
  depend	
  

on	
  a	
  range	
  of	
  genetic	
  and	
  evolutionary	
  factors,	
  and	
  their	
  outcomes	
  are	
  not	
  well	
  understood.	
  	
  

Following	
  evolution	
  of	
   resistance	
   to	
   the	
  primary	
   component	
  of	
  a	
  herbicide	
   sequence,	
   rates	
  of	
  

evolution	
  to	
  secondary	
  and	
  subsequent	
  herbicides	
  may	
  be	
  unaffected,	
  or,	
  they	
  may	
  conceivably	
  

be	
   accelerated	
   or	
   slowed	
   in	
   comparison	
   to	
   selection	
   for	
   resistance	
   to	
   those	
   herbicides	
   in	
  

populations	
   without	
   previous	
   herbicide	
   exposure	
   (wild	
   type	
   populations).	
   Evolution	
   of	
  

resistance	
  to	
  secondary	
  herbicides	
  may	
  be	
  slowed	
  where	
  there	
  is	
  a	
  cost	
  of	
  resistance	
  associated	
  

with	
   resistance	
   to	
   primary	
   the	
   herbicide	
   (Vila-­‐Aiub	
   et	
   al.	
   2009;	
   Andersson	
   &	
   Hughes	
   2010).	
  

Assuming	
   a	
   correlation	
   between	
   fitness	
   costs	
   in	
   different	
   environments,	
   costs	
   reduce	
   the	
  

competitive	
  ability	
  of	
  the	
  resistant	
  individuals	
  when	
  exposed	
  to	
  a	
  novel	
  xenobiotic,	
  so	
  that	
  wild-­‐

type	
  populations	
  were	
   likely	
   to	
  outcompete	
   them.	
  As	
   fitness	
   costs	
  have	
  been	
  associated	
  with	
  

both	
  target-­‐	
  and	
  non	
  target-­‐site	
  resistance	
  (Chapter	
  1.3.2.1),	
  sequential	
  exposure	
  to	
  herbicides	
  

could	
   lead	
   to	
   the	
   accumulation	
   of	
   fitness	
   costs	
   associated	
   with	
   resistance	
   (Hall	
   et	
   al.	
   2010;	
  

Lagator	
   et	
   al.	
   2012),	
   providing	
   a	
   limit	
   to	
   the	
   number	
   of	
   xenobiotics	
   a	
   population	
   can	
   evolve	
  

independent	
  resistance	
  to.	
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Exposure	
   or	
   evolution	
   of	
   resistance	
   to	
   one	
   xenobiotic	
   could	
   enhance	
   the	
   rates	
   of	
   resistance	
  

evolution	
   to	
   another,	
   if	
   the	
   outcome	
   of	
   selection	
   to	
   the	
   first	
   involves	
   a	
   positive	
   correlated	
  

response	
  to	
  selection	
  in	
  the	
  second.	
  Following	
  a	
  herbicide-­‐induced	
  environmental	
  perturbation,	
  

two	
  mechanisms	
   have	
   been	
   shown	
   to	
   provide	
   benefits	
   to	
   the	
   population	
   exposed	
   to	
   a	
   novel	
  

herbicide:	
   cross-­‐protection	
  and	
  cross-­‐resistance.	
  Cross-­‐protection	
   is	
   a	
   form	
  of	
  a	
  general	
   stress	
  

response	
   (Booth	
   2002),	
   whereby	
   exposure	
   to	
   a	
   source	
   of	
   environmental	
   stress	
   provides	
   a	
  

temporary	
  fitness	
  benefit	
  in	
  other	
  stressful	
  conditions	
  (Hill	
  et	
  al.	
  2002).	
  That	
  fitness	
  benefit	
  leads	
  

to	
   a	
   temporary	
   increase	
   in	
   the	
   number	
   of	
   cell	
   divisions	
   in	
   a	
   novel	
   xenobiotic	
   environment,	
  

potentially	
  generating	
  a	
  greater	
  number	
  of	
  mutations	
  and	
  enabling	
  a	
  population	
  to	
  adapt	
  more	
  

rapidly,	
  as	
  observed	
  in	
  C.reinhardtii	
  (Lagator	
  et	
  al.	
  2012).	
  Cross-­‐resistance	
  to	
  herbicides,	
  on	
  the	
  

other	
   hand,	
   is	
   a	
   long-­‐term	
   generalist	
   evolutionary	
   response,	
   whereby	
   a	
   single	
   underlying	
  

mechanism	
  provides	
  resistance	
  to	
  a	
  range	
  of	
  herbicides,	
  some	
  of	
  which	
  the	
  population	
  has	
  not	
  

experienced	
   before	
   (Powles	
  &	
   Yu	
   2010).	
   Changes	
   in	
   the	
   efficiency	
   and	
   selectiveness	
   of	
   efflux	
  

pumps	
  to	
  increase	
  the	
  rate	
  and	
  range	
  of	
  chemicals	
  that	
  are	
  being	
  transported	
  out	
  of	
  the	
  cell	
  is	
  

an	
   example	
   of	
   a	
   cross-­‐resistance	
   mechanism	
   described	
   in	
   prokaryotes	
   (Van	
   Bambeke	
   et	
   al.	
  

2003a)	
   and	
   eukaryotes	
   (Van	
   Bambeke	
   et	
   al.	
   2003b).	
   Although	
   often	
   arising	
   in	
   response	
   to	
  

environmental	
   heterogeneity	
   (Beckie	
   2006;	
   Powles	
   &	
   Yu	
   2010),	
   cross-­‐resistance	
   can	
   develop	
  

under	
   stable	
   exposure	
   to	
   a	
   single	
   herbicide	
   (Gressel	
   2002).	
   When	
   cross-­‐resistance	
   confers	
   a	
  

fitness	
   benefit	
   in	
   a	
   novel	
   herbicide	
   that	
   is	
   not	
   sufficient	
   to	
   deem	
   the	
   population	
   immediately	
  

resistant,	
   the	
   elevated	
   growth	
   rates	
   in	
   the	
   novel	
   environment	
   could	
   allow	
   the	
   population	
   to	
  

persist	
   for	
   longer	
  and	
   to	
  maintain	
  a	
   larger	
   size,	
   increasing	
   the	
   likelihood	
  of	
  generating	
   further	
  

resistance	
  mutations.	
  Alternatively,	
  resistance	
  mutations	
  of	
  small	
  effect	
  that	
  would	
  not	
  provide	
  

sufficient	
   fitness	
  benefit	
   to	
  allow	
  their	
   fixation	
   in	
  a	
  completely	
  non-­‐resistant	
  population,	
  could	
  

get	
  fixed	
  if	
  cross-­‐resistance	
  provides	
  higher	
  starting	
  fitness.	
  Both	
  these	
  mechanisms	
  could	
  lead	
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to	
  accelerated	
  rates	
  of	
  evolution	
  to	
  subsequent	
  herbicides.	
  In	
  a	
  wider	
  sense,	
  herbicide	
  exposure	
  

is	
  a	
  form	
  of	
  environmental	
  perturbation	
  while	
  cross-­‐resistance	
  and	
  cross-­‐protection	
  could	
  lead	
  

to	
   a	
   correlated	
   response	
   to	
   selection	
   that	
   could	
   shift	
   the	
   population	
   along	
   the	
   adaptive	
  

landscape	
   allowing	
   access	
   to	
   previously	
   inaccessible	
   adaptive	
   peaks	
   (Arnold	
   et	
   al.	
   2001),	
   in	
   a	
  

fashion	
   similar	
   to	
   the	
   observed	
   consequences	
   of	
   environmental	
   heterogeneity	
   (Collins	
   et	
   al.	
  

2007;	
  Morris	
  2011;	
  Lagator	
  et	
  al.	
  2012).	
  	
  

In	
   the	
   absence	
   of	
   fitness	
   costs	
   and	
   perturbation-­‐induced	
   shifts	
   across	
   the	
   landscape,	
   rates	
   of	
  

resistance	
  evolution	
  when	
  experiencing	
  an	
  herbicide	
  in	
  a	
  sequence	
  would	
  not	
  be	
  altered	
  when	
  

compared	
  to	
  the	
  rates	
  in	
  a	
  wild-­‐type	
  population,	
  as	
  the	
  resistant	
  individuals	
  would	
  not	
  be	
  at	
  a	
  

selective	
   advantage	
   or	
   disadvantage	
   compared	
   to	
   the	
   wild-­‐type.	
   In	
   such	
   a	
   case,	
   mutation	
  

availability,	
  genetic	
  diversity	
  of	
  the	
  population	
  and	
  the	
  strength	
  of	
  selection	
  pressure	
  should	
  be	
  

the	
  principal	
  determinants	
  of	
   the	
   rates	
  of	
   resistance	
  evolution	
   (Ricklefs	
  &	
  Miller	
  2000;	
  Gaston	
  

2003),	
  and	
  the	
  rates	
  of	
  adaptation	
  of	
  an	
  already	
  resistant	
  population	
  would	
  be	
  the	
  same	
  as	
  the	
  

rates	
  of	
  a	
  non-­‐resistant	
  one.	
  

C.reinhardtii	
  populations	
  were	
  selected	
  in	
  exposure	
  to	
  three	
  herbicides	
  with	
  different	
  modes	
  of	
  

action	
   over	
   a	
   period	
   of	
   20	
  weeks,	
   transferring	
   populations	
   to	
   a	
   novel	
   herbicide	
   environment	
  

once	
   resistance	
   to	
   the	
   previous	
   herbicide	
   was	
   observed.	
   I	
   investigated	
   if	
   prior	
   selection	
   for	
  

resistance	
   to	
   one	
   herbicide	
  mode	
  of	
   action	
   impacted	
   the	
   dynamics	
   of	
   resistance	
   evolution	
   to	
  

subsequent	
  herbicides,	
  as	
  well	
  as	
  the	
  effects	
  that	
  switching	
  had	
  on	
  fitness	
  costs.	
  	
  

3.2	
  Materials	
  and	
  Methods	
  

3.2.1	
  Selection	
  procedure	
  and	
  dynamics	
  of	
  resistance	
  evolution	
  

The	
   strain	
   used	
   and	
   the	
   culture	
   conditions	
   the	
   populations	
  were	
   grown	
   in	
  were	
   described	
   in	
  

Chapter	
   2.	
   Herbicides	
   used	
   were	
   atrazine,	
   glyphosate	
   and	
   carbetamide.	
   125,000	
   cells	
   were	
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inoculated	
   into	
   six	
   replicate	
   populations	
   at	
   MIC	
   of	
   each	
   of	
   the	
   three	
   herbicides	
   used	
   in	
   the	
  

experiment	
   (18	
   initial	
   populations),	
   as	
  well	
   as	
   six	
   source	
  populations	
   that	
  were	
  propagated	
   in	
  

the	
   absence	
   of	
   herbicides.	
   Populations	
   were	
   transferred	
   into	
   fresh	
   media	
   containing	
   the	
  

appropriate	
   herbicide	
   every	
   7	
   days,	
   according	
   to	
   the	
   protocol	
   described	
   in	
   Chapter	
   2.5,	
   and	
  

weekly	
   OD750	
   measurements	
   used	
   to	
   monitor	
   the	
   dynamics	
   of	
   resistance	
   evolution.	
   A	
  

population	
   was	
   considered	
   resistant	
   when	
   it	
   underwent	
   at	
   least	
   three	
   cell	
   divisions	
   in	
   seven	
  

days	
  of	
  growth	
  (one	
  transfer	
  cycle).	
  At	
  this	
  point,	
  125,000	
  cells	
  from	
  the	
  population	
  were	
  used	
  

to	
   inoculate	
   two	
   novel	
   populations	
   to	
   be	
   exposed	
   to	
   MIC	
   of	
   each	
   of	
   the	
   remaining	
   two	
  

herbicides	
  (Fig.6).	
  200µl	
  of	
  the	
  population	
  (‘initial	
  resistant	
  population’)	
  were	
  also	
  placed	
  on	
  BM	
  

with	
   1.5%	
   agar,	
   grown	
   for	
   seven	
   days	
   in	
   light	
   and	
   then	
   preserved	
   in	
   dark	
   for	
   subsequent	
  

measurement	
   of	
   initial	
   growth	
   rates	
   in	
   the	
   absence	
   of	
   herbicides	
   (Fig.6).	
   The	
   resistant	
  

population	
  was	
  also	
  maintained	
  and	
  propagated	
  in	
  its	
  original	
  environment	
  in	
  order	
  to	
  remain	
  in	
  

exposure	
  to	
  those	
  conditions	
  for	
  the	
  duration	
  of	
  the	
  selection	
  procedure	
  (Fig.6).	
  The	
  secondary	
  

populations	
   were	
   propagated	
   in	
   the	
   same	
  manner	
   as	
   described	
   above.	
  When	
   resistance	
  was	
  

observed	
   in	
   secondary	
   environments,	
   125,000	
   cells	
   were	
   used	
   to	
   found	
   a	
   population	
   to	
   be	
  

exposed	
   to	
  MIC	
  of	
   the	
   last	
   remaining	
  herbicide	
  used	
   in	
   the	
  study	
   (tertiary	
  populations),	
  200µl	
  

transferred	
  into	
  BM	
  with	
  1.5%	
  agar	
  to	
  preserve	
  the	
  initial	
  resistant	
  population,	
  and	
  the	
  resistant	
  

population	
  maintained	
  in	
  the	
  secondary	
  herbicide	
  for	
  the	
  duration	
  of	
  the	
  experiment.	
  	
  Upon	
  the	
  

evolution	
  of	
   resistance	
   in	
  a	
   tertiary	
  herbicide,	
  200µl	
  were	
   transferred	
  onto	
  1.5%	
  agar	
  and	
   the	
  

population	
  maintained	
  in	
  the	
  same	
  conditions.	
  The	
  selection	
  procedure	
  was	
  carried	
  out	
  for	
  the	
  

total	
  of	
  20	
  transfer	
  cycles,	
  from	
  the	
  first	
  inoculation.	
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Figure	
  6.	
  Schematic	
  of	
  the	
  selection	
  procedure.	
  A	
  population	
  in	
  primary	
  exposure	
  to	
  atrazine	
  (A)	
  develops	
  
resistance	
   (AR).	
   125,000	
   cells	
   were	
   used	
   to	
   inoculate	
   the	
   secondary	
   herbicides	
   glyphosate	
   (AG)	
   and	
  
carbetamide	
   (AC),	
   while	
   the	
   population	
   in	
   atrazine	
   was	
   maintained	
   in	
   that	
   herbicide	
   as	
   well.	
   Initial	
  
resistant	
  populations	
  were	
  preserved	
  on	
  BM	
  containing	
  1.5%	
  agar	
  by	
  transferring	
  200µl	
  of	
  the	
  population	
  
upon	
  emergence	
  of	
  resistance.	
  	
  	
  	
  

	
  

3.2.2	
  Growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides	
  and	
  cross-­‐resistance	
  

Upon	
  the	
  completion	
  of	
  the	
  selection	
  procedures,	
  125,000	
  cells	
  of	
  all	
  evolved	
  populations	
  that	
  

exhibited	
   resistance	
   were	
   transferred	
   into	
   herbicide-­‐free	
   BM	
   and	
   grown	
   for	
   seven	
   days	
   to	
  

eliminate	
   potential	
   carryover	
   effects	
   of	
   herbicides.	
   The	
   initial	
   resistant	
   populations	
   that	
  were	
  

preserved	
  on	
  agar	
  slopes	
  were	
  revived	
  by	
  collecting	
  a	
  sample	
  with	
  a	
  sterile	
  loop,	
  transferring	
  it	
  

into	
   herbicide-­‐free	
   BM	
   and	
   growing	
   for	
   seven	
   days.	
   The	
   growth	
   rates	
   in	
   the	
   absence	
   of	
  

herbicides	
  were	
  measured	
   for	
   the	
   (i)	
   final	
   resistant	
  populations	
   (‘final	
   fitness	
  costs’);	
   (ii)	
   initial	
  

resistant	
   populations	
   (‘initial	
   fitness	
   costs’);	
   and	
   (iii)	
   the	
   source	
   populations	
   (for	
   protocol,	
   see	
  

section	
  2.6).	
  Each	
  final	
  resistant	
  population	
  was	
  tested	
  for	
  growth	
  at	
  MIC	
  of	
  all	
  herbicides	
  it	
  was	
  

previously	
  exposed	
  to,	
  by	
  testing	
  for	
  growth	
  after	
  seven	
  days	
  of	
  exposure	
  (see	
  section	
  2.6).	
  This	
  

test	
  confirmed	
  that	
  resistance	
  was	
  not	
  lost	
  in	
  any	
  populations.	
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Growth	
   rates	
   of	
   each	
   final	
   population	
   after	
   seven	
   days	
   of	
   growth	
   in	
   MIC	
   of	
   tembotrione,	
  

iodosulfuron,	
   S-­‐metolachlor	
   and	
   isoproturon,	
   as	
   well	
   as	
   any	
   of	
   the	
   herbicides	
   the	
   population	
  

was	
  not	
  in	
  previous	
  exposure	
  to	
  (for	
  example,	
  cross	
  resistance	
  to	
  atrazine	
  was	
  estimated	
  in	
  the	
  

population	
   that	
   evolved	
   resistance	
   to	
   glyphosate	
   and	
   carbetamide),	
  were	
  estimated	
   to	
   assess	
  

whether	
  populations	
  were	
  cross-­‐resistant	
  (see	
  section	
  2.7).	
  	
  

3.2.3	
  Statistical	
  analyses	
  

The	
  first	
  week	
  when	
  a	
  population’s	
  OD750	
  upon	
  transfer	
  was	
  above	
  0.1	
  was	
  marked	
  as	
  the	
  ‘week	
  

to	
   resistance’.	
   The	
   week	
   when	
   a	
   secondary	
   or	
   tertiary	
   population	
   was	
   inoculated	
   was	
  

considered	
   week	
   0	
   for	
   those	
   populations.	
   The	
   rates	
   of	
   resistance	
   were	
   analyzed	
   using	
   a	
  

censored	
  parametric	
  survival	
  analysis	
  model	
  (function	
  survreg	
  of	
  ‘survival’	
  package	
  in	
  R	
  2.15.0).	
  

Week	
  to	
  resistance	
  and	
  its	
  status	
  (whether	
  resistance	
  was	
  ever	
  observed	
  or	
  not)	
  were	
  used	
  to	
  

construct	
  survivorship	
  functions,	
  which	
  were	
  fitted	
  as	
  a	
  response	
  variable.	
  If	
  the	
  population	
  did	
  

not	
  evolve	
  resistance,	
  its	
  ‘week	
  to	
  resistance’	
  was	
  marked	
  as	
  the	
  last	
  week	
  when	
  measurement	
  

was	
  taken,	
  and	
  its	
  status	
  marked	
  to	
  ‘non	
  resistant’.	
  The	
  dynamics	
  of	
  resistance	
  to	
  each	
  herbicide	
  

were	
  analyzed	
   separately.	
   The	
   response	
  variables	
  were	
  analysed	
  by	
   the	
  population’s	
   adaptive	
  

past,	
  differentiating	
  between	
   the	
  previous	
  herbicides	
   the	
  population	
  evolved	
   resistance	
   to.	
  As	
  

such,	
  when	
  comparing	
   the	
   rates	
  of	
  atrazine	
   resistance,	
  populations	
  experiencing	
  atrazine	
  as	
  a	
  

primary	
  herbicide	
   (‘A’)	
  were	
   compared	
   to	
   those	
  experiencing	
   it	
   as	
   secondary	
   (‘GA’)	
   as	
  well	
   as	
  

tertiary	
  (‘GCA’)	
  herbicide,	
  taking	
  into	
  account	
  the	
  order	
  of	
  previous	
  herbicides.	
  	
  

Growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides	
  were	
  analyzed	
  using	
  a	
  pair-­‐wise	
  Dunnett’s	
  corrected	
  

T-­‐test	
  in	
  Minitab	
  statistical	
  software.	
  In	
  order	
  to	
  analyze	
  the	
  differences	
  in	
  the	
  final	
  fitness	
  costs,	
  

the	
  number	
  of	
   cell	
   divisions	
   in	
   the	
  absence	
  of	
  herbicides	
  was	
   compared	
  between	
  populations	
  

grouped	
   by	
   the	
   number	
   of	
   herbicides	
   they	
   were	
   resistant	
   to	
   (one,	
   two,	
   three	
   or	
   the	
   source	
  

populations).	
   I	
   tested	
  whether	
   compensation	
   (increase	
   in	
   the	
   growth	
   rates	
   in	
   the	
   absence	
   of	
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herbicide	
   following	
  emergence	
  of	
   resistance)	
   through	
  prolonged	
  exposure	
   to	
   same	
   conditions	
  

occurred	
   in	
   experimental	
   populations,	
   as	
   would	
   be	
   evident	
   from	
   the	
   potential	
   decrease	
   in	
  

fitness	
  costs	
  over	
  the	
  course	
  of	
  selection	
  procedure.	
  	
  To	
  do	
  so,	
  the	
  differences	
  in	
  herbicide-­‐free	
  

growth	
   rates	
   of	
   the	
   same	
   population	
  were	
   compared	
   at	
   two	
   time	
   points:	
   initial	
   and	
   the	
   final	
  

resistant	
   populations.	
   To	
   do	
   this,	
   a	
   series	
   of	
   Dunnett’s	
   corrected	
   T-­‐tests	
   was	
   performed	
  

comparing	
  the	
  mean	
  initial	
  fitness	
  costs	
  to	
  the	
  mean	
  final	
  fitness	
  costs.	
  	
  

	
  

3.3	
  Results	
  

When	
  evolving	
  resistance	
  to	
  atrazine,	
  populations	
  experiencing	
  it	
  as	
  a	
  second	
  herbicide	
  evolved	
  

resistance	
   significantly	
   more	
   slowly	
   than	
   the	
   populations	
   experiencing	
   atrazine	
   as	
   the	
   first	
  

(z=2.39,	
   P<0.05)	
   or	
   third	
   (z=3.18,	
   P<0.005)	
   herbicide	
   (Fig.7a,	
   Appendix	
   A).	
   There	
   were	
   no	
  

significant	
   differences	
   in	
   the	
   rates	
   of	
   resistance	
   evolution	
   to	
   glyphosate,	
   irrespective	
   of	
   the	
  

adaptive	
  history	
  (Fig.7b,	
  Appendix	
  A).	
  In	
  exposure	
  to	
  carbetamide,	
  populations	
  that	
  experienced	
  

it	
   as	
   the	
   first	
   herbicide	
   did	
   not	
   evolve	
   resistance	
   at	
   all.	
   When	
   compared	
   to	
   the	
   populations	
  

experiencing	
  carbetamide	
  after	
  evolving	
  resistance	
  to	
  glyphosate	
  (GC),	
  populations	
  experiencing	
  

carbetamide	
  as	
  the	
  third	
  herbicide	
  evolved	
  resistance	
  significantly	
  more	
  rapidly	
  –	
  AGC	
  (z=2.53,	
  

P<0.05)	
   and	
   GAC	
   (z=2.43,	
   P<0.05).	
   No	
   significant	
   differences	
   in	
   rates	
   of	
   adaptation	
   were	
  

observed	
  between	
  any	
  other	
  populations	
  that	
  evolved	
  carbetamide	
  resistance	
  (Fig7.c,	
  Appendix	
  

A).	
  Loss	
  of	
  resistance	
  was	
  not	
  observed	
  in	
  any	
  of	
  the	
  populations,	
  as	
  all	
  final	
  populations	
  were	
  

resistant	
  to	
  all	
  herbicides	
  they	
  were	
  previously	
  exposed	
  to.	
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a) Herbicide sequence
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c)	
   Herbicide sequence
C AC GC AGC GAC
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Figure	
   7.	
   Rates	
   of	
   resistance	
   evolution.	
   Bars	
   are	
   mean	
   weeks	
   to	
   resistance	
   of	
   the	
   populations	
   that	
  
evolved	
   resistance,	
   n	
   indicates	
   the	
  number	
  of	
   populations	
   that	
   evolved	
   resistance.	
   a)	
   Rates	
   of	
   atrazine	
  
resistance	
   (‘A’	
   represents	
   primary	
   atrazine	
   populations;	
   ‘GA’	
   populations	
   that	
   evolved	
   resistance	
   to	
  
glyphosate	
  prior	
   to	
  exposure	
   to	
  atrazine;	
   ‘GCA’	
   those	
   that	
  evolved	
  glyphosate	
   followed	
  by	
  carbetamide	
  
resistance	
  prior	
  to	
  exposure	
  to	
  atrazine);	
  b)	
  glyphosate;	
  c)	
  carbetamide.	
  Error	
  bars	
  are	
  standard	
  errors	
  of	
  
the	
  mean.	
  	
  

	
  

A	
   cost	
   associated	
   with	
   resistance	
   was	
   evident	
   when	
   populations	
   resistant	
   to	
   one	
   (T16=8.35,	
  

P<0.001),	
   two	
   (T22=4.12,	
   P<0.001)	
   and	
   three	
   (T14=3.42,	
   P<0.001)	
  herbicides	
  were	
   compared	
   to	
  

source	
  populations.	
  Final	
  fitness	
  costs	
  were	
  lowest	
  in	
  the	
  populations	
  that	
  evolved	
  resistance	
  to	
  

three	
  herbicides	
  -­‐	
  they	
  were	
  significantly	
  lower	
  than	
  in	
  the	
  populations	
  that	
  evolved	
  resistance	
  

to	
   one	
   (T20=7.16,P<0.001)	
   and	
   two	
   (T26=3.84,P<0.005)	
   herbicides	
   (Fig.8).	
   Populations	
   that	
  

evolved	
   resistance	
   to	
   two	
   herbicides	
   had	
   significantly	
   lower	
   final	
   fitness	
   cost	
   than	
   the	
   ones	
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exposed	
  to	
  a	
  single	
  herbicide	
  (T28=4.00,P<0.001)	
  (Fig.8).	
  The	
  final	
  and	
  the	
  immediate	
  herbicide-­‐

free	
   growth	
   rates	
  were	
  not	
   significantly	
   different	
   between	
  populations	
   in	
   any	
  of	
   the	
   regimes,	
  

suggesting	
  no	
  compensation	
  occurred.	
  When	
  tested	
   in	
  herbicide	
  populations’	
  had	
  no	
  previous	
  

exposure	
  to	
  (‘cross-­‐resistance’,	
  see	
  section	
  2.7),	
  none	
  of	
  the	
  final	
  evolved	
  populations	
  exhibited.	
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Figure	
  8.	
  Final	
   fitness	
   costs	
   as	
   the	
  number	
  of	
   cell	
  divisions	
  after	
   four	
  days	
  of	
  growth	
   in	
   the	
  absence	
  of	
  
herbicides,	
  relative	
  to	
  the	
  source	
  populations.	
  Bars	
  are	
  mean	
  final	
  herbicide-­‐free	
  growth	
  rates;	
  error	
  bars	
  
are	
  standard	
  errors	
  of	
  the	
  mean.	
  	
  

	
  

3.4	
  Discussion	
  

3.4.1	
  Perturbation	
  can	
  allow	
  access	
  to	
  previously	
  inaccessible	
  peaks	
  	
  

Some	
  populations	
  selected	
   in	
  exposure	
  to	
  secondary	
  and	
  tertiary	
  herbicides	
  were	
   identified	
   in	
  

which	
   rates	
   of	
   resistance	
   were	
   elevated,	
   indicating	
   that	
   sequential	
   application	
   of	
   herbicides	
  

could	
   enhance	
   rates	
   of	
   adaptation	
   	
   (Fig.7).	
   The	
  most	
   outstanding	
   result	
   is	
   that	
   resistance	
   to	
  

carbetamide	
  did	
  not	
  emerge	
  in	
  populations	
  initially	
  exposed	
  to	
  it,	
  while	
  it	
  did	
  when	
  carbetamide	
  

was	
   the	
   secondary	
   or	
   tertiary	
   herbicide	
   (Fig7.c).	
   As	
   such,	
   environmental	
   perturbation,	
   in	
   the	
  

form	
  of	
  exposure	
  to	
  atrazine	
  or	
  glyphosate,	
  enabled	
  access	
  to	
  previously	
   inaccessible	
  adaptive	
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peaks	
   (carbetamide	
   resistance).	
   Cross-­‐protection	
   (Hill	
   et	
   al.	
   2002;	
   Lagator	
   et	
   al.	
   2012)	
   and	
   a	
  

correlated	
  response	
  to	
  selection	
  in	
  the	
  form	
  of	
  cross-­‐resistance	
  (Powles	
  &	
  Yu	
  2010)	
  are	
  known	
  

mechanisms	
  providing	
  a	
   fitness	
  benefit	
   in	
   a	
  novel	
   herbicide	
  environment.	
   Even	
   if	
   they	
  do	
  not	
  

lead	
   to	
  a	
   fully	
   resistant	
  phenotype,	
   the	
   fitness	
  benefit	
   they	
   impart	
   could	
  ultimately	
   affect	
   the	
  

mutation	
   supply	
   rate	
   through	
   the	
   increase	
   in	
  growth	
   rates.	
  Elevated	
  mutation	
   supply	
   could	
   in	
  

turn	
  allow	
  access	
  to	
  novel,	
  more	
  rare	
  fitness	
  peaks.	
  Even	
  small,	
  immeasurable	
  benefits	
  to	
  fitness	
  

have	
  been	
  suggested	
  to	
  affects	
  rates	
  of	
  adaptation	
  in	
  C.reinhardtii	
  (Lagator	
  et	
  al.	
  2012).	
  Cross-­‐

protection	
  provides	
  such	
  small,	
  transient	
  benefit	
  upon	
  transfer	
   into	
  a	
  novel	
  herbicide	
  (Chapter	
  

4)	
   and	
   could	
   therefore	
   affect	
   rates	
   of	
   resistance.	
   The	
   correlated	
   response	
   to	
   selection	
   in	
   the	
  

form	
  of	
  cross-­‐resistance	
   in	
  plants	
   (Powles	
  &	
  Yu	
  2010)	
  and	
  C.reinhardtii	
   (Lagator	
  et	
  al.	
  2012)	
   is	
  

often	
  assumed	
  to	
  confer	
  greater	
  fitness	
  benefit	
  in	
  a	
  range	
  of	
  novel	
  herbicide	
  environments,	
  but	
  

the	
  breath	
  and	
  the	
  magnitude	
  of	
  fitness	
  benefit	
  can	
  be	
  much	
  more	
  constrained	
  (Gressel	
  2009).	
  

Even	
  though	
  cross-­‐resistance	
  was	
  not	
  identified	
  in	
  any	
  of	
  the	
  evolved	
  populations	
  in	
  this	
  study,	
  

the	
  magnitude	
   of	
   the	
   correlated	
   response	
   to	
   selection	
   in	
   a	
   novel	
   herbicide	
   could	
   have	
   been	
  

below	
  the	
  sensitivity	
  of	
  the	
  equipment,	
  still	
  providing	
  a	
  fitness	
  benefit	
  allowing	
  access	
  to	
  a	
  novel	
  

phenotype.	
  	
  

3.4.2	
  Fitness	
  costs	
  decrease	
  as	
  resistance	
  accumulates	
  

Resistance	
   is	
   often	
   associated	
   with	
   a	
   fitness	
   cost	
   -­‐	
   a	
   reduction	
   in	
   growth	
   in	
   herbicide-­‐free	
  

environment	
   (Vila-­‐Aiub	
   et	
   al.	
   2009;	
   Andersson	
   &	
   Hughes	
   2010)	
   –	
   and	
   the	
   accumulation	
   of	
  

resistance	
  mechanisms	
  can	
  result	
   in	
  accumulation	
  of	
  costs	
   (Hall	
  et	
  al.	
  2010).	
  When	
  comparing	
  

final	
  herbicide-­‐free	
  growth	
  rates,	
  no	
  evidence	
  was	
  found	
  for	
  accumulation	
  of	
   fitness	
  costs	
  and	
  

the	
   opposite	
   pattern	
  was	
   identified	
   -­‐	
   increase	
   in	
   the	
   number	
   of	
   herbicides	
   a	
   population	
  was	
  

resistant	
   to	
  was	
   accompanied	
  by	
   a	
   decrease	
   in	
   the	
  population’s	
   final	
   fitness	
   costs,	
   in	
   spite	
   of	
  

resistance	
  to	
  each	
  individual	
  herbicide	
  carrying	
  a	
  cost	
  (Fig.8).	
  This	
  finding	
  is	
  also	
  surprising	
  as	
  the	
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resistance	
   to	
   all	
   herbicides	
   a	
  population	
  was	
  previously	
   exposed	
   to	
  was	
  maintained,	
   a	
   finding	
  

frequently	
  observed	
   in	
  prokaryotes	
  with	
  multiple	
  drug	
  resistance	
  when	
  resistance	
   is	
  not	
  costly	
  

or	
  when	
  compensatory	
  mutations	
  are	
   common	
   (Davies	
  &	
  Davies	
  2010).	
   For	
   such	
  a	
  pattern	
   to	
  

emerge,	
  it	
  could	
  be	
  that	
  strong	
  selection	
  in	
  a	
  novel	
  herbicide	
  magnified	
  the	
  importance	
  of	
  small	
  

variations	
   in	
   fitness	
   costs,	
  with	
   competition	
   from	
  other	
   resistant	
   individuals	
  and/or	
   from	
  non-­‐

resistant	
  immigrants	
  favouring	
  selection	
  of	
  phenotypes	
  with	
  lower	
  fitness	
  costs,	
  for	
  their	
  higher	
  

competitive	
  ability.	
  	
  

If	
  multiple	
  resistant	
  phenotypes	
  with	
  different	
  growth	
  rates	
   in	
  the	
  novel	
  herbicide	
  exist,	
  direct	
  

competition	
   between	
   them	
   would	
   select	
   for	
   those	
   with	
   lowest	
   fitness	
   costs	
   (MacLean	
   et	
   al.	
  

