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Executive	  Summary	  	  
	  
This	   report	   provides	   a	   detailed	   discussion	   of	   uncertainties,	   knowledge	   gaps	   and	   research	   needs	  
related	   to	   the	   potential	   use	   and	   introduction	   of	   GMOs.	   It	   covers	   GM	   plants,	   antibiotic	   resistance	  
marker	  genes,	  GM	  vaccines,	  gene	  therapy	  and	  medicinal	  products	  containing	  or	  consisting	  of	  GMOs,	  
as	  well	  as	  GM	  microorganisms,	  GM	  trees	  and	  GM	  salmon.	  	  

GMOs	  are	  made	  by	  inserting	  a	  gene	  (or	  several	  genes)	  encoding	  a	  wanted	  trait	  into	  an	  organism	  (of	  
the	  same	  species	  or	  a	  different	  species).	  The	  environmental	  risks	  associated	  with	  such	  alteration	  of	  
the	   genome	   are	   evaluated	   on	   the	   basis	   of	   present	   scientific	   knowledge	   and	   analysis	   of	   available	  
literature.	   The	   report	   identifies	   many	   unresolved	   scientific	   uncertainties	   and	   potential	   adverse	  
effects	  related	  to	  GMOs	  and	  their	   impacts	  on	  ecosystems,	  as	  well	  as	  on	  animal	  and	  human	  health.	  
Particular	  attention	  has	  been	  given	  to	  GMOs	  relevant	  in	  a	  Norwegian	  context.	  The	  report	  emphasizes	  
today’s	  challenges,	  but	  also	  outlines	  needs	   for	   the	   future,	  as	  new	  GMOs	  are	  becoming	   increasingly	  
more	  complex.	  Examples	  of	  such	  novel	  GMOs	  are	  discussed	  under	  the	  different	  subchapters.	  	  

The	   most	   significant	   identified	   areas	   of	   uncertainty	   and	   knowledge	   gaps	   in	   each	   section	   are	  
summarized	  below.	  

	  

Common	  themes	  
	  
This	  report	  covers	  numerous	  kinds	  of	  GMOs	  in	  different	  environmental	  contexts.	  However,	  there	  are	  
common	   themes	  which	   resonate	   throughout	   the	   report,	   and	  which	   contribute	   to	   uncertainty	   and	  
knowledge	  gaps	  related	  to	  GMOs	  in	  general:	  

• The	  novelty	  of	   the	   introduced	  genes	  and	  their	  products	  within	   the	  context	  of	   the	   recipient	  
organisms,	   and	   the	  potential	   effects	   (e.g.	  pleiotropic	  effects,	   interactions	  with	  endogenous	  
proteins	  etc.)	  that	  may	  occur	  as	  a	  result	  of	  their	  introduction.	  

• Knowledge	   regarding	   unintended	   changes	   (e.g.	   recombination,	   positional	   effects	   etc.)	  
introduced	   into	   the	   genomes	  of	   recipient	   organisms	  due	   to	   genetic	  modification	   is	   sparse,	  
and	  exacerbated	  by	  lack	  of	  access	  to	  test	  materials	  and	  sequence	  information.	  	  

• The	   imprecision	   of	   both	   the	   methods	   used	   to	   perform	   genetic	   modification,	   as	   well	   the	  
techniques	  used	  to	  characterize	  the	  resultant	  GM	  organisms.	  

	  

Uncertainties	  and	  knowledge	  gaps	  for	  GM	  plants	  

• Most	   new	   GMPs	   are	   “multistacks”,	   i.e.	   containing	   several	   transgenes	   for	   both	   herbicide	  
tolerance	  and	   insect	   resistance.	  Data	  on	   the	  adequacy	  of	   the	  use	  of	   less	   complex	  parental	  
lines	  for	  environmental	  risk	  assessments	  (ERA)	  of	  multistack	  plants	  is	  lacking.	  

• Ecosystem	  complexity	  and	  how	  environmental	  factors	  may	  affect	  transgene	  expression	  is	  not	  
well	  understood.	  
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• How	   co-‐exposure	   of	   one	   or	   more	   herbicides	   may	   effect	   gene	   expression	   in	   the	   plants	   is	  
uncertain.	  Both	  the	  expression	  levels	  of	  the	  transgenic	  proteins,	  and	  other	  gene	  products	  in	  
multistack	  GMPs	  is	  difficult	  to	  assess	  due	  to	  lack	  of	  data.	  

• Data	  on	  herbicide	  accumulation	  in	  herbicide	  tolerant	  GMPs	  is	  lacking.	  	  
• Unwanted	   and	   unintended	   effects	   on	   non–target	   organisms	   have	   been	   observed	   and	  

indicate	  that	  Cry-‐toxins	  are	  less	  specific	  than	  previously	  claimed.	  There	  is	  a	  lack	  of	  studies	  on	  
alternative	  modes	  of	  action	  for	  these	  agricultural	  toxins.	  

• Availability	   of	   GM	   plant	   test	  material	   is	   limited	   and	   hampers	   the	   possibility	   for	   testing	   by	  
independent	   scientific	   institutions.	   This	   undermines	   the	   quality	   and	   credibility	   of	   risk	  
assessments.	  

• There	   is	   lack	   of	   data	   for	   the	   presence,	   use	   and	   potential	   transfer	   of	   antibiotic	   resistance	  
(ARM)	  genes	   in	  GMPs.	  ARM	  genes	  may	  be	  transferred	  to	  other	  organisms	   (microorganisms	  
etc.)	  through	  horizontal	  gene	  transfer.	  	  	  	  

	  

Uncertainties	  and	  knowledge	  gaps	  for	  GM	  viruses	  	  

• Available	   data	  on	  baseline	   information	  of	   naturally	   occurring	   viruses	   is	   generally	   lacking	   in	  
ERA.	  

• The	  potential	  for	  recombination,	  complementation	  and	  reactivation	  is	  difficult	  to	  assess	  due	  
to	  lack	  of	  data.	  

• Molecular	  basis	   for	  host	   ranges,	  molecular	   characterization	  and	   immune	  status	  of	   the	  host	  
and	  non-‐target	  hosts	  has	  little	  data.	  

• The	  potential	   for	  GM	  virus	  shedding	  and	  the	  potential	   for	   infection	   in	  non-‐target	  species	   is	  
not	  well	  understood.	  

	  

Uncertainties	  and	  knowledge	  gaps	  for	  GM	  microorganisms	  (GMMs)	  	  

• There	   is	   an	   incomplete	   understanding	   of	   how	   GMMs	   become	   established	   within	   an	  
environment.	  	  

• Potential	   impact	   of	   resource	   competition	   between	   GMMs	   and	   other	   microbes	   in	   the	  
environment.	  	  

• Containment	  strategies	  used	  under	  field	  conditions	  for	  GMMs	  (GM	  bacteria,	  GM	  algae,	  GM	  
fungi)	  are	  highly	  challenging,	  and	  the	  potential	  for	  escape	  is	  not	  well	  explored.	  

• There	  is	  little	  or	  no	  data	  on	  how	  to	  deal	  with	  escaped	  GMMs.	  
• Knowledge	  regarding	  environmental	   impacts	  of	   large	  populations	  of	  GMMs	  and	  their	  effect	  

on	  the	  receiving	  environment	  is	  lacking.	  	  
• There	   is	   a	   lack	   of	   knowledge	   on	   the	   capacity	   of	  GMMs	   to	  maintain	   or	   transfer	   transgenes	  

within	  or	  between	  populations.	  
• Potential	   for,	   and	  possible	   impacts	   of,	   horizontal	   gene	   transfer	   (HGT)	   between	  GMMs	  and	  

non-‐GMM	  species	  is	  not	  well	  understood.	  
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Uncertainties	  and	  knowledge	  gaps	  for	  GM	  trees	  

• The	  present	  knowledge	  on	  GM	  trees	  and	  the	  dynamics	  of	  gene	  flow	  are	  not	  fully	  understood.	  
• The	  practical	  utility	  of	  containment	  strategies	  for	  GM	  trees	  is	  not	  well	  understood.	  	  
• Data	   is	  missing	  on	   transgene	   stability	   of	   expression	  over	   longer	   time	   frames.	   This	   is	   highly	  

relevant	  for	  GM	  trees.	  	  
• How	  GM	  trees	  will	  interact	  with	  the	  complex	  forest,	  soil	  and	  aquatic	  ecosystems,	  as	  a	  whole,	  

is	  not	  investigated.	  
	  

Uncertainties	  and	  knowledge	  gaps	  for	  GM	  salmon	  	  

• Salmon	  is	  a	  highly	  complex	  and	  plastic	  species,	  thus	  there	  might	  be	  many	  effects	  of	  genetic	  
modifications	   that	  we	  will	   not	   observe	   in	   captivity.	   The	   production	   and	   the	   effects	   of	   GM	  
salmon	  on	  the	  environment	  is	  at	  present	  uncertain.	  	  

• The	  knowledge	  on	   the	   impact	  of	   escaped	  GM	  salmon	  on	  wild	   salmon	  populations	   and	   the	  
ecosystem	  in	  general	  is	  lacking.	  

• GM	  fish	  health	  and	  welfare	  conditions	  are	  unknown.	  
	  

Recommendations	  for	  further	  research	  

	  
• There	  is	  a	  need	  for	  development	  of	  uncertainty	  analyses	  that	  can	  be	  used	  for	  increasing	  the	  

quality	  of	  ERA	  of	  GMOs.	  	  
• More	  open	  ERA	  processes	  are	  needed,	   together	  with	   scientific	   institutions’	   access	   to	  GMO	  

test	  material	  for	  independent	  testing	  and	  validation	  of	  data.	  
• The	  potential	  for	  combinatorial	  effects	  of	  transgenes	  expressed	  in	  multistack	  GMPs	  are	  high,	  

and	  the	  relevance	  by	  the	  use	  of	  parental	   lines	  as	   representative	  controls	  of	  stacked	  events	  
should	  be	  assessed.	  	  

• The	  accumulation	  of	  herbicide	  residues	  in	  GMPs	  must	  be	  routinely	  measured.	  
• Potential	   transfer	   of	   ARM	   genes	   to	   microorganisms	   and	   to	   other	   organisms	   should	   be	  

investigated.	  	  
• Natural	  environments	  must	  be	  investigated	  for	  the	  presence	  of	  reservoirs	  of	  ARM	  genes,	   in	  

order	  to	  elucidate	  whether	  the	  use	  of	  ARM-‐containing	  GMOs	  could	  potentially	  augment	  the	  
environmental	  level	  of	  resistance.	  

• Persistence	  of	  GM	  viruses,	  and	  in	  what	  form	  (virion,	  DNA,	  RNA	  or	  protein)	  they	  exist	  outside	  
their	  hosts,	  needs	  to	  be	  elucidated.	  

• Molecular	   characterization	   and	   the	  basis	   for	   host	   range	  of	  GM	  viruses,	   as	  well	   as	   immune	  
status	  of	  host	  and	  at-‐risk	  non-‐target	  hosts	  needs	  to	  be	  investigated.	  	  

• Long-‐term	  assessment	  of	  GM	  trees	  is	  required	  to	  determine	  whether	  transgene	  expression	  is	  
stable	  over	  time,	  through	  seasonal	  variations	  and	  dormancy	  cycles.	  	  

• Aquatic	  ecosystems	  have	  been	  neglected	  in	  previous	  ERAs.	  The	  effect	  of	  GM	  crops	  and	  trees	  
on	  aquatic	  organisms	  must	  be	  assessed.	  
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• Effects	   on	   welfare	   and	   the	   environment	   by	   GM	   salmon	   production	   and	   use	   need	   to	   be	  
investigated.	  

• Impacts	  on	  wild	  salmon	  upon	  escape	  by	  GM	  salmon	  must	  be	  elaborated.	  
	  

In	  a	  Norwegian	  context	  we	  will	  in	  addition	  recommend:	  
	  

• Monitoring	  of	  baseline	  data	  in	  the	  environment	  of	  ARM,	  herbicides,	  natural	  reservoirs	  of	  
viruses,	  target	  and	  non-‐target	  organisms.	  

• Evaluation	  of	  the	  relevance	  of	  current	  methods	  and	  models	  in	  ERA	  for	  Norwegian	  conditions.	  
• And,	  if	  needed,	  development	  of	  new	  methods	  and	  models	  to	  be	  used	  for	  ERA	  and	  

environmental	  monitoring	  of	  GMOs	  in	  Norway.	  
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I.	  Introduction	  
I.I	  Background	  
	  

The	   production	   of	   genetically	   modified	   organisms	   (GMOs)	   involves	   recombination,	   insertion	   and	  
expression	  of	  novel	   genetic	   information	  within	  a	  host	   cell	   organism.	  Recombinant	  DNA	   techniques	  
enable	   genetic	   engineering	   (GE)	   of	   virtually	   any	   living	   cell	   or	   virus.	   The	   application	   of	   GE	   is	   now	  
extensively	   used	   in	   basic	   biological	   research	   as	   well	   as	   in	   applied	   research	   to	   produce	   GMOs	   or	  
derived	  products	  for	  commercial	  use	  in	  medicine	  and	  agriculture.	  

The	   various	   uncertainties	   embedded	   in	   GE	   and	   GMOs	   relating	   to	   health,	   environment	   and	   food	  
security	   have	   led	   to	   numerous	   national	   and	   international	   initiatives	   (OECD,	   Codex	   Alimentarius,	  
EFSA)	   to	   regulate	   research-‐based	   and	   commercial	   use	   of	   recombinant	   DNA	   technology.	   The	  
regulatory	  principles	  and	  requirements	  for	  the	  GMOs	  commercialized	  so	  far	  have	  been	  controversial	  
and	  conflict-‐laden.	  	  

There	  are	  many	  unresolved	  scientific	  uncertainties	  and	  risks	   related	  to	  GMOs	  and	  their	   impacts	  on	  
animal	   and	   human	   health,	   on	   ecosystems	   as	   well	   as	   a	   lack	   of	   shared	   understanding	   and	   variable	  
recognition	  of	  ethical,	  social,	  cultural,	  legal	  implications	  of	  GMOs.	  

This	  report	  aims	  to	  examine	  the	  knowledge	  gaps	  and	  research	  needs	  related	  to	  GMOs,	  with	  a	  focus	  
on	  environmental	  issues	  related	  to	  the	  potential	  use	  and	  introduction	  of	  GMOs	  in	  general.	  We	  intend	  
to	  map	  these	  knowledge	  gaps	  and	  also	  focus	  on	  knowledge	  gaps	  and	  uncertainties	  related	  to	  GMOs	  
in	  a	  Norwegian	  context.	  

The	  objectives	  are	  to:	  
• Map	  and	  document	  knowledge	  gaps	  and	  areas	  of	  uncertainty	  related	  to	  GMOs	  
• Identify	  today’s	  challenges	  and	  the	  future’s	  need	  
• Identify	  what	  is	  important	  in	  a	  Norwegian	  context	  

	  
I.II	  Organization	  of	  the	  report	  
	  
The	  report	  is	  divided	  into	  the	  following	  areas:	  

1. GM	  plants	  
2. GM	  microorganisms:	  Viruses	  and	  vaccines	  
3. GM	  microorganisms	  
4. GM	  trees	  
5. GM	  salmon	  	  

In	   addition	   we	   will	   provide	   examples	   of	   the	   various	   forms	   of	   scientific	   uncertainties	   present	   in	  
knowledge	  production	  with	  a	  specific	  focus	  on	  how	  it	  may	  affect	  the	  ERA	  of	  GMOs,	  with	  examples	  of	  
uncertainties	  with	  relevance	  for	  ERA	  of	  GMOs.	  	  
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I.III	  Sources	  of	  information	  
	  

The	  main	  sources	  of	  information	  used	  in	  this	  report	  are:	  

-‐ Publicly	   available	   relevant	   literature,	   mostly	   scientific	   peer-‐reviewed	   articles,	   reports	   and	  
book	  chapters.	  	  

-‐ The	  technical	  dossiers	  of	  GMO	  applications	  assessed	  by	  GenØk	  2010-‐2014.	  
-‐ GenØk	  policy	  briefs	  and	  reports	  
-‐ GenØk	  unpublished	   research:	  Field	  observations	  gathered	  /	   lab	  experiments	  carried	  out	  by	  

the	  authors	  and	  colleagues.	  	  

	  

I.IV	  Highlighted	  themes	  
	  
In	  this	  report	  we	  have	  examined	  available	  scientific	  literature	  (peer-‐reviewed	  articles,	  book	  chapters	  
and	  reports)	  on	  GM	  research	  to	  highlight	  potential	  knowledge	  gaps	  of	  relevance	  for	  environmental	  
risk	   assessments.	  We	   have	   included	   examples	   from	  our	   own	   research,	   as	  well	   as	   experience	   from	  
doing	   assessment	   of	   technical	   dossiers	   in	   the	   two	   first	   parts,	   GM	  plants	   and	  GM	  microorganisms:	  	  
Viruses	   and	   vaccines.	   The	   three	   other	   parts,	   GM	   salmon,	   GM	  microorganisms	   (bacteria,	   fungi	   and	  
algae)	  and	  GM	  trees	  are	  based	  on	  literature	  studies	  only.	  

We	  have	  identified	  some	  common	  knowledge	  gaps	  that	  are	  of	  high	  relevance	  for	  environmental	  risk	  
assessments.	  These	  touch	  upon	  the	  issue	  of	  the	  change	  introduced	  into	  the	  genomes	  of	  the	  GMOs,	  
the	  novelty	  of	  the	  introduced	  genes	  and	  their	  products,	  and	  also	  that	  the	  methods	  used	  at	  present	  
for	   genetic	   modification	   are	   not	   entirely	   predictable.	   These	   knowledge	   gaps	   raise	   questions	   with	  
regard	   to	   potentially	   unforeseen	   genetic	   changes	   that	  may	   happen,	   as	  well	   as	  with	   regard	   to	   the	  
research	   efforts	   that	   need	   to	   be	   initiated	   and	   the	   risk	   management	   strategies	   that	   need	   to	   be	  
performed	  to	  detect	  such	  unintended	  changes.	  

GM	  plants	  are	  important	  due	  to	  their	  extensive	  cultivation	  and	  use	  in	  food	  and	  feed.	  In	  this	  context,	  
we	  have	  used	  MON810	  as	  an	  example	  due	  to	  its	  long-‐term	  use,	  and	  since	  there	  is	  available	  literature	  
on	   the	   issues	   related	   to	   the	   molecular	   characterization	   of	   that	   event.	   MON810	   is	   also	   of	   high	  
relevance	  to	  Norway	  at	  present	  as	  the	  Norwegian	  Environmental	  Agency	  has	  recommended	  import	  
and	   processing	   of	   this	   GM	   plant	   (http://www.miljodirektoratet.no/no/Publikasjoner/2015/Mars-‐
2015/Genmodifisert-‐mais-‐MON810-‐Helhetlig-‐vurdering-‐og-‐anbefaling-‐til-‐vedtak/).	  

GenØk	   has	   many	   years	   of	   experience	   in	   research	   involving	   vaccine	   relevant	   viruses	   (in	   particular	  
orthopoxviruses).	   This	  has	  provided	   competence	   for	  environmental	   risk	  assessment	  of	   applications	  
for	  marketing	  authorization	  of	  GM	  vaccines	  and	  GM	  medicinal	  products,	  which	  the	  institute	  conducts	  
for	  the	  European	  Medical	  Agency	  on	  behalf	  of	  the	  Norwegian	  Environmental	  Agency.	  The	  knowledge	  
gaps	   that	   are	   highlighted	   in	   this	   report	   are	   based	   on	   experiences	   garnered	   from	   assessment	   of	  
application	  dossiers	  and	   information	   in	   the	  published	   literature,	  and	   includes	  a	  wide	  aspect	  of	  GM	  
vaccines	  and	  GM	  medicinal	  products	  where	  viruses	  or	  viral	  vectors	  are	  used.	  
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GM	  microorganisms,	  fungi	  and	  algae	  have	  been	  of	  interest	  to	  scientists	  for	  many	  years	  due	  to	  their	  
great	  potential	  in	  biofuel	  production.	  The	  demand	  for	  renewable	  energy	  is	  increasing,	  and	  there	  are	  
many	  public	  and	  private	  efforts	  exploring	  potential	  sources.	  Here,	  GM	  trees	  also	  are	  exemplified	  due	  
to	  the	  uses	  	  as	  fuel,	  but	  also	  for	  increased	  growth	  under	  diverse	  climatic	  conditions	  and	  as	  fruit	  (food)	  
producers.	  	  

Salmon	   is	   an	   important	   export	   trade	   in	   Norway.	   	   Thousands	   of	   tons	   are	   produced	   and	   exported	  
yearly,	   a	   trend	   which	   is	   set	   to	   increase.	   GM	   salmon	   have	   been	   developed	   to	   try	   to	   improve	   the	  
economy	  of	   the	  salmon	  production	  by	  making	   fish	   that	  grow	  twice	  as	   fast	  on	   the	  same	  amount	  of	  
food.	  Other	  phenotypes	  have	  also	  been	  developed.	  	  

This	  report	   is	   the	   initiation	  of	  a	  report	  series	  that	   is	   to	  be	  followed	  up	  on	  a	  regular	  basis.	  We	  have	  
highlighted	  some	  of	  the	  knowledge	  gaps	  we	  see	  at	  present.	  We	  aim	  to	  follow	  this	  up	  in	  the	  future,	  to	  
look	  at	  new	  GMPs,	  new	  GMOs,	  new	  emerging	  techniques	  and	  also	  look	  back	  and	  evaluate	  whether	  
the	   gaps	   in	   knowledge	  we	   have	   identified	   have	   been	   filled	  with	   new	   knowledge,	   and	   if	   increasing	  
experiences	  with	  different	  GMOs	  raise	  new	  gaps	  in	  knowledge	  and	  uncertainties.	  
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II.	  Scientific	  uncertanties	  in	  research	  and	  risk	  assessment	  of	  
GMOs	  

II.I	  Introduction	  
	  

Uncertainty	   is	   a	  driving	   force	  within	   science	  and	  a	  main	  driver	   for	  new	  discoveries,	   creativity	   and	  
inventions.	  It	  plays	  an	  inherent	  part	  of	  the	  dynamics	  of	  research,	  where	  scientific	  investigations	  may	  
contribute	   to	   close	   some	   knowledge	   gaps	   while	   at	   the	   same	   time	   new	   gaps	   of	   knowledge	   are	  
identified,	   new	   research	   questions	   arise	   and	   new	   uncertainties	   are	   revealed	   (Myhr	   and	   Nielsen,	  
2007).	   Hence,	   there	   will	   always	   be	   a	   time	   lag	   between	   the	   science-‐based	   regulatory	   agencies´	  
immediate	  need	  for	  robust	  knowledge	  and	  the	  relative,	   iterative	  process	  of	  knowledge	  production	  
itself.	   This	   time	   lag	   is	   also	   evident	   in	   the	   production	   of	   knowledge	   related	   to	   the	   use	   of	   new	  
technologies	  such	  as	  gene	  technology.	  The	  financial	  mechanisms	  driving	  technological	  opportunity	  
may	  be	  different	  from	  those	  examining	  the	  consequences	  of	  their	  uses.	  	  

Access	   to	  peer-‐reviewed	  quality	  data	   is	   essential	   for	   a	   “science-‐based”	   risk	   assessment.	  However,	  
areas	  of	  uncertainty	  pointing	  to	  new	  knowledge	  gaps	  are	  routinely	  identified	  during	  regulatory	  risk	  
assessment	  of	  GMOs.	  Uncertainty	  often	  arises	   as	   a	   consequence	  of	  missing	  data	   (lack	  of	   relevant	  
studies)	   that	   could	   solve	   identified	  potential	   hazards	   at	   the	  problem	   formulation	   stage	   (i.e.	  when	  
definition	   of	   assessment	   endpoint	   to	   determine	   what	   ecological	   entity	   is	   important	   to	   protect	   is	  
decided).	  GMOs	  interact	  with	  complex	  ecological	  and	  social	  systems	  at	  multiple	  levels,	  where	  lack	  of	  
full	   understanding	   of	   biological	   systems	   leads	   to	   uncertainties;	   including	   a	   lack	   of	   ability	   to	   fully	  
predict	  unintentional	  effects	  of	  releasing	  GMOs	  with	  new	  traits	  into	  the	  environment.	  Hence,	  these	  
types	  of	  uncertainties	  are	  not	  necessarily	  reduced	  with	  more	  science.	  	  