2004).	
   In	
   addition,	
   the	
   competition	
   from	
   immigrants	
   would	
   further	
  magnify	
   the	
   selection	
   for	
  

lower	
   fitness	
   costs,	
   potentially	
   resulting	
   in	
   the	
   observed	
   reductions	
   in	
   fitness	
   costs	
   after	
  

sequential	
  application.	
  The	
  contribution	
  of	
  fitness	
  costs	
  to	
  the	
  differences	
  in	
  the	
  overall	
  fitness	
  is	
  

amplified	
  in	
  a	
  novel	
  xenobiotic,	
  where	
  the	
  overall	
  fitness	
  is	
  low	
  (Andersson	
  2003).	
  As	
  such,	
  the	
  

strength	
  of	
  selection	
  for	
  the	
  phenotypes	
  with	
  lower	
  fitness	
  costs	
  is	
  stronger	
  in	
  a	
  novel	
  herbicide,	
  

potentially	
  explaining	
  why	
  the	
  same	
  individuals	
  were	
  not	
  selected	
  in	
  continued	
  exposure	
  to	
  one	
  

herbicide.	
   A	
   weak	
   correlation	
   between	
   growth	
   rates	
   in	
   the	
   presence	
   and	
   in	
   the	
   absence	
   of	
  

herbicides	
  (Coustau	
  et	
  al.	
  2000)	
  could	
  also	
  explain	
  why	
  the	
   individuals	
  with	
   lower	
  fitness	
  costs	
  

were	
  not	
  selected	
  in	
  continued	
  exposure	
  to	
  one	
  herbicide	
  –	
  if	
  selection	
  for	
  higher	
  growth	
  rate	
  in	
  

the	
   presence	
   of	
   herbicides	
   is	
   not	
   associated	
   with	
   higher	
   growth	
   rates	
   in	
   the	
   absence	
   of	
  

herbicides.	
   Previous	
   studies	
   have	
   reported	
   a	
   positive	
   correlation	
   between	
   fitness	
   in	
   the	
  

presence	
   and	
   absence	
   of	
   herbicides	
   (Vogwill	
   et	
   al.	
   2012),	
   questioning	
   the	
   likelihood	
   of	
   this	
  

explanation.	
  Finally,	
  epistatic	
  effects	
  between	
  different	
   resistance	
  mutations	
  could	
  be	
  additive	
  

in	
  the	
  herbicide-­‐free	
  environment,	
  so	
  that	
  the	
  fitness	
  is	
  impaired	
  less	
  when	
  multiple	
  mutations	
  

are	
  present	
  (Andersson	
  &	
  Hughes,	
  2010).	
  	
  



	
  

 42 

Alternatively,	
  competition	
  from	
  immigrants	
  and	
  other	
  resistant	
   individuals	
   in	
  a	
  novel	
  herbicide	
  

could	
   select	
   for	
   fixation	
   of	
   compensatory	
   mutations	
   (Wiesch	
   et	
   al.	
   2010).	
   Compensatory	
  

mutations	
   could	
   increase	
   the	
   growth	
   rates	
   in	
   the	
   absence	
   of	
   herbicides	
   to	
   improve	
   the	
  

competitive	
  ability	
  of	
  resistant	
  individuals	
  (Lagator	
  et	
  al.	
  2012).	
  When	
  testing	
  for	
  compensation	
  

in	
  populations	
  experiencing	
  continued	
  exposure	
  to	
  the	
  same	
  herbicide,	
  differences	
  between	
  the	
  

immediate	
   and	
   final	
   herbicide-­‐free	
   growth	
   rates	
   were	
   not	
   found.	
   This	
   finding	
   suggested	
   that	
  

compensation	
   did	
   not	
   occur	
  when	
   a	
   population	
  was	
   already	
   resistant,	
   exhibiting	
   high	
   growth	
  

rates	
   and	
   competing	
   only	
   with	
   other	
   resistant	
   individuals.	
   Selection	
   for	
   compensation	
   is	
  

stronger	
  when	
  individuals	
  have	
  to	
  compete	
  in	
  a	
  novel	
  environment	
  (Andersson	
  2003),	
  and	
  could	
  

therefore	
   have	
   been	
   favoured	
   in	
   populations	
   experiencing	
   a	
   novel	
   herbicide	
   and	
   stronger	
  

competition	
  from	
  non-­‐resistant	
  immigrants.	
  	
  

3.4.3	
  Applied	
  considerations	
  

Many	
   management	
   strategies	
   rely	
   on	
   the	
   existence	
   of	
   fitness	
   costs	
   to	
   control	
   emerging	
  

resistance	
   (Vila-­‐Aiub	
   et	
   al.	
   2009).	
   Situations	
   in	
   which	
   a	
   xenobiotic	
   is	
   introduced	
   upon	
   the	
  

observed	
   reduction	
   in	
   effectiveness	
   of	
   another	
   are	
   common	
   in	
   herbicides	
   (Beckie	
   2006)	
   and	
  

antibiotics	
   (Bergstrom	
   &	
   Feldgarden	
   2007).	
   The	
   results	
   presented	
   here	
   show	
   such	
   strategies	
  

could	
   enhance	
   or	
   not	
   affect	
   the	
   rates	
   of	
   resistance	
   evolution,	
   and	
   even	
   enable	
   otherwise	
  

inaccessible	
  resistant	
  phenotypes	
  to	
  emerge.	
  No	
  evidence	
  for	
  accumulation	
  of	
  fitness	
  costs	
  was	
  

found,	
  and	
  instead	
  an	
  opposite	
  pattern	
  was	
  identified,	
  where	
  further	
  resistance	
  mechanisms	
  led	
  

to	
  a	
  reduction	
  in	
  the	
  population’s	
  fitness	
  costs.	
  As	
  such,	
  the	
  results	
  show	
  the	
  dangers	
  of	
  applying	
  

herbicides	
  sequentially,	
  as	
  a	
  strategy	
  potentially	
  leading	
  to	
  more	
  rapid	
  selection	
  for	
  resistance	
  of	
  

individuals	
   with	
   lower	
   fitness	
   costs,	
   and	
   therefore	
   exacerbating	
   the	
   emerging	
   resistance	
  

problem.	
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CHAPTER	
  4:	
  HERBICIDE	
  CYCLING	
  –	
  IMPACT	
  OF	
  TEMPORAL	
  ENVIRONMENTAL	
  HETEROGENEITY	
  
ON	
  RESISTANCE	
  EVOLUTION	
  
	
  

The	
   contents	
   of	
   this	
   chapter	
   were	
   published	
   under	
   the	
   title:	
   ‘Herbicide	
   cycling	
   has	
   diverse	
   effects	
   on	
  
evolution	
   of	
   resistance	
   in	
   Chlamydomonas	
   reinhardtii’	
   by	
   Lagator,	
   Vogwill,	
   Colegrave	
   and	
   Neve	
   in	
  
Evolutionary	
  Applications,	
  2012.	
  The	
  content	
  presented	
  here	
  was	
  modified	
  from	
  the	
  published	
  material	
  to	
  
fit	
  the	
  purposes	
  of	
  the	
  thesis.	
  	
  

	
   	
  

4.1	
  Introduction	
  

Synthetic	
   herbicides	
   have	
   become	
   the	
   dominant	
   means	
   of	
   controlling	
   weedy	
   plants	
   in	
  

agricultural	
   settings	
   (Powles	
   &	
   Shaner	
   2001)	
   and	
   evolution	
   of	
   resistance	
   to	
   herbicides	
   is	
  

widespread	
   (Heap	
   2012).	
   As	
   discussed	
   in	
   Chapter	
   1.3.1,	
   there	
   are	
   two	
   modes	
   of	
   herbicide	
  

resistance	
  evolution;	
  target-­‐site	
  resistance	
  and	
  non	
  target-­‐site	
  resistance	
  (reviewed	
  in	
  (Powles	
  &	
  

Yu	
   2010)).	
   Target-­‐site	
   resistance	
   confers	
   resistance	
   to	
   a	
   single	
   herbicide	
   mode	
   of	
   action,	
  

whereas	
  non	
  target-­‐site	
  resistance	
  may	
  result	
  in	
  complex	
  patterns	
  of	
  cross-­‐resistance	
  rendering	
  

populations	
   resistant	
   to	
  multiple	
  modes	
   of	
   action	
   (Powles	
  &	
   Yu	
   2010).	
   In	
   evolutionary	
   terms,	
  

target-­‐site	
  and	
  non	
  target-­‐site	
  resistance	
  represent	
  specialist	
  and	
  generalist	
  modes	
  of	
  herbicide	
  

resistance,	
   respectively.	
   As	
   both	
   mechanisms	
   can	
   provide	
   resistance	
   to	
   the	
   same	
   herbicide,	
  

specialist	
  and	
  generalist	
  phenotypes	
  can	
  coexist.	
  	
  

A	
  commonly	
  recommended	
  resistance	
  management	
  practice	
  is	
  to	
  cycle	
  chemicals	
  with	
  different	
  

modes	
   of	
   action	
   (Beckie	
   2006).	
   Cycling	
   (often	
   referred	
   to	
   as	
   herbicide	
   rotation)	
   introduces	
  

temporal	
  environmental	
  heterogeneity	
  so	
  that	
  consecutive	
  generations	
  are	
  exposed	
  to	
  different	
  

selection	
  pressures.	
  This	
  can	
  potentially	
  affect	
   the	
   rate	
  of	
   resistance	
  evolution	
   in	
  a	
  number	
  of	
  

ways.	
  First,	
  over	
  a	
  given	
  time	
  scale,	
  fewer	
  generations	
  are	
  exposed	
  to	
  any	
  single	
  environment,	
  

leading	
  to	
  reduced	
  selection	
  for	
  resistance	
  to	
  each	
  component	
  environment	
  (MacArthur	
  1964;	
  

Futuyma	
  &	
  Moreno	
  1988;	
  Whitlock	
  1996).	
   Second,	
   if	
   adaptation	
   to	
  one	
  environment	
   incurs	
   a	
  

fitness	
   cost	
   in	
   others,	
   cycling	
  may	
   retard	
   or	
   even	
   prevent	
   resistance	
   evolution	
   (Leeper	
   et	
   al.	
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1986;	
  Gressel	
  &	
  Segel	
  1990).	
  Additionally,	
  environments	
  in	
  which	
  herbicides	
  are	
  cycled	
  are	
  more	
  

complex	
   and	
   may	
   require	
   a	
   greater	
   degree	
   of	
   genetic	
   variation	
   for	
   adaptation	
   to	
   occur.	
  

However,	
  ecological	
  and	
  evolutionary	
  theory	
  would	
  predict	
  that	
  environments	
  characterised	
  by	
  

a	
   greater	
   degree	
   of	
   temporal	
   heterogeneity	
  would	
   result	
   in	
   the	
   evolution	
   of	
  more	
   generalist	
  

phenotypes	
   (Chesson	
   2000;	
   Kassen	
   2002)	
   and	
   hence	
   it	
   may	
   also	
   be	
   the	
   case	
   that	
   cycling	
  

exacerbates	
   the	
  spread	
  of	
  generalist	
   resistance	
  phenotypes	
   (Gomulkiewicz	
  &	
  Kirkpatrick	
  1992;	
  

Tufto	
   2000).	
   This	
   effect	
   is	
   therefore	
   likely	
   to	
   crucially	
   depend	
   on	
   the	
   frequency	
   of	
   cycling	
  

between	
  different	
  modes	
  of	
  action,	
  with	
  more	
  rapid	
  rates	
  of	
  switching	
  more	
  strongly	
  favouring	
  

generalist	
  types	
  of	
  resistance.	
  

The	
   difficulties	
   associated	
   with	
   performing	
   selection	
   experiments	
   on	
   large	
   weed	
   populations	
  

with	
  slow	
  generation	
  times	
  (one	
  generation	
  per	
  year)	
  have	
  limited	
  testing	
  of	
  these	
  hypotheses	
  

mostly	
  to	
  theoretical	
  and	
  simulation	
  models,	
  with	
  only	
  a	
  few	
  experimental	
  studies	
  (Porcher	
  et	
  al.	
  

2004;	
  Roux	
  et	
  al.	
  2005;	
  Kover	
  et	
  al.	
  2009;	
  Springate	
  et	
  al.	
  2011).	
  Models	
  have	
  shown	
  that,	
  in	
  the	
  

absence	
  of	
  pleiotropic	
  costs	
  of	
  resistance,	
  cycling	
  may	
  not	
  retard	
  resistance	
  evolution	
  (Diggle	
  et	
  

al.	
  2003;	
  Bergstrom	
  et	
  al.	
  2004;	
  Roux	
  et	
  al.	
  2008).	
  It	
  is	
  not	
  possible	
  to	
  generalise	
  on	
  the	
  existence	
  

of	
   pleiotropic	
   costs	
   associated	
  with	
   evolved	
   resistance	
   to	
   herbicides,	
   as	
   it	
   seems	
   that	
   fitness	
  

costs	
   vary	
   according	
   to	
   the	
  mechanism	
   of	
   resistance	
   (Vila-­‐Aiub	
   et	
   al.	
   2009).	
   A	
   similar	
   lack	
   of	
  

understanding	
   of	
   the	
   dynamics	
   of	
   resistance	
   evolution	
   has	
   led	
   to	
   failed	
   attempts	
   to	
   slow	
   the	
  

spread	
  of	
  resistance	
  to	
  antibiotics	
  in	
  clinical	
  settings	
  (Bergstrom	
  &	
  Feldgarden	
  2007).	
  

In	
   this	
   experiment,	
  populations	
  of	
  C.	
   reinhardtii	
  were	
  experimentally	
   evolved	
  with	
   continuous	
  

cycling	
   between	
   pairwise	
   combinations	
   of	
   three	
   herbicides	
   with	
   different	
   modes	
   of	
   action:	
  

glyphosate,	
  atrazine	
  and	
  carbetamide.	
  The	
  frequency	
  of	
  cycling	
  between	
  herbicides	
  was	
  varied	
  

to	
   explore	
   the	
   impacts	
   of	
   the	
   degree	
   of	
   environmental	
   heterogeneity	
   on	
   the	
   dynamics	
   of	
  

resistance	
  evolution.	
  In	
  particular,	
  I	
  was	
  interested	
  in	
  investigating	
  if	
  (i)	
  cycling	
  leads	
  to	
  reduced	
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rates	
  of	
  resistance	
  evolution;	
  (ii)	
  there	
  was	
  a	
  relationship	
  between	
  the	
  frequency	
  of	
  cycling	
  and	
  

the	
   rates	
   and	
   outcomes	
   of	
   evolution;	
   (iii)	
   cycling	
   leads	
   to	
   comparable	
   levels	
   of	
   resistance	
   as	
  

homogeneous	
   environments,	
   and	
   (iv)	
   cycling	
   could	
   result	
   in	
   the	
   selection	
   of	
   more	
   generalist	
  

resistance	
  phenotypes.	
  

	
  

4.2	
  Methods	
  and	
  Materials	
  

4.2.1	
  Selection	
  regimes	
  

The	
  experimental	
  populations	
  were	
  founded	
  and	
  grown	
  according	
  to	
  the	
  conditions	
  outlined	
  in	
  

Chapter	
   2.	
   Three	
   herbicides	
   were	
   used	
   in	
   this	
   study	
   –	
   atrazine,	
   glyphosate	
   and	
   carbetamide	
  

(Chapter	
  2.4).	
  Three	
  experimental	
  conditions	
  involved	
  continuous	
  exposure	
  to	
  a	
  single	
  herbicide	
  

(A0	
   denoting	
   continuous	
   exposure	
   to	
   atrazine,	
   G0	
   to	
   glyphosate	
   and	
   C0	
   to	
   carbetamide).	
   A	
  

weekly,	
   bi-­‐weekly	
   and	
   tri-­‐weekly	
   cycling	
   regime	
   was	
   created	
   for	
   all	
   three	
   possible	
   pairwise	
  

combinations	
  of	
  herbicides	
   (AG1	
  denoting	
   the	
  weekly	
   cycle	
  between	
  atrazine	
  and	
  glyphosate;	
  

AG2	
  the	
  bi-­‐weekly	
  cycle,	
  and	
  so	
  on).	
  	
  Each	
  experimental	
  condition	
  (12	
  in	
  total)	
  was	
  replicated	
  6	
  

times,	
  giving	
  rise	
  to	
  72	
  independently	
  evolving	
  populations.	
  Six	
  populations	
  were	
  propagated	
  by	
  

serial	
   transfer	
   in	
   the	
   absence	
   of	
   herbicides	
   and	
   used	
   as	
   source	
   populations	
   for	
   control	
   and	
  

immigration	
  (see	
  chapter	
  2.	
  5).	
  The	
  experiment	
  was	
  carried	
  out	
  for	
  12	
  transfer	
  cycles	
  (12	
  weeks)	
  

according	
  to	
  the	
  transfer	
  protocol	
  described	
  in	
  section	
  2.5.	
  	
  

4.2.2	
  Measuring	
  the	
  rates	
  of	
  evolution	
  

OD750	
  was	
  measured	
  on	
  transfer.	
  Resistance	
  was	
  considered	
  to	
  have	
  evolved	
  when	
  detectable	
  

population	
   growth	
  was	
   consistently	
  measured	
   (OD750	
   >	
   0.045,	
   corresponding	
   to	
   at	
   least	
   three	
  

cell	
  divisions).	
  The	
  rate	
  of	
  resistance	
  evolution	
  was	
  quantified	
  by	
  measuring	
  the	
  first	
  week	
  when	
  

resistance	
   was	
   observed.	
   The	
   rate	
   of	
   resistance	
   evolution	
   to	
   each	
   component	
   herbicide	
   in	
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cycling	
  regimes	
  was	
  expressed	
  as	
  the	
  number	
  of	
  weeks	
  that	
  the	
  population	
  had	
  been	
  exposed	
  to	
  

that	
  herbicide.	
  	
  

4.2.3	
  Isolation	
  of	
  the	
  evolved	
  populations	
  and	
  assays	
  

In	
  order	
  to	
  ensure	
  that	
  populations	
  used	
  for	
  subsequent	
  resistance	
  and	
  fitness	
  assays	
  contained	
  

only	
  herbicide	
  resistant	
  cells,	
  approximately	
  20,000	
  cells	
  of	
  each	
  final	
  population	
  were	
  plated	
  on	
  

BM	
  agar	
  plates	
  that	
  contained	
  the	
  MIC	
  of	
  a	
  single	
  herbicide.	
  For	
  cycling	
  regimes,	
  20,000	
  cells	
  of	
  

each	
   final	
   population	
  were	
  plated	
   independently	
  onto	
   two	
  plates,	
   one	
   containing	
  each	
  of	
   the	
  

herbicides	
  that	
  the	
  population	
  had	
  been	
  exposed	
  to.	
  After	
  7	
  days	
  of	
  growth,	
  200	
  colonies	
  from	
  

each	
  population	
  were	
  randomly	
  selected	
  and	
  used	
  to	
  inoculate	
  a	
  fresh	
  population	
  in	
  liquid	
  BM.	
  

If	
   the	
   population	
   had	
   been	
   exposed	
   to	
   two	
   herbicides,	
   100	
   colonies	
  were	
   randomly	
   selected	
  

from	
  each	
  of	
  the	
  plates	
  containing	
  those	
  herbicides	
  and	
  used	
  to	
  inoculate	
  a	
  fresh	
  population	
  in	
  

liquid	
   BM.	
   These	
   populations	
   were	
   grown	
   for	
   7	
   days	
   prior	
   to	
   conducting	
   further	
   assays.	
   In	
  

addition,	
   for	
   lines	
   evolving	
   under	
   cycling	
   regimes,	
   10	
   single	
   colonies	
   from	
  each	
  BM+herbicide	
  

plate	
  were	
  picked	
  and	
  multiplied	
   for	
  7	
  days	
   in	
  BM.	
  For	
  all	
   10	
  populations,	
   125,000	
   cells	
  were	
  

then	
   transferred	
   into	
   MIC	
   of	
   the	
   second	
   herbicide	
   from	
   that	
   cycling	
   regime.	
   In	
   all	
   cases,	
  

populations	
   derived	
   from	
   single	
   cells	
  were	
   resistant	
   to	
   both	
   herbicides	
   in	
   the	
   cycling	
   regime,	
  

indicating	
   that	
   evolved	
   populations	
   always	
   consisted	
   of	
   individuals	
   with	
   resistance	
   to	
   both	
  

herbicides	
   cycled,	
   rather	
   than	
   to	
   mixtures	
   of	
   individuals	
   with	
   resistance	
   to	
   individual	
   cycle	
  

components.	
   I	
   measured	
   the	
   level	
   of	
   resistance	
   independently	
   at	
   MIC	
   of	
   each	
   herbicide	
   a	
  

population	
  was	
   exposed	
   to,	
   and	
   growth	
   rates	
   in	
   the	
   ancestral	
   environment	
   (for	
   protocol	
   see	
  

Chapter	
   2.6).	
   Both	
   level	
   of	
   resistance	
   and	
   growth	
   rates	
   in	
   the	
   absence	
   of	
   herbicides	
   were	
  

expressed	
   as	
   a	
   proportion	
   of	
   the	
   growth	
   of	
   source	
   populations	
   in	
   the	
   ancestral	
   (BM	
   only)	
  

environment.	
  The	
  degree	
  of	
  generality	
  of	
  each	
  population	
  was	
  also	
  estimated	
  (see	
  Chapter	
  2.7)	
  

by	
   testing	
   for	
   growth	
   in	
   tembotrione,	
   iodosulfuron,	
   isoproturon	
  and	
   S-­‐metolachlor,	
   as	
  well	
   as	
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whichever	
   of	
   atrazine,	
   glyphosate	
   or	
   carbetamide	
   they	
   had	
   not	
   been	
   exposed	
   to	
   (i.e.	
   cross-­‐

resistance	
  to	
  carbetamide	
  was	
  assayed	
  in	
  populations	
  evolved	
  in	
  cycling	
  between	
  atrazine	
  and	
  

glyphosate).	
  

4.2.4	
  Cross-­‐protection	
  assays	
  

To	
  investigate	
  a	
  possible	
  contribution	
  of	
  cross-­‐protection,	
  the	
  phenomenon	
  whereby	
  exposure	
  

to	
   one	
   stress	
   provides	
   a	
   degree	
   of	
   physiological	
   acclimation	
   (cross-­‐protection)	
   to	
   subsequent	
  

stresses,	
  naïve	
  C.	
  reinhardtii	
  populations	
  were	
  grown	
  in	
  the	
  presence	
  of	
   low	
  doses	
  (0.8MIC	
  for	
  

atrazine,	
  0.7MIC	
  for	
  glyphosate	
  and	
  carbetamide)	
  of	
  each	
  of	
  three	
  herbicides.	
  Doses	
  below	
  MIC	
  

were	
  used	
  so	
  that	
  detectable	
  population	
  growth	
  was	
  apparent	
  between	
  transfer	
  periods.	
  After	
  

seven	
  days	
  in	
  one	
  herbicide	
  125,000	
  cells	
  were	
  transferred	
  into	
  below	
  MIC	
  doses	
  of	
  each	
  of	
  the	
  

two	
  other	
  herbicides.	
  125,000	
  cells	
  without	
  previous	
  herbicide	
  exposure	
  were	
  also	
  transferred	
  

into	
  below	
  MIC	
  doses	
  of	
  all	
  three	
  herbicides	
  as	
  a	
  control.	
  Seven	
  days	
  after	
  transfer,	
  growth	
  rates	
  

of	
  each	
  population	
  were	
  estimated.	
  Each	
  condition	
  was	
  replicated	
  three	
  times.	
  The	
  time	
  frame	
  

used	
   for	
   testing	
   cross-­‐protection	
   was	
   insufficient	
   for	
   significant	
   levels	
   of	
   resistance	
   to	
   be	
  

selected.	
  	
  

4.2.5	
  Statistical	
  analysis	
  

The	
  rate	
  of	
  resistance	
  evolution	
  (weeks	
  to	
  resistance)	
  was	
  analyzed	
  using	
  a	
  Cox	
  regression.	
  The	
  

herbicide	
  regime	
  was	
  fitted	
  as	
  a	
  covariate,	
  with	
  the	
  ancestral	
  immigration	
  source	
  as	
  the	
  strata.	
  

For	
   cycling	
   regimes,	
   the	
   number	
   of	
   weeks	
   until	
   resistance	
   evolved	
   to	
   individual	
   herbicide	
  

components	
   (weeks	
   exposed	
   to	
   that	
   herbicide)	
   were	
   compared	
   to	
   rates	
   of	
   evolution	
   of	
  

resistance	
  when	
  continuously	
  exposed	
  to	
  that	
  herbicide.	
  The	
  Cox	
  regressions	
  were	
  performed	
  in	
  

SPSS.	
   The	
   level	
   of	
   resistance	
   and	
   growth	
   rates	
   in	
   the	
   ancestral	
   environments	
   of	
   the	
   evolved	
  

populations	
  were	
  first	
  analyzed	
  using	
  a	
  General	
  Linear	
  Model	
  with	
  the	
  herbicide	
  cycled	
  with	
  and	
  

the	
  cycling	
   frequency	
  as	
   fixed	
  factors,	
  and	
  ancestral	
   immigration	
  source	
  as	
  the	
  random	
  factor.	
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The	
   interaction	
   between	
   herbicide	
   and	
   cycling	
   frequency	
   was	
   also	
   investigated.	
   When	
  

populations	
   under	
   a	
   cycling	
   regime	
   evolved	
   resistance	
   to	
   only	
   one	
   of	
   the	
   herbicides,	
   I	
   only	
  

analyzed	
  the	
  effects	
  of	
  the	
  cycling	
  frequency,	
  making	
  it	
  a	
  fixed	
  factor.	
  The	
  level	
  of	
  resistance	
  to	
  

individual	
   herbicide	
   in	
   cycling	
   regimes	
   was	
   subsequently	
   compared	
   to	
   resistance	
   in	
   the	
  

continuous	
   exposure	
   treatment	
   using	
   a	
   Dunnett’s	
   corrected	
   paired	
   T-­‐test,	
   with	
   the	
   herbicide	
  

regime	
   fitted	
   as	
   a	
   fixed	
   factor,	
   and	
   the	
   ancestral	
   immigration	
   source	
   as	
   the	
   random	
   factor.	
  

When	
   some	
   populations	
   in	
   a	
   regime	
   did	
   not	
   evolve	
   resistance,	
   I	
   compared	
   them	
   to	
   the	
  

continuous	
  exposure	
  treatment	
  using	
  a	
  Dunnett’s	
  corrected	
  T-­‐test.	
  The	
  level	
  of	
  resistance	
  of	
  the	
  

three	
  continuous	
  exposure	
  populations	
  was	
  compared	
  in	
  the	
  same	
  fashion.	
  The	
  growth	
  rate	
  in	
  

the	
   ancestral	
   environment	
   of	
   all	
   populations	
   was	
   compared	
   to	
   source	
   populations	
   and	
   to	
  

populations	
   that	
   underwent	
   continuous	
   exposure	
   using	
   a	
   Dunnett’s	
   corrected	
   paired	
   T-­‐test,	
  

except	
   when	
   some	
   of	
   the	
   populations	
   in	
   a	
   regime	
   did	
   not	
   evolve	
   resistance,	
   in	
   which	
   case	
  

Dunnett’s	
  corrected	
  T-­‐test	
  was	
  used.	
  The	
  growth	
  rates	
  in	
  the	
  ancestral	
  environment	
  of	
  the	
  three	
  

continuous	
  exposure	
  regimes	
  was	
  compared	
  in	
  the	
  same	
  fashion.	
  Growth	
  rates	
  from	
  the	
  cross-­‐

protection	
  assay	
  were	
  compared	
  between	
  the	
  populations	
  that	
  underwent	
  previous	
  exposure	
  to	
  

an	
   herbicide	
   and	
   those	
   that	
   did	
   not	
   in	
   a	
   Dunnett’s	
   corrected	
   paired	
   T-­‐test.	
   The	
   previous	
  

herbicide	
   the	
   population	
   was	
   exposed	
   to	
   was	
   fitted	
   as	
   a	
   fixed	
   factor,	
   and	
   the	
   replicate	
  

population	
  as	
  the	
  random	
  factor.	
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4.3	
  Results	
  

4.3.1	
  Dynamics	
  of	
  herbicide	
  resistance	
  

Evolution	
  of	
  herbicide	
  resistance	
  was	
  observed	
  in	
  many	
  populations,	
  under	
  various	
  continuous	
  

exposure	
  and	
  cycling	
  regimes.	
  Resistance	
  evolved	
  in	
  all	
  populations	
  with	
  continuous	
  exposure	
  to	
  

atrazine	
  (Fig.	
  9a)	
  or	
  glyphosate	
  (Fig	
  9b),	
  and	
  to	
  both	
  herbicides	
  in	
  all	
  populations	
  that	
  underwent	
  

cycling	
  between	
  these	
  two	
  herbicides	
  (Fig.	
  9a,	
  b).	
  Resistance	
  evolved	
  in	
  2	
  of	
  6	
  populations	
  that	
  

underwent	
   continuous	
   carbetamide	
   exposure	
   (Fig	
   9c),	
   while	
   resistance	
   to	
   both	
   atrazine	
   and	
  

carbetamide	
  evolved	
  in	
  3	
  of	
  6	
  populations	
  that	
  underwent	
  weekly	
  cycling	
  between	
  the	
  two	
  (Fig	
  

9a,	
  c).	
  Atrazine,	
  but	
  not	
  carbetamide	
  resistance,	
  evolved	
   in	
  all	
  populations	
  under	
  a	
  bi-­‐	
  and	
  tri-­‐

weekly	
  cycle	
  between	
  the	
  two	
  herbicides	
  (Fig	
  9a,	
  c).	
  No	
  resistant	
   individuals	
  were	
  observed	
   in	
  

the	
   populations	
   cycling	
   between	
   glyphosate	
   and	
   carbetamide	
   (Fig.	
   9b,	
   c).	
   These	
   results	
  

demonstrate	
   that	
   cycling	
   can	
   prevent,	
   accelerate	
   or	
   have	
   no	
   impact	
   on	
   the	
   evolution	
   of	
  

resistance	
  to	
  herbicides.	
  	
  

Continuous	
  exposure	
   to	
  glyphosate	
   resulted	
   in	
  significantly	
  more	
   rapid	
  evolution	
  of	
   resistance	
  

than	
  continuous	
  exposure	
  to	
  atrazine	
  (z=6.096,	
  P<0.05)	
  or	
  carbetamide	
  (z=6.083,	
  P<0.05).	
  Rates	
  

of	
  evolution	
  of	
  atrazine	
  and	
  carbetamide	
  resistance	
  were	
  not	
  significantly	
  different.	
  	
  

The	
   number	
   of	
  weeks	
   until	
   resistance	
   evolved	
   to	
   individual	
   herbicides	
   in	
   cycling	
   regimes	
  was	
  

compared	
   for	
  each	
   regime	
   to	
   the	
   rate	
  of	
  evolution	
   in	
  populations	
   that	
  underwent	
   continuous	
  

exposure	
   to	
   that	
   herbicide.	
   Resistance	
   to	
   atrazine	
   evolved	
   more	
   rapidly	
   in	
   a	
   weekly	
   cycle	
  

between	
   atrazine	
   and	
   glyphosate	
   (z=10.169,	
   P=0.001)	
   (Fig.	
   9a).	
   Though	
   there	
   was	
   a	
   trend	
  

towards	
  more	
  rapid	
  evolution	
  of	
  atrazine	
  resistance	
  in	
  the	
  biweekly	
  (z=3.381,	
  P=0.066)	
  and	
  tri-­‐

weekly	
  cycle	
  with	
  glyphosate	
  (z=3.369,	
  P=0.066),	
  these	
  differences	
  were	
  not	
  significant	
  (Fig.	
  9a).	
  

A	
  weekly	
  cycle	
  between	
  atrazine	
  and	
  glyphosate	
  yielded	
  faster-­‐evolving	
  resistance	
  to	
  glyphosate	
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than	
   continuous	
   exposure	
   to	
   glyphosate	
   (z=3.930,	
   P=0.047)	
   (Fig.	
   9b).	
   Rates	
   of	
   evolution	
   of	
  

carbetamide	
  resistance	
  were	
  not	
  significantly	
  different	
  between	
  any	
  of	
  the	
  regimes	
  in	
  which	
  it	
  

evolved.	
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Figure	
  9.	
   The	
  dynamics	
  of	
   resistance	
  evolution	
  measured	
  as	
  number	
  of	
  weeks	
  until	
  resistance	
  evolved.	
  
Bars	
  represent	
  the	
  mean	
  weeks	
  to	
  resistance	
  amongst	
  the	
  replicates	
  where	
  resistance	
  was	
  observed;	
  n	
  is	
  
the	
   number	
   of	
   replicate	
   populations	
   that	
   evolved	
   resistance.	
   a)	
   atrazine	
   resistance	
   (A0	
   indicates	
  
continuous	
   exposure	
   to	
   atrazine,	
   AG1,	
   AG2,	
   AG3	
   a	
   weekly,	
   bi-­‐weekly	
   and	
   tri-­‐weekly	
   rotation	
   between	
  
atrazine	
  and	
  glyphosate,	
  respectively.	
  AC1,	
  AC2	
  and	
  AC3	
  refer	
  to	
  weekly,	
  bi	
  weekly	
  and	
  tri-­‐weekly	
  rotation	
  
between	
   atrazine	
   and	
   carbetamide,	
   respectively);	
   b)	
   glyphosate	
   resistance	
   (labelling	
   convention	
   as	
  
above);	
  c)	
  carbetamide	
  resistance.	
  Error	
  bars	
  are	
  standard	
  errors	
  of	
  the	
  mean.	
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4.3.2	
  Level	
  of	
  resistance	
  

The	
  level	
  of	
  resistance	
  was	
  expressed	
  as	
  the	
  proportion	
  of	
  growth	
  rate	
  retained	
  in	
  populations	
  

with	
  evolved	
  resistance	
  in	
  comparison	
  to	
  source	
  populations	
  in	
  herbicide-­‐free	
  environments.	
  In	
  

continuous	
   selection	
   regimes,	
   the	
   level	
   of	
   resistance	
   was	
   greater	
   in	
   populations	
   exposed	
   to	
  

glyphosate	
  than	
  in	
  atrazine	
  resistant	
  (T10=19.61,	
  P<0.01)	
  and	
  carbetamide	
  resistant	
  populations	
  

(T6=5.963,	
   P<0.005).	
   Carbetamide	
   resistant	
   populations	
   had	
   a	
   higher	
   level	
   of	
   resistance	
   than	
  

atrazine	
  resistant	
  populations	
  (T6=4.854,	
  P<0.01)	
  (Fig.10).	
  