Another	  source	  of	  uncertainty	  arises	   from	  how	  researchers’	  and	  risk	  assessors’	  values,	  beliefs	  and	  
interests	   influence	  knowledge	  production	   itself	  and	  hence	   the	  knowledge	  base	  used	   for	  biological	  
risk	  assessment.	  This	  influence	  is	  caused	  by	  bias	  in	  e.g.	  research	  funding,	  peer	  review	  and	  selective	  
publication,	  and	  in	  the	  interpretation	  and	  judgments	  of	  the	  validity	  of	  study	  outcomes.	  Such	  bias	  will	  
frequently	  lead	  to	  that	  published	  studies,	  which	  have	  too	  narrow	  a	  scope	  or	  which	  have	  focused	  on	  
aspects	  of	  the	  biological	  system	  with	  only	  limited	  relevance	  to	  the	  biosafety	  of	  the	  GMO	  itself.	  The	  
different	  sources	  of	  bias,	  as	  well	  as	  uneven	  funding	  mechanisms	  of	  biosafety	  studies,	  illustrate	  how	  
choices	   made	   by	   companies,	   funding	   agencies	   and	   researchers	   influence	   the	   outcome,	   and	   the	  
quality	   of	   biosafety	   studies.	   In	   combination,	   these	   factors	   affecting	   the	   quality	   of	   knowledge	  
production	   create	   sources	   of	   uncertainty	   and	   hence	   pose	   challenges	   for	   environmental	   risk	  
assessments	  (ERA)	  of	  GMOs.	  It	  is	  therefore	  necessary	  to	  highlight	  the	  need	  for	  explicit	  consideration	  
of	  uncertainties	  to	  improve	  the	  quality	  and	  robustness	  of	  the	  science	  underlying	  the	  ERA	  of	  GMOs.	  	  

In	   this	   chapter	   we	   provide	   examples	   of	   the	   various	   forms	   of	   scientific	   uncertainties	   present	   in	  
knowledge	  production	  with	  a	  specific	  focus	  on	  how	  it	  may	  affect	  the	  ERA	  of	  GMOs,	  with	  examples	  of	  
uncertainties	  with	  relevance	  for	  ERA	  of	  GMOs.	  	  
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II.II	  Types	  of	  uncertainties	  	   	  
	  

Scientific	  uncertainties	  have	  typically	  been	  described	  as:	  	  

(I)	  ‘Knowledge	  related	  (epistemological)	  uncertainties’:	  described	  as	  a	  lack	  of	  scientific	  knowledge	  or	  
a	  lack	  of	  tools	  and	  methodologies	  resulting	  in	  imprecise	  measurements/observations	  in	  experiments	  
and	  	  

(ii)	  ‘Variability	  related	  (ontological)	  uncertainties’:	  arising	  due	  to	  the	  inherent	  variability	  and	  diversity	  
in	  the	  population	  or	  system	  under	  study	  (Walker	  et	  al.,	  2003).	  	  

The	   characterization	   of	   these	   uncertainties	   has	   been	   attempted	   through	   the	   use	   of	   statistics.	  
Quantitative	   statistical	   measures	   have	   been	   the	   principal	   language	   to	   express	   uncertainties	   in	  
scientific	   findings.	   Importantly,	   these	  uncertainties	  are	  usually	  perceived	  as	   incomplete	  knowledge	  
—	  and	  reducible	  through	  further	  investigation.	  	  

There	   is	  however	  also	  an	   increasing	  awareness	  of	  other	  dimensions	  of	  uncertainty	   that	  cannot	  be	  
adequately	   expressed	   in	   quantitative	   terms	   (Walker	   et	   al.,	   2003).	   This	   has	   become	   particularly	  
evident	   when	   investigating	   impacts	   from	   applying	   novel	   technologies	   in	   complex	   systems.	   The	  
multidimensional	   nature	   of	   these	   systems	   has	   revealed	   new	   dimensions	   of	   uncertainty,	   generally	  
referred	  to	  as	  ‘qualitative	  dimensions’.	  	  

Several	   terminologies	   (typologies)	   characterizing	   these	   different	   dimensions	   of	   uncertainty	   have	  
emerged	  (e.g.,	  Faber	  et	  al.,	  1992;	  Felt	  and	  Wynne,	  2007;	  Funtowicz	  and	  Ravetz,	  1993;	  Stirling,	  1998,	  
1999a;	   Stirling	   and	   Gee,	   2002;	   Walker	   et	   al.,	   2003;	   Wynne,	   1992).	   The	   different	   typologies	  
developed	   usually	   centre	   on	   the	   concepts	   of	   risk,	   uncertainty,	   indeterminacy,	   ambiguity	   and	  
ignorance	  and	  is	  presented	  in	  Tables	  II.I	  and	  II.II).	  

Risk.	  Each	  of	  the	  typologies	  takes	  the	  concept	  of	  risk	  as	  a	  starting	  point.	  Risk	   is	  typically	  defined	  as	  
‘magnitude	  of	  a	  possible	  hazard’	  multiplied	  by	  the	  ‘probability	  that	  a	  hazard	  will	  occur’	  (Stirling	  and	  
Gee,	  2002).	  This	   implies	   that	  a	   situation	  characterized	  by	   risk	   is	  quite	  well	   known	  —	  the	   range	  of	  
possible	   hazards	   is	   known,	   and	   it	   is	   possible	   to	   numerically	   calculate	   the	   probability	   that	   each	   of	  
these	   hazards	   will	   occur.	   Still,	   a	   situation	   defined	   by	   a	   quantified	   risk	   implies	   some	   degree	   of	  
uncertainty	  as	  we	  cannot	  know	   in	  advance	  whether	  an	   identified	  hazardous	  outcome	  will	  actually	  
occur	  or	  not	  (we	  only	  know	  the	  likelihood	  for	  it	  to	  occur).	  	  

Uncertainty	  describes	  situations	  where	  all	  hazards	  associated	  with	  an	  activity	  are	  known,	  but	  there	  
is	   a	   lack	  of	   sufficient	   knowledge	   to	   calculate	   the	  probabilities	   that	  each	  of	   the	  hazards	  will	   occur.	  
This	   is,	  however,	  assumed	  to	  be	  solvable	  with	  more	   research.	  Thus,	   in	   this	   typology	  both	   risk	  and	  
uncertainty	   are	  quantitative	   types	  of	  uncertainty	  which	   can	  be	  adequately	  expressed	   in	   statistical	  
terms,	   reduced	   through	  more	   research	   and	  managed	   through	   the	   conventional	   approach	   of	   risk	  
assessment	   (e.g.,	   in	   the	   sense	   that	   scientists	   are	   able	   (or	   by	   conducting	   more	   research	   will	  
eventually	  be	  able)	  to	  identify	  the	  range	  of	  possible	  hazards	  and	  the	  respective	  probabilities	  for	  their	  
occurrence).	  
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Table	  II.I:	  Typology	  of	  quantitative	  uncertainty	  in	  policy-‐relevant	  science	  (adapted	  from	  Wickson	  et	  al.	  2010)	  
	  

Type	  of	  
uncertainty	  

	  
Explanation	  

	  
Approach/Implications	  

Risk	  	   We	  can	  imagine	  the	  range	  of	  possible	  
hazards	  and	  calculate	  the	  probability	  of	  
those	  hazards	  occurring,	  even	  though	  
whether	  any	  of	  the	  hazards	  will	  occur	  or	  
not	  remains	  unknown.	  

Can	  be	  dealt	  with	  through	  conventional	  
risk	  assessment	  procedures.	  	  

Uncertainty	   We	  can	  imagine	  the	  range	  of	  possible	  
hazards,	  but	  we	  do	  not	  know	  the	  
probabilities	  for	  their	  occurrence.	  It	  is	  
however	  possible	  to	  calculate	  that	  
probability,	  but	  we	  do	  not	  have	  enough	  
knowledge	  to	  do	  so	  yet.	  

Can	  be	  dealt	  with	  through	  conventional	  
risk	  assessments.	  More	  research	  should	  
be	  initiated	  to	  reduce	  the	  level	  of	  
inexactness.	  

	  

Indeterminacy,	   ambiguity	   and	   ignorance,	   in	   turn,	   describe	   qualitative	   dimensions	   of	   uncertainty.	  
Indeterminacy	   is	   a	   type	   of	   uncertainty	   that	   arises	   due	   to	   the	   complexity	   of	   various	   open-‐ended	  
social	  and	  natural	  systems.	  As	  already	  described,	   it	   is	   impossible	  to	   include	  all	   the	  relevant	  factors	  
and	  interactions	  when	  investigating	  complex	  systems.	  Hence,	  knowledge	  generated	  about	  complex	  
systems	  will	  always	  be	  inherently	  incomplete.	  In	  other	  words,	  all	  scientific	  studies	  select	  their	  own	  
frames	  of	  reference	  and	  each	  of	  these	  will	  necessary	  be	  limited	  in	  their	  ability	  to	  include	  all	  factors	  
of	  a	  complex	  and	  dynamic	  reality.	  Reductionism	  has	  been	  and	  remains	  the	  norm	  in	  science.	  	  

Ambiguity	   results	   from	   contradictory	   information	   and/or	   the	   existence	   of	   divergent	   framing,	  
assumptions,	   interpretation	   of	   data	   and	   values	   among	   different	   knowledge	   providers	   such	   as	  
scientists,	  policymakers,	  impacted	  parties	  and	  the	  public.	  Again,	  this	  relates	  to	  the	  characteristics	  of	  
complex	  systems	  —	  they	  can	  be	  described	  in	  several	  equally	  plausible	  ways,	  as	  there	  are	  different	  
ways	   to	   understand	   and	   approach	   complex	   problems	   and	   to	   interpret	   results.	   This	   potential	   for	  
plural	  framings	  exists	  both	  in	  science	  (especially	  apparent	  in	  the	  way	  different	  disciplines	  approach	  
the	   same	   issue	   in	   different	   ways)	   and	   in	   the	   socio-‐political	   arena	   (apparent	   in	   the	   way	   in	   which	  
diverse	   interests,	   perspectives	   and	   value	   frameworks	   shape	   understandings	   of	   particular	   issues).	  
Stirling	  (2007)	  provides	  a	  useful	  list	  of	  places	  where	  ambiguity	  can	  manifest	  itself	  in	  the	  framing	  of	  
scientific	  risk	  assessments,	  starting	  from	  how	  problems	  are	  defined	  and	  hypotheses	  formulated,	  to	  
the	  choice	  of	  tools	  and	  methods	  for	  the	  study	  and	  its	  analysis,	  and	  how	  the	  level	  of	  significance	  for	  
hypothesis	  testing	  is	  defined,	  and,	  finally	  how	  the	  results	  are	  interpreted	  and	  communicated.	  

Finally,	   ignorance	   can	   be	   described	   as	   our	   inability	   to	   conceptualize,	   articulate	   and	   consider	   the	  
outcomes	  and	  causal	  relationships	  that	  lie	  beyond	  current	  frameworks	  of	  understanding.	  It	  has	  been	  
described	  as	  the	  things	  ‘we	  don’t	  know	  that	  we	  don’t	  know’	  and	  represents	  an	  inability	  to	  ask	  the	  
right	  questions,	  rather	  than	  a	  failure	  to	  provide	  the	  right	  answers.	  The	  idea	  here	  is	  that	  there	  will	  be	  
potential	  impacts,	  which	  we	  have	  not	  considered,	  which	  we	  have	  not	  yet	  even	  imagined	  as	  possible.	  
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Table	  II.II:	  Typology	  of	  qualitative	  uncertainty	  in	  policy-‐relevant	  science	  (adapted	  from	  Wickson	  et	  al.	  2010)	  
	  

Type	  of	  
uncertainty	  

	  
Explanation	  

	  
Approach/	  Implications	  

Indeterminacy	  	   For	  complex,	  open,	  interacting	  systems,	  it	  
is	  impossible	  to	  include	  all	  the	  relevant	  
factors	  and	  interactions	  in	  the	  calculations	  

Scientific	  findings	  must	  be	  treated	  as	  
partial	  and	  conditional	  explanations,	  and	  
therefore	  possibly	  fallible.	  Hence,	  we	  must	  
expect	  and	  be	  prepared	  for	  surprises.	  

Ambiguity	  	   We	  can	  variously	  frame	  both	  the	  impacts	  
we	  are	  interested	  in	  and	  the	  way	  we	  
approach,	  interpret	  and	  understand	  the	  
knowledge	  and	  calculations	  generated	  
about	  them.	  

To	  acknowledge	  the	  diversity	  of	  possible	  
framings,	  negotiating	  across	  different	  
ones	  where	  possible,	  and	  at	  least	  being	  
transparent	  about	  the	  particular	  frames	  
that	  are	  chosen	  and	  the	  reasons	  for	  their	  
selection.	  

Ignorance	  	   We	  cannot	  imagine	  the	  possible	  impact.	  
Not	  only	  have	  we	  not	  yet	  calculated	  the	  
probability	  of	  the	  event,	  we	  are	  unaware	  
of	  what	  we	  should	  make	  calculations	  for.	  
For	  instance,	  the	  inability	  to	  predict	  
unintended	  effects.	  	  

To	  pursue	  a	  diverse	  range	  of	  policy	  
options	  to	  maintain	  flexibility,	  resilience	  
and	  reversibility,	  as	  well	  as	  to	  consistently	  
and	  vigilantly	  monitor	  for	  potential	  
surprises.	  	  General	  surveillance	  as	  a	  tool	  to	  
address	  ignorance.	  	  

	  

II.II.I	  Values	  influence	  hypothesis	  testing	  

Choices	  made	  by	  scientists	  when	  formulating	  and	  testing	  hypotheses	  give	  a	  good,	  simple,	  illustration	  
of	  how	  values	  influence	  the	  scientific	  assessment	  of	  risks.	  Typically,	  one	  of	  two	  types	  of	  hypotheses	  
will	   be	   tested	   in	   risk	   research	   —	   H0;	   ‘There	   is	   no	   adverse	   impact’	   and	   H1;	   ‘There	   is	   an	   adverse	  
impact’.	  When	  testing	  these	  hypotheses	  and	  determining	  the	  statistical	   level	  of	  significance,	  more	  
concern	   is	   traditionally	   given	   to	   avoiding	   Type	   I	   errors	   (false	   positives	   —	   situations	   where	   one	  
rejects	  H0	  and	  claims	  there	  will	  be	  an	  adverse	  effect,	  but	  in	  fact	  no	  adverse	  consequences	  manifest	  
themselves)	  (See	  table	  II.III).	  

	  

Table	  II.III:	  Type-‐I	  and	  type-‐II	  error	  in	  ecological	  studies.	  Null	  hypothesis	  H0	  =	  There	  are	  no	  adverse	  effects.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Reality	  	  

Test	  results	  

H0	  is	  true	   H0	  is	  false	  

The	  investigation	  does	  not	  show	  
adverse	  effects	  

Correct	  

(1-‐α)	  

Type-‐II	  error	  

False	  negative	  (β)	  

The	  investigation	  shows	  adverse	  
effects	  

Type-‐I	  error	  

False	  positive	  (α)	  

Correct	  

Statistical	  power	  (1-‐β)	  
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What	   this	   focus	   does,	   however,	   is	   to	   increase	   the	   chance	   of	   Type	   II	   errors	   (false	   negatives	   —	  
situations	   where	   one	   rejects	   H1,	   claims	   there	   will	   be	   no	   adverse	   effect,	   but	   in	   fact	   adverse	  
consequences	   do	   occur).	   The	   current	   scientific	   focus	   on	   avoiding	   Type	   I	   errors	   (false	   positives),	  
means	  that	  strong	  evidence	  is	  required	  in	  order	  to	  claim	  that	  hazardous	  consequences	  may	  occur.	  
This	   practice	   has	   been	   accused	   of	   favouring	   the	   developers	   of	   new	   technologies	   at	   the	   possible	  
expense	  of	  human,	  animal	  and	  environmental	  health.	  The	  choice	  of	  which	  type	  of	  errors	  a	  scientist	  
strives	  to	  avoid	  is	  in	  itself	  a	  value	  judgment,	  and	  both	  choices	  have	  their	  respective	  pitfalls.	  

In	  the	  following	  we	  will	  provide	  examples	  of	  how	  these	  various	  forms	  of	  uncertainties	  are	  associated	  
with	  in	  the	  science	  involved	  in	  ERA	  of	  GMOs.	  	  

	  

II.III	  Uncertainty	  in	  the	  knowledge	  base	  of	  GMOs	  	  

II.III.I	  Knowledge	  related	  uncertainties	  in	  ERA	  of	  GMOs	  

Knowledge	  related	  (epistemic)	  uncertainty	  may	  be	  due	  to	  i)	  the	  novelty	  of	  the	  technology,	  or	  ii)	  the	  
complexity	   involved	   which	   causes	   incomplete	   description	   of	   a	   mechanism	   or	   process.	   Epistemic	  
uncertainties	  with	  GMOs	  may	  be	  related	  to:	  

• Changes	  of/	   in	   the	  GMO	  or	   its	  product.	  Uncertainty	   related	   to	   the	  novelty	   introduced	   in	  a	  
GM	  plant	  by	  the	  genetic	  material	  as	  for	  instance	  a)	  direct	  effects	  of	  the	  introduced	  trait	  such	  
as	   increased	   allergenicity	   or	   toxicity,	   b)	   unintended	   transfer	   of	   genetic	   material	   through	  
vertical	   or	   horizontal	   gene	   transfer,	   c)	   unintended	   non-‐target	   effects,	   and	   d)	   unintended	  
environmental	  consequences.	  	  

• Secondary	   effects	   of	   introduction	   of	   the	   genetic	   material.	   Due	   to	   the	   lack	   of	   coherent	  
understanding	  of	  how	  genomes	   function,	   it	   is	   today	  not	  possible	   to	  predict	  precisely	  how	  
the	  introduced	  genes	  will	  function	  in	  the	  new	  host	  organisms	  and	  how	  the	  modification	  will	  
affect	  the	  organisms´	  own	  gene	  functions	  and	  regulations.	  The	  genetic	  modification	  process	  
may	   cause	   pleiotropic	   effects	   and	   cause	   unexpected	   changes	   in	   the	   host	   cells	   protein	  
production	  and	  metabolic	  activities.	  One	  example	  of	  a	  pleiotropic	  effect	  was	  published	  by	  
Prescott	  et	  al.	  (2005),	  which	  reported	  that	  mice	  fed	  with	  GM	  peas	  modified	  to	  resist	  insects	  
elicited	   an	   inflammation	   response	   in	   the	   lungs.	   The	   extracted	   protein	   did,	   however,	   not	  
cause	  any	   immune	  reaction	   in	  mouse;	  hence	  the	  adverse	  effect	  may	  have	  been	  related	  to	  
changes	  in	  the	  transgenicplant’s	  protein	  synthesis	  or	  modification.	  	  

• Changes	  in	  interactions	  and	  responses	  to	  environmental	  conditions.	  A	  GMO	  released	  to	  the	  
environment	   will	   interact	   with	   the	   other	   organisms	   in	   this	   environment.	   Furthermore,	  
different	   (not	   fully	   predictable)	   climatic	   and	   environmental	   conditions	   may	   affect	  
persistence	  and	  dispersal	  properties	  of	  the	  released	  GMO	  (scenario	  uncertainty).	  
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In	  the	  ERA	  of	  GMOs	  sources	  of	  epistemic	  uncertainty	  typically	  include:	  

• Measurement	   uncertainty	   (i.e.	   if	   the	   measurement	   is	   correct	   and	   that	   the	   methods	   for	  
measurement	  are	  accurate)	  

• Parameter	  uncertainty	  (i.e.	  if	  the	  relevant	  parameters	  have	  been	  included	  for	  studying	  cause-‐
effect	   relationship,	   this	   is	   for	   example	   discussed	   within	   models	   for	   studying	   non-‐target	  
effects	  (see	  chapter	  1.3)	  	  

• Sampling	  uncertainty	  (if	  the	  sample	  size,	  places,	  times	  are	  relevant	  and	  representative).	  
• Biological	   model	   uncertainty	   (if	   the	   models	   chosen	   for	   laboratory	   studies	   represent	   the	  

causal	   relationships	   in	   nature,	   this	   is	   for	   example	   discussed	   with	   regard	   to	   allergenicity	  
studies	  and	  in	  assessment	  of	  ERA	  of	  GM	  vaccines,	  see	  chapter	  2.1)	  	  

• Model	   system	   uncertainty	   (this	   is	   for	   example	   related	   to	   extrapolation	   form	   laboratory	  
research	   and	   field	   studies	  where	   extrapolation	  may	   cause	   uncertainty,	   another	   example	   is	  
the	  extrapolation	  of	  field	  studies	  from	  one	  region	  to	  another),	  see	  chapter	  1.3.5	  and	  3.2.3).	  

• Scenario	   uncertainty	   (into	   the	   future	   there	   may	   be	   release	   of	   different	   GMOs	   that	   may	  
interact,	  influence	  by	  climatic	  changes	  and/or	  xenobiotic	  pollutants,	  on	  the	  GMO/ecosystem	  
interactions,	  the	  potential	  development	  of	  resistance	  in	  target	  organisms	  and	  weeds))	  

• Bias	  in	  data	  production	  (lack	  of	  access	  of	  test	  materials	  etc.,	  see	  chapter	  1.3).	  
	  

Epistemic	   uncertainty	   may	   be	   reduced	   by	   doing	   more	   risk-‐associated	   research	   and	   by	   collecting	  
more	  empirical	  data.	  However,	   if	  this	  risk-‐associated	  research	  has	  too	  narrow	  a	  scope	  or	  is	  biased,	  
or	   that	  not	  adequate	  methods	  and	  or	  models	  are	  employed,	  or	  have	  focused	  on	  only	  parts	  of	   the	  
biological	  system,	  the	  outcome	  may	  have	  only	  limited	  relevance	  to	  the	  biosafety	  of	  the	  GMO	  itself.	  
This	  is	  also	  the	  case	  if	  the	  assessment	  is	  based	  on	  biased	  subjective	  judgements	  and	  if	  the	  working	  
paradigm	  is	  not	  adequate	  for	  achieving	  scientifically	  recognised	  and	  socially	  robust	  understanding.	  

	  

II.III.II	  Ambiguity	  in	  data	  production:	  choice	  and	  limitations	  of	  methods	  	  

In	   the	   conduct	   of	   research,	   scientists	  make	   assumptions	   and	   inferences	   based	   on	   the	   paradigms	  
within	  which	  they	  are	  trained,	  and	  under	  the	  research	  environment	  they	  are	  socialized	  into	  (Kuhn,	  
1962).	  The	  choice	  of	  models	  and	  methods	  to	  test	  a	  specific	  hypothesis	  is	  a	  variable	  of	  the	  research	  
environment,	   resources,	   the	   competencies	   and	   instruments	   at	   hand,	   and	  most	   importantly,	   time	  
constraints.	   Thus,	   researchers	   operating	   in	   different	   research	   environments	  will	   invariably	   choose	  
different	  models	  and	  methods	  to	  address	  the	  same	  risk-‐relevant	  question	  (Nielsen	  and	  Myhr	  2007).	  
An	  example	  of	  this	  ambiguity	  is	  the	  issue	  of	  addressing	  potential	  allergenicity	  of	  GMO	  products.	  This	  
issue	   is	  exceedingly	  complex	  because	  the	  mechanistic	  aspects	  of	  allergy	  development	  are	  not	  fully	  
understood	   even	   within	   the	   basic	   medical	   sciences.	   Thus,	   there	   is	   no	   single	   biological	   model	   or	  
experimental	  standard	  available	  to	  evaluate	  the	  potential	  allergenicity	  of	  new	  products	  from	  GMOs.	  	  

Scientists	  have	   thus	  been	  drawing	  on	   the	   familiarity	  of	   the	  unmodified	  host	  organism(s)	  and	  have	  
constructed	  a	  number	  of	  models,	  assumptions	  and	  comparative	  approaches	  to	  determine	  allergenic	  
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potential	   and	   to	   conclude	  on	   the	   absence	  of	   IgE-‐mediated	   allergenicity	   in	   the	  GM	  products1.	  Not	  
surprisingly,	   the	   assumptions	   behind	   the	   choice	   of	   appropriate	   models	   and	   methodological	  
specifications	   have	   been	   questioned	   (Spök	   et	   al.,	   2005).	   Selecting	   live	   test	   organisms,	   other	   than	  
humans,	   inevitably	   brings	   up	   uncertainty	   due	   to	   the	   need	   for	   extrapolation	   without	   fully	  
understanding	  all	  relevant	  differences	  in	  biology	  between	  test	  species.	  