Overall,	
  in	
  cycling	
  regimes,	
  the	
  herbicide	
  that	
  atrazine	
  was	
  cycled	
  with	
  had	
  no	
  significant	
  impact	
  

on	
  the	
  level	
  of	
  atrazine	
  resistance.	
  However,	
  the	
  frequency	
  of	
  cycling	
  did	
  significantly	
  affect	
  the	
  

level	
   of	
   resistance	
   (F2,16=8.10,	
   P<0.005),	
   and	
   there	
   was	
   a	
   significant	
   interaction	
   between	
   the	
  

herbicide	
   used	
   and	
   the	
   frequency	
   of	
   cycling	
   (F2,16=8.03,	
   P<0.005).	
   As	
   indicated	
   by	
   Dunnett’s	
  

corrected	
   T-­‐tests,	
   the	
   levels	
   of	
   atrazine	
   resistance	
   that	
   evolved	
   in	
   the	
   AC1	
   regime	
   were	
  

significantly	
  greater	
   than	
   in	
  continuous	
  atrazine	
  exposure	
  regimes	
   (T7=5.487,	
  P<0.001),	
  as	
  well	
  

as	
   all	
   other	
   regimes	
   (Fig.	
   10a).	
   For	
   glyphosate	
   and	
   carbetamide	
   resistance	
   there	
   were	
   no	
  

significant	
  differences	
  in	
  the	
  level	
  of	
  evolved	
  resistance	
  in	
  any	
  of	
  the	
  regimes	
  in	
  which	
  resistance	
  

evolved	
  (Fig.	
  10b	
  and	
  10c).	
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Figure	
  10.	
   The	
   level	
   of	
   evolved	
   resistance	
  expressed	
  as	
   the	
  proportion	
  of	
  growth	
   retained	
   in	
  herbicide	
  
environments	
   in	
   comparison	
   with	
   source	
   populations	
   in	
   herbicide-­‐free	
   environments.	
   Bars	
   are	
   mean	
  
values	
  of	
  all	
  the	
  evolved	
  replicates	
  in	
  each	
  condition.	
  a)	
  atrazine	
  level	
  of	
  resistance;	
  b)	
  glyphosate	
  level	
  of	
  
resistance;	
  c)	
  carbetamide	
  level	
  of	
  resistance.	
  Error	
  bars	
  are	
  standard	
  errors	
  of	
  the	
  mean.	
  

	
  

4.3.3	
  Growth	
  rates	
  in	
  the	
  ancestral	
  environment	
  

Comparing	
  the	
  growth	
  rates	
  in	
  the	
  ancestral	
  environment	
  of	
  evolved	
  populations	
  to	
  the	
  source	
  

populations,	
   fitness	
  costs	
   (a	
  significant	
  difference	
  between	
  growth	
  rate	
   in	
  BM	
  of	
   the	
  ancestral	
  

and	
   evolved	
   populations)	
   were	
   frequently	
   associated	
   with	
   evolved	
   resistance	
   (Fig.	
   11).	
   All	
  

populations	
   that	
   evolved	
   resistance	
   in	
   continuous	
   exposure	
   to	
   a	
   single	
   herbicide	
   exhibited	
  

significant	
   fitness	
   costs	
   –	
   exposure	
   to	
   atrazine	
   (T10=-­‐2.80,	
   P<0.05),	
   glyphosate	
   (T10=-­‐9.76,	
  

P<0.001)	
   and	
   carbetamide	
   (T6=-­‐4.711,	
   P<0.05)	
   (Fig.	
   11).	
   The	
   growth	
   rates	
   in	
   the	
   ancestral	
  

environment	
  of	
   populations	
  evolved	
  under	
   continuous	
  exposure	
   to	
   atrazine	
  were	
   significantly	
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higher	
  than	
  in	
  the	
  populations	
  evolved	
  in	
  continuous	
  exposure	
  to	
  glyphosate	
  (T10=3.95,	
  P<0.01)	
  

or	
   carbetamide	
   (T6=3.598,	
   P<0.05).	
   Fitness	
   costs	
   were	
   also	
   observed	
   in	
   populations	
   under	
  

weekly	
   cycle	
  between	
  atrazine	
  and	
  glyphosate	
   (T10=-­‐5.94,	
  P<0.001)	
  and	
  weekly	
   cycle	
  between	
  

atrazine	
  and	
  carbetamide	
  (T7=-­‐6.034,	
  P<0.001)	
  (Fig.	
  11).	
  Populations	
  that	
  evolved	
  in	
  a	
  bi-­‐	
  and	
  tri-­‐

weekly	
   cycle	
   between	
   atrazine	
   and	
   glyphosate	
   or	
   atrazine	
   and	
   carbetamide	
   did	
   not	
   exhibit	
  

significant	
  fitness	
  costs.	
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Figure	
  11:	
  Growth	
  rates	
  in	
  absence	
  of	
  herbicides	
  of	
  populations	
  with	
  evolved	
  resistance	
  expressed	
  as	
  the	
  
proportion	
  of	
  the	
  source	
  populations’	
  growth	
  rate	
  in	
  herbicide-­‐free	
  environments.	
  Bars	
  are	
  mean	
  values	
  
of	
  all	
  the	
  evolved	
  replicates	
  in	
  each	
  condition.	
  Error	
  bars	
  are	
  standard	
  errors	
  of	
  the	
  mean.	
  

4.3.4	
  Cross-­‐Resistance	
  

For	
   most	
   selection	
   regimes,	
   no	
   cross-­‐resistance	
   was	
   observed	
   (Fig.12).	
   Only	
   the	
   populations	
  

selected	
   under	
   a	
   weekly	
   cycle	
   between	
   atrazine	
   and	
   carbetamide	
   and	
   under	
   continuous	
  

exposure	
  to	
  carbetamide	
  exhibited	
  cross-­‐resistance	
  to	
  herbicides	
  to	
  which	
  they	
  had	
  never	
  been	
  

exposed	
   (Fig.12).	
   All	
   of	
   these	
   populations	
   exhibited	
   growth	
   at	
   the	
   MIC	
   of	
   the	
   herbicide	
  

tembotrione.	
   All	
   three	
   populations	
   that	
   evolved	
   resistance	
   to	
   both	
   atrazine	
   and	
   carbetamide	
  

under	
  a	
  weekly	
  cycle	
  were	
  also	
  resistant	
  to	
  S-­‐metolachlor	
  and	
  iodosulfuron.	
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Figure	
   12:	
   Cross-­‐resistance	
   profiles	
   for	
   evolved	
   populations.	
   Hatched	
   shading	
   indicates	
   resistance	
   to	
  
herbicides	
   included	
   in	
   corresponding	
   selection	
   regimes.	
   Cross-­‐resistance	
   to	
   herbicides	
   to	
   which	
  
populations	
  had	
  no	
  previous	
  exposure	
  is	
  indicated	
  by	
  grey	
  shading.	
  	
  

	
  

4.3.5	
  Cross-­‐Protection	
  

	
  Seven	
   days	
   of	
   exposure	
   to	
   carbetamide	
   significantly	
   increased	
   the	
   growth	
   rates	
   in	
   0.8MIC	
   of	
  

atrazine	
  when	
   compared	
   to	
   the	
  populations	
   that	
   had	
  no	
  previous	
   exposure	
   to	
   any	
  herbicides	
  

(Fig.	
   13)	
   (T4=7.801,	
   P<0.005).	
   Previous	
   exposure	
   to	
   atrazine	
   significantly	
   increased	
   the	
   growth	
  

rates	
   in	
   glyphosate	
   (T4=7.64,	
   P<0.005),	
   while	
   the	
   exposure	
   to	
   carbetamide	
   decreased	
  

subsequent	
  growth	
  rates	
  in	
  glyphosate	
  (T4=-­‐5.732,	
  P<0.01).	
  

herbicide	
  regime	
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Figure	
  13.	
  Cross	
  protection.	
  Number	
  of	
  cell	
  divisions	
  the	
  populations	
  underwent	
  after	
  four	
  days	
  in	
  below	
  
MIC	
   levels	
   of	
   the	
   indicated	
   herbicide.	
   Bars	
   represent	
  mean	
   values.	
   Black	
   bars	
   indicate	
   the	
   populations	
  
with	
  previous	
  exposure	
  to	
  atrazine,	
  dark	
  grey	
  bars	
  previous	
  exposure	
  to	
  glyphosate,	
  white	
  bars	
  previous	
  
exposure	
   to	
   carbetamide	
   and	
   light	
   grey	
   bars	
   indicate	
   the	
   populations	
   with	
   no	
   previous	
   herbicide	
  
exposure.	
  Error	
  bars	
  are	
  standard	
  errors	
  of	
  the	
  mean.	
  	
  

	
  

4.4	
  Discussion	
  

In	
   spite	
   of	
   a	
   lack	
   of	
   evidence	
   for	
   its	
   effectiveness,	
   herbicide	
   cycling	
   has	
   been	
   advocated	
   as	
   a	
  

means	
   of	
   slowing	
   or	
   preventing	
   evolution	
   of	
   herbicide	
   resistance	
   (Beckie	
   2006).	
   A	
   successful	
  

cycling	
   strategy	
   must	
   do	
   more	
   than	
   simply	
   extend	
   the	
   chronological	
   time	
   until	
   resistance	
  

evolves	
  as	
  this	
  outcome	
  will	
  result	
  simply	
  from	
  the	
  fact	
  that	
  the	
  population	
  is	
  exposed	
  to	
  each	
  

component	
   herbicide	
   for	
   less	
   time.	
   A	
   truly	
   effective	
   strategy	
   must	
   increase	
   the	
   time	
   that	
   a	
  

population	
   can	
   be	
   exposed	
   (selection-­‐time)	
   to	
   at	
   least	
   one	
   of	
   the	
   cycled	
   herbicides	
   before	
  

resistance	
  evolves.	
  In	
  other	
  words,	
  if	
  continuous	
  exposure	
  to	
  herbicide	
  A	
  results	
  in	
  evolution	
  of	
  

resistance	
   in	
   selection-­‐time	
   x	
   and	
   continuous	
   exposure	
   to	
   herbicide	
  B	
   results	
   in	
   resistance	
   in	
  

selection-­‐time	
  y,	
  when	
  A	
  and	
  B	
  are	
  cycled,	
  the	
  strategy	
  is	
  successful	
  if	
  either	
  x,	
  y	
  or	
  the	
  sum	
  of	
  x	
  

and	
  y	
  is	
  increased.	
  According	
  to	
  these	
  criteria,	
  in	
  this	
  study,	
  I	
  have	
  shown	
  that	
  cycling	
  between	
  

pairwise	
   combinations	
   of	
   three	
   herbicides	
   can	
   slow,	
   accelerate	
   or	
   have	
   no	
   impact	
   on	
   the	
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dynamics	
   of	
   selection	
   for	
   herbicide	
   resistance.	
   These	
   contrasting	
   outcomes	
   depend	
   on	
   the	
  

herbicides	
  being	
  cycled	
  and	
  the	
  frequency	
  of	
  cycling.	
  	
  

4.4.1	
  Dynamics	
  of	
  resistance	
  under	
  herbicide	
  cycling	
  

Fitness	
   costs	
   associated	
  with	
   resistance	
   are	
   seen	
   as	
   key	
   determinants	
   of	
   the	
   effectiveness	
   of	
  

cycling	
   (Leeper	
   et	
   al.	
   1986;	
   Gressel	
  &	
   Segel	
   1990;	
   Jasieniuk	
   et	
   al.	
   1996).	
   In	
   this	
   study,	
   fitness	
  

costs	
  (significantly	
  lower	
  growth	
  rates	
  in	
  absence	
  of	
  herbicide)	
  were	
  not	
  universally	
  observed,	
  as	
  

found	
  in	
  other	
  studies	
  (McCart	
  et	
  al.	
  2005;	
  Lopes	
  et	
  al.	
  2008).	
  Models	
  assuming	
  no	
  fitness	
  costs	
  

have	
   predicted	
   that	
   cycling	
  will	
   be	
   ineffective	
   in	
   slowing	
   down	
   the	
   evolution	
   of	
   resistance	
   in	
  

selection-­‐time	
  (Diggle	
  et	
  al.	
  2003;	
  Neve	
  2008).	
  My	
  results	
  support	
  this	
  general	
  trend,	
  as	
  cycling	
  

was	
  most	
   effective	
  when	
   occurring	
   between	
   herbicides	
  where	
   evolved	
   resistance	
   yielded	
   the	
  

highest	
   cost	
   (glyphosate	
   and	
   carbetamide),	
   and	
   was	
   much	
   less	
   effective	
   when	
   less	
   costly	
  

atrazine	
  resistance	
  evolved	
  (Fig.	
  9).	
  

It	
  seems	
  somewhat	
  counterintuitive	
  that	
  cycling	
  regimes	
  can,	
  in	
  some	
  instances,	
  increase	
  rates	
  

of	
   resistance	
   evolution.	
   I	
   offer	
   two	
   explanations	
   i)	
   cross-­‐protection	
   and	
   ii)	
   population	
   size	
  

effects,	
   that	
   can	
   account	
   for	
   increased	
   rates	
   of	
   glyphosate	
   and	
   atrazine	
   resistance	
   evolution,	
  

respectively,	
   in	
   the	
  AG	
   regimes.	
  Cross-­‐protection	
  gives	
   rise	
   to	
  a	
   temporary	
   increase	
   in	
  growth	
  

rates	
  in	
  one	
  stressful	
  environment	
  after	
  exposure	
  to	
  another	
  (Hill	
  et	
  al.	
  2002),	
  and	
  a	
  variety	
  of	
  

sublethal	
   stresses	
   have	
   been	
   shown	
   to	
   alter	
   antibiotic	
   resistance	
   evolution	
   (McMahon	
   et	
   al.	
  

2006).	
   I	
   have	
   found	
   that	
   exposure	
   to	
   atrazine	
   offers	
   positive	
   cross-­‐protection	
   to	
   glyphosate	
  

(Fig.13)	
   and	
   hypothesize	
   that	
   this	
   phenomenon	
   accounts	
   for	
   enhanced	
   rates	
   of	
   glyphosate	
  

resistance	
   evolution	
   in	
   the	
  weekly	
   atrazine	
   and	
   glyphosate	
   cycling	
   regime,	
   as	
   it	
   increases	
   the	
  

number	
  of	
  non-­‐resistant	
  cells	
  replicating	
  in	
  glyphosate,	
  increasing	
  population	
  size	
  and	
  mutation	
  

supply	
  rate.	
  Assuming	
  that	
  cross-­‐protection	
  is	
  a	
  transient	
  effect,	
  this	
  hypothesis	
  is	
  supported	
  by	
  

the	
  observation	
  that	
  increased	
  rates	
  of	
  glyphosate	
  resistance	
  evolution	
  are	
  only	
  observed	
  in	
  the	
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weekly	
  cycle.	
  In	
  relation	
  to	
  increased	
  rates	
  of	
  atrazine	
  resistance	
  evolution	
  in	
  the	
  AG1	
  regime	
  I	
  

conclude	
  that	
  increases	
  in	
  population	
  size,	
  driven	
  by	
  the	
  relatively	
  rapid	
  evolution	
  of	
  glyphosate	
  

resistance,	
  are	
  resulting	
  in	
  an	
  increased	
  probability	
  of	
  atrazine	
  resistant	
  mutations	
  arising	
  in	
  the	
  

glyphosate	
  resistant	
  background.	
  Once	
  this	
  occurs,	
  atrazine	
  resistance	
  is	
  selected	
  in	
  both	
  phases	
  

of	
  the	
  cycling	
  regime	
  and	
  hence	
  evolution	
  of	
  atrazine	
  resistance	
  (measured	
  in	
  selection-­‐time)	
  is	
  

accelerated.	
   I	
   predict	
   that	
   this	
   dynamic	
   is	
   likely	
   to	
   occur	
   when	
   rapid	
   cycling	
   occurs	
   between	
  

pesticides	
  where	
  the	
  rate	
  of	
  resistance	
  evolution	
  varies	
  substantially.	
  

4.4.2	
  Impacts	
  of	
  cycling	
  on	
  the	
  evolution	
  of	
  generalists	
  

The	
  frequency	
  of	
  cycling	
  has	
  the	
  potential	
  to	
  change	
  the	
  trajectory	
  of	
  evolution	
  as	
  evidenced	
  by	
  

the	
  evolution	
  of	
   a	
   generalist	
   phenotype	
   in	
   the	
  weekly	
   atrazine	
   and	
   carbetamide	
   cycle	
   and	
  no	
  

evolution	
   of	
   resistance	
   in	
   bi-­‐	
   and	
   tri-­‐weekly	
   cycles.	
   Even	
   though	
   this	
   generalist	
   phenotype	
  

conferred	
   significantly	
   higher	
   levels	
   of	
   atrazine	
   resistance,	
   it	
   was	
   never	
   selected	
   in	
   the	
  

continuous	
   atrazine	
   regime.	
   A	
   number	
   of	
   explanations	
   are	
   possible	
   here.	
   It	
   may	
   be	
   that	
   the	
  

generalist	
  phenotype	
  requires	
  fixation	
  of	
  more	
  than	
  one	
  mutation	
  and	
  that	
  the	
  initial	
  mutation	
  

confers	
   low	
   levels	
  of	
  resistance	
  to	
  atrazine	
  and	
  carbetamide	
  while	
  carrying	
  a	
  high	
  fitness	
  cost.	
  

More	
  about	
  the	
  underlying	
  genetics	
  and	
  the	
  number	
  of	
  mutations	
  could	
  have	
  been	
  understood	
  

if	
   mating	
   and	
   segregation	
   experiments	
   were	
   carried	
   out.	
   In	
   a	
   weekly	
   cycle,	
   populations	
   are	
  

exposed	
   to	
   carbetamide	
   frequently	
   enough	
   that	
   these	
   mutations	
   are	
   maintained	
   whereas	
   in	
  

other	
  regimes	
  with	
  more	
  frequent	
  or	
  lengthier	
  periods	
  of	
  exposure	
  to	
  atrazine	
  they	
  are	
  lost	
  due	
  

to	
  clonal	
  interference	
  and	
  population	
  bottlenecks.	
  It	
  could	
  also	
  be	
  that	
  the	
  first	
  mutations	
  that	
  

get	
  fixed	
  in	
  the	
  population	
  affect	
  the	
  fitness	
  consequences	
  of	
  others,	
  as	
  reported	
  for	
  antibiotic	
  

resistance	
  (Yeh	
  et	
  al.	
  2009;	
  Trindade	
  et	
  al.	
  2009).	
  Indeed,	
  if	
  the	
  fixation	
  of	
  mutations	
  that	
  confer	
  

resistance	
   to	
   atrazine	
   modify	
   the	
   genetic	
   background	
   such	
   that	
   subsequent	
   mutations	
  

conferring	
  resistance	
  to	
  carbetamide	
  have	
  a	
  higher	
  selection	
  coefficient	
  (positive	
  epistasis),	
  then	
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generalists	
  are	
  more	
  likely	
  to	
  evolve	
  in	
  a	
  cyclic	
  environment,	
  compared	
  to	
  a	
  homogeneous	
  one.	
  

In	
   general,	
   it	
   appears	
   that	
   the	
   outcomes	
   of	
   herbicide	
   selection	
   regimes	
   are	
   contingent	
   on	
  

complex	
   interactions	
   between	
   the	
   level	
   of	
   resistance,	
   costs	
   of	
   resistance,	
   frequencies	
   of	
  

different	
  mutations,	
  cross-­‐resistance	
  phenotypes	
  and	
  the	
  scale	
  of	
  temporal	
  heterogeneity.	
  	
  

In	
   the	
   pesticide	
   and	
   antibiotic	
   literature,	
   generalist	
   resistance	
   usually	
   refers	
   to	
   single	
  

mechanisms	
   that	
   confer	
   resistance	
   to	
  multiple	
   toxin	
  modes	
   of	
   action	
   (Alekshun	
  &	
   Levy	
   2007;	
  

Delye	
  et	
  al.	
  2011).	
  The	
  expectation	
  is	
  that	
  generalism	
  will	
  confer	
  lower	
  levels	
  of	
  resistance,	
  often	
  

at	
   a	
   higher	
   cost	
   and	
  will	
   therefore	
   only	
   be	
   selected	
   in	
   environments	
  with	
   spatial	
   or	
   temporal	
  

variation	
   in	
   selection	
   pressures	
   (Georghiou	
   &	
   Taylor	
   1986;	
   Futuyma	
   &	
  Moreno	
   1988;	
   Kassen	
  

2002;	
  Gressel	
  2009).	
  In	
  this	
  study,	
  broad	
  generalist	
  resistance	
  was	
  selected	
  in	
  the	
  weekly	
  cycle	
  

between	
   atrazine	
   and	
   carbetamide,	
   providing	
   some	
   evidence	
   that	
   cycling	
   promotes	
   the	
  

evolution	
  of	
  generalist	
   resistance,	
   though	
   in	
  most	
   cycling	
   regimes	
  generalist	
  phenotypes	
  were	
  

not	
  observed.	
  Contrary	
  to	
  the	
  major	
  theoretical	
  (Via	
  &	
  Lande	
  1985;	
  Ravigné	
  et	
  al.	
  2009),	
  most	
  

experimental	
   (Morgan	
   et	
   al.	
   2009;	
  Hall	
   et	
   al.	
   2010;	
   Legros	
  &	
   Koella	
   2010)	
   and	
   the	
   findings	
   in	
  

pesticide	
  resistant	
  organisms	
  (Gressel	
  2002;	
   Jonsson	
  et	
  al.	
  2010),	
   I	
   found	
  generalists	
   to	
  have	
  a	
  

significantly	
  higher	
  resistance	
  than	
  specialists	
   in	
  both	
  of	
  the	
  selective	
  environments,	
  as	
  well	
  as	
  

comparable	
   growth	
   rates	
   in	
   absence	
   of	
   herbicides	
   to	
   the	
   specialists	
   (populations	
   that	
  

underwent	
  continuous	
  exposure),	
  a	
   result	
  previously	
   reported	
   for	
  other	
   traits	
   (Turner	
  &	
  Elena	
  

2000;	
  Buckling	
  et	
  al.	
  2006).	
  	
  

4.4.3	
  Cycling	
  affects	
  fitness	
  costs	
  	
  

The	
   accumulation	
   of	
   multiple,	
   discrete	
   mechanisms	
   of	
   resistance	
   is	
   an	
   alternative	
   means	
   via	
  

which	
  a	
  more	
  generalist	
  resistance	
  phenotype	
  may	
  evolve	
  and	
  it	
  seems	
  likely	
  that	
  this	
  accounts	
  

for	
  evolved	
  resistance	
  to	
  atrazine	
  and	
  glyphosate	
  in	
  the	
  atrazine	
  and	
  glyphosate	
  cycling	
  regimes.	
  

The	
   evolution	
   of	
   this	
   multiple	
   resistance	
   may	
   be	
   constrained	
   by	
   the	
   accumulation	
   of	
   fitness	
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costs	
   associated	
   with	
   each	
   resistance	
   trait,	
   particularly	
   where	
   these	
   costs	
   are	
   cumulative,	
   or	
  

potentially	
   even	
   synergistic.	
   In	
   populations	
   that	
   evolved	
   resistance	
   in	
   a	
   weekly	
   atrazine	
   and	
  

glyphosate	
   cycle,	
   the	
   growth	
   rates	
   in	
   absence	
   of	
   herbicide	
   are	
   significantly	
   lower	
   than	
   in	
  

continuous	
  exposure	
   to	
  atrazine,	
  and	
   seem	
   to	
  be	
  additive	
   (Fig.11),	
   suggesting	
   there	
  may	
  be	
  a	
  

limit	
  to	
  multiple	
  resistance	
  in	
  the	
  absence	
  of	
  compensations	
  (Andersson	
  &	
  Hughes	
  2010;	
  Hall	
  et	
  

al.	
   2010).	
   Bi-­‐	
   and	
   tri-­‐weekly	
   cycles	
   between	
   atrazine	
   and	
   glyphosate	
   resulted	
   in	
   significantly	
  

higher	
   growth	
   rates	
   in	
   absence	
   of	
   herbicides	
   (Fig.	
   11)	
   than	
   the	
   weekly	
   cycle	
   or	
   continuous	
  

exposure	
  to	
  either	
  herbicide.	
   It	
   therefore	
  appears	
  that	
   lower	
   frequencies	
  of	
  cycling	
   favour	
  the	
  

compensation	
  of	
  fitness	
  costs	
  as	
  longer	
  periods	
  spent	
  in	
  the	
  non-­‐focal	
  environment	
  will	
  favour	
  

selection	
  for	
  reduced	
  costs	
  of	
  resistance.	
  Alternatively,	
  more	
  heterogeneous	
  environments	
  have	
  

lower	
   chance	
   of	
   leading	
   to	
   a	
   global	
   optimum	
   (Collins	
   2011),	
   and	
   as	
   such	
   less	
   rapid	
   rates	
   of	
  

cycling	
  could	
  be	
  more	
  effectively	
  selecting	
  for	
  mutations	
  with	
  lower	
  fitness	
  cost.	
  	
  

4.4.4	
  Herbicide	
  cycling:	
  forward	
  with	
  caution	
  

Herbicide	
  cycling	
  has	
  been	
  advocated	
  for	
  resistance	
  management	
  as	
  it	
  introduces	
  environmental	
  

complexity	
  and	
  heterogeneity	
  and	
  thus	
  may	
  slow	
  adaptation.	
  Results	
   from	
  this	
  study	
   illustrate	
  

that	
   cycling	
   can	
   result	
   in	
   diverse	
   outcomes,	
   though	
   some	
   caution	
   is	
   advisable	
   in	
   translating	
  

results	
   to	
   annual	
   weedy	
   plants.	
   Temporal	
   heterogeneity	
   of	
   environments	
   may	
   impact	
   the	
  

direction	
  of	
  evolution	
  (Levins	
  1968;	
  Kassen	
  &	
  Bell	
  1998;	
  Jasmin	
  &	
  Kassen	
  2007),	
  with	
  more	
  fine-­‐

grained	
   environments	
   (where	
   environment	
   varies	
   at	
   a	
   rate	
   faster	
   than	
   the	
   generation	
   time)	
  

favouring	
  more	
  generalist	
   traits.	
   In	
  my	
  design	
  even	
  the	
  rapid	
  rates	
  of	
  cycling	
   far	
  exceeded	
  the	
  

generation	
   time	
  of	
  C.reinhardtii,	
  meaning	
   that	
   all	
   the	
   environments	
  were	
   coarse-­‐grained.	
   The	
  

herbicide	
   cycling	
   advocated	
   for	
   weed	
   management	
   is	
   fine-­‐grained,	
   generally	
   requiring	
  

alternating	
  generations	
   to	
  be	
  exposed	
   to	
  different	
  herbicide	
  modes	
  of	
  action.	
   In	
  addition,	
   the	
  

order	
  in	
  which	
  the	
  herbicides	
  are	
  cycled	
  could	
  affect	
  the	
  trajectory	
  of	
  evolution	
  and	
  this	
  was	
  not	
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explored.	
  Chlamydomonas	
  is	
  haploid	
  and	
  reproduction	
  in	
  these	
  experiments	
  was	
  asexual.	
  Higher	
  

plants	
  have	
  complex	
  and	
  diverse	
  modes	
  of	
  sexual	
  and	
  asexual	
  reproduction.	
  There	
  may	
  also	
  be	
  

gene	
  flow	
  between	
  evolving	
  meta-­‐populations	
  of	
  agricultural	
  weeds.	
  Finally,	
  most	
  annual	
  weedy	
  

plants	
   have	
   a	
   soil	
   reservoir	
   of	
   dormant	
   seeds	
   that	
   acts	
   as	
   a	
   temporal	
   refuge	
   from	
   herbicide	
  

selection.	
   Notwithstanding	
   these	
   important	
   differences,	
   my	
   results	
   clearly	
   demonstrate	
   that	
  

herbicide	
  cycling	
  may	
  not	
  always	
  slow	
  the	
  rate	
  of	
  evolution	
  of	
  resistance	
  and	
  may	
  result	
  in	
  the	
  

evolution	
  of	
  generalist	
  resistance	
  phenotypes	
  resistant	
  to	
  a	
  broad	
  range	
  of	
  herbicide	
  modes	
  of	
  

action.	
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CHAPTER	
  5:	
  HERBICIDE	
  MIXTURES	
  –	
  EFFECTS	
  OF	
  ENVIRONMENTAL	
  HETEROGENEITY	
  ON	
  
RESISTANCE	
  EVOLUTION	
  

	
  

5.1	
  Introduction	
  

Mixture	
  strategies	
  that	
  expose	
  weeds	
  to	
  two	
  or	
  more	
  herbicides	
  with	
  different	
  modes	
  of	
  action	
  

have	
  been	
  widely	
   advocated	
   for	
   resistance	
  management	
   (Gressel	
  &	
   Segel	
   1990;	
   Friesen	
  et	
   al.	
  

2000;	
   Powles	
   &	
   Shaner	
   2001).	
   Similar	
   strategies	
   have	
   been	
   proposed	
   for	
   the	
   prevention	
   of	
  

antibiotic	
   resistance	
   (Brown	
   &	
   Nathwani	
   2005;	
   Powles	
   &	
   Yu	
   2010)	
   and	
   management	
   of	
  

resistance	
  to	
  antiretroviral	
  and	
  anti-­‐cancer	
  drugs	
  (Pastan	
  &	
  Gottesman	
  1987).	
  Mixture	
  strategies	
  

rely	
  on	
  the	
  assumption	
  that	
  mutations	
  conferring	
  resistance	
  to	
  one	
  component	
  of	
  the	
  mixture	
  

do	
  not	
   increase	
   fitness	
   in	
   the	
  presence	
  of	
   the	
   second	
  component.	
   Indeed,	
   the	
  most	
  desirable	
  

situation	
   arises	
   when	
   there	
   is	
   antagonistic	
   pleiotropy	
   between	
   resistance	
   mechanisms	
  

(sometimes	
  referred	
  to	
  as	
  negative	
  cross-­‐resistance	
  (Gressel	
  2002)).	
  Where	
  the	
  assumptions	
  of	
  

independent	
  resistance	
  are	
  met,	
  resistance	
  to	
  the	
  mixture	
  can	
  occurs	
  via	
  spontaneous	
  evolution	
  

of	
   resistance	
   mechanisms	
   to	
   both	
   (or	
   all)	
   mixture	
   components	
   (Diggle	
   et	
   al.	
   2003).	
   The	
  

likelihood	
  of	
   this	
  occurring	
  decreases	
  with	
  each	
  additional	
  herbicide	
   in	
   the	
  mixture	
   (Wrubel	
  &	
  

Gressel	
   1994).	
   Alternatively,	
   generalist	
   resistance	
   may	
   be	
   favoured	
   in	
   more	
   complex,	
   multi-­‐

herbicide	
   environments	
   (Gressel	
   2002)	
   and	
   this	
   may	
   compromise	
   the	
   potential	
   efficacy	
   of	
  

mixture	
  strategies.	
  

Mathematical	
  models	
   have	
  been	
  used	
   to	
  demonstrate	
   the	
  potential	
   effectiveness	
  of	
  mixtures	
  

for	
   herbicide	
   resistance	
   management	
   (Powles	
   et	
   al.	
   1997;	
   Diggle	
   et	
   al.	
   2003;	
   Neve	
   2008).	
  

However,	
  these	
  models	
  predominantly	
  focus	
  on	
  the	
  evolution	
  of	
  target-­‐site	
  resistance.	
  Empirical	
  

evidence	
  for	
  the	
  efficacy	
  of	
  herbicide	
  mixture	
  strategies	
   is	
   limited	
  and	
  often	
  anecdotal	
   (Beckie	
  

2006),	
   although	
   these	
   studies	
   do	
   tend	
   to	
   confirm	
   the	
   benefits	
   of	
   mixtures	
   over	
   other	
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management	
   strategies	
   (Manley	
   et	
   al.	
   2002;	
   Beckie	
   &	
   Reboud	
   2009).	
   Models	
   exploring	
   the	
  

effectiveness	
   of	
   mixtures	
   of	
   insecticides	
   or	
   fungicides	
   for	
   managing	
   resistance	
   provide	
  

conflicting	
  evidence	
  for	
  its	
  benefits	
  (Mani	
  1985;	
  Denholm	
  &	
  Rowland	
  1992;	
  Russell	
  2005),	
  as	
  do	
  

experimental	
   studies	
   -­‐	
   some	
   supporting	
   mixtures	
   as	
   an	
   effective	
   method	
   of	
   resistance	
  

management	
  (McKenzie	
  &	
  Byford	
  1993;	
  Prabhaker	
  et	
  al.	
  1998),	
  others	
  cautioning	
  against	
  their	
  

widespread	
  use	
  (Immaraju	
  et	
  al.	
  1990;	
  Blumel	
  &	
  Gross	
  2001;	
  Castle	
  et	
  al.	
  2007).	
  It	
  is	
  interesting	
  

to	
   compare	
   this	
   to	
   the	
   situation	
   in	
   studies	
   of	
   antibiotic	
   resistance,	
   where	
   clinical	
   trials	
  

predominantly	
  report	
  mixtures	
  as	
  effective	
  strategies	
  in	
  slowing	
  resistance	
  evolution	
  (Bergstrom	
  

et	
  al.	
  2004;	
  Brown	
  &	
  Nathwani	
  2005;	
  Beardmore	
  &	
  Peña-­‐Miller	
  2010).	
  	
  

Increased	
  economic	
  and	
  environmental	
  costs	
  are	
  a	
  major	
  obstacle	
  to	
  the	
  adoption	
  of	
  herbicide	
  

mixtures	
   in	
  agricultural	
   settings	
   (Hart	
  &	
  Pimentel	
  2002).	
  Short	
   term	
  economic	
   interests	
   favour	
  

the	
  use	
  of	
  single	
  herbicides	
  as	
  the	
  level	
  of	
  control	
  achieved	
  prior	
  to	
  the	
  evolution	
  of	
  resistance	
  

may	
  often	
  be	
  equivalent,	
  and	
  does	
  not	
  require	
  investment	
  in	
  multiple	
  herbicides	
  (Buttel	
  2002).	
  

From	
  an	
  environmental	
  perspective,	
  herbicide	
  mixtures	
  raise	
  concerns	
  as	
  they	
  increase	
  inputs	
  of	
  

pesticides	
   into	
  the	
  environment	
  (Hart	
  &	
  Pimentel	
  2002).	
   In	
  response	
  to	
  these	
  problems,	
   there	
  

have	
  been	
  calls	
   to	
  use	
   synergistic	
  mixtures	
  of	
  herbicides	
  whereby	
   the	
   total	
   combined	
  dose	
  of	
  

herbicides	
  in	
  the	
  mixture	
  is	
  reduced	
  (Gressel	
  1990;	
  Powles	
  &	
  Shaner	
  2001).	
  The	
  implications	
  of	
  

such	
  strategies	
   for	
   resistance	
  evolution	
  are	
  not	
  well	
  understood.	
   In	
  antibiotic	
   resistance	
   it	
  has	
  

been	
   shown	
   that	
   synergistic	
   mixtures	
   can	
   exacerbate	
   resistance	
   evolution	
   as	
   appearance	
   of	
  

resistance	
  to	
  one	
  of	
  the	
  components	
  leaves	
  a	
  population	
  exposed	
  to	
  an	
  ineffective	
  dose	
  of	
  the	
  

other	
  (Hegreness	
  et	
  al.	
  2008).	
  	