	  

Another	   example	   is	   the	   potential	   for	   pollen	   flow	   from	  GM-‐crops	   to	   other	   crops,	   weeds	   and	  wild-‐
relatives.	  	  This	  is	  a	  biosafety-‐relevant	  question	  for	  regulators	  and	  scientists	  that	  can	  be	  addressed	  by	  
a	   range	   of	   hypotheses	   and	  model	   choices	   of	   a	   highly	   complex	   natural	   system	   (Nielsen	   and	  Myhr,	  
2007)	  Pollen	  flow	  raises	  issues	  such	  as:	  	  

a) Economic	  and	  legal	  concerns	  with	  regard	  to	  how	  GM-‐crops	  can	  be	  cultivated	  in	  co-‐existence	  
with	   conventional	   and	   organic	   farming,	   including	   issues	   related	   to	   labelling,	   liability,	   and	  
socio-‐economic	   aspects	   such	   as	   effects	   on	   traditional	   farming	   practices,	   product	   identity,	  
seed	  quality	  control	  and	  changes	  in	  farming	  infrastructure.	  	  

b) Environmental	   concerns	   with	   regard	   to	   potential	   adverse	   effects	   from	   flow	   of	   transgenes	  
(introgression)	  into	  cultivated	  species,	  weeds,	  and	  wild	  species.	  

c) Health	  concerns	  with	  regard	  to	  the	  potentially	  changed	  allergenic	  properties	  of	  pollen	  caused	  
by	   the	   genetic	   modification,	   or	   health	   impacts	   caused	   by	   pollen	   flow	   from	   GM-‐plants	  
producing	  pharmaceutically	  active	  compounds	  into	  crop	  plants	  entering	  the	  food	  chain.	  	  

	  

Ambiguity	  may	  also	  arise	  due	  to	  expert	  subjective	  judgement	  and	  due	  to	  linguistic	  uncertainty	  (study	  
bias,	  anchoring,	  overconfidence,	  etc.).	  	  

These	  sources	  of	  ambiguity	  affect	  the	  risk	  and	  problem	  formulation.	  The	  choice	  of	  model	  system	  and	  
methodological	  approaches	  will	  likely	  remain	  a	  contentious	  issue	  in	  the	  ERA	  of	  GMOs.	  

These	   sources	   of	   ambiguity	   affect	   the	   risk	   and	   problem	   formulation,	   and	   have	   an	   impact	   on	   the	  
formation	   of	   hypotheses	   on	   the	   effect	   (or	   lack	   thereof).	   The	   choice	   of	   model	   system	   and	  
methodological	  approaches	  will	  likely	  remain	  a	  contentious	  issue	  in	  the	  RA	  of	  GMOs.	  	  

	  

II.III.III	  Indeterminacy	  due	  to	  inherent	  randomness	  in	  biological	  systems	  

Biological	  systems	  are	  highly	  complex	  and	  may	  not	  be	  easily	  quantified	  or	  explained	  by	  quantitative	  
methods.	   Random	   variation	   in	   baseline	   data	   in	   conjunction	   with	   complex,	   multi-‐scale	   network	  
interactions	   between	   molecules,	   cells,	   organisms,	   physical	   environments	   and	   environmental	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  These	  include	  (i)	  computer-‐assisted	  bioinformatics-‐based	  comparisons	  of	  the	  new	  proteins	  (produced	  by	  the	  GMO)	  to	  
known	  protein	  allergens,	  (ii)	  examinations	  of	  the	  stability	  of	  the	  protein	  in	  experimentally	  simulated	  gastrointestinal	  tract	  
systems	  and	  (iii)	  experimental	  and	  theoretical	  consideration	  of	  the	  overall	  concentration,	  composition	  and	  stability	  of	  the	  
protein	  (e.g.	  heat	  stability).	  It	  is	  clear	  that	  these	  methodologies	  require	  numerous	  subjective	  decisions	  regarding	  the	  exact	  
experimental	  conditions	  applied.	  Some	  examples	  of	  assumptions	  that	  depend	  on	  the	  model	  choices	  include	  assumptions	  
that	  the	  allergenic	  site	  can	  be	  identified	  in	  proteins	  based	  on	  2-‐D	  amino	  acid	  composition	  and	  not	  3-‐D	  structure,	  and	  that	  
the	  protein	  digestive	  capacity	  of	  the	  gastrointestinal	  tract	  of	  humans	  can	  be	  adequately	  constructed	  by	  mixing	  specific	  
concentrations	  of	  enzymes	  and	  chemicals	  in	  test	  tubes.	  
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variables	  (temperature,	  season,	  geography,	  etc.)	  can	  lead	  to	  meaningless	  quantification	  efforts;	  and	  
hence	  indeterminacy	  (Funtowicz	  and	  Ravtez,	  1990;	  Wynne,	  1992).	  	  

Whereas	  precise	  numbers	  (such	  as	  the	  rate	  of	  gene	  flow,	  or	  degradation	  kinetics	  of	  a	  protein)	  can	  be	  
obtained	   within	   various	   experimental	   model	   systems,	   their	   quantitative	   mean	   and	   range	   as	   a	  
variable	   in	   changing	   geographical	   and	   environmental	   contexts	   rarely	   have	   the	   same	   level	   of	  
precision.	  Another	  source	  for	  indeterminacy	  may	  be	  statistical	  variability.	  	  

A	  closer	   look	  at	  biosafety-‐relevant	   studies	   reveals	   that	   indeterminacy	   is	  an	   intrinsic	   component	   in	  
many,	  if	  not	  most	  of	  these,	  hence,	  they	  may	  have	  limited	  quantitative	  value.	  

	  

II.III.IV	   Ignorance	   arising	   from	   conceptual	   limitations	   in	   the	   operating	   paradigms	   of	   the	  

biological	  system	  

Risk	   from	  GMOs	  arise	  because	  there	   is	  uncertainty	  about	  causal	  chains	   in	   the	   intervened	  complex	  
biological	   system.	   The	  ecotoxicological	   risk	   perspective	   (paradigm)	  has	  been	   influential	   in	   shaping	  
risk	  concepts	  in	  biosafety.	  This	  unwittingly	  contributes	  to	  further	  ignorance	  since	  chemicals	  follow	  a	  
different	   environmental	   route	   and	  degradation	  pathway	   than	   transgenes	  do	   (Karlsson,	   2006),	   see	  
chapter	  1.3.	  

	  

II.III	  Summary	  
	  

This	  chapter	  highlights	  the	   importance	  of	  recognizing	  various	  forms	  of	  uncertainties	   in	  the	  science	  
involved	  in	  ERA	  of	  GMOs.	  	  

A	   main	   challenge	   in	   ERA	   is	   how	   to	   interpret	   and	   weigh	   conflicting	   studies,	   of	   which	   some	   may	  
indicate	  an	  undesired	  effect	  arising	  from	  the	  activity,	  whereas	  others,	  perhaps	  the	  majority,	  indicate	  
no	  observable	  effects	  or	  a	  beneficial	  effect.	  Thus,	   in	  other	  words,	  should	  ERA	  be	  exclusively	  based	  
on	  a	  selected	  group	  of	  scientists’	  views	  on	  what	  type	  of	  studies	  to	  pursue	  and	  their	  interpretation	  of	  
data?	  And	  how	  should	  contrasting	  data,	  and	  minority	  views	  be	  communicated	  in	  the	  conclusions	  of	  
a	   risk	   assessment?	   There	   is	   no	   clear	   policy	   on	   how	   to	   deal	   with	   contrasting	   studies	   during	   ERA,	  
leaving	  their	  inclusion	  or	  exclusion,	  and	  interpretation	  open	  to	  subjective	  assessments	  made	  by	  the	  
members	   of	   the	   ERA	   body.	  Often,	   the	   presence	   of	   conflicting	   studies	   on	   safety	   issues	   in	   the	   ERA	  
phase	  never	  reach	  the	  risk	  communication	  phase,	  due	  to	  implicit	  subjective	  judgments	  about	  their	  
validity	  and	  the	  perceived	  need	  of	  providing	  the	  public	  with	  an	  unambiguous	  risk	  conclusion.	  	  

Numerous	  methods	  and	  tools	  for	  uncertainty	  characterisation	  and	  analysis	  have	  been	  developed	  (see	  
for	   instance	   Skinner	   et	   el.,	   2014,	   and	   Stirling	   2007	   for	   an	   overview).	   At	   GenØk	  we	   have	   used	   the	  
Walker	  &	  Harremöes	  (W&H)	  framework	  (Walker	  et	  al,	  2003;	  Gillund	  et	  al.,	  2008a,	  b).	  The	  aim	  of	  this	  
framework	   is	   to	   provide	   a	   conceptual	   framework	   for	   the	   systematic	   treatment	   of	   uncertainties	   in	  
model-‐based	  decision	  support.	  Without	  presenting	  any	  of	  these	  tools	  in	  detail	  we	  want	  to	  emphasise	  
that	  comprehensive	  analysis	  of	  uncertainties	  in	  ERA	  of	  GMOs	  would	  require	  the	  use	  of	  such	  tools.	  	  
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One	  approach	  to	  acknowledge	  uncertainties,	  and	  conflicting	  knowledge	  claims	  in	  particular	  in	  ERA	  of	  
GMOs,	   is	   to	   ‘open	   up’	   risk	   assessment	   processes	   (Stirling,	   2009)	   and	   allow	   for	   deliberation	   and	  
stakeholder	  participation	  in	  the	  ERA.	  The	  Problem	  Formulation	  and	  Options	  Assessment	  Framework	  
is	  one	  example	  of	  useful	   tool	  developed	   to	   facilitate	  stakeholder	  engagement	   in	  ERA	  of	  GM	  plants	  
(Nelson	  et	  al.,	  2009).	  	  
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1.	  GM	  plants	  
1.1	  Introduction	  
	  

Most	  of	  the	  genetically	  modified	  (GM)	  plants	  currently	  commercialized	  encompass	  a	  handful	  of	  crop	  
species:	   soybean,	   corn,	   cotton	   and	   canola.	   Other	   genetically	   modified	   plants	   that	   have	   been	  
approved	  for	  sale	  in	  the	  U.S.	  include	  tomatoes,	  radicchio,	  zucchini	  and	  yellow	  squash.	  The	  majority	  of	  
fresh	  fruits	  and	  vegetables	  on	  the	  market	  are	  not	  genetically	  engineered.	  In	  the	  EU,	  there	  are	  no	  GM	  
fruits	  on	  the	  market.	  

The	  two	  principal	  traits	   introduced	   into	  the	  main	  GM	  crops	  are	  Bt	   insect	  resistance	  and	  glyphosate	  
herbicide	  resistance	  and	  are	  developed	  by	  multinational	  companies.	  At	  present	  there	  is	  huge	  interest	  
and	  research	  initiated	  to	  achieve	  disease	  tolerance,	  altered	  compositions,	  stress	  tolerance	  (especially	  
related	  to	  drought	  tolerance)	  as	  well	  GM	  plants	  that	  can	  be	  used	  to	  produce	  pharmaceuticals	  and	  be	  
used	   for	   environmental	   remediation.	   The	   future	   of	   GM	   and	   innovation	   in	   plant	   improvement	  
technologies	  (agriculture)	  will	  be	  affected	  by	  the	  future	  needs	  of	  our	  increasing	  population.	  	  

In	   the	   first	  GM	  plants,	   transgenesis	  was	  used	   to	   transfer	  one	   trait	   in	   the	  varieties	   commercialized,	  
mainly	   resistance	   to	   one	   pest	   or	   tolerance	   to	   one	   herbicide.	   Today	   there	   is	   a	   clear	   trend	   towards	  
combining	  two	  or	  more	  transgenic	  traits	  present	  in	  single	  events	  through	  conventional	  breeding.	  The	  
“offspring”	  plant	  would	   then	  be	  a	   stacked	  event.	   In	  addition,	  plant	   science	  has	  made	  considerable	  
progress	   in	   the	   recent	   years	   towards	   the	  development	  of	  new	  plant	  breeding	   techniques	  and	  new	  
approaches,	  such	  as	  using	  nanotechnology,	  RNAi	  technology	  and	  synthetic	  biology	  that	  can	  be	  used	  
separately	  or	  in	  combinations.	  More	  background	  information	  about	  new	  emerging	  techniques	  can	  be	  
found	   in	   the	   GenØk	   report	   “Current	   status	   of	   unintentional	   effects	   and	   biosafety	   of	   emerging	  
technologies	   for	   plant	   breeding:	   Nuclease-‐based	   and	   oligonucleotide-‐directed	   mutagenesis	  
techniques”	  from	  2015.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Genetically	   modified	   plants,	   such	   as	   crop	   plants	   intended	   for	   food	   and	   feed	   or	   release	   into	   the	  
environment,	   have	   to	   undergo	   risk	   assessment	   prior	   to	   marked	   authorization	   in	   many	   countries.	  

Today	   there	   is	   no	   broad	  
international	  consensus	  as	  to	  what	  
is	  at	  risk	  from	  introduction	  and	  use	  
of	  GM	  foods	  and	  crops.	  There	  are	  
differences	   in	   the	   regulation	   of	  
GMOs	   between	   countries,	   with	  
some	   of	   the	   most	   marked	  
differences	   between	   USA	   and	  
Europe.	   Regulation	   varies	   in	   a	  
given	   country	   depending	   on	   the	  
intended	   use	   of	   the	   products	   and	  
in	   general	   GMOs	   can	   be	  
demarcated	   for	   import	   and	  
processing,	   for	   food,	   feed	   and	  
industrial	  use	  and/or	  cultivation.	  A	  

Soy	  beans	  	  
Photo:	  dollarphotoclub_65134107/tycoon101	  
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GMO	  application	  can	  cover	  one	  or	  more	  of	  the	  different	  categories.	  In	  most	  countries,	  governmental	  
employees	   are	   responsible	   for	   the	   performance	  of	   regulatory	   risk	   assessments	   in	   accordance	  with	  
international	   agreements	   and	   national	   laws.	   In	   principle,	   the	   safety	   assessment	   of	  GM	   food,	   feed,	  
releases	  and	  marketing	  of	  GM	  plants	  is	  assessed	  on	  a	  case-‐by-‐case	  basis.	  	  

In	  this	  chapter	  we	  will	  focus	  on	  the	  knowledge	  gaps	  and	  uncertainties	  of	  some	  of	  the	  main	  GM	  crops	  
(maize,	   soy	   and	   rapeseed)	   and	   traits	   (Bt-‐resistance	   and	   herbicide	   tolerance).	   In	   addition,	  
uncertainties	   and	   knowledge	   gaps	   associated	   with	   stacked	   events	   and	   antibiotic	   resistant	   marker	  
genes	  (ARM	  genes)	  will	  be	  discussed.	  	  

The	  main	  issues	  that	  will	  be	  addressed	  in	  this	  chapter	  are:	  

• Knowledge	  gaps	  and	  uncertainties	  connected	  to	  the	  technique	  of	  genetic	  modification	  
• Knowledge	  gaps	  and	  uncertainties	  associated	  with	  environmental	  risk	  assessment	  	  

	  

1.2	  Molecular	  characterization	  
	  

According	  to	  EFSA,	  key	  steps	  in	  risk	  assessment	  of	  food	  and	  feed	  derived	  from	  genetically	  modified	  
plants	  include	  several	  steps	  concerning	  the	  characteristics	  of	  the	  donor	  and	  recipient	  plants,	  genetic	  
modification	   and	   the	   functional	   consequences	   and	   compositional	   characteristics	   of	  GM	  plants	   and	  
derived	  food	  and	  feed	  (EFSA,	  2011).	  The	  guidance	  document	  calls	  for	  characterization	  of	  the	  nucleic	  
acid	  used	  for	  transformation,	  the	  complete	  DNA	  sequence	  of	  the	  intended	  inserted	  DNA	  in	  addition	  
to	   analyses	   regarding	   the	   possible	   relationship	   between	   the	   inserted	   gene	   products	   and	   known	  
toxins,	  anti-‐nutrients	  or	  allergens.	  In	  the	  EFSA	  guidance	  document	  of	  environmental	  risk	  assessment	  
of	  genetically	  modified	  plants,	   the	   importance	  of	  molecular	  description	  and	  analyses	   is	  affirmed	  by	  
calling	   for	   a	   “detailed	  molecular	   description	   of	   the	   DNA	   sequence	   inserted	   into	   the	   plant”	   (EFSA,	  
2010).	  Despite	   the	  clear	  statement	  and	   intentions	   in	   the	  guidance	  documents,	  GenØk’s	  experience	  
has	  been	  that	  claims	  of	   low	  likelihood	  of	  molecular	   interactions	  and	  changed	  characteristics	  due	  to	  
modification	  in	  the	  DNA	  sequence,	  are	  often	  made	  without	  providing	  sufficient	  scientific	  evidence	  –	  
or	  sometimes	  without	  any	  explanations	  at	  all.	  Reliable	  claims	  regarding	  molecular	  properties	  are	  of	  
course	   very	   difficult	   to	  make,	   particularly	  without	   proper	   scientific	   evidence.	   Even	   in	   the	   scientific	  
literature	   there	   is	   much	   we	   do	   not	   know	   about	   interactions	   and	   protein	   behavior,	   one	   reason	   is	  
undoubtedly	   the	   nature	   of	   information	   in	   applications	   of	   GMOs.	   Because	   they	   are	   regarded	   as	  
confidential	   business	   information,	   knowledge	   and	   research	   contribution	   from	   non-‐company	  
researchers	  is	  severely	  hampered	  on	  almost	  all	  of	  the	  traits	  on	  the	  market	  today.	  What	  we	  do	  know	  
from	   independent	   research	   has	   generally	   been	   acquired	   in	   retrospect	   of	   approval.	   This	   chapter	  
highlights	   some,	   but	   by	   no	  means	   all,	   of	   the	  molecular	   aspects	   of	  GM	   crops	   that	  we	   greatly	   need	  
much	  more	  independent	  research	  on.	  

The	  only	  events	  from	  food	  and	  feed	  crops	  for	  which	  molecular	  data	  are	  available	  are	  MON810	  and	  
GTS40-‐3-‐2.	   That	   is	   why	   the	   examples	   below	   are	   mostly	   drawn	   from	   the	   experiences	   with	   these	  
events	   since	   their	   commercial	   release.	   As	   we	   highlight	   below,	   there	   are	   still	   many	   unanswered	  
questions,	  even	  after	  almost	  two	  decades	  of	  growing	  these	  crops.	  In	  this	  chapter	  we	  will	  focus	  on	  the	  
main	  and	  long-‐residing	  knowledge	  gaps	  when	  it	  comes	  to	  molecular	  data	  and	  characterization	  of	  the	  
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transgene	  inserted	  into	  GM	  crops.	  Due	  to	  the	  severely	  limited	  availability	  of	  data,	  most	  of	  what	  we	  
know	  is	  drawn	  from	  MON810	  and	  Roundup	  Ready	  Soy.	  	  

	  

1.2.1	  Plant	  Transformation	  methods	  

The	  first	  step	  in	  creating	  a	  GM	  plant	  is	  of	  course	  to	  assemble	  the	  DNA	  construct	  that	  is	  to	  be	  inserted	  
into	  the	  genome	  of	  the	  plant.	  This	  construct	  normally	  hails	  from	  different	  kingdoms	  in	  the	  tree	  of	  life,	  
such	   as	   bacteria,	   viruses,	   other	   plants,	   or	   entirely	   synthetic	   constructs	   like	   Cry1A.105.	   The	   latter	  
sometimes	  mimic	  the	  behaviour	  of	  bacterial	  Cry	  proteins	  expressed	  in	  plants	  (Hernandez-‐Rodrigues	  
et	  al.,	  2013).	  After	   the	  construction	  of	   traits	   is	   finished,	   the	  plant	  needs	   to	  be	  exposed	  to	   the	  DNA	  
construct	   so	   that	   it	   may	   incorporate	   it	   into	   its	   genome.	   Some	   new	   technologies	   are	   slowly	   being	  
made	   available,	   but	   the	   GM	   crops	   approved	   in	   Europe	   today	   are	   all	   made	   by	   either	   ballistic	  
bombardment	  or	  by	  Agrobacterium-‐mediated	  transfer.	  	  

1.2.1.1	  Transformation	  by	  Ballistic	  Bombardment	  	  
Ballistic	  bombardment	   involves	  the	  use	  of	  a	  particle	  accelerator	   (gene	  gun),	  which	  can	  deliver	  DNA	  
coated	  on	  micro	  particles	   into	  cells.	  Normally	  cationic	  micro	  particles	   like	  gold	  (i.e.	  Svarovsky	  et	  al.,	  
2008)	  or	  tungsten	  are	  coated	  with	  DNA	  and	  driven	  to	  ultrasonic	  speed,	  and	  this	  momentum	  allows	  
the	  particles	  to	  penetrate	  the	  cell	  membranes	  and	  deliver	  the	  DNA	  to	  the	  cytoplasm	  or	  nuclei	  of	  the	  
target	  cells	  (Zhao	  et	  al.,	  2012,	  Zhang	  et	  al.	  2013).	  The	  process	  puts	  the	  DNA	  under	  physical	  stress	  and	  
the	  method	   is	   known	   to	  cause	   several	  mutations	   in	   the	  delivered	  DNA	  sequence.	  These	  mutations	  
are	  not	  possible	  to	  predict.	  	  It	  is	  therefore	  of	  utmost	  importance	  that	  sequence	  data	  of	  the	  transgene	  
DNA	   after	   integration,	   as	  well	   as	   sequence	   data	   of	   the	  DNA	   construct	  a	   priori	   to	   transfection,	   are	  
available.	  	  

The	  most	  famous	  crop	  produced	  by	  gene	  gun	  methods	  is	  undoubtedly	  the	  maize	  event	  MON810	  by	  
Monsanto	  Company,	  and	  it	  is	  also	  an	  example	  of	  why	  access	  to	  the	  sequence	  data	  is	  so	  important.	  In	  
2003,	   Hernandez	   and	   co-‐workers	   published	   a	   study	   characterizing	   the	   3´end	   of	   the	   MON810	  
transgene	  inserted	  into	  maize,	  and	  discovered	  that	  the	  3´end	  was	  truncated	  and	  hence	  had	  lost	  the	  
3´NOS	   terminator	   signal	   originally	   included	   in	   the	  bacterial	   plasmid	   (Hernandez	   2003).	   In	   addition,	  
the	  active	  protein	  (Cry1Ab)	  was	  unexpectedly	  shortened	  by	  336	  base	  pairs	  creating	  a	  much	  shorter	  
inserted	  element	  and	  shorter	  protein	  than	  intended.	  The	  function	  of	  Cry1Ab	  was	  retained	  in	  the	  new	  
novel	  truncated	  protein,	  although	  no	  studies	  so	  far	  have	  aimed	  at	  comparing	  the	  effectiveness	  of	  the	  
truncated	  MON810	  compared	   to	  a	   full-‐length	  Cry1Ab.	   It	   is	  of	  major	   importance	   that	  MON810	  was	  
approved	  in	  Europe	  in	  1998	  and	  the	  information	  about	  the	  truncation	  was	  not	  available	  until	  4	  years	  
later,	   brought	   forward	   by	   independent	   research	   and	   not	   declared	   in	   the	   original	   application	   of	  
approval.	  There	  are	  some	  concerns	  tied	  to	  this	  truncation,	  particularly	  to	  the	  loss	  of	  the	  terminator,	  
as	  discussed	  below	  in	  the	  following	  sections.	  

1.2.1.2	  Agrobacterium-‐mediated	  transfer	  
The	   other	   main	   method	   of	   transferring	   DNA	   into	   a	   plant	   cells	   is	   by	   the	   use	   of	   the	   bacteria	  
Agrobacterium	  tumefaciens.	  The	  bacterium	  is	  the	  cause	  of	  plant	  tumours	  on	  dicotyledonous	  plants.	  
In	   the	  process	  of	   inducing	   tumours,	   the	  bacteria	   transfers	  a	  piece	  of	  DNA	  harboured	  between	   two	  
specific	  genetic	  elements	  called	  T-‐DNA	  (transferred	  DNA)	   that	  have	  certain	  characteristics	  –	  one	  of	  
them	  being	  that	  anything	  between	  two	  T-‐DNA	  sequences	  is	  transferred	  into	  the	  plant	  cell	  (see	  Zupan	  
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and	   Zambryski,	   1995	   for	   an	   historical	   overview	   of	   the	   discovery	   of	   this	   process).	   This	   property	   is	  
utilized	  in	  biotechnology	  and	  the	  creation	  of	  GMOs	  by	  inserting	  the	  desired	  genes	  between	  these	  T-‐
DNA	  sequences.	  One	  main	  obstacle	  and	   limitation	  to	  the	  method,	   is	   that	  the	   integration	  process	   is	  
poorly	  understood	  and	  appears	  random	  in	  nature	  with	  no	  apparent	  preference	  for	  chromosome	  loci	  
(Forsbach	   et	   al.,	   2003).	   In	   one	   of	   the	   few	   big	   studies	   of	   this	   phenomenon,	   112	   transfected	  
Arabidopsis	  thaliana	  plants	  were	  sequenced	  around	  the	  integration	  spot	  and	  the	  sequences	  mapped	  
to	   the	   chromosomes.	   In	   the	  majority	   of	   cases,	   rearrangements	   (deletions,	   duplications	   of	   T-‐DNA)	  
around	  the	  integration	  site	  occurred	  (Forsbach	  et	  al.,	  2003).	  	  