  

Populations	
   of	
   C.reinhardtii	
   were	
   experimentally	
   evolved	
   in	
   exposure	
   to	
   mixtures	
   of	
   two	
   or	
  

three	
   herbicides	
   with	
   different	
   modes	
   of	
   action	
   (atrazine,	
   glyphosate	
   and	
   carbetamide)	
   at	
   a	
  

variety	
  of	
  total	
  combined	
  doses,	
  as	
  well	
  as	
   in	
  single	
  exposure	
  to	
  each	
  of	
  those	
  herbicides.	
  The	
  



	
  

 63 

objectives	
   of	
   this	
   study	
   were	
   to	
   investigate	
   if	
   (i)	
   mixtures	
   are	
   effective	
   in	
   delaying	
   and/or	
  

preventing	
  the	
  evolution	
  of	
  herbicide	
  resistance;	
  (ii)	
  the	
  effectiveness	
  of	
  mixtures	
  is	
  dependent	
  

on	
   the	
   total	
   combined	
   dose	
   and	
   the	
   number	
   of	
   herbicides;	
   (iii)	
   increase	
   in	
   the	
   number	
   of	
  

herbicides	
   and	
   a	
   reduction	
   in	
   their	
   combined	
   dose	
   increases	
   the	
   likelihood	
   of	
   adaptation	
  

towards	
  a	
  generalist	
  optimum.	
  	
  

	
  

5.2	
  Materials	
  and	
  Methods	
  

5.2.1	
  Herbicides	
  

I	
   selected	
   for	
   resistance	
   to	
   three	
  herbicides	
  –	
   atrazine,	
   glyphosate,	
   and	
   carbetamide	
   (Chapter	
  

2.4).	
   Prior	
   to	
   selection,	
   I	
   determined	
   the	
   minimum	
   inhibitory	
   concentration	
   (MIC)	
   of	
   each	
  

herbicide	
  (Chapter	
  2.4).	
  I	
  also	
  determined	
  the	
  ‘MIC	
  equivalent’	
  value	
  when	
  herbicides	
  were	
  used	
  

in	
  combination	
  (subsequently	
  MICeq),	
  this	
  being	
  the	
  equal	
  proportion	
  of	
  each	
  herbicide	
   in	
  the	
  

mixture	
   that	
   completely	
   inhibited	
   growth	
   of	
   the	
   founding	
   population	
   over	
   seven	
   days.	
   In	
   all	
  

pairwise	
   and	
   three-­‐way	
   herbicide	
   mixtures,	
   the	
   growth	
   inhibitory	
   effects	
   of	
   herbicides	
   were	
  

synergistic,	
  such	
  that	
  complete	
  growth	
  inhibition	
  was	
  achieved	
  with	
  each	
  herbicide	
  at	
  45%	
  of	
  its	
  

MIC	
  in	
  a	
  two-­‐way,	
  and	
  at	
  30%	
  of	
  its	
  MIC	
  in	
  the	
  three-­‐way	
  mixture.	
  

5.2.2	
  Selection	
  regimes	
  

The	
   experimental	
   populations	
   were	
   founded	
   and	
   grown	
   following	
   the	
   conditions	
   outlined	
   in	
  

Chapter	
   2.	
   Three	
   experimental	
   conditions	
   involved	
   continuous	
   exposure	
   to	
   a	
   single	
   herbicide	
  

(A0	
   denoting	
   continuous	
   exposure	
   to	
   atrazine,	
   G0	
   to	
   glyphosate	
   and	
   C0	
   to	
   carbetamide).	
  

Conditions	
  containing	
  pairwise	
  mixtures	
  of	
  herbicides	
  at	
  MICeq,	
  50%	
   (MIC),	
  75%	
   (1.5MIC)	
  and	
  

100%	
  (2MIC)	
  of	
  each	
  herbicide	
  MIC	
  were	
  created	
  (AGeq,	
  AG,	
  AG1.5	
  and	
  AG2	
  denoting	
  a	
  mixture	
  

between	
   atrazine	
   and	
   glyphosate	
   at	
   MICeq,	
   50%,	
   75%	
   and	
   100%	
   of	
   each	
   herbicide	
   MIC,	
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respectively).	
   For	
   a	
   three-­‐herbicide	
   mixture,	
   MICeq,	
   33%,	
   50%	
   and	
   66%	
   doses	
   of	
   each	
  

herbicide’s	
   MIC	
   were	
   used	
   to	
   create	
   selection	
   conditions	
   (AGCeq,	
   AGC,	
   AGC1.5	
   and	
   AGC2,	
  

respectively).	
  Each	
  experimental	
  condition	
  (19	
  in	
  total)	
  was	
  replicated	
  6	
  times,	
  for	
  a	
  total	
  of	
  114	
  

evolving	
  populations.	
   Six	
  populations	
  were	
  propagated	
   in	
   the	
  absence	
  of	
  herbicides	
  and	
  were	
  

used	
  as	
  controls	
  and	
  as	
  source	
  populations	
  to	
  sustain	
  the	
  evolving	
  populations	
  (see	
  chapter	
  2.5).	
  

The	
   evolving	
   populations	
   were	
   transferred	
   as	
   outlined	
   in	
   Chapter	
   2.5,	
   and	
   the	
   dynamics	
   of	
  

resistance	
  evolution	
  monitored	
  by	
  recording	
  the	
  OD750	
  of	
   the	
  population	
  at	
  each	
  transfer.	
  The	
  

experiment	
  was	
  carried	
  out	
   for	
  15	
   transfer	
  cycles	
   (15	
  weeks),	
  at	
  which	
   time	
  populations	
  were	
  

transferred	
  into	
  BM	
  and	
  allowed	
  to	
  grow	
  for	
  7	
  days	
  to	
  multiply	
  evolved	
  populations.	
  Populations	
  

were	
   assayed	
   for	
   cross-­‐resistance	
   in	
   tembotrione,	
   iodosulfuron,	
   fluorochloridone,	
   and	
   S-­‐

metolachlor,	
  as	
  described	
  in	
  Chapter	
  2.7.	
  Cross-­‐resistance	
  was	
  studies	
  as	
  a	
  composite	
  measure	
  

consisting	
  of	
   the	
  number	
  of	
   novel	
   herbicides	
   the	
  population	
  was	
   resistant	
   to	
   and	
   the	
   level	
   of	
  

resistance	
  in	
  those	
  herbicides,	
  and	
  it	
  was	
  used	
  to	
  indicate	
  how	
  generalist	
  the	
  evolved	
  phenotype	
  

was.	
  

5.2.3	
  Statistical	
  analyses	
  

Three	
  questions	
  were	
  addressed	
  –	
  how	
  do	
  (i)	
   the	
  number	
  of	
  herbicides	
  and	
   	
   (ii)	
   the	
  combined	
  

dose	
  affect	
  rates	
  of	
  resistance	
  evolution,	
  and	
  (iii)	
  how	
  do	
  rates	
  of	
  resistance	
  evolution	
  compare	
  

between	
   dose	
   treatments	
   within	
   herbicide	
   mixture	
   combinations?	
   None	
   of	
   these	
   questions	
  

requires	
  a	
  comparison	
  of	
  all	
  treatment	
  groups.	
  Rather	
  than	
  analysing	
  subsets	
  of	
  the	
  data	
  set	
  to	
  

address	
  the	
  different	
  questions,	
  the	
  entire	
  data	
  set	
  was	
  analyzed,	
  using	
  appropriate	
  nesting	
  (see	
  

below	
  for	
  details	
  of	
  the	
  nesting	
  structure	
  used	
  in	
  each	
  case)	
  to	
  separate	
  treatments	
  of	
  interest	
  

from	
  other	
   treatments.	
   	
   This	
  approach	
  ensures	
   that	
  all	
  hypotheses	
  are	
  being	
   tested	
  using	
   the	
  

same	
  measure	
  of	
  between-­‐observation	
  variability,	
  and	
  maximises	
  the	
  degrees	
  of	
  freedom	
  (and	
  

hence	
  statistical	
  power)	
  associated	
  with	
  the	
  source	
  of	
  variation.	
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Effect	
   of	
   the	
   number	
   of	
   herbicides.	
   To	
   analyze	
   for	
   the	
   effects	
   of	
   herbicide	
   number,	
   the	
  

temporal	
  dynamics	
  of	
  population	
  size	
  were	
  modelled	
  using	
  a	
  linear	
  mixed	
  model	
  within	
  ANOVA	
  

(aov	
  function	
  in	
  R	
  2.15.0).	
  To	
  do	
  so,	
  the	
  regimes	
  that	
  evolved	
  in	
  single	
  herbicide	
  environments	
  

were	
  compared	
  to	
  those	
  in	
  mixtures	
  at	
  MICeq	
  doses,	
  as	
  these	
  regimes	
  offered	
  the	
  same	
  initial	
  

level	
  of	
  population	
  control	
  and	
  therefore	
  rates	
  of	
  adaptation	
  could	
  meaningfully	
  be	
  compared.	
  

Regimes	
  selected	
   in	
  mixtures	
  at	
  MIC,	
  MIC1.5	
  and	
  MIC2	
  were	
  not	
   relevant	
   to	
   this	
  question.	
  As	
  

discussed	
   above,	
   a	
   nested	
   model	
   was	
   used	
   to	
   allow	
   the	
   hypothesis	
   of	
   interest	
   to	
   be	
   tested	
  

based	
   on	
   an	
   analysis	
   of	
   the	
   entire	
   data	
   set.	
   The	
   response	
   variable	
   was	
   population	
   size	
  

(measured	
   as	
  OD750	
   at	
   the	
   end	
   of	
   each	
   transfer	
   period).	
  Nested	
  within	
   the	
   entire	
   dataset,	
   an	
  

initial	
  fixed	
  term	
  with	
  two	
  levels	
  was	
  fitted;	
  the	
  first	
  level	
  included	
  all	
  treatments	
  relevant	
  to	
  this	
  

question	
   (A0,	
   G0,	
   C0,	
   AGeq,	
   ACeq,	
   GCeq,	
   AGCeq),	
   whilst	
   the	
   second	
   level	
   included	
   all	
   other	
  

treatments.	
  Within	
  the	
  first	
  level	
  I	
  nested	
  a	
  factor	
  with	
  three	
  levels	
  to	
  allow	
  comparison	
  of	
  the	
  

treatments	
  with	
  different	
  numbers	
  of	
  herbicides	
  (one,	
  two	
  or	
  three).	
  Further	
  terms	
  were	
  then	
  

nested	
   to	
   account	
   for	
   variation	
   amongst	
   the	
   three	
   single	
   herbicide	
   treatments,	
   and	
   three	
  

different	
   herbicide	
   pair	
   treatments.	
  Within	
   the	
   second	
   level	
   of	
   the	
   initial	
   fixed	
   term	
   a	
   nested	
  

factor	
  with	
  12	
  levels	
  was	
  included	
  to	
  account	
  for	
  variation	
  amongst	
  the	
  12	
  treatments	
  that	
  are	
  

not	
   directly	
   relevant	
   to	
   this	
   question.	
   The	
   random	
   (error)	
   term	
   consisted	
   of	
   time	
   (weeks,	
   15	
  

levels)	
   nested	
   within	
   each	
   regime	
   (19	
   levels),	
   nested	
   within	
   replicate	
   (population,	
   6	
   levels).	
  

Significance	
  of	
  fixed	
  effects	
  was	
  tested	
  with	
  F-­‐tests.	
  

Effects	
  of	
  combined	
  dose.	
  When	
  investigating	
  the	
  effects	
  of	
  combined	
  dose	
  on	
  the	
  dynamics	
  of	
  

resistance,	
  I	
  was	
  only	
  interested	
  in	
  regimes	
  with	
  more	
  then	
  one	
  herbicide	
  as	
  the	
  single	
  herbicide	
  

environments	
  had	
  only	
  one	
  dose.	
  Similar	
  approaches	
  to	
  the	
  above	
  were	
  adopted	
  to	
  partition	
  the	
  

data	
  within	
   the	
   entire	
   dataset.	
  An	
   initial	
   fixed	
   term	
  was	
  nested	
  within	
   the	
   entire	
   dataset	
   and	
  

separated	
  into	
  two	
  levels:	
  the	
  16	
  treatments	
  of	
  interest	
  (all	
  of	
  the	
  regimes	
  involving	
  more	
  than	
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one	
  herbicide)	
  and	
  the	
  remaining	
  three	
  treatments	
  (A0,	
  G0	
  and	
  C0).	
  Within	
  the	
  first	
   level,	
  two	
  

nested	
  factors	
  accounted	
  for	
  the	
  variation	
  due	
  to	
  differences	
  between	
  herbicide	
  mixtures	
  (AG,	
  

AC,	
  GC,	
  AGC),	
   and	
  due	
   to	
  differences	
  between	
  doses	
   (4	
  different	
   levels),	
   and	
   the	
   fixed	
  model	
  

also	
  included	
  the	
  interaction	
  between	
  these	
  two	
  factors	
  to	
  account	
  for	
  all	
  variation	
  among	
  the	
  

16	
  treatments	
  of	
   interest.	
  Within	
  the	
  second	
  level,	
  a	
  nested	
  factor	
  accounted	
  for	
  the	
  variation	
  

between	
  the	
  three	
  single	
  herbicide	
  treatments	
  (though	
  not	
  of	
  direct	
  interest	
  for	
  this	
  question).	
  

The	
  error	
  term	
  was	
  same	
  as	
  above,	
  and	
  the	
  significance	
  of	
  fixed	
  effects	
  was	
  tested	
  with	
  F-­‐tests.	
  	
  

Comparing	
   the	
   time	
  of	
   resistance	
  evolution	
   in	
   selection	
   regimes.	
  To	
  analyse	
  the	
  dynamics	
  of	
  

resistance	
  evolution	
   in	
  herbicide	
  mixtures	
  and	
  single	
  herbicide	
  exposure	
  regimes,	
  OD750	
  as	
   the	
  

response	
  was	
  modelled	
   in	
   a	
   further	
   set	
  of	
   linear	
  mixed	
  models	
  using	
  ANOVA	
   in	
  GenStat	
   (13th	
  

edition).	
   I	
   separately	
  modelled	
   resistance	
   for	
   regimes	
   associated	
  with	
   each	
   herbicide	
  mixture	
  

(AG,	
  AC,	
  GC,	
  AGC),	
  enabling	
  comparison	
  between	
  all	
  four	
  dose	
  regimes	
  for	
  each	
  mixture	
  as	
  well	
  

as	
  the	
  two	
  or	
  three	
  relevant	
  single	
  herbicide	
  regimes	
  (i.e.	
  A0	
  and	
  G0	
  for	
  the	
  AG	
  mixture,	
  and	
  all	
  

three	
  single	
  herbicide	
  conditions	
  for	
  the	
  AGC	
  mixture),	
  following	
  the	
  nesting	
  approach	
  outlined	
  

above.	
  An	
  initial	
  term	
  in	
  each	
  model	
  compared	
  the	
  mean	
  for	
  the	
  six	
  or	
  seven	
  regimes	
  of	
  interest	
  

with	
   the	
   mean	
   of	
   the	
   remaining	
   treatments,	
   with	
   nested	
   terms	
   accounting	
   for	
   the	
   variation	
  

among	
   the	
   treatments	
  not	
  of	
  direct	
   interest.	
  Each	
  model	
  also	
   included	
   the	
   time	
   term,	
  using	
  a	
  

series	
  of	
  linear	
  contrasts	
  to	
  identify	
  the	
  time	
  periods	
  over	
  which	
  there	
  were	
  changes	
  in	
  the	
  level	
  

of	
   resistance	
   across	
   the	
   six	
   or	
   seven	
   treatments	
   of	
   interest,	
   and	
   the	
   interaction	
   of	
   these	
  

contrasts	
  with	
  the	
  treatment	
  terms	
  identified	
  above,	
  to	
  detect	
  where	
  there	
  were	
  differences	
  in	
  

the	
  patterns	
  of	
  resistance	
  evolution	
  between	
  conditions.	
  Each	
  linear	
  contrast	
  assessed	
  the	
  slope	
  

of	
  the	
  linear	
  regression	
  over	
  four	
  consecutive	
  time	
  points	
  (the	
  first	
  for	
  weeks	
  1-­‐4,	
  the	
  second	
  for	
  

weeks	
  2-­‐5,	
  and	
  so	
  on),	
  allowing	
   identification	
  of	
  both	
   the	
   first	
  point	
  and	
   last	
  point	
  at	
  which	
  a	
  

significant	
  change	
  in	
  resistance	
  was	
  seen	
  for	
  each	
  condition.	
  To	
  illustrate,	
  as	
  all	
  regimes	
  started	
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with	
  a	
  slope	
  of	
   linear	
  regression	
  that	
  was	
  not	
  significantly	
  different	
  from	
  0	
  (no	
  resistance),	
  the	
  

point	
  when	
   a	
   slope	
   of	
   one	
   regime	
   started	
   becoming	
   significantly	
   different	
   from	
   the	
   slopes	
   of	
  

other	
  regimes	
  indicated	
  when	
  resistance	
  in	
  that	
  regime	
  started	
  evolving.	
  It	
  was	
  in	
  this	
  way	
  that	
  

the	
  rates	
  or	
  resistance	
  evolution	
  were	
  analyzed	
  as	
  a	
  comparison	
  between	
  the	
  linear	
  regression	
  

slopes	
   at	
   each	
   of	
   12	
   contrasts	
   to	
   assess	
   the	
   time	
   when	
   each	
   population	
   started	
   exhibiting	
  

measurable	
  growth.	
  These	
  12	
  linear	
  contrasts	
  are	
  not	
  independent,	
  so	
  that	
  they	
  do	
  not	
  provide	
  

a	
   complete	
   partitioning	
   of	
   the	
   between-­‐time	
   variation,	
   and	
   some	
   care	
   is	
   needed	
   in	
   the	
  

interpretation	
  of	
  significant	
  effects	
  for	
  overlapping	
  periods.	
  	
  

Cross-­‐resistance.	
   The	
   differences	
   in	
   the	
   cross-­‐resistance	
   profile	
   of	
   selected	
   populations	
   were	
  

analyzed	
   by	
   ANOVA	
   with	
   population	
   growth	
   after	
   seven	
   days	
   (measured	
   as	
   OD750)	
   as	
   the	
  

response	
  variable.	
  Fixed	
  factors	
  were	
  genotype	
  (selection	
  regime,	
  14	
  levels,	
  as	
  the	
  regimes	
  that	
  

did	
  not	
  give	
  rise	
  to	
  any	
  resistant	
  populations	
  were	
  excluded)	
  and	
  environment	
  (novel	
  herbicide	
  

environment,	
   4	
   levels),	
   while	
   the	
   error	
   term	
   consisted	
   of	
   the	
   source	
   population.	
   I	
   was	
  

particularly	
   interested	
   in	
   the	
   genotype	
   x	
   environment	
   interaction	
   as	
   this	
   represents	
   the	
  

differences	
   in	
   the	
  range	
  of	
  novel	
  herbicides	
   that	
  a	
  population	
  expressed	
  cross-­‐resistance	
  to.	
  A	
  

subsequent	
   analysis	
  was	
   conducted	
   using	
   Tukey’s	
   honestly	
   significant	
   pairwise	
   tests	
   between	
  

the	
   mean	
   OD750	
   of	
   the	
   populations	
   selected	
   in	
   each	
   regime	
   across	
   all	
   four	
   novel	
   herbicide	
  

environments.	
  This	
  test	
  treated	
  cross-­‐resistance	
  as	
  a	
  composite	
  measure	
  that	
  included	
  both	
  the	
  

number	
  of	
  herbicides	
   a	
  population	
  was	
   resistant	
   to	
   and	
   the	
   growth	
   rates	
   achieved	
   in	
   each	
  of	
  

those	
  herbicides.	
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5.3	
  Results	
  

5.3.1	
  Dynamics	
  of	
  herbicide	
  resistance	
  

Evolution	
   of	
   resistance.	
   Adaptation	
   to	
   the	
   selection	
   regimes	
   occurred	
   in	
  many	
   experimental	
  

populations,	
   under	
   various	
   single-­‐	
   and	
  multiple-­‐herbicide	
   conditions.	
  Resistance	
   (defined	
  here	
  

as	
   elevated	
   growth	
   rates	
   in	
   herbicide	
   regimes)	
   evolved	
   in	
   all	
   populations	
   under	
   exposure	
   to	
  

atrazine	
   and	
   glyphosate,	
   and	
   in	
   two	
  of	
   six	
   populations	
   under	
   carbetamide	
   exposure	
   (Fig.	
   14).	
  

Resistance	
  was	
  observed	
   in	
  all	
   populations	
  exposed	
   to	
  mixtures	
  of	
   atrazine	
  and	
  glyphosate	
  at	
  

MICeq,	
  MIC	
  and	
  MIC1.5,	
  as	
  well	
  as	
  in	
  four	
  populations	
  at	
  AG2	
  (Fig.	
  14a).	
  Populations	
  exposed	
  to	
  

a	
  mixture	
  of	
  atrazine	
  and	
  carbetamide	
  evolved	
  resistance	
  in	
  three	
  populations	
  at	
  ACeq	
  and	
  two	
  

populations	
  at	
  AC.	
  Resistance	
  did	
  not	
  evolve	
  in	
  AC	
  regimes	
  at	
  AC1.5	
  or	
  AC2	
  (Fig.	
  14b).	
  Mixtures	
  

of	
  glyphosate	
  and	
  carbetamide	
  gave	
   rise	
   to	
   resistance	
   in	
  all	
  populations	
  evolving	
  at	
  GCeq	
  and	
  

GC,	
  two	
  populations	
  at	
  GC1.5,	
  and	
  was	
  never	
  observed	
  at	
  GC2	
  (Fig.	
  14c).	
  In	
  the	
  three-­‐herbicide	
  

regimes,	
  resistance	
  evolved	
  in	
  all	
  populations	
  at	
  AGCeq	
  and	
  AGC,	
  in	
  two	
  populations	
  evolving	
  at	
  

AGC1.5	
  and	
  never	
  at	
  AGC2	
  (Fig.	
  14d).	
  	
  

Effects	
   of	
   herbicide	
   number	
   and	
   combined	
   dose.	
   A	
   significant	
   effect	
   of	
   the	
   number	
   of	
  

herbicides	
   in	
   the	
   mixtures	
   on	
   the	
   dynamics	
   of	
   resistance	
   evolution	
   (measured	
   as	
   the	
   mean	
  

population	
   size	
   at	
   transfer	
  over	
   the	
  15	
  week	
   selection	
   regime)	
  was	
   identified,	
  with	
   resistance	
  

evolving	
  more	
  slowly	
  with	
  an	
  increase	
  in	
  the	
  herbicide	
  number	
  (F2,90=7.85;	
  P<0.001).	
  Increase	
  in	
  

the	
   total	
   combined	
   dose	
   slowed	
   resistance	
   evolution,	
   as	
   the	
   interaction	
   between	
   herbicide	
  

mixture	
  and	
  overall	
  herbicide	
  dose	
  was	
  significant	
  (F9,90=6.49;	
  P<0.001).	
  	
  

Rates	
   of	
   resistance	
   between	
   regimes.	
   The	
   rates	
   of	
   resistance	
   evolution	
   were	
   analyzed	
   as	
   a	
  

comparison	
   between	
   the	
   linear	
   regression	
   slopes	
   at	
   each	
   of	
   12	
   contrasts	
   and	
   the	
   F	
   statistic	
  

indicating	
  the	
  differences	
  between	
  all	
  6	
  or	
  7	
  treatments	
  at	
  each	
  time	
  interval	
  is	
  reported	
  (Tables	
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3-­‐6).	
  Considering	
  comparisons	
  between	
  the	
  AG	
  mixtures	
  and	
  continuous	
  exposure	
  to	
  glyphosate	
  

or	
  atrazine	
  (Fig.14a;	
  Table	
  3),	
  resistance	
  to	
  the	
  continuous	
  glyphosate	
  regime	
  was	
  first	
  observed	
  

(between	
  weeks	
  2-­‐5,	
  F5,90=16.50;	
  P<0.001).	
  Resistance	
  in	
  populations	
  exposed	
  to	
  AG	
  and	
  AGeq	
  

followed	
   (between	
  weeks	
   6-­‐9,	
   F5,90=2.84;	
   P=0.015),	
   with	
   the	
   populations	
   exposed	
   to	
   atrazine	
  

(A0)	
   and	
   AG1.5	
   evolving	
   resistance	
   subsequently	
   (between	
  weeks	
   10-­‐13,	
   F5,90=2.43;	
   P=0.004).	
  

Resistance	
  evolved	
  most	
  slowly	
  in	
  populations	
  selected	
  at	
  AG2,	
  and	
  since	
  it	
  occurred	
  only	
  in	
  four	
  

populations	
  near	
   the	
  end	
  of	
   the	
  selection	
  procedure.	
  Growth	
  rates	
   (slopes	
  of	
   regression	
   lines)	
  

for	
  AG2	
  populations	
  never	
  became	
  significantly	
  different	
  from	
  0.	
  	
  

In	
  populations	
  exposed	
  to	
  mixtures	
  of	
  atrazine	
  and	
  carbetamide	
  and	
  the	
  individual	
  component	
  

herbicides	
   (Fig.14b,	
   Table	
   4),	
   the	
   populations	
   exposed	
   to	
   atrazine	
   evolved	
   resistance	
   first	
  

(between	
   weeks	
   10-­‐13,	
   F5,90=2.34;	
   P=0.048),	
   closely	
   followed	
   by	
   the	
   populations	
   growing	
   at	
  

ACeq	
  (between	
  weeks	
  11-­‐14,	
  F5,90=5.07;	
  P<0.001).	
  The	
  slopes	
  of	
  regression	
  lines	
  for	
  exposure	
  to	
  

carbetamide	
  (C0),	
  AC,	
  AC1.5	
  and	
  AC2	
  never	
  become	
  significantly	
  different	
  from	
  0.	
  	
  

In	
   the	
   GC	
   comparisons,	
   resistance	
   evolved	
   most	
   rapidly	
   in	
   the	
   populations	
   exposed	
   to	
  

glyphosate	
  only	
  (between	
  weeks	
  2-­‐5,	
  F5,90=16.93;	
  P<0.001).	
  Populations	
  exposed	
  to	
  GCeq	
  were	
  

the	
  second	
  to	
  evolve	
  resistance	
  (between	
  weeks	
  9-­‐12,	
  F5,90=5.05;	
  P=0.001),	
  with	
  the	
  populations	
  

exposed	
   to	
   GC	
   exhibiting	
   resistance	
   in	
   the	
   subsequent	
   interval	
   (between	
   weeks	
   10-­‐13,	
  

F5,90=10.12;	
  P<0.001)	
  (Fig.14c,	
  Table	
  5).	
  

In	
   the	
   AGC	
   comparisons,	
   resistance	
   evolved	
   most	
   rapidly	
   in	
   the	
   G0	
   regimes	
   (F6,90=15.43;	
  

P<0.001),	
   followed	
   by	
   the	
   populations	
   selected	
   at	
   AGCeq	
   and	
   in	
   A0	
   (between	
   weeks	
   10-­‐13,	
  

F6,90=6.32;	
  P<0.001).	
  Exposure	
  to	
  AGC	
  of	
  the	
  mixture	
  gave	
  rise	
  to	
  resistance	
   in	
  the	
  subsequent	
  

interval	
  (between	
  weeks	
  11-­‐14,	
  F6,90=6.21;	
  P<0.001)	
  (Fig.14d,	
  Table	
  6).	
  



	
  

 70 

a) Week 
0 2 4 6 8 10 12 14 16

O
D

75
0

0.0

0.2

0.4

0.6

0.8

1.0
A+Gx (6)
A+G1.5x (6)
A+G2x (4)
A+Gxeq (6)
cont. A (6)
Cont. G (6)

	
  

b) Week
0 2 4 6 8 10 12 14 16

O
D

75
0

0.0

0.2

0.4

0.6

0.8

1.0
A+Cx (2)
A+Cxeq (3)
Cont. A (6)
Cont. C (2)

	
  

	
  



	
  

 71 

c) Week
0 2 4 6 8 10 12 14 16

O
D

75
0

0.0

0.2

0.4

0.6

0.8

1.0
G+Cx (6)
G+C1.5x (2)
G+Cxeq (6)
cont. G (6)
cont. C (6)

	
  

d) Week

0 2 4 6 8 10 12 14 16

O
D

75
0

0.0

0.2

0.4

0.6

0.8

1.0
AGCx (6)
AGC1.5x (2)
AGCxeq (6)
cont. A (6)
cont. G (6)
cont. C (2)

	
  

Figure	
  14.	
  Mean	
  population	
  size	
  at	
  transfer	
  (measured	
  as	
  OD750)	
  during	
  15	
  weeks	
  of	
  selection	
  to	
  
herbicide	
  selection	
  regimes.	
  a)	
  Dynamics	
  of	
  resistance	
  in	
  regimes	
  containing	
  mixtures	
  of	
  atrazine	
  and	
  
glyphosate	
  ;	
  b)	
  atrazine	
  and	
  carbetamide;	
  c)	
  glyphosate	
  and	
  carbetamide;	
  d)	
  atrazine,	
  glyphosate	
  and	
  
carbetamide.	
  	
  Individual	
  selection	
  regimes	
  are	
  indicated	
  in	
  the	
  legend	
  with	
  the	
  number	
  of	
  replicates	
  (of	
  6)	
  
in	
  which	
  resistance	
  evolved	
  shown	
  in	
  parentheses.	
  Bars	
  are	
  standard	
  errors	
  of	
  the	
  mean.	
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Table	
   3:	
  Comparisons	
   of	
   dynamics	
   of	
   resistance	
   evolution	
   for	
   different	
   dose	
   regimes	
   in	
   atrazine	
   and	
  
glyphosate	
  (AG)	
  mixtures.	
  Values	
  are	
  average	
  slopes	
  of	
  linear	
  regression	
  lines	
  for	
  each	
  consecutive	
  four-­‐
week	
   interval	
  between	
  all	
  evolving	
  populations	
   in	
  a	
  regime.	
  The	
   ‘comparison	
  F	
  value’	
  gives	
  the	
  value	
  of	
  
the	
   F	
   test	
   investigating	
   the	
   effect	
   of	
   the	
   regime	
   on	
   the	
   slope	
   during	
   the	
   particular	
   4-­‐week	
   interval.	
   *	
  
indicates	
   a	
   4	
   week	
   interval	
   during	
   which	
   the	
   mean	
   slope	
   was	
   significantly	
   different	
   from	
   all	
   other	
  
unmarked	
  regimes.	
  Bold	
  values	
  indicate	
  the	
  first	
  week	
  when	
  the	
  differences	
  were	
  significant.	
  	
  

	
  

Table	
   4:	
  Comparisons	
   of	
   dynamics	
   of	
   resistance	
   evolution	
   for	
   different	
   dose	
   regimes	
   in	
   atrazine	
   and	
  
carbetamide	
  (AC)	
  mixtures.	
  Values	
  are	
  average	
  slopes	
  of	
  linear	
  regression	
  lines	
  for	
  each	
  consecutive	
  four-­‐
week	
   interval	
  between	
  all	
  evolving	
  populations	
   in	
  a	
  regime.	
  The	
   ‘comparison	
  F	
  value’	
  gives	
  the	
  value	
  of	
  
the	
   F	
   test	
   investigating	
   the	
   effect	
   of	
   the	
   regime	
   on	
   the	
   slope	
   during	
   the	
   particular	
   4-­‐week	
   interval.	
   *	
  
indicates	
   a	
   4	
   week	
   interval	
   during	
   which	
   the	
   mean	
   slope	
   was	
   significantly	
   different	
   from	
   all	
   other	
  
unmarked	
  regimes.	
  Bold	
  values	
  indicate	
  the	
  first	
  week	
  when	
  the	
  differences	
  were	
  significant.	
  

	
  

	
  

	
  

	
  

week	
  interval	
   1to4	
   2to5	
   3to6	
   4to7	
   5to8	
   6to9	
   7to10	
   8to11	
   9to12	
   10to13	
   11to14	
   12to15	
  
A0	
   0.008	
   0.013	
   0.012	
   0.004	
   0.002	
   0.010	
   0.014	
   0.029	
   0.025	
   0.059*	
   0.094*	
   0.093*	
  
G0	
   0.051	
   0.168*	
   0.206*	
   0.124*	
   0.012	
   0.037	
   0.087	
   0.034	
   0.005	
   -­‐0.006	
   0.042	
   0.026	
  

AGeq	
   0	
   0.029	
   0.073	
   0.033	
   0	
   0.056*	
   0.099*	
   0.067*	
   0.009	
   0.042	
   0.042	
   0.055	
  
AGx	
   0	
   0.014	
   0.032	
   0.030	
   0	
   0.057*	
   0.080*	
   0.075*	
   0.031	
   0.030	
   0.038	
   0.023	
  

AG1.5x	
   0	
   0	
   0	
   0.003	
   0	
   0	
   0	
   0.011	
   0	
   0.071*	
   0.093*	
   0.079*	
  
AG2x	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.003	
   0	
   0.018	
   0.018	
   0.014	
  

F(5,90)	
  value	
   1.63	
   16.50	
   24.85	
   8.67	
   0.13	
   2.84	
   8.57	
   3.42	
   1.85	
   2.43	
   3.62	
   4.15	
  
Significance	
  (P	
  

value)	
   0.150	
   <0.001	
   <0.001	
   <0.001	
   0.986	
   0.015	
   <0.001	
   0.005	
   0.101	
   0.004	
   0.003	
   <0.001	
  

week	
  interval	
   1to4	
   2to5	
   3to6	
   4to7	
   5to8	
   6to9	
   7to10	
   8to11	
   9to12	
   10to13	
   11to14	
   12to15	
  
A0	
   0.008	
   0.013	
   0.012	
   0.004	
   0.002	
   0.010	
   0.014	
   0.029	
   0.025	
   0.059*	
   0.094*	
   0.093*	
  
C0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.005	
   0.008	
   0.012	
   0.008	
  

ACeq	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.004	
   0.011	
   0.038*	
   0.066*	
  
ACx	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.005	
   0.012	
   0.019	
  

AC1.5x	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
  
AC2x	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
  

F(5,90)	
  value	
   0.04	
   0.12	
   0.09	
   0.01	
   0.00	
   0.06	
   0.13	
   0.53	
   0.36	
   2.04	
   5.07	
   6.05	
  
Significance	
  
(P	
  value)	
   0.999	
   0.988	
   0.933	
   1.000	
   1.000	
   0.997	
   0.986	
   0.752	
   0.878	
   0.071	
   <0.001	
   <0.001	
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Table	
  5:	
  Comparisons	
  of	
  dynamics	
  of	
  resistance	
  evolution	
  for	
  different	
  dose	
  regimes	
  in	
  glyphosate	
  and	
  
carbetamide	
  (GC)	
  mixtures.	
  Values	
  are	
  average	
  slopes	
  of	
  linear	
  regression	
  lines	
  for	
  each	
  consecutive	
  four-­‐
week	
   interval	
  between	
  all	
  evolving	
  populations	
   in	
  a	
  regime.	
  The	
   ‘comparison	
  F	
  value’	
  gives	
  the	
  value	
  of	
  
the	
   F	
   test	
   investigating	
   the	
   effect	
   of	
   the	
   regime	
   on	
   the	
   slope	
   during	
   the	
   particular	
   4-­‐week	
   interval.	
   *	
  
indicates	
   a	
   4	
   week	
   interval	
   during	
   which	
   the	
   mean	
   slope	
   was	
   significantly	
   different	
   from	
   all	
   other	
  
unmarked	
  regimes.	
  Bold	
  values	
  indicate	
  the	
  first	
  week	
  when	
  the	
  differences	
  were	
  significant.	
  

	
  

	
  

	
  Table	
   6:	
   Comparisons	
   of	
   dynamics	
   of	
   resistance	
   evolution	
   for	
   different	
   dose	
   regimes	
   in	
   atrazine,	
  
glyphosate	
  and	
  carbetamide	
  (AGC)	
  mixtures.	
  Values	
  are	
  average	
  slopes	
  of	
  linear	
  regression	
  lines	
  for	
  each	
  
consecutive	
   four-­‐week	
   interval	
   between	
   all	
   evolving	
   populations	
   in	
   a	
   regime.	
   The	
   ‘comparison	
   F	
   value’	
  
gives	
   the	
  value	
  of	
   the	
  F	
   test	
   investigating	
   the	
  effect	
  of	
   the	
   regime	
  on	
   the	
  slope	
  during	
   the	
  particular	
  4-­‐
week	
  interval.	
  *	
  indicates	
  a	
  4	
  week	
  interval	
  during	
  which	
  the	
  mean	
  slope	
  was	
  significantly	
  different	
  from	
  
all	
  other	
  unmarked	
  regimes.	
  Bold	
  values	
  indicate	
  the	
  first	
  week	
  when	
  the	
  differences	
  were	
  significant.	
  

	
  

	
  

week	
  interval	
   1to4	
   2to5	
   3to6	
   4to7	
   5to8	
   6to9	
   7to10	
   8to11	
   9to12	
   10to13	
   11to14	
   12to15	
  
G0	
   0.051	
   0.168*	
   0.206*	
   0.124*	
   0.012	
   0.037	
   0.087*	
   0.034	
   0.002	
   -­‐0.006	
   0.042	
   0.026	
  
C0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.005	
   0.008	
   0.012	
   0.008	
  

GCeq	
   0.017	
   0.008	
   0.018	
   0	
   0	
   0	
   0.041	
   0.059	
   0.079*	
   0.101*	
   0.091*	
   0.057*	
  
GCx	
   0.014	
   0.016	
   0.006	
   -­‐0.004	
   0.018	
   0	
   0	
   0.014	
   0.039	
   0.108*	
   0.138*	
   0.135*	
  

GC1.5x	
   0.002	
   0.006	
   -­‐0.002	
   0	
   0.005	
   0	
   -­‐0.005	
   0	
   0	
   0.032	
   0.012	
   0.003	
  
GC2x	
   0	
   0.008	
   0.003	
   0	
   0.002	
   0	
   -­‐0.004	
   0	
   0	
   0.005	
   0.002	
   -­‐0.001	
  

F(5,90)	
  value	
   1.54	
   16.93	
   26.70	
   10.16	
   0.49	
   1.07	
   0.19	
   2.58	
   5.05	
   10.12	
   11.61	
   10.66	
  
significance	
  
(P	
  value)	
   0.175	
   <0.001	
   <0.001	
   <0.001	
   0.785	
   0.373	
   <0.001	
   0.025	
   0.001	
   <0.001	
   <0.001	
   <0.001	
  

week	
  interval	
   1to4	
   2to5	
   3to6	
   4to7	
   5to8	
   6to9	
   7to10	
   8to11	
   9to12	
   10to13	
   11to14	
   12to15	
  
A0	
   0.008	
   0.013	
   0.012	
   0.004	
   0.002	
   0.010	
   0.014	
   0.029	
   0.025	
   0.059*	
   0.094*	
   0.093*	
  
G0	
   0.051	
   0.168*	
   0.206*	
   0.124*	
   0.012	
   0.037	
   0.087*	
   0.034	
   0.002	
   -­‐0.006	
   0.042	
   0.026	
  
C0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.005	
   0.008	
   0.012	
   0.008	
  

AGCeq	
   0.035	
   -­‐0.006	
   0.023	
   -­‐0.021	
   0.010	
   0.006	
   0.046	
   0.043	
   0.071	
   0.094*	
   0.079*	
   0.056	
  
AGCx	
   0.019	
   0.010	
   -­‐0.003	
   -­‐0.015	
   0.013	
   0.003	
   0.008	
   0.027	
   0.023	
   0.077	
   0.091*	
   0.057	
  

AGC1.5x	
   0.001	
   0.006	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0.031	
   0.020	
   0.002	
  
AGC2x	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
   0	
  

F(6,90)	
  value	
   1.62	
   15.43	
   23.15	
   9.84	
   0.28	
   0.83	
   4.39	
   1.44	
   2.57	
   6.32	
   6.21	
   4.95	
  
significance	
  
(P	
  value)	
   0.137	
   <0.001	
   <0.001	
   <0.001	
   0.945	
   0.545	
   <0.001	
   0.197	
   0.018	
   <0.001	
   <0.001	
   <0.001	
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5.3.2	
  Patterns	
  of	
  cross-­‐resistance	
  

An	
  overall	
  effect	
  of	
  the	
  regime-­‐by-­‐herbicide	
  (genotype-­‐by-­‐environment)	
  interaction	
  (F42,295=3.37,	
  

P<0.001)	
  was	
  identified,	
  indicating	
  the	
  emergence	
  of	
  phenotypes	
  with	
  different	
  cross-­‐resistance	
  

profiles	
   (Table	
   7).	
   Populations	
   evolving	
   at	
  MIC	
   and	
  MICeq	
   of	
   a	
   three	
   herbicide	
  mixture	
  were	
  

significantly	
  more	
  cross-­‐resistant	
  than	
  all	
  other	
  evolved	
  populations,	
  with	
  the	
  exception	
  of	
  the	
  

populations	
   evolved	
   in	
   a	
  mixture	
   of	
   atrazine	
   and	
   glyphosate	
   at	
  MIC	
   (Table	
   7).	
   There	
  were	
   no	
  

significant	
   differences	
   in	
   cross-­‐resistance	
   between	
   populations	
   that	
   evolved	
   in	
   any	
   other	
  

regimes.	
  	
  

Table	
   7.	
   Patterns	
   of	
   cross-­‐resistance	
   measured	
   as	
   populations	
   growth	
   (mean	
   OD750)	
   after	
   4	
   days	
   of	
  
growth	
   in	
   a	
   novel	
   herbicide	
   for	
   each	
   regime/standard	
   error	
   of	
   the	
   mean.	
   F	
   -­‐	
   fluorochloridone;	
   T	
   -­‐	
  
tembotrione;	
  I	
  -­‐	
  iodosulfuron-­‐methyl-­‐sodium;	
  and	
  S	
  -­‐	
  s-­‐metolachlor.	
  

Regime	
  (genotype)	
   	
  F	
   	
  I	
   	
  S	
   	
  T	
  
A	
   0/0	
   0.021/0.021	
   0/0	
   0/0	
  
C	
   0/0	
   0/0	
   0/0	
   0.055/0.035	
  
G	
   0/0	
   0/0	
   0/0	
   0/0	
  

A+Geq	
   0/0	
   0.067/0.031	
   0/0	
   0.081/0.028	
  
A+Gx	
   0/0	
   0.118/0.039	
   0/0	
   0.06/0.028	
  
A+G1.5	
   0/0	
   0/0	
   0/0	
   0/0	
  
A+G2	
   0/0	
   0/0	
   0/0	
   0/0	
  
A+Ceq	
   0/0	
   0/0	
   0/0	
   0.232/0.087	
  
A+Cx	
   0/0	
   0/0	
   0/0	
   0.065/0.041	
  
G+Ceq	
   0/0	
   0.048/0.033	
   0/0	
   0/0	
  
G+Cx	
   0/0	
   0.144/0.028	
   0/0	
   0/0	
  
G+C1.5	
   0/0	
   0.0532/0.034	
   0/0	
   0/0	
  
AGCeq	
   0.073/0.033	
   0.084/0.042	
   0/0	
   0.186/0.017	
  
AGCx	
   0.139/0.030	
   0.127/0.03	
   0/0	
   0.096/0.044	
  
AGC1.5	
   0/0	
   0/0	
   0/0	
   0/0	
  

	
  

5.4	
  Discussion	
  

Results	
  indicate	
  that	
  herbicide	
  mixtures	
  may	
  be	
  successful	
  at	
  preventing	
  or	
  slowing	
  evolution	
  of	
  

resistance	
  when	
  all	
  components	
  are	
  used	
  at	
  or	
  close	
  to	
  the	
  MIC.	
  The	
  benefits	
  of	
  increasing	
  the	
  

number	
   of	
   herbicides	
   in	
   the	
   mixture	
   depend	
   on	
   the	
   combined	
   dose	
   in	
   the	
   mixture:	
   lower	
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combined	
  doses	
  of	
  a	
  three-­‐way	
  mixture	
  led	
  to	
  significant	
  levels	
  of	
  cross-­‐resistance,	
  while	
  higher	
  

combined	
  doses	
  were	
  successful	
  at	
  preventing	
  adaptation	
  in	
  those	
  regimes.	
  	
  

5.4.1	
  Lower	
  combined	
  doses	
  of	
  mixtures	
  do	
  not	
  effectively	
  slow	
  resistance	
  evolution	
  	
  

Regardless	
  of	
  herbicide	
  identity,	
  populations	
  exposed	
  to	
  the	
  two	
  lowest	
  combined	
  doses	
  (MICeq	
  

and	
  MIC)	
   evolved	
   resistance	
  more	
   rapidly	
   to	
   the	
  mixture	
   than	
   they	
   did	
  when	
   exposed	
   to	
   the	
  

least	
   resistance-­‐prone	
   of	
   the	
  mixture	
   components	
   at	
  MIC	
   (Fig.14).	
   At	
   lower	
   combined	
   doses,	
  

resistance	
   is	
   likely	
   to	
   evolve	
   rapidly	
   to	
   the	
  more	
   resistance-­‐prone	
   component	
   of	
   the	
  mixture,	
  

leaving	
  populations	
  exposed	
  to	
  lower-­‐than-­‐MIC	
  doses	
  of	
  the	
  other	
  herbicide(s).	
  Such	
  dynamics	
  

allow	
  populations	
  to	
  rapidly	
  circumvent	
  the	
  effectiveness	
  of	
  mixture	
  strategies	
  as	
  these	
  elevated	
  

growth	
   rates	
   enable	
   rapid	
   population	
   growth	
   and	
   this	
   in	
   turn	
  may	
   increase	
  mutation	
   supply	
  

rates	
   for	
   rarer	
  mutations	
   that	
   increase	
   population	
   fitness	
   in	
   the	
   presence	
   of	
   the	
   second	
   (and	
  

further)	
   herbicide(s)	
   (Drlica	
   2003;	
  Busi	
  &	
  Powles	
   2009;	
   Powles	
  &	
  Yu	
  2010).	
  As	
   such,	
   low	
  dose	
  

mixture	
   strategies	
   may	
   facilitate	
   the	
   accumulation	
   of	
   multiple	
   resistance	
   mechanisms	
   in	
   the	
  

same	
  individual	
  (Wrubel	
  &	
  Gressel	
  1994;	
  Busi	
  &	
  Powles	
  2009;	
  Powles	
  &	
  Yu	
  2010).	
  Growth	
  assays	
  

conducted	
  at	
  the	
  termination	
  of	
  selection	
  procedures	
   indicated	
  that	
  this	
  was	
   likely	
  the	
  case	
   in	
  

this	
   study	
   as	
   all	
   populations	
   that	
  had	
  evolved	
   resistance	
   to	
  mixture	
   regimes	
  were	
   individually	
  

resistant	
  to	
  all	
  mixture	
  components	
  at	
  MIC.	
  An	
  alternative	
  explanation	
  is	
  that	
  exposure	
  to	
  lower	
  

doses	
  selected	
  for	
  generalist	
  mutation(s)	
  that	
  provide	
  resistance	
  to	
  all	
  herbicides	
  in	
  the	
  mixture	
  

(Neve	
   &	
   Powles	
   2005a;	
   Powles	
   &	
   Yu	
   2010).	
   If	
   the	
   number	
   of	
   mutations	
   required	
   for	
   such	
   a	
  

mechanism	
   is	
   low,	
   resistance	
  could	
  emerge	
  as	
   rapidly	
  as	
  was	
  observed.	
  Appearance	
  of	
   such	
  a	
  

mechanism	
  would	
  have	
  to	
  be	
  dose	
  specific,	
  as	
   it	
  was	
  not	
  observed	
  at	
  higher	
  combined	
  doses.	
  

The	
  findings	
  are	
  in	
  line	
  with	
  some	
  previous	
  studies	
  (Immaraju	
  et	
  al.	
  1990;	
  Birch	
  &	
  Shaw	
  1997),	
  

indicating	
   that	
   the	
   use	
   of	
   equivalent	
   or	
   lowered	
   MICs	
   poses	
   a	
   significant	
   risk	
   for	
   resistance	
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management	
  as	
  resistance	
  to	
  these	
  mixtures	
  may	
  evolve	
  more	
  rapidly	
  then	
  to	
  single	
  herbicides	
  

at	
  high	
  relative	
  doses	
  (Fig.	
  14).	
  	
  

5.4.2	
  Mixtures	
  increase	
  the	
  likelihood	
  of	
  cross-­‐resistance	
  	
  

The	
  requirements	
  for	
  successful	
  mixture	
  strategies	
  (Wrubel	
  &	
  Gressel	
  1994;	
  Powles	
  et	
  al.	
  1997;	
  

Diggle	
   et	
   al.	
   2003;	
   Neve	
   2008)	
   may	
   be	
   overcome	
   if	
   evolution	
   proceeds	
   towards	
   a	
   single	
  

generalist	
  phenotype	
  instead	
  of	
  requiring	
  resistance	
  to	
  multiple	
  herbicides	
  through	
  independent	
  

mutations	
  (multiple	
  resistance)	
   (Rubin	
  1991;	
  Elad	
  et	
  al.	
  1992;	
  Beckie	
  2006).	
  A	
  significant	
  trend	
  

towards	
   cross-­‐resistant	
  phenotypes	
  was	
  observed	
  as	
   the	
  number	
  of	
   herbicides	
   in	
   the	
  mixture	
  

was	
  increased	
  (Table	
  7).	
  Increase	
  in	
  the	
  number	
  of	
  herbicides	
  can	
  lead	
  to	
  a	
  generalist	
  optimum	
  

either	
   because	
   the	
   likelihood	
   of	
   acquiring	
   non-­‐target	
   site	
   resistance	
   is	
   greater	
   than	
   the	
  

likelihood	
   of	
   acquiring	
   multiple	
   resistance	
   mutations;	
   and/or	
   because	
   the	
   accumulation	
   of	
  

fitness	
   costs	
   associated	
   with	
   each	
   independent	
   resistance	
   becomes	
   too	
   large	
   (Manley	
   et	
   al.	
  

2002;	
   Beckie	
   &	
   Reboud	
   2009;	
   Poisot	
   et	
   al.	
   2011).	
   From	
   an	
   applied	
   perspective,	
   use	
   of	
   more	
  

complex	
   mixtures	
   elevates	
   the	
   risk	
   for	
   management,	
   as	
   wider	
   cross-­‐resistance	
   patterns	
   can	
  

reduce	
  the	
  number	
  of	
  available	
  herbicides	
  that	
  could	
  be	
  used	
  for	
  subsequent	
  control.	
  	
  

5.4.3	
  Mixtures	
  in	
  a	
  wider	
  applied	
  setting	
  

As	
   in	
  medical	
   settings,	
   where	
   high	
   doses	
   of	
   multiple	
   antibiotics	
   have	
   to	
   be	
   balanced	
   against	
  

toxicity	
   to	
  patient	
   cells	
   (Mani	
   1985;	
  Denholm	
  &	
  Rowland	
  1992;	
   Russell	
   2005;	
  Gluckman	
  et	
   al.	
  

2011),	
  the	
  use	
  of	
  multiple	
  pesticides	
  in	
  agricultural	
  settings	
  has	
  to	
  be	
  considered	
  in	
  the	
  light	
  of	
  

environmental	
   concerns	
   and	
  economic	
   constraints	
   (McKenzie	
  &	
  Byford	
  1993;	
  Prabhaker	
  et	
   al.	
  

1998;	
  Carroll	
  et	
  al.	
  2011).	
  The	
  results,	
  in	
  line	
  with	
  previous	
  studies	
  (Immaraju	
  et	
  al.	
  1990;	
  Gressel	
  

1997;	
  Blumel	
  &	
  Gross	
  2001;	
  Diggle	
  et	
   al.	
   2003;	
  Russell	
   2005;	
  Beckie	
  2006;	
  Castle	
  et	
   al.	
   2007),	
  

support	
   the	
   use	
   of	
  mixtures	
   at	
   full	
   dose	
   of	
   each	
   component	
   herbicide.	
   This	
   study	
   shows	
   that	
  

reductions	
  in	
  the	
  combined	
  dose	
  lead	
  to	
  more	
  rapid	
  resistance	
  and	
  potentially	
  to	
  cross-­‐resistant	
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phenotypes,	
   questioning	
   the	
   suitability	
   of	
  mixtures	
   for	
   sustainable	
  management	
   unless	
   these	
  

can	
  be	
  applied	
  at	
  high	
  doses.	
  	
  

Antibiotics	
  acting	
  synergistically	
  –	
  offering	
  the	
  same	
  control	
  of	
  susceptible	
  populations	
  at	
  lower	
  

combined	
   doses	
   (Bergstrom	
   et	
   al.	
   2004;	
   Brown	
   &	
   Nathwani	
   2005;	
   Trindade	
   et	
   al.	
   2009;	
  

Beardmore	
   &	
   Peña-­‐Miller	
   2010)	
   –	
   have	
   been	
   shown	
   to	
   elevate	
   rates	
   of	
   resistance	
   evolution	
  

(Hart	
   &	
   Pimentel	
   2002;	
   Michel	
   et	
   al.	
   2008),	
   as	
   a	
   lower	
   effective	
   dose	
   is	
   experienced	
   once	
  

resistance	
  evolves	
  to	
  one	
  of	
  the	
  components	
  in	
  synergistic	
  mixtures,	
  as	
  opposed	
  to	
  a	
  mixture	
  of	
  

non-­‐interacting	
   or	
   antagonistic	
   antibiotics	
   (Buttel	
   2002;	
   Hegreness	
   et	
   al.	
   2008).	
   The	
   results	
  

support	
  these	
  findings	
  and	
  extend	
  the	
  implications	
  to	
  alterations	
  of	
  the	
  dose	
  of	
  components	
  in	
  a	
  

mixture.	
   In	
   line	
  with	
  previous	
  studies	
   (Hart	
  &	
  Pimentel	
  2002;	
  Manley	
  et	
  al.	
  2002;	
  Beckie	
  2006;	
  

Neve	
   et	
   al.	
   2011),	
   the	
   importance	
   of	
   the	
   composition	
   of	
   the	
   xenobiotic	
   mixture	
   is	
   also	
  

highlighted,	
   as	
   the	
   rates	
  of	
  evolution	
   in	
  a	
  mixture	
  depend	
  on	
  how	
   resistance-­‐prone	
   individual	
  

components	
  are.	
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CHAPTER	
  6.	
  EFFECTS	
  OF	
  HERBICIDE	
  DOSE	
  –	
  LOCAL	
  ADAPTATION	
  ALONG	
  AN	
  ENVIRONMENTAL	
  
GRADIENT	
  
	
  

6.1	
  Introduction	
  

There	
   is	
   an	
   increasing	
   recognition	
   of,	
   and	
   interest	
   in,	
   the	
   potential	
   for	
   anthropogenic	
  

environmental	
  change	
  to	
  illicit	
  rapid	
  evolutionary	
  responses	
  (Palumbi	
  2001;	
  Carroll	
  et	
  al.	
  2011).	
  

When	
   fitness	
   is	
   compared	
  across	
  environments,	
   local	
  adaptation	
   is	
  evident	
   if	
  populations	
   that	
  

evolve	
   under	
   focal	
   conditions	
   (sympatric	
   populations)	
   exhibit	
   higher	
   fitness	
   than	
   populations	
  

that	
  adapt	
   in	
  response	
  to	
  other	
  environments	
  (allopatric	
  populations)	
  (Kawecki	
  &	
  Ebert	
  2004).	
  

The	
   majority	
   of	
   studies	
   that	
   experimentally	
   explore	
   local	
   adaptation	
   compare	
   fitness	
   across	
  

environments	
   that	
   differ	
   qualitatively	
   -­‐	
   adaptation	
   to	
   novel	
   parasites	
   and	
   hosts	
   (Greischar	
   &	
  

Koskella	
  2007;	
  Eizaguirre	
  &	
  Lenz	
  2010);	
  adaptation	
  to	
  different	
  food	
  sources	
  (Fraser	
  et	
  al.	
  2011);	
  

soil	
   environments	
   (Belotte	
   et	
   al.	
   2003),	
   or	
   across	
   different	
   geographic	
   areas	
   (Sanford	
  &	
   Kelly	
  

2011).	
   Less	
   well	
   studied	
   is	
   the	
   long-­‐term	
   evolution	
   of	
   local	
   adaptation	
   on	
   a	
   single-­‐stressor	
  

environmental	
   gradient,	
   with	
   previous	
   studies	
   focused	
   on	
   adaptation	
   along	
   a	
   temperature	
  

gradient	
   (Bennett	
   et	
   al.	
   1992).	
   Anthropogenic	
   environmental	
   change	
   results	
   from,	
   amongst	
  

other	
   things,	
   climate	
   change,	
   pollution,	
   as	
   well	
   as	
   the	
   use	
   of	
   pesticides	
   in	
   agriculture	
   and	
  

antibiotics	
   in	
  medicine.	
  Many	
  of	
  these	
  changes	
  manifest	
  as	
  gradients	
  of	
  environmental	
  change	
  

in	
   space	
   and	
   time	
   and	
   so	
   it	
   is	
   becoming	
   increasingly	
   important	
   to	
   understand	
   the	
   nature	
   of	
  

adaptation	
  across	
  these	
  gradients	
  to	
  explain	
  current	
  patterns	
  of	
  adaptation	
  and	
  to	
  predict	
  likely	
  

future	
  responses	
  in	
  continuously	
  changing	
  environments	
  (Moser	
  &	
  Bell	
  2010).	
  	
  

Herbicides	
  are	
  used	
  globally	
  to	
  control	
  undesirable	
  weeds	
  in	
  agricultural	
  crops	
  and	
  the	
  evolution	
  

of	
  resistance	
  to	
  herbicides	
  is	
  ubiquitous	
  (Powles	
  &	
  Yu	
  2010).	
  The	
  propensity	
  for	
  different	
  doses	
  

of	
   xenobiotics	
   to	
   more	
   or	
   less	
   rapidly	
   select	
   for	
   resistance	
   is	
   of	
   fundamental	
   importance	
   in	
  

resistance	
  management	
  (Blackshaw	
  et	
  al.	
  2006;	
  Isturiz	
  2010).	
  The	
  economic	
  and	
  environmental	
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pressures	
  to	
  reduce	
  the	
  utilized	
  dose	
  of	
  herbicides	
  (Doyle	
  &	
  Stypa	
  2004;	
  O'Donovan	
  et	
  al.	
  2007)	
  

are	
   in	
   opposition	
   to	
   the	
   demonstrated	
   rapid	
   selection	
   for	
   resistance	
   at	
   suboptimal	
   doses	
   for	
  

herbicides	
  (Neve	
  &	
  Powles	
  2005b;	
  Busi	
  &	
  Powles	
  2009;	
  Manalil	
  et	
  al.	
  2011),	
  insecticides	
  (Roush	
  

&	
  McKenzie	
  1987),	
  fungicides	
  (Shaw	
  2006)	
  and	
  antibiotics	
  (Andersson	
  &	
  Hughes	
  2012).	
  	
  	
  

The	
  question	
  of	
  whether	
   selection	
  along	
  a	
   single	
   stressor	
  gradient	
   leads	
   to	
   local	
  adaptation	
   is	
  

about	
   the	
   relationship	
   between	
   the	
   direct	
   (response	
   in	
   the	
   sympatric	
   environment)	
   and	
  

correlated	
  responses	
  (in	
  allopatric	
  environments)	
  to	
  selection.	
  Along	
  an	
  environmental	
  gradient,	
  

fitness	
   is	
   predicted	
   to	
   decrease	
   as	
   the	
   environmental	
   distance	
   from	
   the	
   adapted	
   conditions	
  

increases	
  (Moser	
  &	
  Bell	
  2010),	
  giving	
  rise	
  to	
  local	
  adaptation.	
  One	
  potential	
  form	
  of	
  genotype-­‐

by-­‐environment	
   interaction	
   giving	
   rise	
   to	
   variation	
   between	
   populations	
   selected	
   along	
   a	
  

gradient	
   resulting	
   in	
   local	
   adaptation	
   is	
   antagonistic	
   pleiotropy,	
   occurring	
   when	
   mutations	
  

exhibit	
   trade-­‐offs	
   in	
   different	
   environments	
   (Hedrick	
   1986).	
   While	
   theory	
   often	
   requires	
  

antagonistic	
  pleiotropy	
   in	
  order	
   to	
  explain	
   local	
  adaptation	
   (Kawecki	
  &	
  Ebert	
  2004),	
   trade-­‐offs	
  

are	
   not	
   always	
   identified	
   in	
   populations	
   adapting	
   to	
   constant	
   environments	
   (Hereford	
   2009),	
  

questioning	
   the	
   frequency	
   of	
   local	
   adaptation	
   in	
   such	
   conditions.	
   Along	
   a	
   single-­‐stressor	
  

gradient,	
   antagonistic	
   pleiotropy	
   arises	
   if	
   greater	
   adaptation	
   at	
   the	
   selected	
   dose	
   is	
  

accompanied	
   by	
   a	
   greater	
   fitness	
   cost	
   in	
   non-­‐selected	
   environments.	
   If	
   mutations	
   of	
   larger	
  

effect	
  are	
  favoured	
  at	
  higher	
  xenobiotic	
  doses	
  (Gressel	
  2002;	
  Kawecki	
  &	
  Ebert	
  2004)	
  and	
  if	
  they	
  

are	
  associated	
  with	
  higher	
   fitness	
  costs	
   (Sousa	
  et	
  al.	
  2012),	
  antagonistic	
  pleiotropy	
  would	
  give	
  

rise	
   to	
   local	
   adaptation	
   along	
   a	
   gradient.	
   Previous	
   studies	
   of	
   adaptation	
   along	
   a	
   temperature	
  

gradient	
  did	
  not	
   identify	
  such	
  trade	
  offs	
   (Bennett	
  et	
  al.	
  1992).	
  Mutation	
  accumulation	
   is	
  often	
  

contrasted	
   to	
   antagonistic	
   pleiotropy	
   as	
   a	
   potential	
   mechanism	
   giving	
   rise	
   to	
   fitness	
   costs	
   in	
  

novel	
   environments	
   and	
   therefore	
   local	
   adaptation	
   (Heller	
   &	
   Smith	
   1978).	
   In	
   prolonged	
  

exposure	
   to	
   stable	
   conditions,	
  mutation	
   accumulation	
   arises	
   from	
   accumulation	
   of	
  mutations	
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that	
  are	
  neutral	
   in	
   that	
  environment,	
  but	
  detrimental	
   in	
  others	
   (Lynch	
  et	
  al.	
  1995;	
  1999).	
  The	
  

availability	
   and	
   the	
   rate	
   of	
   accumulation	
   of	
   such	
   mutations	
   is	
   instrumental	
   in	
   determining	
  

whether	
  such	
  effects	
  will	
  be	
  observed	
  (Nakayama	
  et	
  al.	
  2012).	
  	
  

A	
   third	
   form	
   of	
   genotype-­‐by-­‐environment	
   interaction	
   that	
   could	
   give	
   rise	
   to	
   local	
   adaptation	
  

occurs	
  when	
  the	
  variance	
  of	
  fitness	
  effects	
  of	
  beneficial	
  mutations	
  increases	
  with	
  the	
  harshness	
  

of	
   the	
  environment	
   (Chevin	
  et	
  al.	
  2010).	
  Selection	
  at	
  different	
  points	
  along	
  the	
  gradient	
  could	
  

magnify	
  or	
   conceal	
   fitness	
  differences	
  between	
  mutations	
   (Charmantier	
  &	
  Garant	
  2005),	
   such	
  

that	
  mutations	
  with	
  comparable	
  fitness	
  effects	
  at	
  lower	
  xenobiotic	
  doses	
  would	
  differentiate	
  as	
  

the	
   dose	
   increased,	
   giving	
   rise	
   to	
   the	
   environment-­‐dependent	
   differential	
   fitness	
   effect	
   of	
  

beneficial	
  mutations	
  (Fig.15).	
  In	
  other	
  words,	
  this	
  mechanism	
  can	
  arise	
  when	
  responsiveness	
  –	
  a	
  

component	
   of	
   genotype-­‐by-­‐environment	
   interaction	
   due	
   to	
   differences	
   in	
   variances	
   among	
  

genotypes	
   (Bell	
   1990a)	
   -­‐	
   is	
   differential	
   across	
   environments,	
   so	
   that	
   the	
   variance	
   in	
   fitness	
  

changes	
   along	
   the	
   gradient.	
   If	
   true,	
   such	
   a	
  mechanism	
  would	
   give	
   rise	
   to	
   local	
   adaptation	
   as	
  

certain	
  mutations	
  would	
  provide	
  greater	
  fitness	
  benefit	
  at	
  higher	
  doses,	
  while	
  at	
  lower	
  doses	
  a	
  

larger	
  number	
  of	
  mutations	
  could	
  be	
  selected	
  for	
  as	
  the	
  fitness	
  benefits	
  are	
  similar.	
  To	
  illustrate,	
  

consider	
  an	
  efflux	
  mechanism	
  secreting	
  the	
  xenobiotic	
  from	
  the	
  cell	
  (Van	
  Bambeke	
  et	
  al.	
  2003a).	
  

Two	
   mutations	
   giving	
   rise	
   to	
   such	
   resistance	
   could	
   differ	
   with	
   respect	
   to	
   the	
   number	
   of	
  

molecules	
   they	
   could	
   remove	
   per	
   unit	
   time.	
   At	
   lower	
   doses,	
   their	
   effectiveness	
   would	
   be	
  

equivalent,	
   and	
   would	
   only	
   differentiate	
   as	
   the	
   number	
   of	
   xenobiotic	
   molecules	
   present	
  

increased.	
  Such	
  a	
  differential	
  response	
  would	
  result	
   in	
  local	
  adaptation	
  in	
  populations	
  selected	
  

at	
  higher	
  but	
  not	
   lower	
   xenobiotic	
  doses.	
  Non-­‐parallel	
   reaction	
  norms	
  have	
  been	
  observed	
   in	
  

deleterious	
   mutations,	
   with	
   mutation	
   effect	
   on	
   fitness	
   becoming	
   greater	
   (aggravated)	
  

(Fernández	
  &	
  López-­‐Fanjul	
  1997;	
  Remold	
  &	
  Lenski	
  2001)	
  or	
  alleviated	
  (Kishony	
  &	
  Leibler	
  2003)	
  

under	
  environmental	
  stress.	
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Figure	
  15.	
  Differential	
  responsiveness.	
  Three	
  environments	
  are	
  considered	
  –	
  ancestral	
  (grey),	
  low	
  (broken	
  
line)	
  and	
  high	
  herbicide	
  dose	
  (full	
   line).	
  The	
  differences	
   in	
  fitness	
  benefits	
  of	
  mutations	
  (relative	
  fitness)	
  
are	
   greater	
   in	
   a	
   more	
   stressful	
   environment,	
   while	
   in	
   the	
   absence	
   of	
   fitness	
   costs	
   they	
   are	
  
indistinguishable	
  at	
  lower	
  doses	
  and	
  in	
  the	
  ancestral	
  environment.	
  The	
  rank	
  order	
  of	
  fitness	
  of	
  mutations	
  
is	
  assumed	
  to	
  be	
  the	
  same	
  across	
  all	
  environments.	
  