	  

1.2.2	  Sequence	  information	  

Although	  the	  applicant	  is	  required	  to	  submit	  the	  integrated	  DNA	  sequence	  as	  well	  as	  flanking	  regions	  
along	  with	   the	   application	   for	  GMO	  approvals,	   this	   information	   is	   considered	   confidential	   and	   not	  
released	  to	   independent	  researchers	  or	  the	  public	   in	  any	  form.	  The	  inherent	  problem	  relying	  solely	  
on	  applicant	  data	  is	  clearly	  illustrated	  by	  a	  publication	  authored	  by	  Windels	  and	  co-‐workers	  in	  2001	  
(Windels	  et	  al.,	  2001).	  They	  discovered	  that	  rearrangements	  in	  soy	  event	  GTS	  40-‐3-‐2	  (Roundup	  Ready	  
Soy)	  had	  occurred	  at	   the	  3’NOS	   junction	  when	   the	  T-‐DNA	  was	  delivered	  and	   integrated	   in	   the	   soy	  
cell.	  A	  254	  bp	  portion	  of	  the	  EPSPS	  gene	  (which	  confers	  tolerance	  to	  glyphosate)	  had	  been	  duplicated	  
and	  inserted	  after	  the	  terminator	  sequence,	  which	  was	  designed	  to	  end	  transcription	  of	  the	  inserted	  
DNA.	   In	  addition,	  540	  bp	  with	  no	  known	  sequence	  homology	  follows	   immediately	  after	  the	  254	  bp	  
sequence.	   This	   is	   the	   same	   line	  of	   events	   that	   followed	   the	  MON810	  approval	   and	   release,	  where	  
researchers	  not	  involved	  in	  the	  development	  discovered	  rearrangement	  in	  the	  final	   integrated	  DNA	  
that	   was	   not	   reported	   by	   the	   companies.	   These	   two	   examples	   are	   the	   only	   events	   that	   are	   fully	  
sequenced	   in	   the	   public	   literature	   and	   thus	   the	   only	   two	   that	   independent	   research	   can	   uncover	  
unintentional	  molecular	  changes	  in.	  For	  the	  others	  released	  after	  MON810	  and	  GTS	  40-‐3-‐2,	  there	  are	  
no	   publicly	   available	   data	   or	   reports	   on	   the	   DNA	   sequence,	   neither	   before	   nor	   after	   integration,	  
except	  the	  minimal	  information	  needed	  for	  event-‐specific	  detection.	  

The	   companies	   are	   obliged	   to	   deposit	   sequence	   information	   and	   primer	   sequences	   to	   the	   Joint	  
Reference	  Center	  (JRC)	  for	  validation	  of	  detection	  methods	  for	  the	  event	  seeking	  approval	  in	  Europe.	  
One	  of	  the	  reasons	  is	  that	  the	  validation	  must	  be	  performed	  by	  an	  accredited	  organization	  up	  to	  the	  
current	   ISO-‐standards.	   The	   information	   required	   is	   limited	   to	   event-‐specific	   detection,	   typically	  
concentrated	  around	  the	  5’	  and	  3’	  ends	  of	  the	  transgene	  insert,	  which	  would	  allow	  the	  investigators	  
to	  distinguish	  the	  events	  from	  one	  another.	  In	  a	  screening	  scheme,	  one	  typically	  starts	  with	  broader	  
screening	   to	  determine	   if	  GMOs	  are	  present	   in	   the	   sample	  or	   not.	   Promoters	   and	   terminators	   are	  
typically	  chosen,	  as	  they	  are	  common	  to	  many	  GMOs	  and	  allow	  for	  a	  cost	  effective	  way	  to	  rule	  out	  
GM	  negative	  samples	  for	  further	  analysis.	  Thereafter	  for	  the	  positive	  samples,	  the	  detection	  process	  
moves	   to	   more	   specific	   analyses,	   such	   as	   event-‐specific	   screening.	   Sequence	   information	   about	  
promoters,	   terminators	   etc.	   are	   not	   distributed	   to	   detection	   facilities.	   Validation	  of	   the	   promoters	  
from	  JRC	  relies	  on	  public	   literature,	  which	   in	  a	   trial	  and	  error	  approach	   tests	  different	  primers	  and	  
different	  constructs	  (Wu	  et	  al.,	  2014).	  The	  information	  on	  what	  TYPE	  of	  element	  (CaMV35s	  promoter	  
etc.)	   is	  released,	  but	  not	  what	  kind	  of	  modifications	  done	  to	  the	  sequence	  or	  what	  part	  of	  the	  full-‐
length	  P35S	  promoter	  is	  used	  (Podevin	  and	  Jardin,	  2012	  and	  references	  within).	  This	  process	  would	  
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have	  been	  a	   lot	  easier	   if	  promoter	   sequences	  were	  available	   so	   that	  primers	   could	  be	  constructed	  
based	  on	  the	  actual	  DNA	  sequence	  used	  and	  not	  in	  a	  blind	  fashion.	  

	  	  

1.2.3	  Promoters	  

The	  CaMV35S	  promoter	  may	  be	  of	  biosafety	  concern	  because	  of	  the	  multiple	  properties	  inherent	  in	  
the	   same	   sequence.	   In	   the	   cauliflower	  mosaic	   virus	   (CaMV),	   the	   35s	   sequence	   encodes	   a	   protein	  
called	   P6	   (encoded	   from	   gene	   VI)	   that	   harbors	  many	   different	   functions.	   The	   naturally	   condensed	  
state	  of	  the	  chromosome	  of	  the	  virus	  results	  in	  an	  overlap	  between	  gene	  VI	  and	  the	  part	  known	  as	  
P35S	  used	   in	  GMO	  plants	   (Podevin	   and	   Jardin,	   2012).	   This	   poses	   a	  potential	   risk,	   as	   the	  degree	  of	  
overlap	   between	   P6	   and	   P35S	   depends	   on	   what	   variation	   (i.e.	   length)	   of	   P35S	   is	   used	   in	   genetic	  
engineering.	  The	  concern	  is	  that	  partial	  expression	  of	  P6	  may	  be	  allergenic	  (Podevin	  &	  Jardin	  2012).	  
As	  shown	  by	  Benfey	  and	  Chua	  (1990),	  Kay	  et	  al	  (1987),	  Fang	  et	  al	  (1989)	  and	  Podevin	  &	  Jardin	  (2012),	  
multiple	  variants	  of	  P35	  exists	  are	  used	   today	  without	  any	  knowledge	  of	  expressed	  P6	  domains	  or	  
their	   potential	   allergic	   properties.	   Podevin	   and	   Jardin	   (2012)	   suggested	   a	   framework	   to	   aid	   risk	  
assessment	  of	  living	  products	  containing	  any	  form	  of	  the	  P35S	  promoter,	  but	  of	  course	  this	  requires	  
detailed	   knowledge	   of	   the	   inserted	  DNA	   sequence	   and	   how	   it	   overlaps	  with	   genomic	   DNA.	   Today	  
there	  is	  no	  way	  for	  researchers	  to	  access	  this	  information.	  	  

	  

1.2.4	  Chromosomal	  localization	  of	  events	  

Maize	   is	   a	   very	   complex	   and	   highly	   diverse	   species.	   In	   fact,	   a	   detailed	   comparison	   with	   modern	  
molecular	   biology	   techniques	   of	   two	   inbred	   lines,	   B73	   and	   Mo17,	   revealed	   a	   structural	   diversity	  
never	   seen	  before	   among	  eukaryotes	   (Springer	   et	   al.,	   2009).	  Although	   there	  were	   large	   regions	  of	  
low	   genetic	   diversity,	   a	   huge	   number	   of	   sequences	   differed	   in	   copy	   number	   and	   also	   in	  
presence/absence	   analysis.	   Nearly	   85%	  of	   the	   genome	   consists	   of	   several	   families	   of	   transposable	  
elements	   (Schnable	   et	   al,	   2009,	   Springer	   et	   al.,	   2009),	  which	   raises	   interesting	   concerns	   about	   the	  
chromosomal	   localization	  of	  transgenic	  events.	  There	  has	  already	  been	  a	  mismatch	  when	  analyzing	  
the	   junction	   between	   endogenous	   DNA	   and	   transgene	   DNA	   in	   which	   chromosome	   MON810	   is	  
located.	   The	   5´end	   is	  mapped	   to	   chromosome	  4,	   based	   on	   a	   high	   similarity	   blast	   (88%)	   of	   440	   bp	  
adjacent	  upstream	  of	  the	  5´integration	  site	  (Holck	  et	  al.,	  2002).	  The	  3’integration	  site	  is	  followed	  by	  a	  
1222	   bp	   fragment	   that	   does	   not	   show	   any	   identity	   with	   any	   known	   maize	   sequence	   (Hernandez	  
2003).	  Extending	  the	  downstream	  sequence	  to	  another	  345	  bp,	  it	  has	  been	  suggested	  that	  the	  3´end	  
aligns	  (99%	  identity)	  with	  sequences	  on	  maize	  chromosome	  5	  (Rosati	  et	  al.,	  2008).	   In	  this	  case,	  the	  
target	   sequence	   was	   a	   BAC	   clone	   from	   maize	   line	   B73	   (AC185641).	   Reanalyzing	   the	   5´sequence	  
obtained	  by	  Holck	  (2002)	  (accession	  no.	  AF434709)	  shows	  high	  score	  hits	  to	  chromosome	  5,	  8	  and	  10	  
(see	  Table	  1.1).	  
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Table	   1.1:	   	   Identity	   scores	   from	  performing	   a	   BLAST	  with	  AF434709	   from	  Holck	   et	   al.,	   2002	   against	  maize	  
sequences	  (March	  2015)	  

Target	  Sequence	   Accession	  No	   Identity	  Score	  
Genomic	  DNA,	  clone	  Chromosome	  8	   AC	  157487.1	   88	  %	  
Genomic	  DNA,	  clone	  Chromosome	  10	   AC225944.1	   86	  %	  
Genomic	  DNA,	  clone	  Chromosome	  5	   AC205514.6	   84%	  

	  

There	   are	   also	   highly	   relevant	   hits	   to	  DNA	   from	  a	   19-‐KD	   Zein	   gene	   family,	   confirming	   the	   findings	  
from	  Hernandez	   (2002).	   The	   Zein	   cluster	   resides	   is	  many	   loci	   in	   the	  maize	   genome	   (e.g.	   Song	   and	  
Messing	  2002),	  and	  as	  such	  there	  is	  no	  surprise	  that	  blasting	  sequences	  from	  this	  cluster	  would	  result	  
in	  multiple	  hits	  and	  that	  they	  may	  be	  on	  more	  than	  one	  chromosome.	  It	  is	  interesting	  to	  note	  that	  no	  
hits	  from	  the	  3’end	  are	  suggested	  to	  be	  at	  chromosome	  4	  where	  the	  5’end	  is	  claimed	  to	  be	  located.	  
Either	  there	  are	  structural	  differences	  between	  the	  maize	  sequenced	  and	  deposited	  in	  the	  databases,	  
or	  there	  are	  multiple	  copies	  of	  MON810	  sequence	  in	  the	  genome	  of	  the	  transgene	  maize	  varieties.	  It	  
is	  important	  to	  understand	  that	  this	  may	  be	  possible	  even	  if	  the	  applicant	  has	  submitted	  correct	  data	  
to	   the	   contrary,	   because	   once	   approved	   the	   transgene	   event	   can	   legally	   be	   crossed	   into	  multiple	  
genomic	   backgrounds	   which	   incorporate	   the	   event	   differently	   than	   that	   of	   the	   original	   event	  
described	  in	  the	  application.	  This	  is	  especially	  a	  risk	  in	  an	  event	  such	  as	  MON810	  that	  resides	  close	  to	  
genes	  that	  may	  have	  many	  loci	  and	  hence	  many	  possibilities	  for	  homology-‐based	  crossing.	  	  

1.2.4.1	  MON810	  Variants	  
The	  current	  practice	  in	  risk	  assessment	  is	  that	  once	  an	  event	  is	  approved,	  there	  are	  no	  limitations	  to	  
what	  genetic	  background,	  within	  the	  same	  species,	  that	  same	  event	  can	  be	  crossed	  into	  and	  still	  fall	  
under	  the	  original	  approval.	  For	  instance,	  over	  100	  varieties	  of	  MON810	  exist	  on	  the	  market,	  yet	  only	  
a	  few	  have	  been	  part	  of	  the	  efforts	  sequencing	  and	  characterizing	  DNA	  sequences.	  Given	  that	  maize	  
is	  a	  species	  with	  a	  very	  high	  degree	  of	  structural	  differences,	  there	  are	  uncertainties	  regarding	  how	  
crosses	  between	  highly	  divergent	  variants	  integrate	  their	  genomes.	  	  

The	   genomic	   divergence	   also	   raises	   some	   concerns	   regarding	   non-‐GM	   comparators.	   The	   choice	   of	  
method	   from	   the	   applicants	   seems	   to	   be	   to	   choose	   several	   maize	   species,	   arguing	   to	   establish	   a	  
natural	   variability	  baseline,	   rather	   than	  comparing	   to	   the	  most	   similar	  non-‐GM	  variety	   (most	  often	  
the	  conventional	  non-‐GM	  parental	  strain	  of	  the	  GM-‐hybrid).	  The	  concern	  with	  this	  approach	  is	  that	  
because	  maize	  gene	  expression	  will	  vary	  a	  lot	  between	  varieties	  due	  to	  the	  high	  genetic	  variability	  in	  
the	   species,	   this	   “natural	   baseline”	   will	   be	   so	   variable	   that	   it	   may	   mask	   statistically	   significant	  
differences	  between	  the	  GM	  and	  the	  near-‐isogenic	  line.	  	  

	  

1.2.5	  Unintended	  insertion	  effects	  

Several	  studies	  have	  shown	  unintended	  effects	  on	  the	  transgene	  after	  insertion	  in	  the	  host	  genome,	  
either	   by	   ballistic	   bombardment	   or	  Agrobacterium-‐mediated	   transfer.	   Deletions	   (Hernandez	   et	   al.	  
2003),	   recombinations	  and	  repeats	   (Windels	  et	  al.,	  2001),	   rearrangements	   (Hernandez	  et	  al.,	  2003)	  
and	   mutations	   affecting	   detection	   (Morisset	   et	   al.,	   2009)	   have	   been	   reported	   by	   independent	  
researchers	  investigating	  the	  molecular	  features	  of	  some	  events	  after	  commercial	  approval.	  	  
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1.2.5.1	  Unintended	  transcripts	  
Transgenes	  inserted	  into	  a	  host	  genome	  will	  disrupt	  the	  locus	  which	  it	  is	  inserted	  into.	  This	  may	  give	  
rise	   to	   unintended	   transcripts	   with	   unknown	   fate.	   In	   the	   scientific	   literature,	   very	   little	   is	   known	  
about	   the	   insertion	   site	   (loci)	   for	   any	   event.	   Genomic	   localization	   is	   important	   in	   the	   context	   of	  
positional	   effects,	   but	   also	   the	   transcripts	   that	  may	   arise	   due	   to	   leakage	   of	   the	   stop	   signal	   or	   the	  
complete	   lack	   of	   it.	   Rosati	   and	   co-‐workers	   showed	   in	   2008	   that	  mRNA-‐species	   of	   different	   length	  
were	  produced	  across	  the	  junction	  between	  the	  end	  of	  Cry1ab	  and	  the	  disrupted	  HECT	  gene	  in	  the	  

recipient	   genome	   of	   MON810	  
(Rosati	   et	   al	   2008).	   No	   further	  
attempt	   published	   to	   quantify	   or	  
deduce	   the	   fate	   of	   these	   novel	  
mRNAs	   has	   been	   published.	   The	  
same	   discovery	   was	   made	   by	  
Rang	   and	   co-‐workers	   in	   2005	  
when	   analyzing	   roundup	   Ready	  
soy	   (Rang	   et	   al.,	   2005).	   Roundup	  
ready	   soy	   has	   an	   intact	   stop	  
signal,	   but	   it	   was	   still	   discovered	  
that	   mRNA	   species	   of	   different	  
lengths	   were	   produced	   by	   the	  
plant	   transcription	   system.	   This	  

GM	  plant	  has	  undergone	  a	  duplication	  of	  parts	  of	  the	  CP4-‐EPSPS	  gene	  copied	  after	  the	  stop	  signal,	  so	  
that	   the	   event	   would	   read	   (from	   5’-‐to	   3’)	   [CP4EPSPS-‐nos	   terminator-‐duplicated	   part	   CP4EPSPS-‐
genomic	  plant	  DNA].	  	  It	  was	  across	  this	  t-‐nos	  gene	  that	  transcription	  was	  detected	  (Rang	  et	  al.,	  2005).	  
There	  have	  been	  no	  further	  published	  studies	  investigating	  the	  fate	  of	  these	  mRNAs.	  

1.2.5.2	  Unintended	  proteomic	  effects	  
Proteomic	  analyses	  are	  often	  limited	  by	  a	  number	  of	  factors	  like	  protein	  solubility,	  pH	  spectrum	  and	  
abundance.	  Despite	   these	   limitations,	   a	  number	  of	  proteomic	  effects	  have	  been	  described	   for	  GM	  
maize	  plants	  when	  compared	  to	  non-‐GM	  maize	  plants.	  	  

The	  environment	  has	  been	  shown	  to	  be	  a	  determining	  factor	  when	  it	  comes	  to	  gene	  expression.	  The	  
same	  variety	  in	  different	  environments	  may	  have	  different	  expression	  profiles	  that	  would	  mask	  any	  
variation	  from	  GM	  MON810	  maize	  plants	  (Barros	  et	  al.,	  2010).	  Not	  only	  non-‐GM	  proteins	  may	  vary	  
with	   the	   environment.	   In	   a	   study	   from	   2013,	   Agapito-‐Tenfen	   and	   co-‐workers	   showed	   that	   even	  
within	  environmental	  variation,	  detectable	  and	  significant	  differences	  between	  the	  GM	  and	  non-‐GM	  
plants	   occurred	   (Agapito-‐Tenfen	   et	   al.,	   2013).	   In	   fact,	   32	   proteins	   assigned	   to	   functions	   like	  
carbohydrate	   and	   energy	   metabolism,	   genetic	   information	   processing	   and	   stress	   response	   were	  
differentially	   expressed	   between	   GM/non-‐GM	   MON810	   maize.	   Several	   other	   studies	   confirm	   the	  
effects	   of	   the	   environment	   on	   gene	   expression	   (reviewed	   in	   Ricroch	   et	   al.,	   2011);	   the	   question	   is	  
whether	   GM	   and	   non-‐GM	   plants	   with	   semi-‐similar	   genotypes	   (parental	   and	   GM	   variant)	   would	  
predictably	  react	  in	  the	  same	  manner.	  	  

Zolla	  and	  co-‐workers	  published	  in	  2008	  that	  even	  though	  many	  effects	  may	  be	  due	  to	  environmental	  
effects,	  still	  many	  unpredictable	  changes	  occurred	  in	  the	  maize	  MON810	  GM	  genotypes	  compared	  to	  
the	   near-‐isogenic	   parental	   variant.	   Considering	   the	   limitations	   of	   proteomic	   2D-‐gel	   analyses,	   a	  
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significant	   number	   of	   proteins	   showed	   different	   expression	   contributed	   by	   the	   genotype	   (i.e.	  
GM/non-‐GM).	  Up	  and	  down	   regulation,	   truncation	  and	  even	  a	  potential	   allergen	  were	  detected	   in	  
GM	   maize	   (Zolla	   et	   al.,	   2008).	   This	   study	   confirms	   an	   earlier	   study	   by	   Albo	   et	   al.,	   showing	  
unpredictable	  differences	  in	  Bt-‐maize	  flour	  (Albo	  et	  al.,	  2007).	  The	  importance	  of	  Zolla’s	  work	  is	  that	  
it	  is	  done	  in	  maize	  seeds,	  whereas	  the	  majority	  of	  maize	  proteome	  studies	  are	  performed	  on	  maize	  
leaves.	  While	  environmentally	  relevant,	  from	  the	  consumer	  point	  of	  view,	  seeds	  are	  more	  important.	  
There	   is	   a	   need	   for	   much	   more	   research	   on	   GM	   crop	   seeds	   and	   the	   effects	   on	   the	   modification	  
related	  to	  different	  environmental	  conditions.	  

	  

1.2.6	  Host-‐specific	  impacts	  on	  GM	  proteins	  

One	   concern	   that	   has	   been	   raised	   concerning	   genetically	   engineered	   food	   or	   crops	   are	   that	   the	  
toxicological	  effects	  of	   the	   transgene	  or	  other	  compounds	   in	   the	  plant	  may	  change	  after	   insertion.	  
Plants	  have	  a	  feature	  called	  RNA	  editing	  (Takenaka	  et	  al.,	  2013)	  which	  induces	  changes	  in	  the	  mRNA	  
sequence	   so	   that	   it	   is	   not	   complementary	   to	   the	   DNA	   sequence	   anymore.	   This	   could	   potentially	  
change	  the	  predicted	  amino	  acid	  sequence	  and	  thus	  the	  function	  of	  the	  protein.	  More	  importantly	  it	  
would	   not	   allow	   the	  DNA	   sequence	   to	   determine	   the	  protein,	   something	   that	   complicates	   genetic	  
engineering	   (Knoop,	   2011).	  Mainly	   located	   in	   plastids	   and	  mitochondria,	   this	  may	   not	   be	   a	  major	  
issue	   in	   genomic	   inserted	  DNA,	  but	  because	  no	  GM	  proteins	  have	  ever	  been	   isolated	   from	  plants,	  
nobody	  has	  confirmed	  the	  amino	  acid	  sequence	  in	  any	  GM	  protein.	  

Due	  to	  the	  random	  and	  unpredictable	  nature	  of	  the	  insertion	  processes,	  insertion	  of	  foreign	  DNA	  into	  
a	  plant	   genome	  could	  potentially	   change	   several	   aspects	  of	   the	   recipient	  plant.	   Such	   changes	  may	  
not	  always	  be	  obvious,	   since	   the	  environment	  plays	  an	   important	   role	   in	  determining	  which	  genes	  
are	  switched	  on	  or	  off	   in	  the	  genome.	  This	  is	  of	  course	  the	  reason	  that	  the	  choice	  of	  comparator	  is	  
important	  and	  why	  it	  is	  necessary	  to	  compare	  to	  the	  closest	  related	  strain/variety.	  It	  has	  been	  found	  
that	   toxic	   metabolites	   have	   been	   produced	   under	   very	   specific	   environmental	   conditions	   in	   GM	  
plants,	   whereas	   the	   levels	   of	   these	   components	   have	   been	   lower	   in	   the	   non-‐GM	   counterpart	  
(Mathews	   et	   al.	   2005).	   In	   potato	   for	   instance,	   the	   levels	   of	   toxic	   secondary	   metabolites	   called	  
glycoalkaloids	  (PGA)	  are	  influenced	  by	  many	  biotic	  and	  abiotic	  stresses.	  The	  findings	  of	  Mathews	  and	  
co-‐workers	   illustrate	   this	   point.	   They	   found	   that	   transforming	   potato	  with	   an	   inverted	   gene	   and	   a	  
maize	  promoter	  can	  change	  the	  levels	  of	  PGA	  significantly	  in	  tubers	  (Mathews	  2005),	  but	  could	  not	  
rule	  out	  that	  the	  changes	  where	  due	  to	  positional	  effects	  rather	  than	  processing	  of	  the	  inserted	  gene.	  
It	   is	   clear	   that	   this	   is	   different	   from	   crop	   to	   crop,	   as	   the	   PGAs	   in	   potato	   are	   associated	  with	   plant	  
defence	   systems	   and	   thus	   manipulating	   pathways	   of	   pathogen	   metabolism	   often	   would	   lead	   to	  
changes	  in	  associated	  compounds	  like	  PGA	  (Mathews	  2005).	  For	  other	  crops,	  unwanted	  proteins	  or	  
metabolites	  may	  be	  associated	  with	  other	  pathways.	  