	
  	
  

Local	
   adaptation	
   should	
   result	
   in	
   the	
   population	
   being	
   best	
   adapted	
   to	
   its	
   focal	
   environment	
  

(Kawecki	
  &	
   Ebert	
   2004),	
   but	
   the	
  driving	
  mechanisms	
  on	
   a	
   continuous	
   environmental	
   gradient	
  

are	
   not	
   well	
   understood.	
   Local	
   adaptation	
   can	
   be	
   studied	
   in	
   two	
   ways.	
   One	
   approach	
   is	
   to	
  

compare	
  growth	
  of	
  a	
  population	
  in	
  a	
  range	
  of	
  environments	
  and	
  identify	
  local	
  adaptation	
  if	
  the	
  

population	
  exhibits	
  highest	
  growth	
   rates	
   in	
   the	
  environment	
   it	
  was	
   selected	
   in.	
  This	
  approach	
  

treats	
   each	
   population	
   independently,	
   and	
   because	
   it	
   compares	
   growth	
   across	
   a	
   range	
   of	
  

environments,	
  it	
  assumes	
  comparable	
  quality	
  of	
  different	
  habitats	
  (Kawecki	
  &	
  Ebert	
  2004).	
  This	
  

conjecture	
   is	
   likely	
   not	
   true	
   along	
   a	
   xenobiotic	
   gradient,	
   where	
   higher	
   doses	
   exert	
   greater	
  

pressure	
  on	
  a	
  population.	
  In	
  addition,	
  due	
  to	
  the	
  adopted	
  definition	
  of	
  MIC,	
  difference	
  in	
  growth	
  

of	
  a	
  source	
  population	
  above	
  MIC	
  remain	
  unknown,	
  preventing	
  the	
  comparison	
  between	
  those	
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points.	
  An	
  alternative	
  approach	
  avoids	
  making	
  this	
  assumption,	
  and	
  views	
  local	
  adaptation	
  as	
  a	
  

comparative	
   property.	
   At	
   each	
   dose,	
   the	
   growth	
   rates	
   of	
   a	
   population	
   selected	
   under	
   that	
  

condition	
   (sympatric	
   population)	
   are	
   compared	
   to	
   the	
   growth	
   rates	
   of	
   all	
   other	
   populations	
  

when	
  grown	
  at	
   that	
  dose	
  (allopatric	
  populations).	
  A	
   locally	
  adapted	
  population	
  exhibits	
  higher	
  

fitness	
   in	
   its	
   selected	
   environment	
   compared	
   to	
   other	
   populations	
   in	
   that	
   same	
   environment	
  

(Kawecki	
  &	
  Ebert	
  2004).	
  Local	
  adaptation	
  was	
  studied	
   in	
  this	
  way	
   in	
  order	
  to	
  address	
  whether	
  

selection	
  at	
  below-­‐optimal	
  herbicide	
  doses	
   can	
  give	
   rise	
   to	
   comparable	
   levels	
  of	
   resistance	
  at	
  

the	
  administered	
  dose.	
  This	
  applied	
  question	
  is	
  in	
  contrast	
  to	
  the	
  theoretical	
  tested	
  hypotheses:	
  

(i)	
  whether	
  the	
  selection	
  along	
  the	
  environmental	
  gradient	
  results	
  in	
  populations	
  that	
  are	
  better	
  

adapted	
  to	
  their	
  local	
  (sympatric)	
  environment;	
  and	
  (ii)	
  if	
  increasing	
  the	
  environmental	
  distance	
  

from	
  its	
  selected	
  conditions	
  reduces	
  the	
  population’s	
  fitness;	
  	
  

	
  

6.2	
  Materials	
  and	
  Methods	
  

6.2.1	
  Selection	
  procedure	
  

The	
   populations	
   were	
   founded	
   and	
   grown	
   under	
   conditions	
   described	
   in	
   Chapter	
   2.	
   Five	
  

replicate	
  experimental	
  populations	
  were	
  exposed	
  to	
  five	
  doses	
  (0.5MIC,	
  0.75MIC,	
  MIC,	
  1.25MIC	
  

and	
   1.5MIC)	
   of	
   each	
   of	
   the	
   four	
   herbicides	
   used	
   –	
   atrazine,	
   glyphosate,	
   iodosulfuron	
   and	
   S-­‐

metolachlor	
   (atrazine,	
   for	
   example	
   –	
   A.5,	
   A.75,	
   A1,	
   A1.25	
   and	
   A1.5).	
   Each	
   experimental	
  

condition	
   (20	
   in	
   total)	
   was	
   replicated	
   5	
   times,	
   giving	
   rise	
   to	
   100	
   independently	
   evolving	
  

populations.	
   Five	
   lines,	
   which	
   were	
   propagated	
   in	
   the	
   absence	
   of	
   herbicides,	
   were	
   also	
  

inoculated	
  at	
  this	
  stage,	
  and	
  were	
  used	
  as	
  controls	
  and	
  also	
  as	
  source	
  populations	
  to	
  sustain	
  the	
  

evolving	
  populations.	
  A	
  weekly	
   transfer	
   into	
  appropriate	
  media	
  was	
   carried	
  out	
  as	
  outlined	
   in	
  

Chapter	
  2.5.	
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6.2.2	
  Local	
  adaptation	
  

Upon	
   completion	
   of	
   selection	
   procedures,	
   all	
   populations	
   exhibiting	
   growth	
   at	
   their	
   selected	
  

herbicide	
  dose	
  were	
  transferred	
  into	
  fresh	
  culture	
  containing	
  only	
  BM	
  and	
  multiplied	
  for	
  seven	
  

days.	
   Subsequently,	
   growth	
   rates	
   in	
   the	
   presence	
   of	
   herbicide	
   were	
   measured	
   for	
   each	
  

population	
   in	
   their	
   sympatric	
   (selected)	
   environment,	
   as	
   well	
   as	
   in	
   all	
   experimental	
  

concentrations	
  of	
   that	
  herbicide	
   to	
  which	
   resistance	
  evolved	
   (allopatric	
  environments).	
  Assays	
  

were	
  inoculated	
  with	
  125,000	
  cells	
  and	
  assays	
  were	
  replicated	
  twice.	
  The	
  OD750	
  was	
  measured	
  

after	
  seven	
  days	
  of	
  growth	
  and	
  used	
  to	
  estimate	
  the	
  number	
  of	
  cell	
  divisions	
  that	
  the	
  population	
  

underwent.	
  The	
  growth	
  rate	
  of	
  each	
  evolved	
  population	
   in	
  the	
  absence	
  of	
  herbicides	
  was	
  also	
  

measured	
  (see	
  Chapter	
  2.6).	
  	
  

6.2.3	
  Statistical	
  analyses	
  

To	
   test	
   for	
   local	
   adaptation	
   at	
   each	
  herbicide	
   dose	
   for	
   each	
  of	
   the	
   four	
   herbicides,	
   the	
  mean	
  

number	
  of	
   cell	
   divisions	
  undergone	
  by	
   sympatric	
   populations	
  was	
   compared	
   to	
   the	
   combined	
  

mean	
   of	
   the	
   allopatric	
   populations,	
   a	
   significantly	
   higher	
   number	
   of	
   divisions	
   for	
   sympatric	
  

populations	
   being	
   indicative	
   of	
   local	
   adaptation.	
   This	
   analysis	
   was	
   conducted	
   using	
   a	
   linear	
  

mixed	
  effects	
  model	
  (nlme	
  function	
  in	
  lme	
  package	
  in	
  R	
  2.15.0)	
  with	
  the	
  number	
  of	
  cell	
  divisions	
  

after	
  seven	
  days	
  of	
  growth	
  as	
  the	
  response	
  variable.	
   In	
  order	
  to	
  maintain	
  the	
  same	
  underlying	
  

estimate	
   of	
   between-­‐observation	
   variability	
   and	
   maximize	
   the	
   degrees	
   of	
   freedom	
   (and	
  

therefore	
  increase	
  statistical	
  power),	
  I	
  adopted	
  an	
  approach	
  whereby	
  the	
  entire	
  dataset	
  for	
  each	
  

herbicide	
   was	
   analyzed,	
   separating	
   the	
   treatments	
   of	
   interest	
   from	
   other	
   treatments	
   using	
  

appropriate	
  nesting,	
  in	
  a	
  manner	
  similar	
  to	
  the	
  analysis	
  described	
  in	
  Chapter	
  5.2.3.	
  As	
  such,	
  each	
  

division	
  of	
  data	
  into	
  sympatric	
  and	
  allopatric	
  populations	
  at	
  each	
  herbicide	
  dose	
  (2	
  levels	
  at	
  each	
  

dose)	
  was	
  fitted	
  as	
  fixed	
  factors	
  nested	
  within	
  the	
  entire	
  dataset	
  for	
  that	
  herbicide,	
  with	
  further	
  

nesting	
   of	
   component	
   regimes	
   within	
   the	
   allopatric	
  mean	
   to	
   capture	
   the	
   variability	
   between	
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them.	
  For	
  example,	
  when	
  analysing	
  local	
  adaptation	
  in	
  populations	
  selected	
  in	
  atrazine,	
  the	
  first	
  

factor	
  nested	
  within	
  the	
  entire	
  dataset	
  differentiated	
  between	
  the	
  mean	
  of	
  the	
  sympatric	
  and	
  

allopatric	
  populations	
  at	
  0.5MIC,	
  with	
  a	
  further	
  factor	
  nested	
  within	
   it	
  differentiating	
  between	
  

the	
   sympatric	
   populations	
   selected	
   at	
   different	
   doses.	
   The	
   second	
   factor	
   nested	
   within	
   the	
  

entire	
   dataset	
   differentiated	
   between	
   the	
   mean	
   of	
   sympatric	
   and	
   allopatric	
   populations	
   at	
  

0.75MIC,	
  and	
  so	
  on.	
  The	
  source	
  population	
  (5	
  levels)	
  was	
  fitted	
  as	
  a	
  random	
  factor.	
  	
  

To	
   address	
   objective	
   ii)	
   in	
   the	
   introduction,	
   I	
   investigated	
   whether	
   increasing	
   environmental	
  

distance	
   between	
   sympatric	
   and	
   allopatric	
   environments	
   was	
   positively	
   correlated	
   with	
   local	
  

adaptation.	
   An	
   environmental	
   distance	
   (ED)	
   was	
   calculated	
   as	
   the	
   absolute	
   difference	
   in	
  

sympatric	
   and	
  allopatric	
   herbicide	
  doses.	
   For	
   example,	
   the	
   ED	
   for	
   the	
  populations	
   selected	
   at	
  

1.5MIC	
   and	
  whose	
   growth	
  was	
  measured	
   at	
   0.5MIC	
  was	
   1.	
   Adaptation	
  was	
   estimated	
   as	
   the	
  

difference	
  in	
  the	
  number	
  of	
  cell	
  divisions	
  between	
  the	
  mean	
  of	
  the	
  sympatric	
  populations	
  and	
  

each	
  allopatric	
  population,	
  at	
  each	
  dose,	
  a	
  positive	
  value	
  being	
  indicative	
  of	
  local	
  adaptation.	
  To	
  

represent	
   this	
   data,	
   two	
   matrices	
   were	
   constructed	
   for	
   each	
   herbicide,	
   with	
   the	
   selected	
  

environment	
  (sympatric	
  populations)	
  along	
  the	
  x-­‐axis	
  and	
  the	
  tested	
  environment	
  along	
  the	
  y-­‐

axis	
   –	
   one	
   containing	
   the	
   environmental	
   distances,	
   the	
   other	
   containing	
   the	
   differences	
   in	
  

growth	
  rates	
  between	
  the	
  mean	
  of	
  the	
  sympatric	
  populations	
  and	
  the	
  allopatric	
  population.	
  To	
  

test	
   for	
   the	
   effects	
   of	
   environmental	
   distance	
   on	
   local	
   adaptation,	
   the	
   Mantel	
   test	
   for	
   the	
  

correlation	
  of	
  matrices	
  (mantel	
  function	
  in	
  package	
  vegan	
  in	
  R	
  2.15.0)	
  was	
  performed.	
  For	
  each	
  

herbicide,	
   the	
   Kendall	
   rank	
   statistic	
   was	
   estimated	
   for	
   the	
   correlation	
   between	
   the	
  

environmental	
  distance	
  matrix	
   and	
   the	
  matrix	
   containing	
   the	
  differences	
   in	
   growth	
   rates,	
   and	
  

the	
  significance	
  tested	
  against	
  999	
  randomly	
  generated	
  permutations.	
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Growth	
   rates	
   in	
   the	
   absence	
   of	
   herbicides	
   of	
   the	
   evolved	
   populations	
  were	
   analyzed	
   using	
   a	
  

pair-­‐wise	
   Dunnett’s	
   corrected	
   T-­‐test.	
   The	
   OD750	
   after	
   four	
   days	
   of	
   growth	
   was	
   compared	
  

between	
  the	
  populations	
  selected	
  at	
  each	
  dose	
  of	
  the	
  same	
  herbicide.	
  

	
  

6.3	
  Results	
  

Whether	
  a	
  population	
  was	
  locally	
  adapted	
  was	
  investigated	
  by	
  comparing	
  its	
  growth	
  rates	
  in	
  its	
  

selected	
  environment	
  to	
  the	
  mean	
  growth	
  rate	
  of	
  all	
  allopatric	
  populations	
  (selected	
  at	
  different	
  

herbicide	
  doses)	
  in	
  the	
  same	
  environment.	
  For	
  example,	
  I	
  compared	
  growth	
  rates	
  at	
  0.5MIC	
  of	
  

atrazine	
   of	
   populations	
   evolved	
   at	
   0.5MIC	
   of	
   atrazine	
   (sympatric	
   population)	
   with	
   the	
   mean	
  

growth	
   rate	
   of	
   populations	
   selected	
   at	
   other	
   atrazine	
   doses	
   (allopatric	
   populations).	
   This	
  was	
  

done	
  at	
  each	
  selected	
  dose.	
  	
  

Most	
   sympatric	
   populations	
   in	
   the	
   experiment	
   grew	
   as	
   well	
   as	
   or	
   better	
   than	
   the	
   allopatric	
  

populations	
  (Fig.16),	
  indicating	
  a	
  general	
  pattern	
  consistent	
  with	
  local	
  adaptation.	
  Evidence	
  for	
  

local	
  adaptation	
  was	
  found	
  in	
  all	
  populations	
  that	
  evolved	
  at	
  1.5MIC	
  in	
  iodosulfuron	
  (χ21=42.65,	
  

P<0.001)	
  and	
  S-­‐metolachlor	
  (χ20=136.02,	
  P<0.001).	
  All	
  populations	
  that	
  evolved	
  at	
  1.25MIC	
  were	
  

also	
  locally	
  adapted	
  in	
  glyphosate	
  (χ19=49.64,	
  P<0.001),	
  iodosulfuron	
  (χ21=93.40,	
  P<0.001)	
  and	
  S-­‐

metolachlor	
   (χ20=39.80,	
   P<0.001).	
   At	
   MIC,	
   locally	
   adapted	
   populations	
   were	
   observed	
   in	
  

glyphosate	
   (χ19=7.85,	
  P<0.005)	
  and	
   iodosulfuron	
  (χ21=46.06,	
  P<0.001),	
  but	
  not	
   in	
  S-­‐metolachlor	
  

(χ19=1.41,	
   P=0.234).	
   At	
   0.75MIC,	
   local	
   adaptation	
   was	
   found	
   only	
   in	
   S-­‐metolachlor	
   (χ20=9.25,	
  

P<0.005),	
  while	
  at	
  0.5MIC,	
   it	
  was	
  identified	
  in	
  atrazine	
  (χ15=4.30,	
  P<0.05),	
  glyphosate	
  (χ20=9.45,	
  

P<0.005)	
  and	
  iodosulfuron	
  	
  (χ21=15.96,	
  P<0.001)	
  (Fig.16).	
  	
  

Some	
   selection	
   regimes	
   gave	
   rise	
   to	
   locally	
   maladapted	
   populations	
   -­‐	
   populations	
   exhibiting	
  

lower	
  growth	
  rates	
  in	
  their	
  selected	
  environment	
  than	
  the	
  populations	
  selected	
  at	
  other	
  doses	
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(Fig.16).	
  This	
  was	
  observed	
   in	
  the	
  populations	
  selected	
  at	
  MIC	
  of	
  atrazine	
  (χ15=24.54,	
  P<0.001)	
  

0.75MIC	
  of	
  glyphosate	
  (χ19=8.22,	
  P<0.005),	
  and	
  0.5MIC	
  of	
  S-­‐metolachlor	
  (χ20=4.23,	
  P<0.05).	
  	
  

a) b) 	
  

c) d) 	
  

Figure	
  16.	
  Mean	
  growth	
  rates	
  as	
  the	
  optical	
  density	
  across	
  all	
  secondary	
  environments	
  (same	
  herbicide)	
  
in	
  which	
  resistance	
  was	
  observed.	
  Bolded	
  edges	
  on	
  data	
  points	
  indicate	
  the	
  sympatric	
  population	
  at	
  that	
  
dose.	
  	
  *	
  mark	
  sympatric	
  populations	
  with	
  significantly	
  higher	
  mean	
  growth	
  rate	
  than	
  the	
  allopatric	
  ones;	
  +	
  
the	
  sympatric	
  populations	
  with	
  significantly	
  lower	
  mean.	
  The	
  error	
  bars	
  are	
  standard	
  errors.	
  a)	
  Pattern	
  of	
  
local	
  adaptation	
  in	
  atrazine	
  resistant	
  populations;	
  b)	
  glyphosate;	
  c)	
  iodosulfuron;	
  d)	
  S-­‐metolachlor.	
  
	
  

Increasing	
   environmental	
   distance	
   led	
   to	
   higher	
   comparative	
   fitness	
   of	
   sympatric	
   populations	
  

compared	
  to	
  the	
  allopatric	
  populations	
  in	
  all	
  herbicides	
  except	
  atrazine,	
  where	
  the	
  opposite	
  was	
  

identified	
   (Fig.17).	
   The	
   effect	
   was	
   significant	
   in	
   all	
   herbicides	
   –	
   atrazine	
   (r=0.24,	
   P<0.01),	
  

glyphosate	
   (r=0.69,	
   P<0.001),	
   iodosulfuron	
   (r=0.84,	
   P<0.001)	
   and	
   S-­‐metolachlor	
   (r=0.73,	
  

P<0.001).	
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a) b) 	
  

	
   	
   	
  

c) d) 	
  	
  

Figure	
  17.	
  Mean	
  difference	
  in	
  growth	
  rates	
  between	
  the	
  sympatric	
  and	
  allopatric	
  populations,	
  at	
  each	
  
absolute	
   environmental	
   distance.	
   Bars	
   are	
   standard	
   errors	
   of	
   the	
   mean.	
   a)	
   Fitness-­‐by-­‐absolute	
  
environmental	
   distance	
   for	
   populations	
   selected	
   in	
   atrazine;	
   b)	
   glyphosate;	
   c)	
   iodosulfuron;	
   d)	
   S-­‐
metolachlor.	
  	
  	
  
	
  

Growth	
   rates	
   in	
   the	
   absence	
   of	
   atrazine	
   were	
   significantly	
   lower	
   in	
   populations	
   evolved	
   at	
  

0.5MIC	
   and	
  0.75MIC	
  when	
   compared	
   to	
   the	
  populations	
   selected	
   in	
  MIC	
   (T8=-­‐5.512,	
   P=0.001;	
  

T8=-­‐6.755,	
   P<0.0005,	
   respectively)	
   (Fig.18).	
   Similarly,	
   populations	
   evolved	
   under	
   lowest	
  

iodosulfuron	
   dose	
   had	
   lower	
   growth	
   rates	
   in	
   the	
   absence	
   of	
   herbicide	
   than	
   the	
   populations	
  

selected	
  in	
  0.75MIC	
  (T8=-­‐4.308,	
  P<0.01)	
  and	
  at	
  MIC	
  (T8=-­‐4.906,	
  P<0.005)	
  (Fig.18).	
   In	
  glyphosate	
  

and	
  S-­‐metolachlor,	
  growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides	
  did	
  not	
  significantly	
  differ	
  between	
  

populations	
  selected	
  under	
  any	
  dose	
  (Fig.18).	
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Figure	
  18.	
  Growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides	
  as	
  a	
  proportion	
  of	
  the	
  total	
  number	
  of	
  cell	
  divisions	
  
of	
  the	
  source	
  populations	
  in	
  herbicide	
  free	
  environment	
  in	
  four	
  days.	
  Bars	
  are	
  mean	
  growth	
  rates.	
  Error	
  
bars	
  are	
  standard	
  error.	
  	
  
	
  

6.4	
  Discussion	
  

The	
   evolutionary	
   response	
   along	
   an	
   environmental	
   gradient	
   of	
   increasing	
   herbicide	
   dose	
  was	
  

investigated,	
  finding	
  evidence	
  for	
   local	
  adaptation	
  in	
  the	
  majority	
  of	
  evolved	
  populations,	
  with	
  

local	
   maladaptation	
   observed	
   in	
   only	
   three	
   selection	
   regimes	
   (Fig.16).	
   Local	
   adaptation	
   was	
  

more	
  pronounced	
  as	
  the	
  environmental	
  distance	
  between	
  environments	
   increased	
  (Kawecki	
  &	
  

Ebert	
  2004),	
  as	
  a	
  positive	
  correlation	
  between	
  environmental	
  distance	
  and	
  local	
  adaptation	
  was	
  

identified	
   in	
   all	
   but	
   the	
   populations	
   selected	
   in	
   atrazine,	
   where	
   the	
   correlation	
   was	
   negative	
  

(Fig.17).	
  Differences	
  in	
  relative	
  growth	
  rates	
  in	
  the	
  absence	
  of	
  herbicides	
  were	
  rarely	
  identified	
  

between	
  populations	
  evolved	
  at	
  different	
  doses	
  of	
  the	
  same	
  herbicide	
  (Fig.18).	
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6.4.1	
  Explaining	
  local	
  adaptation	
  

Antagonistic	
  pleiotropy	
  is	
  often	
  seen	
  as	
  a	
  condition	
  giving	
  rise	
  to	
  local	
  adaptation,	
  resulting	
  from	
  

the	
   fitness	
   trade-­‐offs	
   between	
   environments	
   (Hedrick	
   1986;	
   Kawecki	
   &	
   Ebert	
   2004).	
   For	
  

antagonistic	
   pleiotropy	
   to	
   arise	
   along	
   an	
   herbicide	
   gradient,	
   some,	
   but	
   not	
   all,	
   environments	
  

have	
  to	
  favour	
  a	
  trade-­‐off	
  between	
  population’s	
  growth	
  rate	
  in	
  the	
  presence	
  and	
  in	
  the	
  absence	
  

of	
   herbicides.	
   This	
   relationship	
   between	
   higher	
   level	
   of	
   resistance	
   and	
   differences	
   in	
   fitness	
  

costs	
   would	
   have	
   to	
   be	
   progressively	
   stronger	
   as	
   the	
   selected	
   dose	
   is	
   increased,	
   in	
   order	
   to	
  

observe	
  a	
  positive	
   relationship	
  between	
  environmental	
  distance	
  and	
   local	
   adaptation	
   (Fig.17).	
  

Consequently,	
  the	
  fitness	
  costs	
  should	
  be	
  highest	
   in	
  the	
  populations	
  selected	
  at	
  highest	
  doses.	
  

When	
  comparing	
  the	
  growth	
  rates	
  in	
  the	
  ancestral	
  environment,	
  no	
  evidence	
  of	
  such	
  a	
  gradient	
  

in	
  relative	
  fitness	
  was	
  identified,	
  as	
  the	
  majority	
  of	
  evolved	
  populations	
  had	
  comparable	
  growth	
  

rates	
  in	
  the	
  absence	
  of	
  herbicides	
  (Fig.18).	
  This	
  finding	
  suggests	
  that	
  antagonistic	
  pleiotropy	
  did	
  

not	
  give	
  rise	
  to	
  locally	
  adapted	
  populations	
  in	
  this	
  study,	
  and	
  is	
  in	
  line	
  with	
  many	
  other	
  studies	
  

failing	
  to	
  find	
  evidence	
  for	
  antagonistic	
  pleiotropy	
  (Roff	
  &	
  Fairbairn	
  2006).	
  	
  

Mutation	
  accumulation	
   is	
  another	
  mechanism	
  potentially	
  giving	
  rise	
  to	
   local	
  adaptation	
  (Lynch	
  

et	
  al.	
  1995),	
  occurring	
  when	
  neutral	
  mutations	
   in	
  one	
  environment	
  are	
  deleterious	
   in	
  another.	
  

As	
   the	
   adaptation	
   along	
   the	
   gradients	
   in	
   this	
   experiment	
   differs	
   only	
   with	
   respect	
   to	
   the	
  

concentration	
   of	
   the	
   herbicide,	
   the	
   type	
   of	
   differential	
   response	
   of	
   mutations	
   between	
  

environments	
  required	
  for	
  mutation	
  accumulation	
  is	
  unlikely.	
  In	
  addition,	
  the	
  time	
  scale	
  of	
  this	
  

study	
  is	
  likely	
  to	
  be	
  short	
  for	
  mutation	
  accumulation	
  to	
  play	
  a	
  major	
  role	
  (Nakayama	
  et	
  al.	
  2012).	
  

As	
  such,	
  under	
  experimental	
  conditions	
  of	
  this	
  study,	
  mutation	
  accumulation	
  is	
  unlikely	
  to	
  have	
  

contributed	
  to	
  the	
  observed	
  local	
  adaptation.	
  

In	
  the	
  absence	
  of	
  antagonistic	
  pleiotropy	
  and	
  mutation	
  accumulation,	
  local	
  adaptation	
  can	
  arise	
  

when	
   mutations	
   have	
   differential	
   responsiveness	
   (Fig.15).	
   According	
   to	
   this	
   mechanism,	
   at	
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higher	
   doses,	
   where	
   the	
   variance	
   in	
   fitness	
   effects	
   of	
   mutations	
   is	
   greater,	
   local	
   adaptation	
  

simply	
  arises	
  from	
  the	
  selection	
  of	
  more	
  fit	
  phenotypes.	
  Similarly,	
  the	
  observed	
  increase	
  in	
  the	
  

magnitude	
   of	
   local	
   adaptation	
   with	
   environmental	
   distance	
   (Fig.17)	
   could	
   result	
   from	
   the	
  

differences	
  in	
  fitness	
  effects	
  being	
  dependent	
  on	
  the	
  herbicide	
  gradient,	
  so	
  that	
  increase	
  in	
  dose	
  

leads	
  to	
  further	
  differentiation	
  between	
  mutations.	
  Local	
  adaptation	
  was	
  also	
  observed	
  at	
  lower	
  

doses	
   (Fig.16).	
   For	
  populations	
   to	
  differentiate	
  under	
   such	
  conditions,	
   small	
  differences	
   in	
   the	
  

fitness	
   effects	
   of	
   mutations	
   have	
   to	
   exist	
   even	
   at	
   lower	
   concentrations.	
   In	
   addition,	
   the	
  

mutations	
  conferring	
  higher	
  fitness	
  at	
   lower	
  doses	
  could	
  not	
  be	
  the	
  same	
  mutations	
  providing	
  

higher	
  fitness	
  at	
  higher	
  doses	
  as	
  well	
  –	
  the	
  rank	
  order	
  of	
  mutations	
  for	
  fitness	
  changes	
  along	
  the	
  

gradient.	
  As	
  the	
  differences	
  in	
  fitness	
  effects	
  according	
  to	
  the	
  proposed	
  mechanism	
  (Fig.15)	
  are	
  

smaller	
   at	
   lower	
   than	
   at	
   higher	
   doses,	
   smaller	
  magnitude	
   of	
   local	
   adaptation	
  was	
   observe	
   at	
  

lower	
  than	
  at	
  higher	
  doses	
  (Fig.16).	
  In	
  the	
  light	
  of	
  the	
  absence	
  of	
  relative	
  differences	
  in	
  growth	
  

rates	
   in	
   herbicide-­‐free	
   environments,	
   the	
   results	
   of	
   this	
   study	
   suggest	
   the	
   environment-­‐

dependent	
   differential	
   fitness	
   effect	
   of	
   beneficial	
   mutations	
   as	
   the	
   mechanism	
   driving	
   local	
  

adaptation	
  along	
  a	
  gradient.	
  	
  

6.4.2	
  Local	
  maladaptation	
  

Local	
  maladaptation,	
  here	
  defined	
  as	
  a	
  pattern	
  opposite	
  to	
  local	
  adaptation	
  when	
  the	
  fitness	
  of	
  

the	
  sympatric	
  population	
  is	
  lower	
  than	
  the	
  fitness	
  of	
  the	
  allopatric	
  populations,	
  was	
  observed	
  in	
  

three	
   experimental	
   regimes	
   -­‐	
   in	
   populations	
   selected	
   at	
   lower	
   doses	
   of	
   glyphosate	
   (0.75MIC)	
  

and	
  S-­‐metolachlor	
  (0.5MIC),	
  and	
  the	
  populations	
  selected	
  at	
  MIC	
  of	
  atrazine	
  (Fig.16),	
  where	
  an	
  

inverse	
  relationship	
  between	
  environmental	
  distance	
  and	
  local	
  adaptation	
  was	
  also	
  observed	
  -­‐	
  

increase	
   in	
   distance	
   resulted	
   in	
   less	
   locally	
   adapted	
   populations	
   (Fig.17).	
   Maladaptation	
   can	
  

arise	
  as	
  a	
  consequence	
  of	
  the	
  exponential	
  distribution	
  of	
  the	
  beneficial	
  effects	
  of	
  mutations	
  (Orr	
  

2005),	
  where	
  mutations	
  of	
  smaller	
  effect	
  are	
  more	
  common	
  than	
  the	
  mutations	
  of	
  larger	
  effect.	
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In	
  fact,	
  the	
  nature	
  of	
  the	
  distribution	
  of	
  beneficial	
  effects	
  of	
  novel	
  mutations	
  has	
  been	
  suggested	
  

to	
  play	
  a	
   role	
   in	
  evolution	
  of	
  antibiotic	
   resistance	
   (Andersson	
  &	
  Hughes	
  2012),	
  although	
  some	
  

studies	
   do	
   not	
   support	
   such	
   distribution	
   in	
   particular	
   at	
   higher	
   antibiotic	
   doses	
   (MacLean	
   &	
  

Buckling	
  2009).	
  Maladaptation	
  at	
  higher	
  doses	
  implies	
  that	
  mutations	
  of	
  greater	
  fitness	
  benefit	
  

were	
  selected	
  at	
  lower	
  doses.	
  If	
  such	
  more	
  beneficial	
  mutations	
  are	
  less	
  common,	
  they	
  are	
  more	
  

likely	
   to	
   arise	
   in	
   a	
   population	
   selected	
   at	
   lower	
   dose,	
   where	
   the	
   fitness	
   is	
   higher	
   and	
   the	
  

population	
   undergoes	
   more	
   cell	
   divisions,	
   generating	
   more	
   mutations.	
   If	
   the	
   exponential	
  

distribution	
  of	
  beneficial	
  effects	
  of	
  mutations	
  was	
  to	
  give	
  rise	
  to	
  maladaptation	
  at	
  lower	
  doses,	
  

the	
  more	
  frequent	
  mutations	
  of	
  lower	
  fitness	
  have	
  to	
  modify	
  the	
  genetic	
  background	
  to	
  prevent	
  

fixation	
  of	
   less	
   frequent	
  mutations	
  of	
  higher	
   fitness,	
   so	
   that	
  once	
  a	
   small	
  effect	
  mutation	
  had	
  

fixed,	
   the	
   initial	
   large	
   effect	
   mutation	
   had	
   a	
   neutral	
   or	
   even	
   negative	
   effect	
   (Trindade	
   et	
   al.	
  

2009;	
   Lagator	
  et	
  al.	
   2012).	
  At	
  higher	
  doses,	
   the	
   stronger	
   selection	
  pressure	
   could	
  prevent	
   the	
  

fixation	
  of	
  more	
  frequent	
  mutations	
  of	
  smaller	
  fitness	
  effect,	
  and	
  therefore	
  allow	
  the	
  fixation	
  of	
  

more	
  rare	
  mutations	
  that	
  confer	
  greater	
  fitness	
  benefit.	
  	
  	
  

6.4.3	
  Herbicide	
  dose	
  –	
  practical	
  considerations	
  

The	
   recommended	
   dose	
   of	
   a	
   herbicide	
   is	
   determined	
   by	
   economic	
   and	
   environmental	
  

considerations,	
  and	
  is	
  designed	
  to	
  provide	
  effective	
  control	
  in	
  a	
  range	
  of	
  environments	
  (Doyle	
  &	
  

Stypa	
   2004;	
   O'Donovan	
   et	
   al.	
   2007).	
   Consequently,	
   it	
   is	
   often	
   possible	
   to	
   reduce	
   the	
  

recommended	
  dose	
  with	
  no	
  observable	
  reduction	
  in	
  effectiveness	
  (Gressel	
  2002;	
  Blackshaw	
  et	
  

al.	
  2006;	
  Sexton	
  et	
  al.	
  2010).	
  The	
  study	
  provides	
  evidence	
  adding	
  to	
  the	
  growing	
  body	
  of	
  works	
  

suggesting	
  the	
  potential	
  hazards	
  of	
  using	
  reduced	
  xenobiotic	
  doses	
  (Neve	
  &	
  Powles	
  2005b;	
  Busi	
  

&	
  Powles	
  2009;	
  Manalil	
  et	
  al.	
  2011;	
  Andersson	
  &	
  Hughes	
  2012),	
  as	
  it	
  was	
  shown	
  that	
  exposure	
  

to	
   lower-­‐than-­‐MIC	
  doses	
  can	
  result	
   in	
  phenotypes	
  that	
  are	
  well	
  adapted	
  to	
  the	
  recommended	
  

dose	
  (MIC).	
  In	
  a	
  wider	
  context,	
  this	
  study	
  captured	
  the	
  range	
  of	
  outcomes	
  that	
  can	
  arise	
  when	
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evolving	
   along	
   a	
   gradient,	
   showing	
   the	
   complexity	
   that	
   can	
   emerge	
   in	
   response	
   to	
   gradual	
  

environmental	
   change.	
   The	
   results	
   also	
   indicate	
   that	
   the	
  population’s	
   fitness	
   along	
   a	
   gradient	
  

tends	
   to	
   drop	
   with	
   distance	
   from	
   its	
   local	
   conditions,	
   illuminating	
   the	
   dangers	
   of	
   rapid	
   and	
  

drastic	
  anthropogenic	
  environmental	
  changes.	
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CHAPTER	
  7:	
  GENERAL	
  DISCUSSION	
  

	
  

7.1	
  Summary	
  of	
  findings	
  

The	
  material	
  presented	
  in	
  this	
  thesis	
  takes	
  an	
  applied	
  evolutionary	
  biology	
  approach.	
  Research	
  

questions	
  were	
  formulated	
  with	
  a	
  goal	
  of	
  exploring	
  proposed	
  options	
  for	
  delaying	
  or	
  preventing	
  

evolution	
  of	
  herbicide	
  resistance.	
  The	
  potential	
  of	
  management	
  practices	
  was	
  considered	
  in	
  the	
  

light	
  of	
  underlying	
  ecological	
  and	
  evolutionary	
  theory,	
  with	
  the	
  applied	
  considerations	
  used	
  as	
  a	
  

starting	
   point	
   to	
   address	
   the	
   underlying	
   theoretical	
   issues.	
   For	
   example,	
   sequential	
   herbicide	
  

application	
  -­‐	
  a	
  frequent	
  response	
  to	
  emergence	
  of	
  resistance	
  –	
  was	
  used	
  as	
  a	
  model	
  to	
  study	
  the	
  

consequences	
  of	
   accumulation	
  of	
   resistance	
  mechanisms	
  on	
   rates	
  of	
   resistance	
  evolution	
  and	
  

the	
  associated	
  fitness	
  costs.	
  This	
  study	
  identified	
  the	
  possibility	
  for	
  environmental	
  perturbation	
  

to	
   enhance	
   rates	
   of	
   adaptation	
   in	
   subsequent	
   environments	
   when	
   resistance	
   with	
   a	
   positive	
  

correlated	
  response	
  to	
  selection	
  in	
  those	
  environments	
  was	
  selected	
  for	
  (Chapter	
  3).	
  Cycling	
  as	
  a	
  

management	
   strategy	
   relies	
   on	
   temporal	
   environmental	
   heterogeneity	
   and	
   the	
   existence	
   of	
  

fitness	
  costs	
  to	
  slow	
  down	
  resistance	
  evolution	
  (Gressel	
  &	
  Segel	
  1990).	
  The	
  results	
  presented	
  in	
  

Chapter	
   4	
   illustrate	
  how	
  cycling	
   can	
  exacerbate	
   the	
   resistance	
  problem	
  by	
  enhancing	
   rates	
  of	
  

adaptation	
  even	
  in	
  the	
  presence	
  of	
  fitness	
  costs,	
  or	
  by	
  selecting	
  for	
  a	
  cross-­‐resistant	
  generalist.	
  

Another	
   frequently	
   utilized	
   management	
   strategy	
   (Beckie	
   2006),	
   mixtures	
   of	
   herbicides,	
   was	
  

used	
   in	
   this	
   thesis	
   to	
   formulate	
  research	
  questions	
   for	
   the	
  work	
  presented	
   in	
  Chapter	
  5.	
  Their	
  

hypothesized	
  effectiveness	
   is	
  based	
  on	
   the	
  assumption	
   that	
  multiple	
   resistance	
  mutations	
  are	
  

exceedingly	
  rare	
  in	
  one	
  individual,	
  while	
  being	
  required	
  to	
  provide	
  positive	
  fitness	
  in	
  the	
  face	
  of	
  

increased	
   environmental	
   complexity	
   (Wrubel	
  &	
  Gressel	
   1994).	
  While	
   the	
   results	
   presented	
   in	
  

Chapter	
  5	
   support	
   these	
  predictions	
  when	
  each	
  component	
  herbicide	
   is	
  utilized	
  at	
  or	
   close	
   to	
  

the	
  full	
  dose,	
  use	
  of	
  lower	
  doses	
  of	
  each	
  component	
  led	
  to	
  more	
  rapid	
  resistance	
  evolution.	
  In	
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agricultural	
  fields,	
  the	
  applied	
  dose	
  of	
  a	
  herbicide	
  will	
  not	
  be	
  constant	
  and	
  often	
  economic	
  and	
  

environmental	
   considerations	
  may	
   dictate	
   that	
   lower	
   than	
   optimal	
   herbicide	
   doses	
   are	
   used.	
  

Lastly,	
   the	
   impacts	
   of	
   a	
   range	
   of	
   herbicide	
   doses	
   on	
   evolution	
   of	
   resistance	
  was	
   investigated	
  

(Beckie	
  2006)	
  was	
  used	
  as	
  a	
  model	
   to	
   study	
   selection	
  along	
  a	
  gradient	
  of	
   selection	
  pressures.	
  

Understanding	
   that	
   local	
   adaptation	
   along	
   an	
   environmental	
   gradient	
   is	
   a	
   rule	
   rather	
   than	
   an	
  

exception	
  (Chapter	
  6)	
  contributes	
  to	
  the	
  understanding	
  of	
  whether	
  the	
  selection	
  at	
  lower	
  doses	
  

could	
  lead	
  to	
  resistance	
  at	
  the	
  recommended	
  dose.	
  Each	
  chapter	
  contained	
  a	
  discussion	
  section	
  

describing	
   the	
   implications	
   of	
   the	
   findings	
   and	
   their	
   contribution	
   to	
   the	
   current	
   knowledge.	
  

Here,	
  I	
  will	
  discuss	
  some	
  inferences	
  that	
  arise	
  by	
  looking	
  at	
  the	
  thesis	
  as	
  a	
  whole.	
  	
  	
  

7.2	
  Dynamics	
  and	
  outcomes	
  of	
  resistance	
  evolution	
  are	
  herbicide-­‐specific	
  

The	
   works	
   presented	
   in	
   this	
   thesis	
   failed	
   to	
   identify	
   many	
   universal	
   resistance	
   management	
  

principles,	
   as	
   there	
  was	
   a	
   lack	
   of	
   a	
   uniform	
   response	
   to	
   designed	
   experimental	
   conditions.	
   In	
  

particular,	
   populations	
   selected	
   in	
   different	
   herbicides	
   would,	
   not	
   surprisingly,	
   show	
   very	
  

different	
   evolutionary	
   dynamics.	
   In	
   Chapter	
   4,	
   the	
   same	
   rates	
   of	
   cycling	
   resulted	
   in	
   very	
  

different	
  outcomes,	
  the	
  only	
  difference	
  being	
  the	
  herbicides	
  cycled	
  -­‐	
  the	
  weekly	
  cycle	
  between	
  

atrazine	
  and	
  glyphosate	
  sped	
  up,	
  while	
  the	
  weekly	
  cycle	
  between	
  glyphosate	
  and	
  carbetamide	
  

slowed	
  down	
  resistance	
  evolution.	
  Similarly,	
  in	
  Chapter	
  5,	
  different	
  herbicide	
  mixtures	
  gave	
  rise	
  

to	
  very	
  different	
   rates	
  of	
   resistance	
  evolution,	
   irrespective	
  of	
   the	
  combined	
  herbicide	
  dose.	
   In	
  

Chapter	
   6,	
   whether	
   local	
   adaptation	
   was	
   observed	
   or	
   not	
   depended	
   on	
   the	
   herbicide	
   the	
  

population	
  was	
  exposed	
  to.	
  As	
  such,	
  the	
  instances	
  where	
  broad	
  generalizations	
  could	
  be	
  made	
  

were	
   rare,	
   with	
   a	
   few	
   exceptions	
   such	
   as	
   the	
   mixtures	
   being	
   universally	
   effective	
   at	
   higher	
  

combined	
   doses	
   (Chapter	
   5).	
   This	
   thesis	
   shows	
   that	
   any	
   broad	
   conclusions	
   about	
   the	
  

effectiveness	
  of	
  one	
  management	
  practice	
  over	
  another	
  are	
  likely	
  to	
  be	
  inaccurate,	
  as	
  whether	
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the	
   strategy	
   will	
   be	
   successful	
   depends	
   at	
   least	
   in	
   part	
   on	
   the	
   properties	
   of	
   the	
   specific	
  

herbicides	
  used.	
  

7.3	
  Generalist	
  phenotypes	
  evolve	
  frequently	
  

Understanding	
  the	
  conditions	
  under	
  which	
  generalist	
  phenotypes	
  evolve	
  is	
  critical	
  both	
  from	
  the	
  

theoretical	
   (Chevin	
  et	
  al.	
  2010)	
  and	
   the	
  applied	
   (Gressel	
  2009;	
  Powles	
  &	
  Yu	
  2010)	
   standpoint.	
  

Increases	
   in	
   environmental	
   complexity	
   are	
   predicted	
   to	
   lead	
   to	
   a	
   generalist	
   peak	
   (Tienderen	
  

1991),	
  although	
  the	
  exact	
  conditions	
  under	
  which	
  this	
  is	
  true	
  are	
  highly	
  dependent	
  on	
  particular	
  

circumstances	
   (Futuyma	
  &	
  Moreno	
  1988;	
  Meeus	
  et	
  al.	
  1993;	
  Reboud	
  &	
  Bell	
  1997).	
  Chapters	
  4	
  

and	
  5	
  explore	
  the	
  circumstances	
  under	
  which	
  temporal	
  variability	
  and	
  environmental	
  complexity	
  

lead	
   to	
   generalists,	
   and	
   show	
   a	
   variety	
   of	
   cross-­‐resistance	
   profiles	
   selected	
   in	
   response	
   to	
  

equivalent	
  application	
  methods	
  that	
  differ	
  only	
  with	
  respect	
  to	
  herbicides	
  present	
  (same	
  rate	
  of	
  

cycling,	
   for	
   example,	
   yielded	
   different	
   cross-­‐resistance	
   profiles,	
   Chapter	
   4).	
   From	
   an	
   applied	
  

perspective,	
   cross-­‐resistant	
   generalists	
   pose	
   a	
   greater	
   threat	
   to	
   management.	
   The	
   results	
  

presented	
   in	
   this	
   thesis	
   highlight	
   that	
   generalists	
   evolve	
   often	
   in	
   response	
   to	
   environmental	
  

heterogeneity,	
  but	
  that	
  the	
  exact	
  conditions	
  that	
  favor	
  their	
  evolution,	
  as	
  well	
  as	
  their	
  fitness	
  in	
  

the	
  presence	
  and	
  absence	
  of	
  herbicides,	
  depend	
  on	
  the	
  specific	
  interaction	
  between	
  the	
  target	
  

population	
  and	
  the	
  xenobiotic	
  used.	
  	
  

7.4	
  Application	
  methods	
  affect	
  the	
  magnitude	
  of	
  fitness	
  costs	
  	
  	
  

Fitness	
   costs	
   associated	
   with	
   evolved	
   resistance	
   were	
   commonly	
   observed	
   in	
   the	
   conducted	
  

experiments,	
  but	
  their	
  magnitude	
  was	
  variable	
  and	
  unpredictable.	
  As	
  expected,	
  the	
  magnitude	
  

of	
  fitness	
  costs	
  depended	
  on	
  the	
  herbicide	
  the	
  population	
  was	
  evolving	
  resistance	
  to	
  (Vila-­‐Aiub	
  

et	
   al.	
   2009),	
   but	
   was	
   also	
   affected	
   by	
   the	
   population’s	
   adaptive	
   past	
   –	
   as	
   the	
   resistance	
  

mechanisms	
  accumulated	
  in	
  a	
  population	
  the	
  fitness	
  costs	
  were	
  not	
  additive	
  but	
  were	
  actually	
  

reduced	
  (Chapter	
  3).	
  The	
  rate	
  of	
  herbicide	
  cycling	
  also	
  affected	
  fitness	
  costs,	
  with	
  slower	
  rates	
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selecting	
  for	
  lower	
  costs	
  (Chapter	
  4).	
  Understanding	
  the	
  conditions	
  that	
  select	
  for	
  highest	
  fitness	
  

costs	
  is	
  of	
  importance	
  to	
  management,	
  as	
  (i)	
  the	
  effectiveness	
  of	
  many	
  strategies	
  relies	
  on	
  their	
  

existence	
  (Beckie	
  2006),	
  and	
  (ii)	
  the	
  populations	
  with	
  lower	
  fitness	
  in	
  the	
  absence	
  of	
  herbicides	
  

could	
  be	
  more	
  easily	
  controlled	
  through	
  competition	
  with	
  wild-­‐type	
   individuals	
   (Gardner	
  et	
  al.	
  

1998).	
  	
  

The	
  starting	
  fitness	
  of	
  a	
  population	
  in	
  a	
  novel	
  herbicide	
  environment	
  is	
  in	
  part	
  determined	
  by	
  its	
  

adaptive	
  past,	
   if	
  negative	
  (fitness	
  costs)	
  and/or	
  positive	
  (cross-­‐resistance)	
  correlated	
  responses	
  

to	
   selection	
   in	
   the	
   previous	
   environment	
   exist.	
   Variations	
   in	
   the	
  magnitude	
   of	
   the	
   correlated	
  

responses	
   have	
   been	
   demonstrated	
   to	
   impact	
   the	
   dynamics	
   of	
   resistance,	
   with	
   even	
   small	
  

differences	
   below	
   the	
   detection	
   levels	
   arising	
   from	
   cross-­‐resistance	
   (Chapter	
   3)	
   or	
   cross-­‐

protection	
  (Chapter	
  4)	
  potentially	
  enhancing	
  rates	
  of	
  resistance	
  evolution	
  to	
  a	
  novel	
  herbicide.	
  

For	
   the	
   impact	
   they	
   could	
   therefore	
   have,	
   understanding	
   the	
  magnitude	
  of	
   fitness	
   costs	
   on	
   a	
  

case-­‐by-­‐case	
  basis	
  is	
  of	
  importance	
  to	
  increasing	
  the	
  effectiveness	
  of	
  management	
  practices.	
  	
  

7.5	
  Experimental	
  evolution	
  with	
  C.reinhardtii	
  in	
  a	
  wider	
  context	
  

A	
   fundamental	
   limitation	
   to	
   the	
   experimental	
   testing	
   of	
   the	
   efficacy	
   of	
   various	
  management	
  

strategies	
   arises	
   from	
   the	
   length	
   of	
   the	
   weedy-­‐plant	
   life	
   cycle,	
   making	
   long-­‐term	
   evolution	
  

experiments	
  difficult	
  to	
  carry	
  out	
  (Reboud	
  et	
  al.	
  2007).	
  Adopting	
  C.reinhardtii	
  and	
  experimental	
  

evolution	
   as	
   a	
  method	
   to	
   study	
   herbicide	
   resistance	
   allowed	
   overcoming	
   these	
   difficulties,	
   as	
  

C.reinhardtii	
   is	
   a	
   fast-­‐replicating	
   single	
   cell	
   chlorophyte	
   capable	
   of	
   7-­‐10	
   cell	
   divisions	
   during	
   a	
  

single	
  weekly	
  transfer.	
  For	
  this	
  reason,	
  the	
  greatest	
  benefit	
  of	
  using	
  it	
  as	
  a	
  model	
  organism	
  is	
  the	
  

ability	
   to	
   conduct	
   long-­‐term	
   experiments	
  where	
   a	
   population	
   is	
   allowed	
   to	
   adapt	
   for	
   tens	
   to	
  

hundreds	
  of	
  generations.	
  An	
  additional	
  benefit	
  of	
  adopting	
  microbial	
  experimental	
  evolution	
  is	
  

the	
  ease	
  of	
  manipulating	
  the	
  growth	
  conditions	
  in	
  a	
  test	
  tube	
  and	
  measuring	
  the	
  growth	
  rates	
  to	
  

assess	
   population	
   fitness	
   (Buckling	
   et	
   al.	
   2009).	
   The	
   ability	
   to	
   precisely	
   control	
   the	
   growth	
  



	
  

 97 

conditions	
  enables	
  the	
  isolation	
  of	
  a	
  range	
  of	
  extraneous	
  factors	
  that	
  could	
  not	
  be	
  controlled	
  in	
  

the	
  environment	
  and	
  through	
  that	
  allow	
  the	
  study	
  of	
  the	
  effects	
  of	
  a	
  single	
  factor	
  on	
  evolution	
  

(Kawecki	
  et	
  al.	
  2012).	
  	
  

The	
  controlled	
  laboratory	
  conditions	
  in	
  experimental	
  evolution	
  studies	
  create	
  a	
  difficulty	
  when	
  

attempting	
  to	
  translate	
  the	
  findings	
  to	
  other	
  organisms	
  and	
  environments	
  (Buckling	
  et	
  al.	
  2009).	
  

This	
  is	
  a	
  particular	
  concern	
  when	
  working	
  within	
  the	
  framework	
  of	
  applied	
  evolutionary	
  biology,	
  

as	
   this	
   thesis	
   does	
   in	
   an	
   attempt	
   to	
   inform	
   management	
   practices.	
   Differences	
   between	
  

C.reinhardtii	
  and	
  weedy	
  plants	
  are	
  many,	
  and	
  some	
  of	
  them	
  are	
  relevant	
  to	
  the	
  considerations	
  

of	
  how	
  the	
  findings	
  presented	
  in	
  this	
  thesis	
  could	
  be	
  scaled	
  up.	
  First,	
  higher	
  plants	
  are	
  complex	
  

multicellular	
  bodies	
  with	
  distinguished	
  organs,	
  offering	
  a	
  wider	
   range	
  of	
   targets	
   for	
  herbicides	
  

and	
   	
   resulting	
   in	
   some	
   herbicides	
   not	
   being	
   effective	
   in	
   C.reinhardtii	
   (Table	
   2).	
   Greater	
  

complexity	
  of	
  higher	
  plants	
  allows	
  for	
  a	
  wider	
  range	
  of	
  possible	
  resistance	
  mechanisms	
  than	
  in	
  

C.reinhardtii,	
   such	
  as	
  tissue-­‐specific	
  sequestration	
  and	
   limited	
  herbicide	
  translocation	
  between	
  

plant’s	
  organs	
  (Powles	
  &	
  Yu	
  2010).	
  Second,	
  unlike	
  weedy	
  plants,	
  C.reinhardtii	
   is	
  haploid.	
  While	
  

the	
  rates	
  of	
  fixation	
  of	
  dominant	
  alleles	
  are	
  not	
  predicted	
  to	
  be	
  different	
  between	
  diploid	
  and	
  

haploid	
  organisms,	
  the	
  rates	
  of	
  fixation	
  of	
  recessive	
  alleles	
  through	
  a	
  population	
  are	
  enhanced	
  

in	
  haploid	
  organisms	
  (Charlesworth	
  1992).	
  The	
  more	
  rapid	
  rates	
  of	
  fixation	
  of	
  dominant	
  than	
  of	
  

recessive	
  alleles	
  in	
  diploid	
  organisms	
  could	
  have	
  led	
  to	
  the	
  majority	
  of	
  characterized	
  resistance	
  

mutations	
  in	
  higher	
  plants	
  being	
  dominant	
  (Powles	
  &	
  Yu	
  2010),	
  a	
  finding	
  that	
  could	
  be	
  different	
  

in	
   the	
   haploid	
   C.reinhardtii.	
   Third,	
   while	
   C.reinhardtii	
   is	
   capable	
   of	
   sexual	
   reproduction,	
   all	
  

selected	
   populations	
   presented	
   in	
   this	
   thesis	
   were	
   reproducing	
   asexually.	
   Recombination	
   is	
  

predicted	
  to	
  lead	
  to	
  higher	
  genetic	
  diversity	
  and	
  enhanced	
  rates	
  of	
  adaptation	
  (Colegrave	
  2002;	
  

Agrawal	
   2006;	
   Hartfield	
   &	
   Keightley	
   2012),	
   in	
   particular	
   when	
   multiple	
   dominant	
   alleles	
   are	
  

required	
  to	
  confer	
  resistance	
  (Neve	
  &	
  Powles	
  2005b).	
  While	
  some	
  weeds	
  do	
  self-­‐fertilize,	
  most	
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undergo	
   some	
   form	
   of	
   outcrossing	
   (Barrett	
   2002)	
   and	
   their	
   dynamics	
   of	
   herbicide	
   resistance	
  

evolution	
   could	
   consequently	
   differ	
   from	
   those	
   observed	
   in	
   this	
   thesis.	
   Finally,	
   the	
  

demographics	
  of	
  weed	
  populations	
   in	
  natural	
  environments	
  are	
  vastly	
  more	
  complex	
  than	
  the	
  

ones	
   created	
   in	
   the	
  described	
  experiments.	
   The	
   initial	
   diversity	
   of	
  C.reinhardtii	
   populations	
   in	
  

the	
  described	
  studies	
  was	
  limited	
  and	
  controlled	
  by	
  allowing	
  a	
  single	
  colony	
  to	
  grow	
  for	
  15-­‐20	
  

generations	
  prior	
  to	
  the	
  start	
  of	
  the	
  experiment.	
  This	
  is	
  in	
  contrast	
  to	
  highly	
  diversified	
  naturally-­‐

adapting	
  weed	
   populations	
   (Thrall	
   et	
   al.	
   2011).	
   Adapting	
  weeds	
   experience	
   gene	
   flow	
   from	
   a	
  

range	
  of	
   sources	
   and	
  populations	
   (Jasieniuk	
   et	
   al.	
   1996),	
   including	
   seed	
  banks	
   (Gressel	
   2002),	
  

while	
  gene	
  flow	
  in	
  this	
  thesis	
  was	
  constrained	
  to	
  immigration	
  from	
  the	
  source	
  populations.	
  	
  

These	
  issues	
  contribute	
  to	
  the	
  difficulty	
  of	
  scaling	
  up	
  the	
  microevolution	
  described	
  in	
  this	
  thesis.	
  

The	
   presented	
   results	
   should	
   be	
   used	
   as	
   an	
   indication	
   of	
   the	
   outcomes	
   that	
   could	
   arise,	
   as	
  

opposed	
  to	
  a	
  firm	
  statement	
  on	
  what	
  will	
  occur.	
  

7.6	
  Future	
  research	
  

Phenotypic	
  studies.	
  Due	
  to	
  time	
  constraints,	
  this	
  thesis	
  focused	
  on	
  the	
  most	
  frequently	
  adopted	
  

management	
   strategies	
   –	
   sequential	
   application,	
   cycling,	
   mixtures	
   and	
   dose	
   manipulations	
  

(Beckie	
  2006).	
  To	
  strengthen	
  the	
  findings,	
  future	
  research	
  would	
  focus	
  on	
  exploring	
  the	
  impact	
  

of	
   other	
   strategies,	
   in	
   addition	
   to	
   cycling	
   and	
   mixtures	
   of	
   herbicides,	
   such	
   as	
   the	
   dose	
  

alternation,	
  whereby	
  a	
  rotation	
  of	
  different	
  doses	
  of	
  one	
  herbicide	
  is	
  employed	
  (Gardner	
  et	
  al.	
  

1998).	
   The	
   scope	
   of	
   studies	
   was	
   constricted	
   to	
   a	
   specific	
   definition	
   of	
   each	
   management	
  

strategy.	
  For	
  example,	
  in	
  Chapter	
  4	
  cycling	
  was	
  defined	
  as	
  a	
  symmetrical	
  rotation	
  between	
  fixed	
  

doses	
  of	
   two	
  herbicides.	
  A	
   follow-­‐up	
   study	
  would	
  explore	
   the	
   consequences	
  of	
   increasing	
   the	
  

number	
   of	
   herbicides,	
   and	
   of	
   cycling	
   strategies	
   that	
   involve	
   variable	
   herbicide	
   concentrations	
  

and	
  patterns.	
  Similarly,	
  the	
  experiment	
  described	
  in	
  Chapter	
  5	
  could	
  be	
  expanded	
  by	
  increasing	
  

the	
   number	
   of	
   herbicides	
   in	
   the	
   mixtures,	
   as	
   well	
   as	
   uneven	
   herbicide	
   concentrations.	
   In	
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addition,	
   evolutionary	
   outcomes	
   of	
   cycling	
   regimes	
   that	
   are	
   interrupted	
   by	
   herbicide-­‐free	
  

periods	
  could	
  be	
  drastically	
  different	
  and	
  are	
  worth	
  exploring.	
  	
  

Sexual	
  reproduction	
  has	
  been	
  shown	
  to	
  impact	
  the	
  rates	
  of	
  evolution	
  (Colegrave	
  2002;	
  Goddard	
  

et	
  al.	
  2005).	
  Comparing	
   the	
   response	
  of	
   sexual	
  and	
  asexual	
  populations	
   to	
  more	
  complex	
  and	
  

variable	
   environments	
   could	
   provide	
   a	
   more	
   detailed	
   understanding	
   on	
   how	
   weedy	
   plants	
  

develop	
  resistance.	
  On	
  a	
  wider	
  scale,	
  involving	
  a	
  sexually	
  reproducing	
  organism	
  in	
  experimental	
  

evolution	
  studies	
  that	
  explore	
  adaptation	
  to	
  a	
  changing	
  and	
  variable	
  environment	
  would	
  get	
  a	
  

step	
   closer	
   to	
   the	
   ‘real	
   world’	
   (Buckling	
   et	
   al.	
   2009).	
   Due	
   to	
   the	
   ease	
   of	
   reproductive	
   cycle	
  

manipulation,	
   I	
   believe	
   that	
   exploring	
   herbicide	
   resistance	
   in	
   C.reinhardtii	
   offers	
   a	
   simple	
   yet	
  

powerful	
  system	
  that	
  allows	
  for	
  this	
  step	
  to	
  be	
  taken.	
  	
  

Molecular	
   and	
   genotypic	
   studies.	
   The	
   experimental	
   work	
   presented	
   in	
   this	
   thesis	
   focused	
   on	
  

exploring	
   the	
   consequences	
   of	
   certain	
   environmental	
   manipulations	
   on	
   evolved	
   phenotypes.	
  

Understanding	
   the	
   underlying	
   genetic	
   mechanisms	
   that	
   are	
   associated	
   with	
   the	
   evolved	
  

populations	
   would	
   allow	
   explaining	
   the	
   process	
   of	
   adaptation	
   more	
   fully.	
   Exploring	
   the	
  

molecular	
   changes	
   in	
   the	
   described	
   experimental	
   designs	
   could	
   provide	
   insights	
   into	
   the	
  

relationship	
  between	
  different	
   types	
  of	
   resistance	
   (single-­‐gene	
  vs.	
  polygenic)	
  and	
   their	
  effects	
  

on	
  the	
  dynamics	
  of	
  evolution.	
  Tracking	
  the	
  progress	
  of	
  adaptation	
  through	
  time	
  could	
  provide	
  

insight	
  into	
  how	
  the	
  two	
  different	
  types	
  of	
  mechanisms	
  develop,	
  and	
  if	
  those	
  differences	
  could	
  

be	
  utilized	
  for	
  management	
  purposes	
  (Powles	
  &	
  Yu	
  2010).	
  Studying	
  the	
  genotypic	
  changes	
  could	
  

also	
  allow	
  understanding	
  of	
  the	
  process	
  of	
  fitness	
  compensation	
  (Wiesch	
  et	
  al.	
  2010),	
  which	
  was	
  

likely	
  to	
  have	
  occurred	
  in	
  some	
  of	
  selected	
  populations.	
  Finally,	
  adding	
  the	
  molecular	
  evidence	
  

to	
   the	
  phenotypic	
  observations	
  could	
  contribute	
   to	
   the	
  understanding	
  of	
  genotype-­‐phenotype	
  

mapping.	
  	
  



	
  

 100 

REFERENCES	
  
 
Agrawal, A. F. 2006. Evolution of Sex: Why do Organisms Shuffle Their Genotypes? Current Biology, 16, 
R696–704. 

Alekshun, M. N. & Levy, S. B. 2007. Molecular Mechanisms of Antibacterial Multidrug Resistance. Cell, 
128, 1037–1050. 

Andersson, D. & Hughes, D. 2010. Antibiotic Resistance and its Cost: Is it Possible to Reverse Resistance. 
Nature Reviews Microbiology, 8, 260–271. 

Andersson, D. I. 2003. Persistence of Antibiotic Resistant Bacteria. Current Opinion in Microbiology, 6, 
452–456. 

Andersson, D. I. & Hughes, D. 2012. Evolution of Antibiotic Resistance at Non-Lethal Drug 
Concentrations. Drug Resistance Updates, 15, 162–172. 

Arnold, S. J., Pfrender, M. E. & Jones, A. G. 2001. The Adaptive Landscape as a Conceptual Bridge 
Between Micro- and Macroevolution. Genetica, 112-113, 9–32. 

Barrett, S. 2002. The Evolution of Plant Sexual Diversity. Nature Reviews Genetics, 3, 274–284. 

Beardmore, R. & Peña-Miller, R. 2010. Antibiotic Cycling Versus Mixing: the Difficulty of Using 
Mathematical Models to Definitively Quantify Their Relative Merits. Mathematical Biosciences and 
Engineering, 7, 923–933. 

Beckie, H. J. 2006. Herbicide-Resistant Weeds: Management Tactics and Practices. Weed Technology, 20, 
793–814. 

Beckie, H. J. & Reboud, X. 2009. Selecting for Weed Resistance: Herbicide Rotation and Mixture. Weed 
Technology, 23, 363–370. 

Becks, L. & Agrawal, A. F. 2010. The Effect of Sex on the Mean and Variance of Fitness in Facultatively 
Sexual Rotifers. Journal of Evolutionary Biology, 24, 656–664. 

Bell, G. 1997. Experimental Evolution in Chlamydomonas. I. Short-Term Selection in Uniform and 
Diverse Environments. Heredity, 78, 490–497. 

Bell, G. 1990a. The Ecology and Genetics of Fitness in Chlamydomonas. I. Genotype-by-Environment 
Interaction among Pure Strains. Proceedings of the Royal Society of London, 240, 295–321. 

Bell, G. 1990b. The Ecology and Genetics of Fitness in Chlamydomonas. II. The Properties of Mixtures of 
Strains. Proceedings of the Royal Society of London, 240, 323–350. 

Bell, G. 1991. The Ecology and Genetics of Fitness in Chlamydomonas. III. Genotype-by-Environment 
Interaction Within Strains. Evolution, 45, 668–679. 

Bell, G. & Reboud, X. 1997. Experimental Evolution in Chlamydomonas. II. Genetic Variation in Strongly 
Contrasted Environments. Heredity, 78, 498–506. 

Belotte, D., Curien, J.-B., MacLean, R. C. & Bell, G. 2003. An Experimental Test of Local Adaptation in 
Soil Bacteria. Evolution, 57, 27–36. 

 



	
  

 101 

Bennett, A. F., Lenski, R. E. & Mittler, J. E. 1992. Evolutionary Adaptation to Temperature. I. Fitness 
Responses of Escherichia coli to Changes in its Thermal Environment. Evolution, 46, 16–30. 

Bergstrom, C. T. & Feldgarden, M. 2007. The Ecology and Evolution of Antibiotic-Resistant Bacteria. 
in: Evolution in Health and Disease, eds. S. Stearns, J. Koella, Oxford University Press, UK 

Bergstrom, C. T., Lo, M. & Lipsitch, M. 2004. Ecological Theory Suggests that Antimicrobial Cycling 
Will Not Redude Antimicrobial Resistance in Hospitals. Proceedings of Natural Academy of Sciences, 101, 
13285–13290. 

Birch, C. P. D. & Shaw, M. W. 1997. When can Reduced Doses and Pesticide Mixtures Delay the Build-
up of Pesticide Resistance? A Mathematical Model. Journal of Applied Ecology, 34, 1032–1042. 

Birky, C. W. 1995. Uniparental Inheritance of Mitochondrial and Chloroplast Genes: Mechanisms and 
Evolution. Proceedings of Natural Academy of Sciences, 92, 11331–11338. 

Blackshaw, R. E., O'Donovan, J. T., Harker, N. K., Clayton, G. W. & Stougaard, R. N. 2006. Reduced 
Herbicide Doses in Field Crops: A Review. Weed Biology and Management, 6, 10–17. 

Blumel, S. & Gross, M. 2001. Effect of Pesticide Mixtures on the Predatory Mite Phytoseiulus persimilis 
A.H. (Acarina, Phytoseiidae) in the Laboratory. Journal of Applied Entomology, 125, 201–205. 

Bonhoeffer, S., Lipsitch, M. & Levin, B. 1997. Evaluating Treatment Protocols to Prevent Antibiotic 
Resistance. Proceedings of Natural Academy of Sciences, 94, 12106–12111. 

Boote, K., Jones, J., Mishoe, J. & Berger, R. 1983. Coupling Pests to Crop Growth Simulators to Predict 
Yield Reductions. Phytopathology, 72, 1581–1587. 

Booth, I. R. 2002. Stress and the single cell: Intrapopulation Diversity is a Mechanism to Ensure Survival 
Upon Exposure to Stress. International Journal of Food Microbiology, 78, 19–30. 

Bradshaw, L. D., Padgette, S. R., Kimball, S. L. & Wells, B. H. 1997. Perspectives on Glyphosate 
Resistance. Weed Technology, 11, 189–198. 

Brown, E. M. & Nathwani, D. 2005. Antibiotic Cycling or Rotation: a Systematic Review of the Evidence 
of Efficacy. Journal of Antimicrobial Chemotherapy, 55, 6–9. 

Buckling, A., Brockhurst, M., Travisano, M. & Rainey, P. 2006. Experimental Adaptation to High and 
Low Quality Environments under Different Scales of Temporal Variation. Journal of Evolutionary Biology, 
20, 296–300. 

Buckling, A., MacLean, C., Brockhurst, M. A. & Colegrave, N. 2009. The Beagle in a Bottle. Nature, 
475, 824–829. 

Busi, R. & Powles, S. B. 2009. Evolution of Glyphosate Resistance in a Lolium rigidum Population by 
Glyphosate Selection at Sublethal Doses. Heredity, 103, 318–325. 

Buttel, F. H. 2002. Economic and Social Aspects of Pest Management. in: Encyclopedia of Pest 
Management, Ed. D. Pimentel, CRC Press, USA p. 221-223. 

Caprio, M. A. 1998. Evaluating Resistance Management Strategies for Multiple Toxins in the Presence of 
External Refugees. Journal of Economic Entomology, 91, 1021–1031. 

Carroll, S., Kinnison, M. T. & Bernatchez, L. 2011. In Light of Evolution: Interdisciplinary Challenges 
in Food, Health, and the Environment. Evolutionary Applications, 4, 155–158. 



	
  

 102 

Castle, S. J., Toscano, N. C., Prabhaker, N., Henneberry, T. J. & Palumbo, J. C. 2007. Field 
Evaluation of Different Insecticide Use Strategies as Resistance Management and Control Tactics for 
Bemisia tabaci (Hemiptera: Aleyrodidae). Bulletin of Entomological Research, 92, 449–460. 

Charlesworth, B. 1992. Evolutionary Rates in Partially Self-Fertilizing Species. American Naturalist, 140, 
126–148. 

Charmantier, A. & Garant, D. 2005. Environmental Quality and Evolutionary Potential: Lessons from 
Wild Populations. Proceedings of the Royal Society B: Biological Sciences, 272, 1415–1425. 

Chesson, P. 2000. Mechanisms of Maintenance of Species Diversity. Annual Review of Ecological Systems, 
31, 343–366. 

Chevillon, C., Pasteur, N., Marquine, M., Heyse, D. & Raymond, M. 1995. Population Structure and 
Dynamics of Selected Genes in the Mosquito Culex pipiens. Evolution, 49, 997–1007. 

Chevin, L.-M., Lande, R. & Mace, G. M. 2010. Adaptation, Plasticity, and Extinction in a Changing 
Environment: Towards a Predictive Theory. PLoS biology, 8, e1000357. 

Clark, A. 1984. Natural Selection with Nuclear and Cytoplasmic Transmission. I. A Deterministic Model. 
Genetics, 107, 679–701. 

Cohan, F., King, E. & Zawadzki, P. 1994. Amelioration of the Deleterious Pleiotropic Effects of an 
Adaptive Mutation in Bacillus subtilis. Evolution, 48, 81–95. 

Colegrave, N. 2002. Sex Releases the Speed Limit on Evolution. Nature, 420, 664–666. 

Collins, S. 2011. Many Possible Worlds: Expanding the Ecological Scenarios in Experimental Evolution. 
Evolutionary Biology, 38, 3–14. 

Collins, S., de Meaux, J. & Acquisti, C. 2007. Adaptive Walks Toward a Moving Optimum. Genetics, 
176, 1089–1099. 

Cooper, J. & Dobson, H. 2007. The Benefits of Pesticides to Mankind and the Environment. Crop 
Protection, 26, 1337–1348. 

Coustau, C., Chevillon, C. & ffrench-Constant, R. 2000. Resistance to Xenobiotics and Parasites: Can 
we Count the Cost? Trends in Evolution and Ecology, 15, 378–383. 

Crow, J. & Kimura, M. 1970. An Introduction to Population Genetics Theory. Harper & Row Publishing 
USA.  

Davies, J. & Davies, D. 2010. Origins and Evolution of Antibiotic Resistance. Microbiology and 
Molecular Biology Reviews, 74, 417-433. 