1.2.6.1.	  Importance	  of	  studying	  the	  correct	  protein	  
The	  principle	  of	  genetic	  engineering	  is	  to	  take	  a	  gene	  from	  one	  context	  and	  express	  it	  in	  another.	  The	  
underlying	  assumption	  is	  that	  the	  gene	  product	  will	  perform	  the	  same	  tasks	  and	  functions	  in	  the	  new	  
host	  as	  in	  the	  original	  system.	  This	  assumption	  is	  apparent	  in	  risk	  assessment	  of	  proteins	  originating	  
from	   bacteria,	   like	   various	   forms	   of	   Bt	   proteins,	   where	   feeding	   trials	   and	   molecular	   description	  
analyses	  are	  performed	  on	  the	  bacterial	  version	  of	  the	  proteins	  rather	  than	  the	  proteins	  produced	  in	  
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the	   transgene	   context.	   The	   reason	   for	   this,	   developers	   claim,	   is	   that	   it	   is	   not	   feasible	   to	   produce	  
adequate	  amount	  of	  proteins,	  thus	  bacterial	  versions	  of	  proteins	  must	  be	  used.	  While	  this	  may	  have	  
been	   more	   accurate	   some	   years	   ago,	   the	   development	   of	   protein	   isolation	   and	   purification	  
technologies	  has	  dramatically	  improved	  the	  efficiency	  of	  these	  procedures	  in	  recent	  years.	  	  

The	   justification	   for	   use	   of	   bacterial	   protein	   variants	   is	   often	   that	   they	   have	   similar	   amino	   acid	  
sequence	  to	   the	  modified	  plant	  protein.	  One	   important	  assumption	  of	   this	  approach	   is	   that	  similar	  
(important:	  not	   identical)	  proteins	  produced	   in	  different	  systems	  (i.e.	  bacteria	  and	  plants)	  have	  the	  
same	  characteristics	  and	  properties.	  This	  statement	  has	  never	  been	  tested	  in	  the	  scientific	  literature	  
for	   any	   Bt	   proteins.	   In	   addition,	   there	   are	   examples	   from	   the	   literature	   that	   proteins	  may	   change	  
abilities	  based	  on	  what	  system	  they	  are	  produced	  in.	  	  

Small	   changes	   in	   primary	   and	   secondary	   protein	   structure	   can	   impart	   important	   changes	   to	   their	  
bioactivity	   (Haider	  and	  Ellar,	  1989;	  Geiser	  et	  al.,	  1996;	  Walsh	  and	   Jefferies,	  2007).	  One	  well-‐known	  
example	  is	  the	  study	  by	  Prescott	  et	  al.	  in	  2005	  (Prescott	  et	  al.,	  2005),	  where	  a	  protein	  from	  beans	  was	  
expressed	  in	  peas	  (α-‐Amylase	  Inhibitor-‐1),	  which	  gave	  the	  seeds	  protection	  from	  plant	  pests.	  When	  
expressed	  in	  peas,	  the	  protein	  was	  expressed	  in	  an	  altered	  structural	  form	  that	  induced	  inflammatory	  
responses	  when	  fed	  to	  mice.	  Moreover,	  this	  response	  was	  not	  present	  in	  the	  unmodified	  form	  of	  the	  
protein	  (i.e.	  from	  beans).	  The	  authors	  conclude	  that	  transgenic	  expression	  of	  non-‐native	  proteins	  in	  
plants	  may	   lead	   to	   the	   synthesis	   of	   structural	   variants	   possessing	   altered	   immunogenicity.	   Similar	  
analyses	   have	   been	   performed	   on	   transgenic	   soybeans,	   where	   a	   Brazil-‐nut	   allergen	   was	   detected	  
(Nordlee	  et	  al.,	  1996)	  and	   in	  MON810	  maize,	  where	  an	  almond	  allergen	  was	  detected	   (Zolla	  et	  al.,	  
2008).	   These	   studies	   clearly	   demonstrate	   the	   example	   of	   the	   possibility	   for	   altered	   properties	   for	  
proteins	  when	  expressed	   in	  different	   systems,	   and/or	   altered	  allergenic	  potential	   of	   the	  proteome	  
when	  the	  host	  is	  genetically	  modified.	  These	  studies	  also	  demonstrate	  the	  scientific	  justification	  for	  
the	  demand	  for	  purified	  plant	  produced	  proteins	  to	  be	  tested.	  

The	  phenomenon	  of	   altered	   structural	   isoforms	   is	   also	   important	   in	   light	   of	   detection	   and	  protein	  
quantification	   analyses.	   Protein	   quantification	   is	   based	  on	   antibody-‐reactions	   between	   a	   detection	  
antibody	   and	   the	   protein.	   Today,	   antibodies	   raised	   against	   plant-‐GM	   produced	   proteins	   are	  
exclusively	  developed	  by	  the	  use	  of	  bacterial	  variants	  of	  the	  GM	  proteins	  (often	  E.	  coli).	  This	  may	  bias	  
all	   subsequent	   equivalence	   testing	   against	   the	   detection	   of	   potential	   novel	   in-‐planta	   produced	  
isoforms.	   It	   is	   impossible	   to	   say,	  using	  evidence	  often	  provided	   in	   the	  dossiers,	   that	   the	  polyclonal	  
antibodies	  would	  in	  fact	  detect	  all	  isoforms	  of	  the	  recombinant	  proteins	  that	  might	  be	  produced	  in-‐
planta,	  were	  they	  present	  in	  the	  sample.	  	  	  

1.2.6.2	  In	  silico	  analyses	  
The	   applicants	   often	   conclude	   that	   the	   protein	   is	   not	   allergenic	   based	   on	   the	   in	   silico	   study,	   yet	  
immunogenic	  responses	  do	  not	  necessarily	  follow	  a	  dose-‐response	  curve.	   In	  silico	  analysis	   is	  widely	  
accepted,	  but	  also	  requires	  additional	  testing	  (EFSA,	  2008a,	  Gendel	  2002).	  Although	  a	  homology	  to	  a	  
known	  toxin	  or	  allergen	  is	  not	  found	  based	  on	  sequence	  analysis,	  the	  protein	  folding	  and	  creation	  of	  
new	   structures	   similar	   to	   known	   toxins/allergens	   should	   also	   be	   considered.	   The	   possibility	   that	  
allergen	   can	   be	   predicted	   based	   on	   non-‐contiguous	   stretches	   of	   amino	   acids	   should	   also	   be	  
considered	  (Gendel	  2002,	  Moreau	  2006).	  The	  limitation	  of	  the	  in	  silico	  approach	  must	  be	  considered,	  
as	  it	  is	  limited	  to	  identified	  proteins	  and	  epitopes	  that	  are	  not	  influenced	  by	  PTM	  (Codex	  2003).	  	  
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1.2.7	  Lack	  of	  molecular	  data	  

As	  emphasized	  several	  times	  above,	  there	  is	  a	  fundamental	  lack	  of	  molecular	  information	  and	  basic	  
data	  necessary	  to	  perform	  relevant	  biosafety	  research.	  Because	  no	  transgene	  DNA	  sequence	  except	  
from	  a	  few	  older	  GM	  crops	  (see	  above)	   is	  known,	  it	   is	  not	  possible	  to	  detect	  potential	  changes	  and	  
perform	  stability	  investigations	  on	  GM	  plants.	  This	  is	  particularly	  true	  for	  newer	  products	  and	  stacks.	  
We,	   as	   independent	   biosafety	   researchers,	   have	   no	   cost	   effective	   way	   of	   checking	   expression	  
variants,	   amino	   acid	   changes	   and	   potential	   allergenic	   protein	   variants,	   DNA	   mutations	   or	   mRNA	  
variants	   in	   any	   GMO	   except	   the	   two	   first	   released	   20	   years	   ago.	   As	   new	   knowledge	   of	   different	  
regulatory	  systems	  surfaces,	  one	  would	   like	  to	  apply	  this	  knowledge	  also	  to	  biosafety	  research,	  but	  
without	   being	   able	   to	   predict	   interactions	   between	   the	   GM	   construct	   and	   natural	   pathways	   and	  
systems	   (for	   instance	   micro	   RNA	   target	   sites),	   this	   research	   will	   simply	   not	   be	   done.	   It	   is	   also	  
extremely	  important	  to	  understand	  that	  such	  knowledge	  that	  would	  enhance	  the	  GM	  techniques	  and	  
products	  would	  benefit.	  A	  good	  example	  of	  this	  is	  the	  resistance	  in	  Busseola	  fusca	  in	  South	  Africa	  to	  
MON810,	  where	  molecular	  knowledge	  from	  researchers	  not	  connected	  to	  the	  developing	  companies	  
are	  promoting	  research	  that	  ultimately	  would	  benefit	  Bt-‐designs.	  

1.2.7.1	  Quality	  of	  applicant	  Data	  
Dossiers	  submitted	  to	  regulators	  and	  describing	  the	  evidence	  of	  GMO	  testing	  include	  in	  most	  cases	  
PCR	   and	   Southern	   blot	   data	   (targeted	   genome	   profile)	   and	  western	   blot	   data	   (targeted	   proteome	  
profile).	  These	  techniques	  can	  be	  said	  to	  be	  part	  of	  routine	  evaluations.	  	  

In	  many	  assessments,	  analyses	  submitted	  with	  technical	  dossiers	  for	  EFSA	  approval	  have	  continually	  
found	   to	  be	  of	   sub-‐par	  quality.	  The	  use	  of	  oversized	  probes,	   too	  short	  exposure	   times,	  and	   lack	  of	  
molecular	  weight	  markers	  have	  been	  noted	  in	  many	  assessments,	  but	  not	  necessarily	  improved	  upon	  
thus	  far.	  

The	   levels	   of	   the	   expressed	   GM	   proteins	   are	  most	   often	   determined	   by	   the	   use	   of	   ELISA	   and	   the	  
levels	  detected	  are	  always	   too	   low	  for	   further	  use	   in	  downstream	  analysis	   (toxicology,	  allergenicity	  
etc).	  However,	   these	  proteins	  are	  subjected	   to	  western	  blots	   for	  determination	  and	  comparison	  of	  
molecular	   weight	   and	   for	   analysis	   of	   glycosylation	   patterns.	   The	   quality	   of	   the	   western	   blots	   in	  
general	  is	  good,	  but	  molecular	  weight	  markers	  are	  often	  lacking.	  In	  some	  cases,	  there	  are	  bands	  on	  
the	  gels	  and	  membranes	  that	  are	  left	  out	  of	  comments,	  without	  explanations.	  	  It	  is	  not	  obvious	  what	  
the	   reasons	   for	   this	   might	   be.	   These	   bands	   are	   thus	   not	   further	   analysed	   by	   any	  method	   (as	   for	  
instance	  MALDI-‐TOF	  MS	  or	  a	  similar	  method)	  identifying	  the	  protein(s)	   in	  the	  band.	  	   In	  some	  cases,	  
the	   antibody	   used	   for	   detection	   of	   the	   GM	   protein	   lacks	   sufficient	   characterization	   (as	   in;	   what	  
antigen	  was	  used	   to	  make	   the	  antibody),	   something	   that	   can	  be	   important	  when	  one	   looks	  at	   the	  
detection	  level	  of	  the	  western	  blot.	  	  

	  

1.2.8	  Funding	  effect	  	  

In	   2011,	   Domingo	   and	   Bordonada	   surveyed	   the	   scientific	   literature	   for	   studies	   on	   GM	   safety	  
assessments	   (Domingo	   &	   Bordonada,	   2011).	   In	   their	   conclusion	   the	   authors	   state	   “…it	   is	   worth	  
mentioning	   that	   most	   of	   the	   studies	   demonstrating	   that	   GM	   foods	   are	   as	   nutritional	   and	   safe	   as	  
those	   obtained	   by	   conventional	   breeding,	   have	   been	   performed	   by	   biotechnology	   companies	   or	  
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associates,	   which	   are	   also	   responsible	   of	   commercializing	   these	   GM	   plants”.	   The	   concern	   is	   that	  
these	  studies	  may	  be	  affected	  by	  something	  referred	  to	  as	  the	  funding	  effect,	  demonstrated	  in	  2005	  
for	  low-‐dose	  effects	  of	  Bisphenol	  A	  (Saal	  and	  Hughes,	  2005).	  During	  a	  meta-‐analysis	  of	  the	  published	  
studies	   concerning	   low-‐dose	   effects	   of	   Bisphenol	   A,	   the	   authors	   found	   that	   studies	   funded	   by	  
chemical	  corporations	  or	  performed	  by	  researchers	  with	  known	  association	  to	  chemical	  companies	  
always	   concluded	   with	   no-‐harm	   of	   low-‐dose	   Bisphenol	   A	   (100%).	   In	   contrast,	   studies	   funded	   by	  
governmental	   institutions	  would	  find	  no	  harm	  in	  10%	  of	  the	  studies	  and	  claim	  harm	  in	  90	  %	  of	  the	  
studies.	  There	   is	  a	  history	  of	  accepting	  applicant	  data	  regarding	  GMO	  safety	   (feeding	  trials,	  genetic	  
description	  and	   stability	   etc.)	   for	   risk	   assessment.	  When	  we	   consider	   the	  potential	   for	   the	   funding	  
effect	  and	  recall	  that	  the	  original	  data	  from	  MON810	  was	  faulty	  when	  originally	  submitted,	  one	  has	  
to	   conclude	   that	   there	   is	   a	   dire	   need	   for	   independent	   research	   in	   all	   areas	   of	   GM	   crops.	   It	   is	  
particularly	   interesting	   that	  MON810	   and	   GTS	   40-‐3-‐2	   are	   the	   only	   events	   in	   GM	   food/feed	   crops	  
where	  the	  DNA	  sequence	  is	  public	  information.	  

	  

1.2.9	  Conclusion	  	  

Access	  to	  molecular	  data	  for	  independent	  research	  is	  restricted,	  if	  not	  entirely	  cut	  off.	  This	  effectively	  
stops	  any	  researcher	  investigating	  DNA	  effects	  over	  time	  in	  any	  GM	  crop	  except	  MON810	  on	  maize	  
and	   GTS-‐40-‐3-‐2	   in	   soy,	   without	   first	   undertaking	   major	   commitments	   in	   time	   and	   expense	   to	  
sequence	  the	  artificial	  DNA.	  Very	  few	  GM	  companies,	  if	  any,	  are	  willing	  to	  take	  this	  upon	  themselves,	  
also	  due	  to	  the	  likelihood	  of	  being	  legally	  challenged	  by	  commercial	  interests	  for	  violating	  trademark	  
laws	  and	  revealing	  confidential	  business	  information.	  This	  is	  a	  serious	  issue	  that	  should	  be	  raised	  by	  
governmental	  institutions	  of	  member	  countries	  with	  EFSA	  and	  the	  European	  Commission.	  	  

	  

1.2.10	  Directions	  for	  further	  studies	  

The	  main	  knowledge	  gap	  with	  respect	  to	  molecular	  aspects	  is	  by	  far	  the	  availability	  of	  molecular	  data	  
of	   events.	  Without	   this	   information,	   it	   is	   extremely	   difficult	   to	   investigate	   fundamental	   issues	   like	  
gene	  stability,	  mutations	  and	  protein	  structure	  and	  function.	  New	  GM	  crops	  utilizing	  RNAi	  uses	  the	  
sequence	  to	  function,	  thus	  independent	  research	  needs	  access	  to	  these	  data.	  	  

New	  transformation	  methods	  may	  arise,	  and	  new	  insertion	  techniques	  are	  being	  developed.	  There	  is	  
a	  need	  to	  understand	  how	  these	  new	  techniques	  (zinc	  finger	  technology,	  ODM	  directed	  mutagenesis	  
etc.)	   interplay	  with	   the	   natural	   plant	   biology	   to	   uncover	   the	  mechanisms	   and	   potential	   unwanted	  
side	  effects	  of	  these	  techniques.	  	  

Sequence	  information	  is	  crucial,	  as	  mentioned	  several	  times	  above,	  and	  gene	  stability	  and	  expression	  
rate	   is	  completely	  unknown	  for	  almost	  all	  events.	  Research	   in	  this	   field	   is	  severely	  hindered	  by	  the	  
lack	  of	  sequence	  data	  on	  the	  genetic	  construct.	  As	  an	  example,	  it	  is	  impossible	  to	  design	  good	  probes	  
without	  knowing	  the	  sequence	  of	  the	  target	  (i.e.	  transgene).	  

The	  common	  practice	  of	  using	  bacterially	  produced	  versions	  of	  the	  genetically	  modified	  protein	  are	  
not	   optimal	   given	   the	   possibility	   for	   host-‐specific	   changes	   and	   post-‐translational	   modifications.	  
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Efforts	   should	  be	  made	   to	   isolate	   and	  describe	   the	  GM	  proteins	   actually	   produced	   in	   plants/crops	  
and	  compared	  to	  the	  bacterial	  versions	  used	  in	  risk	  assessment	  experiments.	  

The	   choice	   of	   who	   performs	   the	   research	   is	   important	   to	   consider.	   As	   shown	   above,	   the	   funding	  
effect	   is	   relevant	   and	   history	   in	   the	   field	   of	   biosafety	   research	   has	   shown	   that	   it	   is	   independent	  
research	  that	  drives	  the	  field	  forward.	  In	  the	  only	  two	  examples	  in	  which	  we	  know	  the	  sequence	  data	  
in	   GM	   food/feed	   crops,	   it	   is	   independent	   research	   that	   has	   discovered	   insertion-‐effects	   like	  
truncation	   and	   loss	   of	   stop	   signal,	   transcription	   of	   multiple	   mRNA	   variants	   and	   the	   potential	   for	  
fusion-‐proteins	   from	   P35S.	   In	   light	   of	   this,	   there	   is	   no	   doubt	   that	   independent	   biosafety	   research	  
should	   continue	   and	   be	   strengthened,	   particularly	   when	   we	   are	   facing	   new	   technologies	   to	   be	  
implemented	  in	  GM	  crops	  (for	  instance	  RNAi).	  

	  

1.3	  Environmental	  Risk	  Assessment	  
	  
Most	   countries	   agree	   that	  biodiversity	  must	  be	  preserved,	   conserved	  and	  used	   sustainably	   for	   the	  
future.	   This	   is	   firmly	  established	   through	   the	  Convention	  on	  Biological	  Diversity	  and	   the	  Cartagena	  
Protocol,	  ratified	  by	  194	  and	  169	  countries,	  respectively.	  	  

Further,	   lack	  of	  full	  scientific	  certainty	  of	  harm	  should	  not	  prevent	  actions	  to	  safeguard	  biodiversity	  
and	  natural	  resources.	  Thus,	  there	  is	  a	  strong	  international	  standing	  for	  the	  Precautionary	  Principle,	  
with	  the	  goal	  of	  preserving	  genetic,	  species	  and	  ecosystem	  diversity.	  

Genetically	  modified	   (GM)	  organisms	  and	   the	  agricultural	  or	   forestry	  practices	   they	  belong	   to	  may	  
cause	  negative	  effects	  on	  biodiversity	  (e.g.	  non-‐target	  organisms)	  and	  ecosystems.	  Therefore,	  GMOs	  
need	   to	   be	   thoroughly	   assessed.	   An	   environmental	   risk	   assessment	   (ERA)	   is	   required	   for	   the	  
regulatory	  evaluation	  of	  a	  GMO	  within	  the	  framework	  of	  Regulation	  (EC)	  No.	  1829/2003	  on	  GM	  food	  
and	  feed	  and	  under	  Directive	  2001/18/EC	  on	  deliberate	  release	  into	  the	  environment	  of	  genetically	  
modified	  organisms	  (GMOs)	  (EFSA	  Journal	  2010).	  	  

Depending	  on	   the	   intended	  uses	  of	  a	  GM	  plant	   (import,	  processing,	   food,	   feed	  and/or	  cultivation),	  
the	  pathways	  and	   levels	  of	  exposure	  of	   the	  GM	  plant	  to	  the	  environment	  will	  vary	   (EFSA	  Guidance	  
document	  on	  the	  ERA	  of	  GM	  plants),	  and	  as	  defined	  in	  the	  European	  Union	  (EU)	  legislation,	  an	  ERA	  
shall	  evaluate	  the	  “risk	  to	  human	  health	  and	  the	  environment”	  (EC2001,	  Annex	  II).	  For	  the	  Norwegian	  
context,	  the	  Gene	  Technology	  Act	  gives	  additional	  criteria	  for	  evaluation:	  the	  use	  of	  a	  GMO	  should	  be	  
sustainable,	   socially	   acceptable	   and	   ethically	   justifiable.	   These	   criteria	   applied	   together	   with	   the	  
Precautionary	  Principle	  can	  be	  argued	  to	  be	  particularly	   important	   for	   the	  environment	  since	   long-‐
term	  and	  combinatorial	  effects	  in	  complex	  ecosystems	  always	  will	  be	  difficult	  to	  detect,	  understand	  
and	  respond	  to.	  Also,	  we	  are	  in	  a	  period	  of	  mass	  extinction	  of	  biodiversity,	  caused	  by	  various	  human	  
activities	  (Woodruff	  2001),	  and	  new	  potential	  stressors	  to	  ecosystems	  that	  already	  are	  under	  stress	  
(reduced	  resilience)	  may	  trigger	  synergistic	  effects	  and	  further	  losses.	  
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Main	  traits	  of	  GM	  plants	  grown	  today	  
	  

Most	  GM	  crop	  plants	  grown	  on	  a	  commercial	  scale	  have	  two	  classes	  of	  traits	  built	  into	  their	  genome:	  
(1)	  Insect	  resistance,	  typically	  from	  Bt-‐toxins	  (Cry-‐toxins),	  in	  theory	  targeting	  a	  narrow	  range	  of	  pest	  
insects;	  and	  (2)	  Herbicide	  tolerance,	  as	  of	  today	  primarily	  to	  Roundup/glyphosate-‐based	  herbicides.	  
Both	   types	   of	   traits	   lead	   to	   new	   exposure	   routes	   and	   other	   doses	   of	   insect	   toxins	   and	   selected	  
herbicides	  in	  the	  environment,	  and	  to	  the	  organisms	  that	  live	  there.	  	  

In	   this	   chapter	   we	   focus	   on	   the	   two	  main	   traits	   used	   in	   GM	   plants	   this	   far:	   insect	   resistance	   and	  
herbicide	  tolerance	  and	  evaluate	  the	  following	  issues	  (for	  each	  of	  them):	  

• Effects	  on	  non-‐target	  biodiversity	  
• Resistance	  evolution	  	  
• Ecosystem	  effects	  	  

o Gene	  flow/spread	  and	  persistence	  of	  GMOs	  and	  transgenes	  
o Invasiveness	  of	  GMOs	  
o Ecosystem	  genes	  and	  phenotypes	  

	  
In	  addition	  we	  will	  also	  discuss	  knowledge	  gaps	  and	  uncertainties	  related	  to	  

• Stacked	  traits	  and	  combinatorial	  effects	  
• Antibiotic	  resistance	  marker	  (ARM)	  genes	  

	  
	  

1.3.1	  Insect	  resistant	  plants	  /	  Bt-‐toxins	  

The	   soil	   bacterium	   Bacillus	   thuringiensis	   (Bt)	   has	   a	   long	   tradition	   for	   use	   in	   agriculture	   due	   to	   its	  
insecticidal	  properties.	  More	   than	  270	  different	   strains	  of	  Bt	   are	  described	  and	  more	   than	  700	   cry	  
sequences	  that	  code	  for	  Cry	  proteins	  have	  been	   identified	  (Palma	  et	  al.	  2014).	  Some	  of	  these	  have	  
been	  used	  for	  controlling	  insect	  pests	  of	  Lepidoptera,	  Coleoptera,	  Diptera	  and	  Hymenoptera,	  as	  well	  
as	  nematodes	  (Bravo,	  Gill,	  &	  Soberon	  2007).	  

Cry	   genes	   are	   inserted	   into	   GM	   crop	   plants	   to	   express	   Bt-‐toxins	   that	   make	   them	   resistant	   to	  
important	  insect	  pest	  species.	  Reduced	  grazing	  from	  target	  herbivore	  insects	  leads	  to	  improved	  yield	  
when	  these	  insects	  are	  abundant	  (Areal,	  Riesgo,	  &	  Rodriguez-‐Cerezo	  2013).	  Further,	  the	  strategy	  to	  
make	   the	  plants	   express	   pesticides	   internally	   (as	   a	   part	   of	   their	  metabolism)	  may	   replace	   external	  
use,	  i.e.	  spraying	  of	  (often	  broad	  spectrum)	  pesticides	  on	  the	  plants.	  	  

1.3.1.1	  Effects	  on	  non-‐target	  biodiversity	  

Meta-‐analyses	  and	  reviews	  on	  effects	  
A	  meta-‐analysis	  based	  on	  42	  field	  experiments	  showed	  that	  unsprayed	  fields	  of	  Bt-‐transgenic	  maize	  
plants	   have	   significantly	   higher	   abundance	   of	   terrestrial	   non-‐target	   invertebrates	   than	   sprayed	  
conventional	  fields	  (Marvier	  et	  al.	  2007).	  Thus,	  Bt-‐plants	  with	  a	  single	  Bt-‐gene	  inserted	  may	  represent	  
an	   improvement	   for	   non-‐target	   organisms	   in	   the	   environment.	   However,	   an	   indication	   of	   some	  
negative	   effects	   of	   the	   Cry1Ab	   toxin	   itself,	   or	   the	   Cry1Ab	   producing	   maize	   plant,	   on	   non-‐target	  
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abundance	   was	   shown	   in	   the	   same	   meta-‐analysis:	   when	   conventional	   (non-‐GM)	   fields	   were	   not	  
sprayed,	  the	  non-‐target	  abundance	  was	  significantly	  higher	  than	  in	  the	  Bt-‐fields	  (Marvier	  et	  al.	  2007).	  	  