Delye, C., Gardin, J., Boucansaud, K., Chauvel, B. & Petit, C. 2011. Non-Target-Site-Based Resistance 
Should be the Centre of Attention for Herbicide Resistance Research: Alopecurus myosuroides as an 
illustration. Weed Research, 51, 433–437. 

Denholm, I. & Rowland, M. 1992. Tactics for Managing Pesticide Resistance in Arthropods: Theory and 
Practice. Annual Review of Entomology, 37, 91–112. 

Diggle, A., Neve, P. B. & Smith, F. P. 2003. Herbicides Used in Combination Can Reduce the Probability 
of Herbicide Resistance in Finite Weed Populations. Weed Research, 43, 371–382. 



	
  

 103 

Doyle, P. & Stypa, M. 2004. Reduced Herbicide Rates - A Canadian Perspective. Weed Technology, 18, 
1157–1165. 

Drlica, K. 2003. The Mutant Selection Window and Antimicrobial Resistance. Journal of Antimicrobial 
Chemotherapy, 52, 11–17. 

Duke, S. 1996. Herbicide-Resistant Crops: Agricultural, Environmental, Economic, Regulatory and 
Technical Aspects. CRC Press, Boca Raton, USA.  

Eizaguirre, C. & Lenz, T. L. 2010. Major Histocompatibility Complex Polymorphism: Dynamics and 
Consequences of Parasite-Mediated Local Adaptation in Fishes. Journal of Fish Biology, 77, 2023–2047. 

Elad, Y., Unis, H. & Katan, T. 1992. Multiple Fungicide Resistance to Benzimidazoles, Dicarboximides 
and Diethofencarb in Field Isolates of Botrytis cinerea in Israel. Plant Pathology, 41, 41–46. 

Elena, S. F. & Lenski, R. E. 2003. Evolution Experiments with Microorganisms: the Dynamics and 
Genetic Bases of Adaptation. Nature Reviews Genetics, 4, 457–469. 

Ellstrand, N. C. 2003. Current Knowledge of Gene Flow in Plants: Implications for Transgene Flow. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 358, 1163–1170. 

Fernández, J. & López-Fanjul, C. 1997. Spontaneous Mutational Genotype-Environment Interaction for 
Fitness-Related Traits in Drosophila melanogaster. Evolution, 51, 836–864. 

ffrench-Constant, R. H., Daborn, P. J. & Goff, G. L. 2004. The Genetics and Genomics of Insecticide 
Resistance. Trends in Genetics, 20, 163–170. 

Fraser, D. J., Weir, L. K., Bernatchez, L., Hansen, M. M. & Taylor, E. B. 2011. Extent and Scale of 
Local Adaptation in Salmonid Fishes: Review and Meta-Analysis. Heredity, 106, 404–420. 

Friesen, S. L. J., Ferguson, G. M. & Hall, C. 2000. Management Strategies for Attenuating Herbicide 
Resistance: Untoward Consequences of Their Promotion. Crop Protection, 19, 891–895. 

Futuyma, D. 2009. Evolution, 3nd edition. Sinauer Associates, Inc, USA. 

Futuyma, D. J. & Moreno, G. 1988. The Evolution of Ecological Specialization. Annual Review of 
Ecological Systems, 19, 207–233. 

Gardner, S., Gressel, J. & Mangel, M. 1998. A Revolving Dose Strategy to Delay the Evolution of Both 
Quantitative vs Major Monogene Resistances to Pesticides and Drugs. International Journal of Pest 
Management, 44, 161–180. 

Garland, T. & Rose, M. 2009. Experimental Evolution: Concepts, Methods, and Applications of Selection 
Experiments. University of California Press, USA.  

Gaston, K. J. 2003. The Structure and Dynamics of Geographical Ranges. Oxford University Press, UK. 

Georghiou, G. & Taylor, C. E. 1986. Factors Influencing the Evolution of Resistance. In: Pesticide 
Resistance: strategies and tactics for management, eds. Committee on Strategies for the Management of 
Pesticide Resistant Pest Populations. National Academy Press, USA, 157–169. 

Gluckman, P. D., Low, F. M. & Buklijas, T. 2011. How Evolutionary Principles Improve the 
Understanding of Human Health and Disease. Evolutionary Applications, 4, 249–263. 

Goddard, M. R., Godfray, J. C. J. & Burt, A. 2005. Sex Increases the Efficacy of Natural Selection in 



	
  

 104 

Experimental Yeast Populations. Nature, 434, 636–640. 

Gomulkiewicz, R. & Kirkpatrick, M. 1992. Quantitative Genetics and the Evolution of Reaction Norms. 
Evolution; international journal of organic evolution, 46, 390–411. 

Greischar, M. A. & Koskella, B. 2007. A synthesis of experimental work on parasite local adaptation. 
Ecology Letters, 10, 418–434. 

Gressel, J. 1990. Synergizing Herbicides. Reviews of Weed Science, 5, 49–82. 

Gressel, J. 1995. Creeping Resistances: the Outcome of Using Marginally Effective or Reduced Rates of 
Herbicides. Brighton Crop Protection Conference - Weeds, British Crop Protection Council Publications: 
Brighton, 587–590. 

Gressel, J. 1997. Burgeoning Resistance Requires New Strategies. In Weed and Crop Resistance to 
Herbicides, eds. R. De Prado, J. Jorrin, L. Garcia-Torres. Kluwer Academic, UK. pp.3-14.  

Gressel, J. 2002. Molecular Biology of Weed Control. Taylor & Francis Inc. USA. 

Gressel, J. 2009. Evolving Understanding of the Evolution of Herbicide Resistance. Pest Management 
Science, 65, 1164–1173. 

Gressel, J. & Segel, L. 1982. Interrelating Factors Controlling the Rate of Appearance of Resistance: the 
Outlook for the Future. in: Herbicide Resistance in Plants, eds. H.B. LeBaron, J. Gressel; John Wiley and 
Sons Inc, USA. 

Gressel, J. & Segel, L. A. 1990. Modelling the Effectiveness of Herbicide Rotations and Mixtures as 
Strategies to Delay or Preclude Resistance. Weed Technology, 4, 186–198. 

Haldane, J. 1924. A Mathematical Theory of Natural and Artificial Selection. Transactions of the 
Cambridge Philosophical Society, 23, 19–41. 

Hall, A. R., Griffiths, V. F., MacLean, R. C. & Colegrave, N. 2010. Mutational Neighbourhood and 
Mutation Supply Rate Constrain Adaptation in Pseudomonas aeruginosa. Proceedings of the Royal Society 
B: Biological Sciences, 277, 643–650. 

Hamill, A. S., Hold, J. S. & Mallory-Smith, C. A. 2004. Contributions of Weed Science to Weed Control 
and Management. Weed Technology, 18, 1563–1565. 

Hardie, D. C. & Hutchings, J. A. 2010. Evolutionary Ecology at the Extremes of Species’ Ranges. 
Environmental Reviews, 18, 1–20. 

Harper, J. L. 1956. The Evolution of Weeds in Relation to Resistance to Herbicides. Proceedings of the 
3rd British Weed Control Conference, November 5-8, British Weed Control Council, Farnham, UK, 179–
188. 

Harris, E. 2008. The Chlamydomonas Sourcebook: Introduction to Chlamydomonas and its Laboratory 
Use . Elsevier Inc, USA.  

Harris, T. 1841. A Report on the Insects of Massachusetts: Injurous to Vegetation. Folsom, Wells & 
Thurston, USA.  

Hart, K. & Pimentel, D. 2002. Environmental and Economic Costs of Pesticide Use. in: Encyclopedia of 
Pest Management, Ed. D. Pimentel, CRC Press, USA. p.237-239. 



	
  

 105 

Hartfield, M. & Keightley, P. D. 2012. Current Hypotheses for the Evolution of Sex and Recombination. 
Integrative Zoology, 7, 192–209. 

Heap, I. 2012. International Survey of Herbicide Resistant Weeds. www.weedscience.com, accessed on 5th 
October, 2012. 

Hedrick, P. W. 1986. Genetic Polymorphism in Heterogeneous Environments: A Decade Later. Annual 
review of Ecology and Systematics, 17, 535–566. 

Hegreness, M., Shoresh, N., Damian, D., Hartl, D. & Kishony, R. 2008. Accelerated Evolution of 
Resistance in Multidrug Environments. Proceedings of Natural Academy of Sciences, 105, 13977–13981. 

Heller, R. & Smith, J. M. 1978. Does Muller's Ratchet Work with Selfing? Genetical Research, 32, 289–
293. 

Hereford, J. 2009. A Quantitative Survey of Local Adaptation and Fitness Trade Offs. The American 
Naturalist, 173, 579–588. 

Herms, D. & Mattson, W. 1994. Plant Growth and Defense. Trends in Ecology and Evolution, 9, 488. 

Hill, C., Cotter, P., Sleator, R. & Gahan, C. 2002. Bacterial Stress Response in Listeria monocytogenes: 
Jumping the Hurdles Imposed by Minimal Processing. International Dairy Journal, 12, 273–283. 

Hirschberg, J. & McIntosh, L. 1983. Molecular Basis of Herbicide Resistance in Amaranthus hybridus. 
Science, 222, 1346–1349. 

Hokkanen, H. 2002. Chapter 33: Biological Control: Successes and Failures. in: Encyclopedia of Pest 
Management, Ed. Pimentel D., CRC Press, USA. 102–104. 

Holt, R. D. 1996. Evolution in Source-Sink Environments: Direct and Indirect Effects of Density-
Dependence on Niche Evolution. Oikos, 75, 182–192. 

Immaraju, J. A., Morsei, J. G. & Hobzn, R. F. 1990. Field Evaluation of Insecticide Rotation and 
Mixtures as Strategies for Citrus Thrips (Thysanoptera: Thripidae) Resistance Management in California. 
Journal of Economic Entomology, 83, 306–314. 

Isturiz, R. E. 2010. Optimizing Antimicrobial Prescribing. International Journal of Antimicrobial Agents, 
36, S19–S22. 

Jander, G., Baerson, S. R., Hudak, J. A., Gonzalez, K. A., Gruys, K. J. & Last, R. L. 2003. 
Ethylmethanesulfonate Saturation Mutagenesis in Arabidopsis to Determine Frequency of Herbicide 
Resistance. Plant Pathology, 131, 139–146. 

Jasieniuk, M., Brule-Babel, A. L. & Morrison, I. N. 1996. The Evolution and Genetics of Herbicide 
Resistance in Weeds. Weed Science, 44, 176–193. 

Jasmin, J.-N. & Kassen, R. 2007. On the Experimental Evolution of Specialization and Diversity in 
Heterogeneous Environments. Ecology Letters, 10, 272–281. 

Jonsson, N. N., Miller, R. J., Kemp, D. H., Knowles, A., Ardila, A. E., Verrall, R. G. & Rothwell, J. T. 
2010. Rotation of Treatments between Spinosad and Amitraz for the Control of Rhipicephalus (Boophilus) 
microplus Populations with Amitraz Resistance. Veterinary Parasitology, 169, 157–164. 

Kassen, R. 2002. The Experimental Evolution of Specialists, Generalists, and the Maintenance of Diversity. 
Journal of evolutionary biology, 15, 173–190. 



	
  

 106 

Kassen, R. & Bell, G. 1998. Experimental Evolution in Chlamydomonas. IV Selection in Environments 
that Vary Through Time at Different Scales. Heredity, 80, 732–741. 

Kassen, R. & Bell, G. 2000. The Ecology and Genetics of Fitness in Chlamydomonas. X. The Relationship 
between Genetic Correlation and Genetic Distance. Evolution, 54, 425–432. 

Kawecki, T. J. & Ebert, D. 2004. Conceptual Issues in Local Adaptation. Ecology Letters, 7, 1225–1241. 

Kawecki, T. J., Lenski, R. E., Ebert, D., Hollis, B., Olivieri, I. & Whitlock, M. C. 2012. Experimental 
evolution. Trends in Ecology and Evolution, 27, 547–560. 

Kishony, R. & Leibler, S. 2003. Environmental Stresses can Alleviate the Average Deleterious Effect of 
Mutations. Journal of Biology, 2, 14. 

Kover, P. X., Rowntree, J. K., Scarcelli, N., Savriama, Y., Eldridge, T. & Schaal, B. A. 2009. 
Pleiotropic Effects of Rnvironment-Specific Adaptation in Arabidopsis thaliana. New Phytologist, 183, 
816–825. 

Lagator, M., Vogwill, T., Colegrave, N. & Neve, P. 2012. Herbicide Cycling has Diverse Effects on 
Evolution of Resistance in Chlamydomonas reinhardtii. Evolutionary Applications, ISSN 1752–4571. 

Lande, R. & Arnold, S. J. 1983. Continuous, Alternating, and Mixed Insecticides Affect Development of 
Resistance in the horn Fly (Diptera: Muscidae). Evolution, 37, 1210–1226. 

LeBaron, H. & Gressel, J. 1982. Herbicide Resistance in Plants. John Wiley and Sons Inc, USA.  

Leeper, J. R., Roush, R. T. & Reynold, H. T. 1986. Preventing or Managing Resistance in Arthropods. In 
Pesticide Resistance: Strategies and Tactics for Management. National Academy, USA. 335–346. 

Legros, M. & Koella, J. C. 2010. Experimental Evolution of Specialization by a Microsporidian Parasite. 
BMC Evolutionary Biology, 10, 159. 

Levins, R. 1968. Evolution in Changing Environments. Princeton University Press, USA.  

Lewontin, R. C. 1974. The Genetic Basis of Evolutionary Change. Columbia University Press, USA.  

Lomborg, B. 2001. The Skeptical Environmentalist. Cambridge University Press, USA.  

Lopes, P. C., Sucena, É., Santos, M. E. & Magalhaes, S. 2008. Rapid Experimental Evolution of 
Pesticide Resistance in C. elegans Entails No Costs and Affects the Mating System. PLoS ONE, 3, e3741. 

Lynch, J. & Hokkanen, H. 1995. Biological Control: Benefits and Risks. Cambridge University Press, UK.  

Lynch, M., Blanchard, J., Houle, D., Kibota, T. & Schultz, S. 1999. Perspective: Spontaneous 
Deleterious Mutation. Evolution, 53, 645–663. 

Lynch, M., Conery, J. & Burger, R. 1995. Mutational Meltdown in Sexual Populations. Evolution, 49, 
1067–1080. 

MacArthur, R. 1964. Environmental Factors Affecting Bird Species Diversity. The American Naturalist, 
98, 387–397. 

MacLean, C. R., Bell, G. & Rainey, P. B. 2004. The Evolution of a Pleiotropic Fitness Tradeoff in 
Pseudomonas fluorescens. Proceedings of Natural Academy of Sciences, 101, 8072–8077. 



	
  

 107 

 

Macnair, M. 1991. Why the Evolution of Resistance to Antrhopogenic Toxins Normally Involves Major 
Gene Changes: the Limits to Natural Selection. Genetica, 84, 213–219. 

Manalil, S., Busi, R., Renton, M. & Powles, S. B. 2011. Rapid Evolution of Herbicide Resistance by Low 
Herbicide Dosages. Weed Science, 59, 210–217. 

Mani, G. S. 1985. Evolution of Resistance in the Presence of Two Insecticides. Genetics, 109, 7610–7783. 

Manley, B. S., Wilson, H. P. & Hines, T. P. 2002. Management Programs and Crop Rotations Influence 
Populations of Annual Grass Weeds and Yellow Nutsedge. Weed Science, 50, 112–119. 

Maxwell, B. D., Roush, M. L. & Radosevic, S. R. 1990. Predicting the Evolution and Dynamics of 
Herbicide Resistance in Weed Populations. Weed Technology, 4, 2–13. 

McCart, C., Buckling, A. & ffrench-Constant, R. H. 2005. DDT Resistance in Flies Carries no Cost. 
Current Biology, R597–R589. 

McDougall, P. 2007. Global Market Performance. Crop LIfe International Annual Report, 1–5. 

McKenzie, C. & Byford, R. 1993. Continuous, Alternating, and Mixed Insecticides Affect Development 
of Resistance in the horn Fly (Diptera: Muscidae). 86, 1040–1048. 

McMahon, M. A. S., Xu, J., Moore, J. E., Blair, I. S. & McDowell, D. A. 2006. Environmental Stress 
and Antibiotic Resistance in Food-Related Pathogens. Applied and Environmental Microbiology, 73, 211–
217. 

Meeus, T. D., Michalakis, Y., Renaud, F. & Olivieri, I. 1993. Polymorphism in Heterogeneous 
Environments, Evolution of Habitat Selection and Sympatric Speciation: Soft and Hard Selection Models. 
Evolutionary Ecology, 7, 175–198. 

Michel, J.-B., Yeh, P., Chait, R., Moellering, R. C. & Kishony, R. 2008. Drug Interactions Modulate the 
Potential for Evolution of Resistance. Proceedings of Natural Academy of Sciences, 105, 14918–14923. 

Mohler, C. L. 2002. Chapter 209: Mechanical Weed Control in Agriculture. in: Encyclopedia of Pest 
Management, Ed. Pimentel D., CRC Press, USA. 83–86. 

Morgan, A. D., Craig Maclean, R. & Buckling, A. 2009. Effects of Antagonistic Coevolution on 
Parasite-Mediated Host Coexistence. Journal of Evolutionary Biology, 22, 287–292. 

Morris, D. W. 2011. Adaptation and Habitat Selection in the Eco-Evolutionary Process. Proceedings of the 
Royal Society B: Biological Sciences, 278, 2401–2411. 

Moser, C. & Bell, G. 2010. Genetic Correlation in Relation to Differences in Dosage of a Stressor. Journal 
of Evolutionary Biology, 24, 219–223. 

Mulugeta, D., Fay, P. & Dyer, W. 1992. The role of Pollen in the Spread of Sulfonylurea Resistant 
Kochia scoparia L. (Schrad.). Weed Science Society of America Abstracts, 32, 6. 

Nakayama, S.-I., Shi, S., Tateno, M., Shimada, M. & Takahasi, K. R. 2012. Mutation Accumulation in 
a Selfing Population: Consequences of Different Mutation Rates between Selfers and Outcrossers. PLoS 
ONE, 7, e33541. 

Naylor, R. E. L. 2002. Weed Management Handbook. 9th edn. Blackwell Science Ltd., UK.  



	
  

 108 

 

Neve, P. 2008. Simulation Modelling to Understand the Evolution and Management of Glyphosate 
Resistance in Weeds. Pest Management Science, 64, 392–401. 

Neve, P. & Powles, S. 2005a. Recurrent Selection with Reduced Herbicide Rates Results in the Rapid 
Evolution of Herbicide Resistance in Lolium rigidum. Theoretical Applied Genetics, 110, 1154–1166. 

Neve, P. B. & Powles, S. 2005b. High Survival Frequencies at Low Herbicide Use Rates in Populations of 
Lolium rigidum Result in Rapid Evolution of Herbicide Resistance. Heredity, 95, 485–492. 

Neve, P., Norsworthy, J. K., Smith, K. L. & Zelaya, I. A. 2011. Modeling Glyphosate Resistance 
Management Strategies for Palmer Amaranth (Amaranthus palmeri) in Cotton. Weed Technology, 25, 335–
343. 

Neve, P., Vila-AIub, M. & Roux, F. 2009. Evolutionary-Thinking in Agricultural Weed Management. 
New Phytologist, 184, 783–793. 

O'Donovan, J. T., Blackshaw, R. E., Harker, K. N., Clayton, G. W., Moyer, J. R. & Dosdall, L. M. 
2007. Integrated Approaches to Managing Weeds in Spring-Sown Crops in Western Canada. Crop 
Protection, 36, 390–398. 

Oerke, E. C. 2006. Crop Losses to Pests. The Journal of Agricultural Science, 144, 31. 

Orr, A. 2000. The Rate of Adaptation in Asexuals. Genetics, 155, 961–968. 

Orr, H. A. 2010. The Population Genetics of Beneficial Mutations. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 365, 1195–1201. 

Orr, H. A. 2005. The Genetic Theory of Adaptation: a Brief History. Nature Reviews Genetics, 6, 119–127. 

Palumbi, S. R. 2001. Humans as the World's Greatest Evolutionary Force. Science, 293, 1786–1790. 

Parliamentary Office of Science and Technology, P. 2009. Crop Protection. 
http://www.parliament.uk/documents/post/postpn336.pdf, accessed on 5th October 2012. 

Pastan, I. & Gottesman, M. 1987. Multiple-Drug Resistance in Human Cancer. New England Journal of 
Medicine, 316, 1388–1393. 

Peshin, R. 2002. Chapter 92: Economic Benefits of Pest Management. in: Encyclopedia of Pest 
Management, Ed. D. Pimentel, CRC Press, USA. 71–73. 

Pimentel, D. & Grainer, A. 1997. Environmental and Socio-Economic Costs of Pesticide Use. in 
Techniques for Reducing Pesticide Use, ed. D. Pimentel; John Wiley & Sons, UK. 

Plewa, M. 1985. Mutation Testing with Maize. Basic Life Science, 34, 323–328. 

Plewa, M., Wagner, E., Gentile, G. & Gentile, J. 1984. An Evaluation of the Genotoxic Properties of 
Herbicides Following Plant and Animal Activation. Mutation Research, 136, 233–245. 

Poisot, T., Bever, J. D., Nemri, A., Thrall, P. H. & Hochberg, M. E. 2011. A Conceptual Framework for 
the Evolution of Ecological Specialisation. Ecology Letters, 14, 841–851. 

Porcher, E., Giraud, T., Goldringer, I. & Lavigne, C. 2004. Experimental Demonstration of a Causal 
Relationship between Heterogeneity of Selection and Genetic Differentiation in Quantitative Traits. 



	
  

 109 

Evolution, 58, 1434–1445. 

Powles, S. 2008. Evolved Glyphosate-Resistant Weeds Around the World: Lessons to be Learnt. Pest 
Management Science, 64, 360–365. 

Powles, S. & Shaner, D. L. 2001. Herbicide Resistance and World Grains. CRC Press, USA.  

Powles, S. B. 2010. Gene Amplification Delivers Glyphosate-Resistant Weed Evolution. Proceedings of 
Natural Academy of Sciences, 107, 955–956. 

Powles, S. B. & Yu, Q. 2010. Evolution in Action: Plants Resistant to Herbicides. Annual review of Plant 
Biology, 61, 317–347. 

Powles, S. B., Preston, C., Bryan, I. B. & Jetsum, A. R. 1997. Herbicide Resistance: Impact and 
Management. Advances in Agronomy, 58, 57–93. 

Prabhaker, N., Toscano, N. & Hennenberry, T. 1998. Evaluation of Insecticide Rotations and Mixtures 
as Resistance Management Strategies for Bemisia argentifolii (Homoptera: Aleyrodidae). Journal of 
Economic Entomology, 91, 820–826. 

Preston, C. & Powles, S. 2002. Evolution of Herbicide Resistance in Weeds: Initial Frequency of Target 
Site-Based Resistance to Acetolactate Synthase-Inhibiting Herbicides in Lolium rigidum. Heredity, 88, 8–
13. 

Pringle, H. 1998. Neolithic Agriculture: The Slow Birth of Agriculture. Science, 282, 1446–1446. 

Proschold, T., Harris, E. & Coleman, A. 2005. Portrait of a Species: Chlamydomonas reinhardtii. 
Genetics, 170, 1601–1610. 

Quastel, J. 1950. 2,4-Dichlorophenoxyacetic Acid (2,4-D) as a Selective Herbicide. in: Agricultural 
Control Chemicals, American Chemical Society, USA, pp.224-249. 

Rajendran, B. 2002. Chapter 72: Cultural Controls. in: Encyclopedia of Pest Management, Ed. D. 
Pimentel, CRC Press, USA. 127-129. 

Ravigné, V., Dieckmann, U. & Olivieri, I. 2009. Live Where You Thrive: Joint Evolution of Habitat 
Choice and Local Adaptation Facilitates Specialization and Promotes Diversity. The American Naturalist, 
174, E141–E169. 

Reboud, X. 2002. Response of Chlamydomonas reinhardtii to Herbicides: Negative Relationship between 
Toxicity and Water Solubility across Several Herbicide Families. Bulletin of environmental contamination 
and toxicology, 69, 554–561. 

Reboud, X. & Bell, G. 1997. Experimental Evolution in Chlamydomonas. III. Evolution of Specialist and 
Generalist Types in Environments that Vary in Space and Time. Heredity, 78, 507–514. 

Reboud, X., Majerus, N., Gasquez, J. & Powles, S. 2007. Chlamydomonas reinhardtii as a Model 
System for Pro-Active Herbicide Resistance Evolution Research. Biological Journal of the Linnean Society, 
91, 257–266. 

Remold, S. K. & Lenski, R. E. 2001. Contribution of Individual Random Mutations to Genotype-by-
Environment Interactions in Escherichia coli. Proceedings of Natural Academy of Sciences, 98, 11388–
11393. 

Ricklefs, R. E. & Miller, G. L. 2000. Ecology. W.H.Freeman and Company, USA.  



	
  

 110 

Roff, D. A. & Fairbairn, D. J. 2006. The Evolution of Trade-Offs: Where are We? Journal of 
Evolutionary Biology, 20, 433–447. 

Roush, R. T. & McKenzie, J. A. 1987. Ecological Genetics of Insecticide and Acaricide Resistance. 
Annual Review of Entomology, 32, 361–380. 

Roux, F. 2004. The Dominance of the Herbicide Resistance Cost in Several Arabidopsis thaliana Mutant 
Lines. Genetics, 166, 449–460. 

Roux, F. 2005. Epistatic Interactions Among Herbicide Resistances in Arabidopsis thaliana: The Fitness 
Cost of Multiresistance. Genetics, 171, 1277–1288. 

Roux, F. & Reboud, X. 2005. Is the Cost of Herbicide Resistance Expressed in the Breakdown of the 
Relationships between Characters? A Case Study Using Synthetic-Auxin-Resistant Arabidopsis thaliana 
Mutants. Genetical research, 85, 101–110. 

Roux, F., Camilleri, C., Berard, A. & Reboud, X. 2005. Multigenerational versus Single Generation 
Studies to Estimate Herbicide Resistance Fitness Cost in Arabidopsis thaliana. Evolution, 59, 2264–2269. 

Roux, F., Paris, M. & Reboud, X. 2008. Delaying Weed Adaptation to Herbicide by Environmental 
Heterogeneity: a Simulation Approach. Pest Management Science, 64, 16–29. 

Rubin, B. 1991. Herbicide Resistance in Weeds and Crops, Progress and Prospects. in: Herbicide 
Resistance in Weeds and Crops, 11th Long Ashton International Symposium on Herbicide Resistance in 
Weeds and Crops, 387–414. 

Ruegg, W., Quadranti, M. & Zoschke, A. 2007. Herbicide Research and Development: Challenges and 
Opportunities. Weed Research, 47, 271–275. 

Russell, P. E. 2005. A Century of Fungicide Evolution. Journal of Agricultural Science, 143, 11–25. 

Ryan, G. 1970. Resistance of Common Groundsel to Simazine and Atrazine. Weed Science, 18, 614–616. 

Sanford, E. & Kelly, M. W. 2011. Local Adaptation in Marine Invertebrates. Annual Review of Marine 
Science, 3, 509–535. 

Sexton, J. P., McIntyre, P. J., Angert, A. L. & Rice, K. J. 2010. Evolution and Ecology of Species 
Range Limits. Annua Review of Ecological and Evolutionary Systems, 40, 415–436. 

Shaw, M. W. 2006. Is There Such a Thing as Fungicide Resistance Strategy? A Modeller's Perspective. 
Applied Biology, 78, 37–44. 

Silva, J. D. & Bell, G. 1996. The Ecology and Genetics of Fitness in Chlamydomonas. VII. The Effect of 
Sex on the Variance in Fitness and Mean Fitness. Evolution, 50, 1705–1713. 

Smith, E. H. & Kennedy, G. G. 2002. Chapter 156: History of Pesticides. in: Encyclopedia of Pest 
Management, Ed. D. Pimentel, CRC Press, USA. 53–54. 

Sousa, A., Magalhaes, S. & Gordo, I. 2012. Cost of Antibiotic Resistance and the Geometry of 
Adaptation. Molecular Biology and Evolution, 29, 1417–1428. 

Springate, D. A., Scarcelli, N., Rowntree, J. & Kover, P. X. 2011. Correlated Response in Plasticity to 
Selection for Early Flowering in Arabidopsis thaliana. Journal of Evolutionary Biology, 24, 2280–2288. 

Strauss, S., Rudgers, J., Lau, J. & Irwin, R. 2002. Direct and Ecological Costs of Resistance to 



	
  

 111 

Herbivory. Trends in Ecology and Evolution, 17, 278–285. 

Thrall, P. H., Oakeshott, J. G., Fitt, G., Southerton, S., Burdon, J. J., Sheppard, A., Russell, R. J., 
Zalucki, M., Heino, M. & Ford Denison, R. 2011. Evolution in Agriculture: the Application of 
Evolutionary Approaches to the Management of Biotic Interactions in Agro-Ecosystems. Evolutionary 
Applications, 4, 200–215. 

Tienderen, P. H. V. 1991. Evolution of Generalists and Specialist in Spatially Heterogeneous 
Environments. Evolution, 45, 1317–1331. 

Trindade, S., Sousa, A., Xavier, K. B., Dionisio, F. & Ferreira, M. G. 2009. Positive Epistasis Drives 
the Acquisition of Multidrug Resistance. PLoS Genetics, 5,  

Tufto, J. 2000. The Evolution of Plasticity and Nonplastic Spatial and Temporal Adaptations in the 
Presence of Imperfect Environmental Cues. The American Naturalist, 156, 121–130. 

Turner, P. E. & Elena, S. F. 2000. Cost of Host Radiation in an RNA Virus. Genetics, 156, 1465–1470. 

Van Bambeke, F., Glupczynski, Y., Plésiat, P., Pechère, J. C. & Tulkens, P. M. 2003a. Antibiotic 
Efflux Pumps in Prokaryotic Cells: Occurrence, Impact on Resistance and Strategies for the Future of 
Antimicrobial Therapy. Journal of Antimicrobial Chemotherapy, 51, 1055–1065. 

Van Bambeke, F., Michot, J. M. & Tulkens, P. M. 2003b. Antibiotic Efflux Pumps in Eukaryotic Cells: 
Occurrence and Impact on Antibiotic Cellular Pharmacokinetics, Pharmacodynamics and Toxicodynamics. 
Journal of Antimicrobial Chemotherapy, 51, 1067–1077. 

Via, S. & Lande, R. 1985. Genotype-Environment Interaction and the Evolution of Phenotypic Plasticity. 
Evolution, 39, 505–522. 

Vila-Aiub, M. M., Neve, P. & Powles, S. B. 2009. Fitness Costs Associated with Evolved Herbicide 
Resistance Alleles in Plants. New Phytologist, 184, 751–767. 

Vogwill, T., Lagator, M., Colegrave, N. & Neve, P. 2012. The Experimental Evolution of Herbicide-
Resistance in Chlamydomonas reinhardtii Results in a Positive Correlation between Fitness in the Presence 
and Absence of Herbicides. Journal of Evolutionary Biology, 25, 1955–1964. 

Whitlock, M. C. 1996. The Red Queen Beats the Jack-Of-All-Trades: The Limitation on the Evolution of 
Phenotypic Plasticity and Niche Breadth. The American Naturalist, 148, S65–S77. 

Whittaker, R. H. & Levin, S. A. 1976. Niche: Theory and Application. Dowden, Hutchinson & Ross, 
Stroudsburg, USA.  

Wiesch, zur, P. S., Engelstadter, J. & Bonhoeffer, S. 2010. Compensation of Fitness Costs and 
Reversibility of Antibiotic Resistance Mutations. Antimicrobial Agents and Chemotherapy, 54, 2085–2095. 

Wijngaarden, P. J., van den Bosch, F., Jeger, M. J. & Hoekstra, R. F. 2005. Adaptation to the Cost of 
Resistance: a Model of Compensation, Recombination, and Selection in a Haploid Organism. Proceedings 
of the Royal Society B: Biological Sciences, 272, 85–89. 

Wrubel, R. P. & Gressel, J. 1994. Are Herbicide Mixtures Useful for Delaying the Rapid Evolution of 
Resistance? A Case Study. Weed Technology, 8, 635–648. 

WSSoA. 2012. Weed Science Society of America. www.wssa.net. Accessed 5th October 2012.  

Yeh, P. J., Hegreness, M. J., Aiden, A. P. & Kishony, R. 2009. Drug Interactions and the Evolution of 
Antibiotic Resistance. Nature Reviews Microbiology, 7, 460–466. 



	
  

 112 

Zadoks, J. & Schein, R. 1979. Epidemiology and Plant Disease Management. Oxford University Press, 
UK.  

Zimdahl, R. L. 2007. Fundamentals of Weed Science. Elsevier/Academic Press, USA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
  

 113 

APPENDIX	
  A	
  

 

Survivorship	
  functions	
  for	
  the	
  analysis	
  of	
  dynamics	
  of	
  herbicide	
  resistance	
  in	
  Chapter	
  3.	
  	
  

 

Appendix	
   A1:	
   Dynamics	
   of	
   atrazine	
   resistance	
   as	
   a	
   survivorship	
   function.	
   Percentage	
   of	
   replicate	
  
populations	
  that	
  are	
  susceptible	
  is	
  plotted	
  for	
  each	
  tested	
  week.	
  Fine	
  dotted	
  line	
  is	
  continuous	
  exposure	
  
to	
  atrazine	
  (A),	
  broken	
  line	
  (GA)	
  and	
  full	
  line	
  (GCA).	
  	
  

	
  	
  

Appendix	
   A2:	
   Dynamics	
   of	
   glyphosate	
   resistance	
   as	
   a	
   survivorship	
   function.	
   Percentage	
   of	
   replicate	
  
populations	
  that	
  are	
  susceptible	
  is	
  plotted	
  for	
  each	
  tested	
  week.	
  Fine	
  dotted	
  line	
  is	
  continuous	
  exposure	
  
to	
  glyphosate	
  (G),	
  broken	
  line	
  (AG)	
  and	
  full	
  line	
  (ACG).	
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Appendix	
   A3:	
   Dynamics	
   of	
   carbetamide	
   resistance	
   as	
   a	
   survivorship	
   function.	
   Percentage	
   of	
   replicate	
  
populations	
  that	
  are	
  susceptible	
  is	
  plotted	
  for	
  each	
  tested	
  week.	
  Fine	
  dotted	
  line	
  green	
  line	
  is	
  continuous	
  
exposure	
  to	
  carbetamide	
  (C),	
  broken	
  turquoise	
   line	
  (AC),	
  broken	
  red	
   line	
  (GC),	
  broken	
  purple	
   line	
  (AGC)	
  
and	
  full	
  line	
  (GAC). 
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