Specificity	  of	  Bt-‐toxins	  (Cry-‐toxins)	  
The	  specificity	  of	  Bt-‐toxins	   to	  kill	   a	   limited	   range	  of	   target	  organisms	  has	  been	  considered	  a	  major	  
advantage	   for	   agricultural	   application	  because	  unwanted	  negative	  effects	  on	  non-‐target	  organisms	  
can	  be	  minimized	  (Avisar	  et	  al.	  2009;Torres	  &	  Ruberson	  2008).	  The	  toxicity	  of	  Cry	  proteins	  is	  studied	  
in	  some	  detail,	  and	  susceptibility	  requires	  ingestion,	  an	  alkaline	  midgut	  to	  solubilize	  and	  activate	  the	  
proteins,	  and	  presence	  of	  Bt	  protein-‐binding	  receptors	  on	  the	  midgut	  membrane	  (Aimanova,	  Zhuang,	  
&	  Gill	  2006;Jurat-‐Fuentes	  &	  Adang	  2006).	  	  

However,	  effects	  on	  non-‐target	  organisms	  without	  the	  relevant	  receptors	  point	  to	  alternative	  modes	  
of	  action	  (Bøhn	  et	  al.	  2008;Bøhn,	  Traavik,	  &	  Primicerio	  2010;Hilbeck	  &	  Schmidt	  2006;Then	  2009).	  	  

The	  Bt	  protein	  in	  the	  GM	  plant	  is	  continuously	  expressed	  as	  a	  water-‐soluble	  and	  active	  toxin	  due	  to	  
its	  truncated	  form	  where	  the	  N-‐terminal	  part	  is	  shortened.	  

Additionally,	   the	   safety	   testing	   of	   Bt-‐toxins	   is	   performed	   with	   Bt	   toxins	   produced	   by	   bacteria,	  
typically	   in	  E.	  coli,	  and	  not	  by	  the	  protein	  expressed	  in	  the	  transgenic	  plants.	  This	  gives	  a	  mismatch	  
between	  what	  we	   test	   and	  what	   is	   shed	   into	   the	  environment	   (see	   section	  1.2.6.1	   “importance	  of	  
studying	  the	  correct	  protein”).	  	  

In	   most	   of	   the	   dossiers	   for	   Bt-‐plants,	   the	   applicants	   fail	   to	   address	   relevant	   literature	   on	   the	  
environmental	   and	   health	   implications	   of	   the	   Cry	   I	   class	   of	   proteins,	   and	   Cry1Ab	   in	   particular,	   in	  
relation	  to	  non-‐target	  and	  environmental	  effects.	  For	  example,	  a	  meta-‐analyses	  of	  published	  studies	  
on	  non-‐target	  effects	  of	  Bt	  proteins	  in	  insects,	  (Lövei	  &	  Arpaia	  2005)	  documented	  that	  30%	  of	  studies	  
on	   predators	   and	   57%	   of	   studies	   on	   parasitoids	   display	   negative	   effects	   to	   Cry1Ab	   transgenic	  
insecticidal	  proteins.	  However,	   there	  has	  been	  a	  bias	  towards	  the	  study	  of	  a	   few	  predatory	  species	  
and	  the	  collected	  data	  is	  far	  from	  adequate	  to	  predict	  general	  effects	  of	  Bt-‐toxins	  (Lövei,	  Andow,	  &	  
Arpaia	   2009).	   Nevertheless,	   responses	   in	   natural	   enemies	   are	   non-‐neutral	   much	  more	   often	   than	  
would	  be	  expected	  by	  chance,	  and	  most	  of	   the	  observed	  effects	  are	  negative	   (Lövei	  et	  al.	  2009).	  A	  
review	   by	   (Hilbeck	   &	   Schmidt	   2006)	   on	   all	   Bt-‐plants	   found	   50%	   of	   studies	   documenting	   negative	  
effects	  on	  tested	  invertebrates.	  

Impacts	  on	  soil	  microflora	  and	  fauna,	  including	  earthworms	  (Zwahlen	  et	  al.	  2003),	  mycorrhizal	  fungi	  
(Castaldini	  et	  al.	  2005)	  and	  microarthropods,	  in	  response	  to	  Cry	  endotoxins	  have	  also	  been	  reported	  
(Wandeler	  et	  al	  2002,	  Griffiths	  et	  al	  2006,	  Cortet	  et	  al	  2007).	  	  

It	   has	   been	   demonstrated	   that	   sub-‐chronic	   dosages	   of	   Cry	   proteins	   may	   affect	   both	   foraging	  
behaviour	   and	   learning	   ability	   in	   non-‐target	   bees	   (Ramirez-‐Romero	   et	   al.	   2008),	   and	   may	   have	  
indirect	   effects	   on	   recipient	   populations.	   Given	   the	   key-‐stone	   role	   of	   bees	   as	   pollinators,	   on	   both	  
primary	  production	  and	  on	  entire	  food-‐webs,	  more	  detailed	  studies	  are	  warranted.	  A	  meta-‐analysis	  
based	  on	  25	  studies	  did	  not	  detect	  direct	  negative	  effects	  on	  honeybee	  survival	  (Duan	  et	  al.	  2008).	  A	  
more	  recent	  feeding	  study	  using	  pollen	  from	  a	  single	  and	  a	  triple	  Bt-‐event	  found	  no	  negative	  effects	  
in	  honeybees	  (Hendriksma,	  Hartel,	  &	  Steffan-‐Dewenter	  2011).	  	  

The	   significance	   of	   tri-‐trophic	   effects	   of	   accumulation,	   particularly	   of	   insecticidal	   Cry	   toxins	  
(Harwood,	  Samson,	  &	  Obrycki	  2006;Obrist	  et	  al.	  2006)	  is	  not	  firmly	  established.	  However,	  a	  study	  by	  
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Zhou	  et	   al.	   showed	   that	   two	   species	  of	   spiders	   showed	   changes	   to	   three	  metabolic	   enzymes	  after	  
feeding	  on	  Cry1Ab-‐containing	  prey,	  demonstrating	  how	  Cry	  toxins	  may	  impact	  non-‐target	  arthropods	  
in	  the	  food-‐web	  (Zhou	  et	  al.	  2014).	  

Indications	  of	  harm	  to	  non-‐target	  organisms	  in	  the	  environment,	  and	  possible	  impacts	  to	  human	  and	  
animal	   health	   prompted	   the	   Austrian	   authorities	   to	   invoke	   a	   safeguard	   clause	   to	   ban	   the	   use	   of	  
Cry1Ab-‐containing	   maize	   event	  MON810	   (Umweltbundesamt,	   2007).	  We	   refer	   to	   this	   report	   as	   a	  
detailed	  analysis	  of	  potential	  adverse	  effects	  from	  a	  Cry1Ab-‐producing	  GMO.	  Similar	  responses	  with	  
bans	  for	  growing	  MON810	  Bt-‐maize	  were	  performed	  also	  in	  Germany,	  Hungary,	  Luxemburg,	  Greece	  
and	  France.	  	  

Studies	  of	  exposure	  and	  effects	  of	  Bt-‐toxins	  in	  the	  aquatic	  environment	  
Basic	  aquatic	  ecology,	  e.g.	  through	  the	  “river	  continuum	  concept”,	  has	  shown	  that	  the	  energy	  input	  
to	   a	   small	   stream	   can	   be	   significant	   and	   even	   larger	   than	   the	   local	   energy	   production	   within	   the	  
stream.	   The	   exposure	   of	   terrestrial	   material	   (energy)	   into	   the	   aquatic	   system	   stems	   from	   the	  
submerged	   stratum	   of	   the	   stream	   and	   from	   the	   cumulative	   effects	   of	   wind,	   rain	   and	   gravity	   that	  
drive	  plant	  material	  down	  into	  the	  aquatic	  system	  (Griffiths	  et	  al.	  2009).	  Streams	  and	  ponds	  close	  to	  
agricultural	   fields	   may	   therefore	   have	   a	   large	   energy	   source	   in	   agricultural	   plant	   parts	   and	  
byproducts.	  A	  field	  of	  transgenic	  Bt-‐plants	  will	  thus	  represent	  a	  significant	  source	  not	  only	  of	  energy	  
but	   also	   Bt-‐toxins,	   particularly	   after	   harvest	   and	   if	   crop	   residues	   are	   washed	   off	   the	   field,	   into	   a	  
nearby	  stream	  or	  pond	  by	  a	  flood	  (Figure	  1.1).	  

The	   exposure	   of	   Bt	   proteins	   into	   the	   aquatic	  
ecosystem	  may	   also	   come	   from	   living	   plants	  
since	  Bt-‐toxins	  are	  released	  from	  the	  roots	  of	  
the	   plants	   (Saxena	   &	   Stotzky	   2000)	   and	   can	  
leak	  into	  the	  aquatic	  system	  in	  periods	  of	  rain	  
or	  floods.	  The	  soil	  quality	  may	  also	  play	  a	  role.	  
Clay	   particles	   binds	   strongly	   to	   Cry1Ab-‐toxin	  
and	   also	   reduce	   the	   biodegradation	   of	   the	  
protein	   (Palm	   et	   al.	   1996;	   Tapp	   &	   Stotzky	  
1995).	   Soils	   that	   contain	   clay	   tend	   to	   keep	  
Cry1Ab	   toxin	   close	   to	   the	   soil	   surface,	  
therefore	   a	   higher	   rate	   of	   bioactive	   Cry1Ab	  
run-‐off	  can	  be	  expected	  in	  systems	  with	  clay-‐
rich	  soil	  (Saxena,	  Flores,	  &	  Stotzky	  2002).	  	  

It	   has	   been	   demonstrated	   that	   freshwater	  
mussels	  near	  Bt-‐corn	  fields	  contained	  Cry1Ab	  
transgenes	   in	   their	   gills,	   digestive	   glands	   and	  
gonads.	  The	  authors	  claim	  that	  the	  most	  likely	  
exposure	   route	  was	  mussels	   filter-‐feeding	  on	  
microorganisms	   which	   had	   acquired	   the	  
transgene	   via	   plant	   to	   bacteria	   horizontal	  
gene	   transfer	   (Douville	   et	   al.	   2009).	   Mussels	  
may	   however	   also	   filter	   small-‐sized	   Bt-‐maize	   Figure	  1.1:	  A	  Bt-‐maize	  crop	  residue	  fills	  up	  a	  run-‐off	  

aquatic	  ecosystem	  near	  a	  maize	  field	  in	  South	  Africa	  2000.	  	  
Photo:	  Thomas	  Bøhn	  
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particles	  directly.	  	  The	  investigation	  of	  Douville	  and	  co-‐workers	  found	  a	  gradient	  of	  Cry1Ab	  linked	  to	  
the	   exposure	   from	   the	   environment.	   At	   the	   most	   exposed	   site,	   the	   level	   of	   recombinant	   DNA	   in	  
organs	   was	   at	   its	   highest,	   and	   this	   coincided	   with	   a	   significantly	   reduced	   condition	   factor	  
(weight/length)	   in	   the	   mussels	   (Douville	   et	   al.	   2009).	   However,	   in	   field	   studies	   causal	   factors	   are	  
difficult	  to	  point	  out	  as	  other	  factors	  may	  be	  confounding.	  	  

Target	  insect	  groups	  of	  Bt-‐toxins	  also	  inhabit	  aquatic	  ecosystems	  
The	   insect	   orders	   Lepidoptera,	   Diptera	   and	   Coleoptera	   are	   all	   found	   in	   aquatic	   environments.	   In	  
terrestrial	   systems	   species	  within	   Lepidoptera,	   Diptera	   and	   Coleoptera	   are	   specifically	   targeted	   by	  
different	   Cry-‐toxins.	   However,	   aquatic	   stages	   or	   species	   in	   these	   groups	   may	   also	   be	   adversely	  
affected,	   depending	   on	   the	   exposure,	   feeding	   strategy	   and	   sensitivity	   of	   each	   individual	   species.	  
Feeding	  strategies	  of	  aquatic	  insects	  include	  filtering	  of	  particles	  like	  pollen,	  scraping	  off	  the	  biofilm	  
from	  surfaces,	  and	  direct	  feeding	  on	  organic	  material	  like	  leaf	  litter.	  Probably,	  the	  timing	  of	  feeding	  in	  
relation	  to	  when	  the	  plant	  material	  enters	  the	  system	  will	  be	  important,	  particularly	  if	  Bt-‐toxins	  are	  
available	   in	   high	   concentrations	   but	   for	   a	   limited	   time,	   before	   they	   are	   released	   from	   the	   plant	  
material	  and	  may	  be	  found	  elsewhere	  in	  the	  system	  or	  simply	  broken	  down.	  Also,	  if	  the	  Bt-‐toxins	  are	  
quickly	  released	  from	  the	  plant	  material,	  there	  may	  be	  a	  significant	  peak	  in	  Bt-‐toxin	  concentration	  in	  
the	  water	  shortly	  after	  new	  plant	  material	  has	  been	  washed	  off	  from	  the	  field	  and	  into	  the	  aquatic	  
system.	  If	  this	  comes	  from	  a	  flood,	  the	  dilution	  effect	  due	  to	  a	  large	  volume	  of	  water	  present	  must	  be	  
considered	  as	  well.	  	  

Effect	  studies	  on	  aquatic	  organisms	  
A	   study	   conducted	   by	   Rosi-‐Marshall	   and	   co-‐workers	   investigated	   the	   fate	   of	   Cry1Ab/Bt	   transgenic	  
corn	  byproducts	  in	  12	  headwater	  streams	  of	  agricultural	  production	  areas	  in	  the	  Midwest	  of	  the	  US.	  
The	  study	  revealed	   that	  headwater	  streams	  receive	  cobs,	   litter	  and	  pollen	   from	  agricultural	  plants,	  
and	  that	  this	  input	  decreased	  with	  increasing	  distance	  from	  the	  point	  of	  source	  (Rosi-‐Marshall	  et	  al.	  
2007).	   Thus,	   organisms	   in	   headwater	   streams	   are	   exposed	   to	   transgenic	   crop	   by-‐products.	   In	  
addition,	  they	  found	  that	  50%	  of	  the	  field-‐collected	  caddisflies	  contained	  corn	  pollen	  in	  their	  guts.	  	  

Feeding	   trials	   from	   the	   same	   study	   revealed	   that	   the	   caddisfly	   Lepidostoma	   lima	   reduced	   its	   daily	  
growth	   rates	   by	   more	   than	   50%	   (p=0.008)	   when	   fed	   Bt-‐corn	   litter	   as	   compared	   to	   non-‐Bt-‐litter.	  
Another	  caddisfly,	  Helicopsyche	  borealis,	  was	  shown	  to	  have	   increased	  mortality,	  but	   this	   response	  
required	  exposure	   to	  a	  high	   concentration	  of	  pollen,	   i.e.	   2-‐3	   times	  higher	   than	  max	  pollen	  density	  
observed	  in	  the	  field	  (Rosi-‐Marshall	  et	  al.	  2007).	  	  

Caddisflies	   are	   relatively	   close	   relatives	   to	   the	   target	   group	   of	   Cry1Ab	   transgenic	   corn,	   the	  
lepidopterans.	   Both	   belong	   to	   the	   same	   superorder	   Amphiesmenoptera	   and	   share	   similarities	   in	  
traits,	   life	  cycle	  and	  use	  of	  habitat	  (Grimaldi	  &	  Engel	  2005).	  Thus	  they	  may	  also	  share	  receptors	  for	  
active	  domains	   in	  the	  Cry1Ab	  toxin	  and	  thus	  be	  vulnerable	  to	  exposure	  to	  transgenic	  proteins.	  The	  
primary	  candidates	  for	  safety	  testing	  and	  risk	  assessment	  of	  Bt-‐transgenic	  plants	  should	  therefore	  be	  
sought	  among	  stream	  insects	  that	  feed	  directly	  on	  plant	  material	  and	  that	  also	  are	  closely	  related	  to	  
terrestrial	  target	  pest	  species.	  

1.3.2.2	  Resistance	  evolution	  to	  Cry-‐toxins	  
The	   positive	   effect	   of	   replacing	   the	   use	   of	   broad	   spectrum	   pesticides	   on	   conventional	   plants	  with	  
growing	  Bt-‐plants,	  as	   referred	   to	  above,	   is	   clearly	   reduced	  or	   lost	   if	  GM	  Bt-‐plants	  must	  be	  sprayed	  
with	   broad	   spectrum	   pesticides	   due	   to	   resistance	   development	   in	   the	   pest	   insect.	   Such	   pest	  
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resistance	  development	  has	  been	  documented	  in	  South	  Africa.	  The	  main	  target	  pest	  for	  that	  region,	  
Busseola	   fusca,	  has	  become	   resistant	   to	  Bt-‐maize	  MON810	   (cry1Ab)	   (Kruger,	  Van	  Rensburg,	  &	  Van	  
den	  Berg	   2009;	   Kruger,	   Van	  Rensburg,	  &	  Van	  den	  Berg	   2012;	   Van	  den	  Berg	   2013a;	   Van	  den	  Berg,	  
Hilbeck,	   &	   Bohn	   2013;	   Van	   den	   Berg	   2013b)	   and	   has	   been	   observed	   feeding	   on	   MON810	   plants	  
(Figure	  1.2a).	   The	   response	  has	  been	   to	   spray	  Bt-‐plants	  with	   conventional	  pesticides	   (Figure	  1.2b).	  
From	   the	   2013	   growing	   season	   onwards,	   this	   issue	   is	   dealt	   with	   by	   replacing	   MON810	   with	   the	  
MON89034	  in	  South	  Africa,	  a	  plant	  that	  includes	  both	  cry2Ab2	  and	  cry1A.105	  genes	  (Van	  den	  Berg	  et	  
al.	   2013).	   Thus,	   resistance	   in	   pest	   insects	   led	   to	   stacking	   of	   two	   insect	   toxins	   in	   the	   plants,	   with	  
potentially	  increased	  effects	  on	  non-‐target	  organisms.	  

	  

	  

	  
Figure	   1.2:	   a)	   Resistance	   development	   to	   Cry1Ab	   in	   South	   Africa.	   Busseola	   fusca,	   feeding	   on	   a	  MON810	  
maize	  cob	  (top),	  and	  b)	  insecticide	  spraying	  on	  MON810	  Bt-‐maize	  in	  2012	  (bottom).	  This	  illustrates	  that	  the	  
Cry1Ab	  maize	  was	  not	  used	  sustainably	  in	  South	  Africa.	  Photos:	  Thomas	  Bøhn	  
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1.3.2.3	  Ecosystem	  effects	  
	  
Gene	  flow	  and	  unintended	  spread	  of	  GMO:	  a	  case	  study	  of	  Bt-‐maize	  in	  South	  Africa	  
It	   is	   not	   realistic	   that	   GM	   and	   non-‐GM	   maize	   can	   be	   separated	   in	   small-‐scale	   farming	   systems.	  
Iversen	   and	   co-‐workers	   documented	   the	   presence	   and	   spread	   of	   transgenes	   in	   rural	   agricultural	  
communities	   in	   South	   Africa	   (Iversen	   et	   al.	   2014),	   indicating	   that	   important	  management/permit	  
regulations	  made	  for	  large-‐scale	  industrial	  productions	  are	  in	  practice	  impossible	  to	  follow	  in	  small-‐
scale	  farming,	  both	  due	  to	  pollen	  flow	  (Beckie	  &	  Hall	  2008)	  and	  because	  farmers	  share	  and	  recycle	  
seeds.	  The	  study	  shows	  how	  transgenes	  are	  unintentionally	  mixed	  into	  local	  seed	  stores.	  Using	  these	  
seeds	   for	   planting	   may	   lead	   to	   low-‐level	   expression	   of	   Cry-‐toxin	   genes	   which	   may	   contribute	   to	  
ecological	   consequences,	   such	   as	   accelerated	   resistance	   development	   in	   pest	   insects.	   Transgenes	  
mixed	  into	  local	  seed	  stores	  in	  small-‐scale	  farming	  systems	  may	  be	  difficult	  or	  impossible	  to	  remove,	  
illustrating	  the	  problem	  of	  co-‐existence	  of	  GM	  and	  non-‐GM	  farming	  in	  small-‐scale	  systems	  (Binimelis	  
2008;	  Devos	  et	  al.	  2009;	  Iversen	  et	  al.	  2014;	  Jacobson	  &	  Myhr	  2013;	  Tumusiime	  et	  al.	  2010).	  
	  
Do	  cry-‐genes	  have	  community	  and	  ecosystem	  properties?	  
When	   genes	   have	   properties	   that	  may	   transform	   community	   structure	   and	   ecosystem	   processes,	  
those	  genes	  contribute	  to	  ‘community	  or	  ecosystem	  phenotypes’	  (Schweitzer	  et	  al.	  2004;	  Whitham	  
et	  al.	   2006).	   For	  example,	   the	  variation	   in	   condensed	   tannins	   (which	  are	  genetically	   controlled)	   in	  
poplar	  trees,	  give	  rise	  to	  multiple	  effects	  on	  higher	  level	  properties	  of	  the	  community	  and	  even	  on	  
ecosystem	  processes	  (Schweitzer	  et	  al.	  2004).	  This	  case	  illustrates	  how	  a	  single	  gene	  (or	  quantitative	  
trait	   locus)	   can	   have	   significant	   effects	   on	   the	   entire	   ecosystem:	   on	   the	   community	   composition,	  
endophyte	   community,	   related	   aquatic	   community	   and	   also	   nitrogen	   mineralization	   and	   aquatic	  
decomposition	   (Whitham	  et	   al.	   2006).	   Poplar	   trees	   thus	   serve	   as	   a	  model	   system	   to	   study	  how	  a	  
single	  but	  well	  characterized	  gene/loci/trait	  may	  affect	  not	  only	  the	   individual	  and	  population,	  but	  
also	  organisms	  that	  directly	  and	  indirectly	  interact	  with	  that	  gene	  (Schweitzer	  et	  al.	  2004).	  	  
	  
Just	  as	  tannins	  reduce	  herbivory	  on	  the	  foundation	  species	  poplar	   in	  forests,	  Bt-‐toxins	  may	  reduce	  
herbivory	  in	  foundation	  species	  in	  the	  agricultural	  system,	  e.g.	  in	  some	  of	  our	  most	  important	  crop	  
species,	  like	  maize,	  cotton	  and	  rice	  grown	  on	  millions	  of	  hectares	  of	  land.	  A	  successful	  Bt-‐transgenic	  
plant	  will	  control	  pest	   insects,	   i.e.	  strongly	  reduce	  the	  population(s)	  of	  key	  herbivore	  species,	   thus	  
significantly	  altering	  food-‐web	  interactions.	  In	  food-‐webs,	  species	  are	  embedded	  within	  matrices	  of	  
hundreds	  of	  species	  that	  co-‐exist	  in	  variable	  environments	  (Whitham	  et	  al.	  2006).	  The	  most	  obvious	  
response	   in	   such	   system	   may	   be	   increased	   populations	   of	   some	   non-‐target	   organisms	   that	  
eventually	   may	   become	   secondary	   pests	   (Hagenbucher	   et	   al.	   2013).	   A	   rise	   in	   a	   secondary	   pest	  
populations	   may	   reduce	   or	   eliminate	   the	   environmental	   benefits	   from	   reduced	   spraying	   with	  
pesticides.	  In	  China	  it	  has	  even	  been	  reported	  that	  Bt-‐cotton	  are	  sprayed	  with	  more	  applications	  of	  
pesticides	   than	   conventional	   cotton	   (Zhao,	   Ho,	   &	   Azadi	   2011).	   A	   contrasting	   conclusion,	   that	  
insecticide	  applications	  were	  strongly	  reduced	  by	  the	  use	  of	  Bt-‐cotton,	  and	  marginally	  increased	  by	  
secondary	  pest	  development	  was	  reached	  by	  Wang	  (Wang,	  Lin,	  &	  Huang	  2009).	  Studies	  of	  detailed	  
responses	  in	  complex	  food-‐webs	  have	  indicated	  indirect	  interactions	  through	  plant	  metabolites,	  but	  
not	   necessarily	  with	   negative	   fitness	   consequences	   (Hagenbucher,	  Waeckers,	  &	   Romeis	   2014).	   	   A	  
review	  article	  on	  spiders	  indicates	  different	  effects	  for	  different	  families	  of	  spiders,	  and	  in	  different	  
plant	  species	  (corn,	  cotton,	  eggplant,	  rice	  and	  potato)	  tested.	  Thus	  new	  data	  with	  higher	  resolution	  
is	  needed	  (Peterson,	  Lundgren,	  &	  Harwood	  2011).	  	  
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1.3.3	  Herbicide	  tolerant	  (HT)	  GM	  crop	  plants	  

HT	  plants	   dominate	   the	  world	   production	  of	  GM	   food	   and	   feed	  plants	  with	   about	   80	  %	  of	   all	  GM	  
plants	   grown	   globally	   (James	   2013).	   HT	   plants	   are	  modified	   to	   tolerate	   certain	   herbicides	   so	   that	  
these	  can	  be	  sprayed	  during	  the	  growing	  season	  of	  the	  plant.	  This	  has	  the	  advantage	  that	  emerging	  
weeds	  are	  reduced	  or	  eliminated	  during	  the	  growing	  season	  with	  little	   labour,	  and	  at	  relatively	   low	  
cost.	  On	  the	  other	  hand,	  it	  may	  lead	  to	  increased	  use	  of	  the	  herbicides	  which	  the	  plants	  tolerate,	  and	  
may	  also	  lead	  to	  accumulation	  of	  toxic	  chemicals	  in	  the	  final	  plant	  product	  (Bøhn	  et	  al.	  2014;	  Duke	  et	  
al.	   2003).	   For	   all	   HT	   GM	   plants,	   the	   herbicide	   co-‐technology	   is	   an	   integral	   part	   of	   the	   production	  
system	   and	   will	   always	   be	   used	   by	   the	   farmer.	   Hence,	   HT	   GM	   plants	   should	   be	   assessed	   for	   risk	  
together	  with	  the	  relevant	  herbicide	  used	  on	  it.	  	  

The	  most	  commonly	  used	  herbicides	  that	  GM	  plants	  tolerate	  are:	  Glyphosate	  (Roundup),	  Glufosinate	  
ammonium,	  2,	  4-‐D	  and	  Dicamba.	  These	  can	  be	  used	  as	  single	  event,	  with	  plants	  tolerant	  to	  only	  one	  
herbicide,	   or	   stacked	   events	   where	   two	   or	   more	   tolerances	   are	   combined	   in	   a	   single	   GM	   plant.	  
Dominating	   plant	   species	   with	   HT	   traits	   are:	   soybean,	   rapeseed	   (canola),	   maize,	   cotton	   and	  
sugarbeet.	  

To	   exemplify	   HT	   GM	   plants:	   the	   first-‐generation	   glyphosate-‐tolerant	   GM-‐soy	   plant	   (event	   40-‐3-‐2),	  
produced	  and	  patented	  by	  Monsanto	  Company,	  has	  been	  genetically	  modified	  to	  tolerate	  exposure	  
to	  glyphosate-‐based	  herbicides.	  This	  is	  still	  the	  predominantly	  used	  GM	  soy	  on	  the	  market.	  Herbicide	  
tolerance	   was	   achieved	   by	   insertion	   into	   the	   plant	   genome	   of	   a	   transgene	   construct	   which	  
constitutively	   expresses	   the	   Agrobacterium	   strain	   CP4	   analogue	   of	   the	   plant	   enzyme	   EPSPS	   (5-‐
enolpyruvylshikimate-‐3-‐phosphate	  synthase).	  The	  endogenous	  plant	  EPSPS	  is	  critically	  important	  for	  
production	  of	  certain	  essential	  aromatic	  amino	  acids.	  Glyphosate,	  the	  active	   ingredient	  of	  Roundup	  
herbicide	  formulations,	  is	  able	  to	  bind	  to	  both	  weed	  and	  crop	  versions	  of	  EPSPS.	  The	  binding	  leads	  to	  
inactivation	  of	   the	  enzyme	  and	   consequently	  death	   for	   the	  plant.	  Glyphosate	  binds	   the	  CP4	  EPSPS	  
expressed	  in	  GM-‐soy	  cells	  in	  a	  condensed,	  non-‐inhibitory	  conformation.	  Hence	  plants	  engineered	  to	  
express	   the	  CP4	  EPSPS	  enzyme	  are	  provided	   tolerance	   to	  glyphosate.	  Accordingly,	   the	   farmer	  may	  
eradicate	  all	  kinds	  of	  plant	  weeds	  by	  spraying	  with	  glyphosate,	  and	  yet	  not	  harm	  his	  GM	  crop	  plants.	  	  

1.3.3.1	  Effects	  on	  non-‐target	  biodiversity	  
Assessing	  the	  environmental	  effects	  of	  the	  use	  of	  HT	  GM	  plants	  is	  not	  straightforward	  for	  a	  number	  
of	  reasons.	  	  

Firstly,	   these	   plants	  must	   be	   evaluated	   together	  with	   their	   co-‐technology	   herbicides.	   Thus	   far,	   the	  
risk	   assessment	  of	  HT	  plants	   and	   their	   belonging	  herbicides	   has	   been	  highly	   disconnected	  by	   food	  
safety	  authorities,	  also	   in	  Europe	  and	  Norway,	  with	   separated	  groups	  working	  with	  GM	  plants	  and	  
herbicides/pesticides	  both	  in	  EFSA	  and	  in	  the	  Norwegian	  VKM.	  This	  needs	  to	  change.	  

Secondly,	  to	  understand	  the	  environmental	  impact	  of	  herbicides,	  we	  need	  to	  assess	  acute	  as	  well	  as	  
chronic	   toxicity	  of	  both	  single	  and	  combinatorial	  exposures	  to	  different	  non-‐target	  organisms	  (with	  
different	  sensitivities)	  in	  different	  types	  of	  ecosystems	  (terrestrial,	  soil	  and	  aquatic).	  Further,	  we	  need	  
to	  discuss	  the	  issue	  of	  (different)	  comparators.	  Non-‐GM	  industrial	  agriculture	  typically	  uses	  a	  range	  
of	  herbicides	  and	  pesticides.	  With	  this	  as	  the	  comparator,	  HT	  GM	  crops	  may	  represent	  a	  shift	  from	  
certain	   herbicides,	   potentially	   from	  more	   to	   less	   harmful	   herbicides.	   A	   very	   different	   comparator	  
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would	  be	  agroecological	  or	  organic	  production	  systems	  where	   the	  use	  of	  pesticides	  and	  herbicides	  
are	  reduced	  to	  a	  minimum	  or	  eliminated.	  	  

Thirdly,	  a	  key	  element	  of	  the	  potentially	  negative	  effects	  of	  HT	  plants	  is	  accumulation	  of	  herbicides	  in	  
the	  plants,	  which	  has	   been	  overlooked	   in	   the	   risk	   assessment	   procedures	   this	   far.	   This	   is	   the	   case	  
both	  for	  comparative	  compositional	  analyses,	  and	  for	  comparative	  feeding	  experiments.	  

Toxicity	  of	  glyphosate	  and	  Roundup	  	  
Glyphosate	  has	  been	  heralded	  as	  an	   ideal	  herbicide	  with	   low	  toxicity	  for	  operators,	  consumers	  and	  
the	  environment	   surrounding	  agriculture	   fields	   (Duke	  &	  Powles	  2008),	  but	  has	   received	  more	   risk-‐
related	  attention	  due	  to	  its	  negative	  effects	  on	  both	  aquatic	  and	  terrestrial	  ecosystems.	  	  For	  example,	  
studies	   of	   effects	   on	   non-‐target	   organisms	   indicate	   that	   glyphosate	   herbicides	   in	   fresh-‐water	   and	  
marine	  ecosystems	  can	  have	  significant	  negative	  effects	  on	  aquatic	  microbial	  communities	  (Perez	  et	  
al.	  2007),	  macrophytes	  (Lockhart,	  Billeck,	  &	  Baron	  1989;	  Simenstad	  et	  al.	  1996),	  cnidaria	  (Demetrio	  et	  
al.	   2012),	   sea-‐urchin	   embryogenesis	   (Marc,	  Mulner-‐Lorillon,	  &	  Belle	   2004),	   fish	   (Servizi,	  Gordon,	  &	  
Martens	   1987),	   amphibians	   (Mann	   et	   al.	   2009;	   Relyea	   2005b)	   and	   planktonic	   algae	   (Perez	   et	   al.	  
2007).	  However,	   a	  majority	   of	   relevant	  publications	   report	   low	   toxicity	   or	   no	   adverse	   effects	   from	  
prescribed	   dosage	   use.	   This	   also	   corresponds	   to	   conclusions	   in	   published	   reviews	   of	   glyphosate-‐
based	   herbicide	   ecotoxicity	   potential	   (Dill	   et	   al.	   2010;Giesy,	   Dobson,	   &	   Solomon	   2000).	   A	   recent	  
review	   of	   glyphosate	   herbicide	   effects	   in	   aquatic	   ecosystems	   gives	   a	   comprehensive	   overview	   of	  
individual	  studies	  for	  most	  investigated	  taxonomic	  groups	  (Perez,	  Miranda,	  &	  Vera	  2011).	  

Fully	   formulated	   Roundup	   herbicide,	   not	   glyphosate	   in	   isolation,	   is	   used	   in	   the	   field.	   Thus,	   it	   is	  
important	  to	  consider,	  not	  only	  the	  active	   ingredient	  glyphosate	  and	  its	  breakdown	  product	  AMPA,	  
but	  also	  the	  other	  compounds	  present	   in	  the	  formulation.	  Roundup	  herbicide	  formulations	  contain	  
surfactants	  (adjuvants)	  to	  facilitate	  penetration	  of	  glyphosate	  into	  the	  plant	  tissue.	  Polyoxyethylene	  
amine	  (POEA)	  and	  polyethoxylated	  tallowamine	  (POE-‐15)	  are	  commonly	  used	  surfactants	  in	  Roundup	  
formulations,	   and	   have	   been	   shown	   to	   contribute	   significantly	   to	   the	   toxicity	   of	   Roundup	  
formulations	   (Benachour	   &	   Seralini	   2009;Mesnage,	   Bernay,	   &	   Seralini	   2012;	   Moore	   et	   al.	   2012).	  
However,	   glyphosate	   alone	   has	   also	   been	   shown	   to	   interfere	   with	   molecular	   mechanisms	   that	  
regulate	  early	  development	  in	  frogs	  and	  chicken,	  with	  deformities	  of	  embryos	  as	  a	  consequence	  and	  
the	  retinoic	  acid	  signaling	  pathway	  as	  the	  affected	  mediator	  (Paganelli	  et	  al.	  2010).	  	  

Feeding	  studies	  
Nile	  Tilapia	  (Oreochromis	  niloticus)	  fed	  sub-‐lethal	  concentrations	  of	  Roundup	  exhibited	  a	  number	  of	  
histopathological	  changes	  in	  various	  organs	  (Jiraungkoorskul	  et	  al.	  2003).	  A	  study	  of	  Roundup	  effects	  
on	  the	  first	  cell	  divisions	  of	  sea	  urchins	  (Marc	  et	  al.	  2004)	  is	  of	  particular	  interest	  for	  ontogenetic	  and	  
embryological	  development,	  relevant	  in	  multicellular	  organisms.	  The	  experiments	  demonstrated	  cell	  
division	   dysfunctions	   at	   the	   level	   of	   CDK1/Cyclin	   B	   activation.	   Considering	   the	   universality	   among	  
species	   of	   the	   CDK1/Cyclin	   B	   cell	   regulators,	   these	   results	   question	   the	   safety	   of	   glyphosate	   and	  
Roundup	  on	  higher	  animal	  and	  human	  health.	   In	  another	  study,	  a	  negative	  effect	  of	  glyphosate,	  as	  
well	   as	   a	   number	   of	   other	   organophosphate	   pesticides	   was	   demonstrated	   on	   nerve-‐cell	  
differentiation	   (Axelrad,	  Howard	  &	  Mclean	  2003).	   In	  human	  placental	   cells,	  Roundup	   is	  more	   toxic	  
than	   its	   active	   ingredient.	   The	   effects	   of	   glyphosate	   and	   Roundup	  were	   tested	   at	   lower	   non-‐toxic	  
concentrations	  on	  aromatase,	   the	  enzyme	   responsible	   for	  estrogen	   synthesis	   (Richard	  et	  al.	   2005).	  
The	  glyphosate-‐based	  herbicide	  disrupts	  aromatase	  activity	  and	  mRNA	  levels	  and	  interacts	  with	  the	  
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active	  site	  of	  the	  purified	  enzyme,	  but	  the	  effects	  of	  glyphosate	  seems	  to	  be	  facilitated	  by	  Roundup	  
formulations.	  This	  suggests	  that	  endocrine	  and	  toxic	  effects	  of	  Roundup,	  not	  just	  glyphosate,	  can	  be	  
observed	   in	   mammals.	   Thus,	   the	   presence	   of	   Roundup	   adjuvants	   may	   enhance	   glyphosate	  
bioavailability	   and/or	   bioaccumulation.	   However,	   as	   Roundup	   is	   sold	   as	   differently	   formulated	  
products	   (with	   secret	   composition),	   the	  effects	  on	  wildlife	  and	  environmental	  health	  of	   its	  use	  are	  
difficult	  to	  study	  and	  evaluate.	  

Further	  follow-‐up	  long-‐term	  studies	  on	  animal	  and	  ecosystems	  health	  is	  required	  to	  properly	  assess	  
HT	  GM	  plants	  and	  herbicides	  that	  are	  applied	  with	  them.	  	  

Cuhra	   and	   co-‐workers	   tested	   chronic	   effects	   of	   glyphosate	   and	  Roundup	   in	   an	   invertebrate	  model	  
and	  showed	  that	  environmental	  concentrations	  of	  0.05,	  0.45	  and	  1.35	  mg/l	  (active	  ingredient)	  cause	  
negative	   effects	   on	   D.	   magna	   (waterflea)	   offspring	   size,	   reproduction	   and	   survival,	   respectively	  
(Cuhra,	   Traavik,	  &	  Bøhn	   2013).	  Given	   that:	   i)	   such	   low	   concentrations	   (i.e.	   below	   the	   accepted	  US	  
thresholds	   for	   surface	  waters	   =	   0.7	  mg/l)	   of	   glyphosate	   and	   Roundup	   cause	   negative	   effects	   in	  D.	  
magna	   from	  environmental	  exposure,	  and	   ii)	  glyphosate	  has	  been	  documented	   to	  accumulate	  at	  a	  
level	   of	   9.0	  mg/kg	   (on	   average)	   in	   soy	   on	   the	   food	   and	   feed	  market	   (Bøhn	   et	   al.	   2014),	   it	   is	   both	  
interesting	  and	  important	  to	  test	  if,	  how,	  and	  at	  what	  concentration,	  residues	  of	  the	  same	  herbicides	  
in	  plant	  material	  may	  cause	  negative	  health	  effects	  on	  organisms	  in	  the	  environment.	  

1.3.3.2	  Resistance	  evolution	  and	  herbicide	  tolerance	  traits	  
As	   for	   Bt-‐toxins,	   there	   is	   a	   resistance	   issue	   for	   herbicides.	   For	   example,	   the	   extended	   use	   of	  
glyphosate	  on	  Roundup	  Ready	  glyphosate	  tolerant	  GM	  plants	  has	   led	  to	  a	  dramatic	   increase	   in	  the	  
use	  of	  glyphosate-‐based	  herbicides	  (Benbrook	  2012)	  which	  must	  be	  seen	  in	  relation	  to	  the	  resistance	  
evolution	   documented	   for	   24	   species	   of	   weeds	   globally	   (Heap	   2012).	   Such	   development	   may	  
illustrate	  a	  ‘transgenic	  treadmill’	  (Binimelis,	  Pengue,	  &	  Monterroso	  2009)	  –	  resistance	  triggers	  more	  
applications	  and	  higher	  doses,	  which	   leads	  to	  stronger	  selection	   for	   resistance,	  etc.	   In	   the	  end,	   the	  
use	  of	  additional	  and	  often	  more	  toxic	  herbicides	  like	  atrazine	  and	  2,4D	  may	  be	  the	  only	  way	  out.	  	  

For	  the	  farmers,	  such	  development	  is	  not	  sustainable,	  for	  the	  environment	  it	  will	  contribute	  to	  higher	  
exposure	   rates	   of	   toxic	   agrochemicals,	   and	   for	   non-‐target	   consumers	   it	  may	   affect	   health	   through	  
plant	   tissue	   accumulation	   of	   herbicide	   residues.	   An	   important	   point	   is	   that	   crop	   and	   herbicide	  
monoculture	  makes	  the	  agroecosystem	  more	  vulnerable	  to	  further	  resistance	  development	   (Beckie	  
2011).	   Despite	   resistance	   challenges,	   the	   use	   of	   HT	   plants	   have	   increased	   sharply	   (James	   2013),	  
particularly	   in	   the	  US,	   Brazil,	   Argentina	   that	   dominate	   the	   global	   production	   of	   soy	   (American	   Soy	  
Association	  2015).	  	  

USDA	  data	  document	  dramatic	  increases	  in	  the	  use	  of	  glyphosate-‐based	  herbicides	  and	  GM	  soy	  is	  a	  
major	   driver	   for	   this	   development	   (Benbrook	   2012).	   By	   2008,	   620	  000	   tons	   of	   glyphosate	   were	  
produced	  (Pollak	  2011).	  

1.3.3.3	  Ecosystem	  effects	  

Gene	  flow	  and	  unintended	  spread	  of	  GMO:	  a	  case	  study	  of	  rapeseed	  in	  a	  Norwegian	  context	  
Oilseed	  rape	  (OSR)	  species	  Brassica	  napus,	   is	  the	  most	  cultivated	  variety	  in	  Norway.	  Other	  varieties	  
such	  as	  Brassica	  rapa	  are	  also	  cultivated,	  but	  less	  intensively.	  	  
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The	  majority	  of	  GM	  OSRs	  at	  present	  are	  herbicide	  tolerant	  and	  insect	  resistant.	  These	  GM	  events	  are	  
not	  considered	   interesting	   in	  a	  Norwegian	  context,	  as	   the	   farmers	  primarily	  have	  other	  challenges,	  
e.g.	  due	  to	  climate	  (GenØk	  Biosafety	  report	  2015/01).	  

Pollen	   from	  OSR	  may	  spread	  several	  kilometres	  by	  wind	  and	   insects.	  However,	  potential	   spread	  of	  
GM	  OSR	   through	   seed	   spillage	   is	   seen	   as	   the	   largest	   source	   of	   potential	   GM	   contamination.	   Seed	  
spillage	  may	  result	  in	  the	  establishment	  of	  volunteers	  and	  feral	  populations	  of	  OSR	  that	  further	  can	  
be	  spread	  by	  pollen.	  	  

The	  following	  factors	  for	  spread	  have	  been	  highlighted	  (Finne	  2006):	  

• High	  seed	  production	  potential	  of	  OSR;	  
• Great	  seed	  losses	  during	  harvest	  (pods	  that	  shatter);	  
• Seeds	  can	  survive	  in	  the	  environment	  for	  many	  years;	  
• Seed	  size	  is	  small	  which	  makes	  them	  difficult	  to	  contain;	  and	  
• Seeds	  are	  easily	  lost	  during	  handling	  and	  transport.	  	  

	  
A	   major	   issue	   concerning	   OSRs	   is	   the	   ability	   to	   hybridise	   with	   wild	   relatives	   and	   produce	   fertile	  
offspring.	  Data	   from	  early	  1990s	  show	  that	  B.	  napus	   can	  produce	   fertile	  offspring	  with	  many	  of	   its	  
wild	   relatives	   and	   especially	   with	  
Brassica	   campestris	   (references	   in	  
Finne,	   2006).	   This	   species	   can	   grow	  
up	  as	  far	  north	  as	  Troms	  county.	  Any	  
GM	   OSR	   in	   Norway	   would	   then	  
potentially	   spread	   transgene(s)	  
throughout	  most	  of	  the	  country.	  Such	  
unintended	   spread	   of	   transgenes	  
would	   have	   an	   unknown	   impact	   on	  
its	   wild	   relatives,	   including	   hybrid	  
plants	   and	   surrounding	   ecological	  
communities	   of	   non-‐target	  
organisms.	  

Other	  countries,	  such	  as	  Austria,	  have	  
analyzed	  the	  issue	  of	  co-‐existence	  
between	  GM	  and	  non-‐GM	  OSR	  and	  concluded	  that	  it	  is	  impossible	  to	  maintain	  co-‐existence	  of	  GM	  
and	  non-‐GM	  OSR	  (Scientific	  arguments	  for	  an	  import	  ban	  of	  herbicide	  resistant	  rape	  GT73”	  by	  
“Bundesministerium	  für	  Gesundheit	  und	  Frauen	  (bmgf).	  	  

Thus,	  as	  a	  case,	  GM	  OSR	  introduced	  to	  Norway	  would	  most	  probably	  lead	  to	  uncontrollable	  spread	  of	  
transgenes	   into	   the	   environment,	   although	   we	   lack	   knowledge	   regarding	   the	   ecological	  
consequences	  of	  such	  spread,	  or	  how	  it	  would	  affect	  other	  Brassica	  species	  hybridizing	  with	  the	  GM	  
OSRs	  in	  Norway.	  	  

1.3.3.4	  Herbicide	  residues	  in	  HT	  GM	  plants	  are	  overlooked	  
Generally,	  the	  suggested	  key	  food	  and	  feed	  nutrients	  found	  in	  the	  OECD	  consensus	  documents,	  are	  
considered	  in	  safety	  evaluations	  of	  new	  varieties	  of	  soybeans	  and	  risk	  assessment	  of	  GM	  plants	  has	  
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focused	   on	   allergenicity	   and	   toxicity	   resulting	   from	   the	   transgenic	   product	   itself,	   or	   from	   possible	  
unintended	   effects	   of	   the	   transformation	   process	   (Podevin	   &	   du	   Jardin	   2012).	   However,	   little	  
attention	  is	  given	  to	  the	  residues	  of	  herbicides	  and	  their	  metabolites	  that	  can	  potentially	  accumulate	  
in	  the	  final	  product,	  and	  also	  whether	  exposure	  to	  these	  herbicides	  through	  feeding	  or	  exposure	  to	  
such	  plant	  material	  may	  affect	  non-‐target	  organisms	  or	  the	  environment.	  	  

Therefore,	  a	  major	  knowledge	  gap	  comes	  from	  the	  fact	  that	  HT	  GM	  plants	  have	  been	  tested	  without	  
its	  corresponding	  herbicide	  co-‐technology.	  In	  early	  studies	  of	  the	  composition	  of	  Roundup-‐Ready	  GM	  
soy,	   the	   researchers	   did	   not	   spray	   the	   tested	   plants	   with	   the	   recommended	   herbicide	   (Millstone,	  
Brunner,	  &	  Mayer	  1999).	   This	   shortcoming	  was	  quickly	   corrected,	  and	   sprayed	  GM	  soybeans	  were	  
claimed	   to	   be	   substantially	   equivalent	   to	   non-‐GM	   soybeans	   (Harrigan	   et	   al.	   2007).	   Still,	   and	  
surprisingly,	  even	  in	  these	  studies,	  the	  residues	  of	  herbicides	  were	  not	  measured.	  

The	   concept	  of	   “substantial	   equivalence”	   (i.e.	   close	  nutritional	   and	  elemental	   similarity	   between	   a	  
genetically	  modified	   (GM)	  crop	  and	  a	  non-‐GM	  traditional	  counterpart)	  has	  been	  used	  to	  claim	  that	  
GM	  crops	  are	  substantially	  equivalent	  to,	  and	  therefore	  as	  safe	  and	  nutritious	  as,	  currently	  consumed	  
plant-‐derived	   foods	   (Aumaitre	   2002).	   However,	   we	   argue	   that	   compositional	   studies	   that	   have	  
overlooked	   (not	   measured)	   pesticide	   residues	   contain	   serious	   shortcomings.	   Chemical	   residues,	   if	  
present,	   are	   important	   because	   i)	   they	   are	   clearly	   a	   part	   of	   a	   plant’s	   composition	   (including	   plant	  
residues	  that	  are	  shed	  into	  the	  environment),	  and	  ii)	  they	  may	  add	  toxic	  properties	  to	  the	  final	  plant	  
product	   either	   by	   itself	   or	   by	   affecting	   the	   plant	   metabolism.	   This	   is	   particularly	   relevant	   for	  
herbicide-‐tolerant	  varieties.	  

A	   related	   problem	   is	   how	   research	  material	   is	   produced.	   In	   contrast	   to	   real-‐life	   samples	   from	   the	  
market,	   transgenic	  crops	   intended	   for	  scientific	   studies	  are	  often	  produced	   in	  well-‐controlled	  small	  
experimental	   plots.	   In	   most	   research	   studies,	   application	   of	   herbicides	   has	   been	   omitted	   or	  
application	  has	  been	  done	  at	  doses	  lower	  than	  those	  typically	  used	  by	  farmers,	  giving	  test	  materials	  
that	   are	   not	   representative	   of	   actual	   conditions	   existing	   in	   typical	   agricultural	   operation,	   e.g.	  with	  
regard	  to	  glyphosate	  residues.	  	  

For	   example,	  most	   feeding	   studies	   using	  HT	  GM	  crops	   plants	   have	  missed	   the	   relevant	   target	   and	  
tested	   unsprayed	   plants.	   Viljoen	   showed	   that	   out	   of	   16	   feeding	   studies	   testing	   the	   quality	   of	  
herbicide	  tolerant	  GM	  crop	  products,	  13	  did	  not	  spray	  the	  GM	  plants	  (Viljoen	  2013).	  

Chemical	  residues	  of	  glyphosate	  and	  its	  primary	  metabolite,	  AMPA,	  are	  documented	  to	  be	  present	  in	  
herbicide	  tolerant	  GM	  soy	  (Duke	  et	  al.	  2003;	  Bøhn	  et	  al.	  2014(Box	  1.1.)).	  Data	  on	  pesticides	  including	  
glyphosate	  residues	   in	  glyphosate	  resistant	  plants	  should	  be	  regularly	  monitored.	  Such	  data	  should	  
further	  be	  correlated	  to	  doses	  and	  timing	  of	  herbicide	  applications	  used	  in	  the	  field.	  This	  information	  
is	  of	  key	  importance	  for	  regulators/the	  regulatory	  approval	  process	  and	  should	  be	  part	  of	  submitted	  
dossiers	  for	  HT	  GM	  plants.	  Up	  to	  now,	  this	  has	  not	  been	  done.	  
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Box	  1.1:	  Case	  study	  of	  herbicide	  tolerant	  GM	  soy	  

In	   research	   recently	   published	   by	   GenØk’s	   laboratory	   (Bøhn	   et	   al.	   2014)	   soy	   samples	   grown	   under	   three	  
typical	   agricultural	   conditions:	   organic,	   GM,	   and	   conventional	   (but	   non-‐GM)	   were	   collected.	   The	   GM	  
soybeans	  were	  glyphosate-‐resistant/Roundup	  Ready.	  

In	   depth	   compositional	   data,	   including	   residues	   of	   pesticides	   such	   as	   organochlorinated	   pesticides,	  
glyphosate	  and	  AMPA	  and	  analyses	  of	  more	  than	  90	  nutritional	  components,	  comparing	  the	  three	  different	  
agricultural	  systems	  of	  soy,	  were	  provided	  in	  this	  study.	  Such	  data	  from	  representative	  field	  conditions	  had	  
never	  before	  been	  published,	  and	  is	  therefore	  a	  valuable	  contribution	  to	  the	  literature.	  	  	  

From	   the	   study	   we	   concluded	   that	   Roundup	   Ready	   GM-‐soy	   had	   accumulated	   residues	   of	   glyphosate	   and	  
AMPA	  (Fig.	  A),	  and	  also	  differed	  markedly	   in	  nutritional	  composition	  compared	  to	  soybeans	  from	  industrial	  
non-‐GM	  and	  organic	  production	   (Fig.	   B).	   Organic	   soybean	   samples	   also	   showed	   in	  general	   a	  more	  healthy	  
nutritional	  profile	  (e.g.	  higher	  in	  protein	  and	  lower	  in	  saturated	  fatty	  acids)	  than	  both	  industrial	  conventional	  
and	  GM	  soybeans.	  

	  

Figure	  A.	   Residues	   of	   glyphosate	   and	  AMPA	   in	   individual	   soybean	   samples	   (n=31).	   For	   conventional	  and	  
organic	  soybeans	  all	  measurements	  were	  below	  the	  detection	  limit	  of	  0.1	  mg/kg.	  (Reproduced	  from	  Bøhn	  
et	  al.	  2014,	  with	  permission.)	  
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Figure	   B.	   Discriminant	   analysis	   for	   GM,	   conventional	   and	   organic	   soy	   samples	   based	   on	   35	   variables.	  
Data	  was	  standardized	  (mean	  =	  0	  and	  SD	  =	  1).	  Glyphosate/AMPA	  residues	  are	  not	  included	  (would	  have	  
separated	  the	  GM	  soy	  from	  non-‐GM	  soy).	  (Reproduced	  from	  Bøhn	  et	  al.	  2014,	  with	  permission.)	  

Lack	   of	   data	   on	   pesticide	   residues	   in	   major	   crop	   plants	   is	   a	   serious	   gap	   of	   knowledge	   with	   potential	  
consequences	  for	  human	  and	  animal	  health.	  How	  is	  the	  public	  to	  trust	  a	  risk	  assessment	  system	  that	  has	  
overlooked	   the	   most	   obvious	   risk	   factor	   for	   herbicide	   tolerant	   GM	   crops,	   i.e.	   high	   residue	   levels	   of	  
herbicides,	  for	  nearly	  20	  years?	  	  

Follow-‐up	   feeding	   studies	   in	  D.	  magna	   demonstrated	   that	   organic	   soybeans	  were	   better	   suited	   as	   feed	  
compared	  to	  non-‐GM	  industrial	  soybeans.	  HT	  GM	  soybeans	  performed	  less	  well	  than	  the	  other	  two	  types	  
of	  soy,	  particularly	  for	  raw	  soy	  material	  (Cuhra,	  Traavik,	  &	  Bøhn	  2014).	  

Further	  testing	  also	  demonstrated	  that	  GM	  soybeans	  with	  a	  high	  level	  of	  glyphosate	  herbicides	  resulted	  in	  
negative	  effects	  on	  the	  fitness	  of	  D.	  magna.	  Reproduction	  was	  delayed	  and	  the	  number	  of	  offspring	  was	  
reduced	  (Cuhra	  et	  al.	  2015).	  

Conclusion	  
The	  case	  study	  of	  HT	  GM	  soy	  shows	  as	  a	  proof-‐of-‐concept	  that	  accumulating	  herbicides	  (glyphosate)	  in	  the	  
final	  plant	  product	  of	  a	  GM	  plant	  may	  cause	  negative	  effects	  on	  the	  health	  of	  consumer	  organisms	  in	  the	  
environment.	  
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1.3.4	  Stacked	  events	  –	  combinatorial	  effects?	  

A	  stacked	  GM	  plant	  is	  referred	  to	  as	  having	  the	  combination	  of	  two	  or	  more	  genes	  of	  interest	  in	  one	  
single	  plant.	   In	   literature,	   it	  might	  also	  be	  called	  “gene	  pyramiding”	  or	   “multigene	   transfer”.	  There	  
are	  different	  gene	  stacking	  methods,	  as	  described	  in	  table	  1.2	  below.	  	  

The	  combined	  traits	  resulting	  from	  this	  are	  called	  “stacked	  traits”.	  An	  example	  on	  this	  could	  be	  a	  GM	  
plant	  expressing	   two	  different	   cry	  proteins	  or	   cry	  proteins	  and	  a	  herbicide	   tolerance	  protein.	  Until	  
recently,	   the	   dossiers	   submitted	   for	   market	   authorization	   almost	   only	   covered	   single	   GM	   events	  
(having	  one	  gene	  of	  interest	  inserted).	  Today	  there	  is	  a	  clear	  trend	  towards	  combining	  two	  or	  more	  
transgenic	  traits	  present	  in	  single	  events	  through	  conventional	  breeding.	  The	  “offspring”	  plant	  would	  
then	  be	  a	  stacked	  event.	  	  

Table	  1.2:	  Common	  gene	  stacking	  methods	  used	  in	  the	  production	  of	  biotech	  stacks.	  

Gene	  stacking	  method	   Description	   Examples	  of	  commercial	  stacks*	  

Hybrid	  stacking	   A	  plant	  harboring	  one	  or	  more	  
transgenes	  is	  cross-‐hybridized	  with	  
another	  plant	  containing	  other	  
transgenes.	  Development	  of	  a	  multi-‐
stack	  hybrid	  occurs	  via	  iterative	  
hybridization.	  

Maize:	  	  	  Agrisure™	  Viptera™	  3220	  
(Bt11	  x	  MIR162	  x	  TC1507	  x	  GA21)	  
Cotton:	  	  Roundup	  Ready™	  Flex	  
Bollgard™	  II	  (MON88913	  x	  
MON15985)	  

Co-‐transformation	   A	  plant	  is	  transformed	  with	  two	  or	  
more	  independent	  transgenes.	  The	  
transgenes	  of	  interest	  are	  in	  separate	  
gene	  constructs	  and	  delivered	  to	  the	  
plant	  simultaneously.	  

Maize:	  	  	  NaturGard™	  Knockout™	  
(Bt176),	  Bt	  Xtra™	  (DBT418),	  
YieldGard™	  (MON810,	  MON809,	  
MON802)	  

Linked	  genes	  or	  multigene	  
cassette	  transformation	  

A	  plant	  is	  transformed	  with	  a	  single	  
gene	  construct	  that	  harbors	  two	  or	  
more	  linked	  transgenes.	  

Maize:	  	  	  Herculex™	  I	  (TC1507),	  
Herculex™	  RW	  (59122),	  Agrisure™	  
CB/LL	  (Bt11)	  
Soybean:	  Vistive™	  Gold	  (MON87705)	  

Re-‐transformation	   A	  plant	  harboring	  a	  transgene	  is	  
transformed	  with	  other	  transgenes.	  

Cotton:	  	  Bollgard™	  II	  (MON15985)	  

*The	  examples	  of	  commercial	  biotech	  stacks	  are	  taken	  from	  the	  online	  ISAAA	  GM	  Approval	  database6.	  Links	  to	  
more	  detailed	  information	  on	  the	  derivation	  of	  the	  biotech	  stacks	  are	  provided	  therein	  (Table	  from	  
https://isaaa.org/resources/publications/pocketk/42/default.asp).	  

Information	  on	  how	  these	  GM	  stacked	  events	  should	  be	  assessed	  is	  presented	  in	  an	  EFSA	  guidance	  
document	  (EFSA	  Journal	  2011).	  The	  assessment	  data	  for	  each	  single	  GM	  events	  has	  been	  taken	  into	  
account	   to	   prove	   the	   safety	   of	   the	   whole	   food/feed	   (previous	   use,	   mode	   of	   action,	   specificity,	  
biological	   activity,	   relation	   to	   other	   proteins	   with	   a	   history	   of	   safe	   use,	   absence	   of	   toxicity	   to	  
mammals,	  absence	  of	  adverse	  effects	  on	  fast	  growing	  species,	  lack	  of	  homology	  to	  known	  toxins,	  lack	  
of	   resistance	   to	   proteolysis,	   degradation	   upon	   heating).	   Analysis	   of	   the	   proteins	   in	   combination	  
would	  only	  be	  performed	  if	  there	  indications	  of	  potential	  harm.	  
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Stacked	   events	   are	   in	   general	   more	   complex	   than	   the	   single	   events,	   as	   there	   are	   more	   genes	  
involved.	   There	   has	   been	   an	   increased	   interest	   in	   the	   possible	   combinatorial	   and/or	   synergistic	  
effects	  that	  may	  lead	  to	  unintended	  and	  undesirable	  changes	  in	  the	  plant	  –	  like	  the	  potential	  for	  up-‐	  
and	  down	  regulation	  of	  the	  plants	  own	  genes	  (Halpin	  2005,	  Schrijver	  et	  al.,	  2006,	  Then	  2009).	  Such	  
changes	  may	  critically	  influence	  the	  bioactivity	  and	  hence	  the	  potential	  for	  unintended	  effects.	  

The	   potential	   combinatorial	   and	   synergistic	   effects	   must	   thus	   be	   carefully	   considered	   in	   the	  
development	   and	   risk	   assessments	   of	   stacked	   events.	   Therefore,	   robust	   data	   are	   necessary	   to	  
identify	  whether	  the	  combined	  presence	  of	  transgenes	   influences	  expression	   levels	  of	  other	  genes,	  
e.g.	  by	  silencing	  effects.	  	  

The	   analysis	   of	   potential	   change	   in	   expression	   level	   of	   the	   different	   proteins	   as	   compared	   to	   the	  
single	  events	  requires	  analysis	  of	  expression	  data	  as	  do	  analyses	  of	  protein	  (amino	  acid)	  sequences	  in	  
order	  to	  predict	  potential	  protein,	  protein	  interaction	  based	  on	  their	  sequence	  data.	  	  This	  is	  done	  by	  
searching	   for	   interacting	   domains	   through	   databases,	   especially	   to	   predict	   interactions	   in	   tertiary	  
structures	  of	  proteins.	  	  

In	   the	   dossiers,	   the	   applicants	   rationalize	   the	   exclusion	   of	   event	   specific	   information	   based	   on	   an	  
assumption	   of	   implied	   non-‐harm	   from	   parent	   plants	   already	   assessed	   for	   non-‐harm	   in	   prior	  
submitted	  dossiers	  to	  the	  EU.	  	  

At	   present,	  most	   stacked	   events	   combine	   different	   classes	   of	   Bt	   toxins	   and	   or	   different	   classes	   of	  
herbicide	   traits.	   Stacked	   genes	   in	   a	   single	   plant	   enable	   several	   traits	   to	   be	   expressed	   at	   the	   same	  
time.	  However,	  stacking	  may	  also	  be	  the	  result	  of	  resistance	  development,	  both	  for	  insect	  resistant	  
plants	  (as	  documented	  in	  South	  Africa)	  and	  for	  HT	  traits	  (both	  discussed	  above).	  	  

The	  understanding	  of	   resistance	  evolution,	  with	   increased	  use	  of	  agrochemicals,	   the	  stacking	  of	  HT	  
and	   insect	   resistance	   traits,	  must	  be	   improved	  upon.	  Co-‐exposure	  of	  multiple	  herbicides/pesticides	  
and	  Bt-‐toxins	  may	  trigger	  combinatorial	  effects	  in	  non-‐target	  organism	  in	  the	  environment.	  However,	  
this	  represents	  a	  major	  knowledge	  gap	  in	  the	  scientific	  literature.	  	  

By	  2012,	  nearly	  twice	  as	  large	  area	  of	  GM	  plants	  with	  both	  insect	  protection	  and	  herbicide	  tolerance	  
traits	   were	   grown	   as	   compared	   to	   plants	   only	   expressing	   Bt-‐toxins	   (James	   2012).	   In	   South	   Africa,	  
approximately	  30%	  of	  the	  production	  of	  Bt	  maize	  is	  also	  herbicide	  tolerant.	  This	  means	  that	  herbicide	  
co-‐technology	  regularly	  will	  co-‐occur	  with	  Bt	  in	  the	  environment.	  Stacked	  events	  are	  relatively	  easy	  
to	   produce	   as	   conventional	   breeding	   is	   used	   to	   combine	   two	   or	   more	   events	   that	   are	   already	  
approved	  singularly	  for	  the	  market.	  For	  example,	  the	  maize	  hybrid	  MON	  89034	  x	  1507	  x	  MON	  88017	  
x	  59122,	  from	  Monsanto	  and	  Dow	  AgroSciences,	  is	  broadly	  resistant	  to	  insects	  with	  six	  different	  cry	  
genes	  (cry1A.105,	  cry1F,	  cry2Ab2,	  cry3Bb1-‐,	  cry34Ab1	  and	  cry35Ab1)	  and	  herbicide	  tolerant	  for	  both	  
glyphosate	  and	  glufosinate	  ammonium.	  Stacked	  events	  may	  be	  expected	   to	  have	  a	  wider	   range	  of	  
effects	   (Then	   2009),	   both	   on	   target	   pest	   insects	   (as	   intended)	   and	   on	   non-‐target	   organisms	  
(unintended	  and	  unwanted)	  from	  their	  multiple	  Bt-‐toxins.	  	  

1.3.4.1	  Stacked	  traits	  as	  multiple	  stressors?	  
The	  development	   towards	   stacked	  events	   as	   the	  norm	  will	   arguably	   lead	   to	   increased	  doses/more	  
applications	  of	  herbicides	  per	  season	  and	  a	  broader	  range	  of	  Cry	  toxins	  in	  insect	  resistant	  GM	  plants.	  
Such	   development	   emphasizes	   the	   importance	   of	   the	   potential	   environmental	   impacts	   of	   these	  
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technologies.	  In	  addition,	  since	  these	  toxins/chemicals/traits	  will	  meet	  and	  interact,	  also	  each	  other	  
and	  other	  stressors	  in	  the	  environment,	  the	  co-‐exposure	  and	  potential	  combinatorial	  effects	  need	  to	  
be	   studied	   (Bjergager	  et	  al.	  2011;Nørgaard	  &	  Cedergreen	  2010;Then	  2009).	  Although	   the	  potential	  
negative	  effects	  of	  cry	  toxins	  and	  agrochemicals	  is	  relevant	  for	  a	  number	  of	  non-‐target	  species	  in	  the	  
agricultural	  ecosystem	  (including	  terrestrial,	  soil	  and	  run-‐off	  aquatic	  systems),	  lessons	  can	  be	  learned	  
from	  more	  precise	  laboratory	  studies	  in	  established	  model	  organisms.	  

The	   scientific	   literature	   is	   very	   limited	  with	   regard	   to	   studies	   testing	   plant	  material	   from	   ‘stacked	  
traits’.	   A	   couple	   of	   studies	   from	   industry	   sources	   show	   no	   effects,	   respectively	   in	   European	   corn	  
borer/Colorado	   potato	   beetle	   (Raybould	   et	   al.	   2012),	   and	   in	   rats	   (Appenzeller	   et	   al.	   2009).	  
Schuppener	   et	   al.	   showed	   that	   feeding	   activity	   and	   survival	  were	   negatively	   affected	   by	   a	   stacked	  
GM-‐maize	  trial	  in	  a	  non-‐target	  Lepidoptera,	  Aglais	  urticae,	  but	  only	  at	  concentrations	  of	  pollen	  that	  
were	  higher	  than	  found	  in	  the	  field	  (Schuppener	  et	  al.	  2012).	  

In	   addition	   to	   the	   potentially	   added	   (or	   combinatorial)	   effect	   of	   ‘multi-‐Bt-‐plants’,	   the	   spraying	   of	  
agricultural	  fields	  throughout	  the	  growing	  season	  with	  one	  or	  several	  herbicides	  on	  stacked	  (i.e.	  Bt	  +	  
herbicide	   tolerant)	   GM	   plants,	   may	   add	   stress	   to	   non-‐target	   organisms	   that	   live	   in	   nearby	  
ecosystems.	  Bio-‐active	  herbicides	  ultimately	  get	  into	  soil	  and	  water	  systems	  through	  processes	  such	  
as	   drifting,	   leaching	   and	   surface	   runoff	   (Mensah,	   Muller,	   &	   Palmer	   2012).	   Negative	   effects	   of	  
herbicides	   are	   documented	   for	   a	   number	   of	   aquatic	   species	   related	   to	   the	   most	   relevant	   of	   the	  
herbicides:	   glyphosate	   based	   formulations	   (Roundup),	   i.e.	   on	   amphibians	   (Sih,	   Bell,	  &	   Kerby	   2004)	  
(Relyea	   2005a;Relyea	   2005b;Relyea	   &	   Hoverman	   2006),	   shrimps	   (Mensah,	   Muller,	   &	   Palmer	  
2011;Mensah	  et	  al.	  2012),	  and	  water	  fleas	  (Cuhra	  et	  al.	  2013).	  	  

	  

1.3.5	  Antibiotic	  resistance	  marker	  (ARM)	  genes	  	  

In	   GM	   plants	   of	   the	   first	   generation,	   genes	   encoding	   resistance	   to	   specific	   antibiotics	   have	   been	  
largely	  used	  for	  selection	  and	  rapid	  identification	  of	  transformed	  cells.	  The	  selectable	  marker	  gene	  is	  
usually	   co-‐transformed	   with	   the	   gene	   of	   interest,	   and	   can	   therefore	   be	   transferred	   to	   other	  
organisms.	   Concerns	   have	   been	   raised	   that	   the	   large-‐scale	   release	   of	   antibiotic	   resistance	  marker	  
genes	  by	  release	  of	  transgenic	  organisms	  in	  fields	  will	  increase	  the	  rate	  of	  antibiotic	  resistant	  bacteria	  
leading	  to	  reduced	  therapeutic	  options	  for	  the	  treatment	  of	  infectious	  diseases	  (Dona	  et	  al	  2009).	  	  

The	   most	   commonly	   used	   ARM	   in	   the	   applications	   for	   plant	   cell	   selection	   is	   nptII	   (neomycin	  
phosphotransferase	   II,	   also	   referred	   to	   as	   APH-‐3`-‐II	   or	   aminoglycoside	   phosphotransferase	   3`-‐II)	  
encoding	   resistance	   to	   some	   aminoglycosides,	   including	   kanamycin	   (EFSA	   2007).	  Many	   GM	   plants	  
containing	  nptII	  have	  been	  approved	  for	  field	  trails	  and	  for	  marketing	  in	  several	  countries	  (Carrer	  et	  
al	  1993,	  EFB	  2001,	  Badosa	  et	  al	  2004,	  Bennet	  et	  al	  2004,	  Breyer	  et	  al	  2014).	  The	  choice	  of	  using	  this	  
marker	  gene	  has	  been	  driven	  by	  the	  fact	  that	  kanamycin	  is	  not	  important	  in	  medical	  treatments	  and	  
that	   kanamycin	   resistant	   bacteria	   are	   ubiquitous	   in	   nature	   (EFB	   2001,	   EFSA	   2009).	   However,	  
kanamycin	   has	   recently	   been	   classified	   as	   a	   critically	   important	   antibiotic	   for	   human	   and	   animals	  
(WHO,	  2012).	  Literature	  surveys	  indicate	  that	  only	  few	  data	  are	  available	  on	  the	  prevalence	  of	  nptII	  
gene.	  The	  limited	  data	  demonstrates	  that	  there	  is	  a	  low	  level	  presence	  of	  nptII	  in	  naturally	  occurring	  
bacterial	  populations	  from	  agricultural	  soils	  (Smalla	  et	  al	  1993,	  Gebhard	  and	  Smalla,	  1999)	  
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To	  what	  extent	  GMOs	  containing	  ARM	  genes	  will	  influence	  the	  antibiotic	  resistance	  situation	  is	  highly	  
debated	  (EFB	  2001,	  Ramessar	  et	  al	  2007,	  Woegerbauer	  2007,	  EFSA	  2009,	  Breyer	  et	  al	  2014).	  	  

In	   this	  section	  we	  will	  discuss	  some	  of	   the	  main	  knowledge	  gaps	  and	  uncertainties	  associated	  with	  
the	  use	  of	  antibiotic	  resistance	  marker	  genes:	  

• Horizontal	  gene	  transfer	  (HGT)	  transgenic	  plants	  to	  soil	  bacteria	  
• Resistance	  level	  occurring	  in	  natural	  environments	  

	  
Horizontal	  gene	  transfer	  (HGT)	  from	  transgenic	  plants	  to	  soil	  bacteria	  
Much	  of	  the	  current	  debate	  on	  the	  relevance	  and	  risk	  of	  HGT	  to	  transgenic	  plant	  biosafety	  is	  focused	  
on	  the	  expected	   low	  (if	  any)	  probability	  of	  HGT	  from	  transgenic	  plants	  to	  soil	  bacteria	  (Gebard	  and	  
Smalla,	  1999,	  EFSA	  2007,	  Sung	  Eun	  et	  al	  2010,).	  Plant	  DNA	  can	  be	  released	  into	  the	  soil	  from	  various	  
sources	   including	   decaying	   plant	   material	   and	   root	   exudates.	   The	   degradation	   kinetics	   vary	  
considerably	   depending	  on	   cellular	   and	   environmental	   conditions,	  which	  means	   that	   plant-‐derived	  
DNA	   in	   soil	   can	   be	   rapidly	   degraded	   but	   also	   persist	   for	   a	   long	   term	   in	   the	   soil	   (Lorenz	   and	  
Wackernagel	  1994,	  Paget	  et	  al	  1998,	  Nielsen	  and	  Townsend	  2004,	  Nielsen	  et	  al	  2007,	  Ma	  et	  al	  2011).	  
Some	   of	   this	   DNA	   is	   sufficiently	   undamaged	   that	   it	   can	   transform	   competent	   bacteria	   after	   re-‐
extraction	   (Nielsen	   et	   al	   2007).	   Horizontal	   gene	   transfer	   from	   transgenic	   plants	   to	   natural	  
populations	  of	  soil	  bacteria	  has	  not	  been	  unequivocally	  demonstrated	  so	   far	  under	   field	  conditions	  
(Schlutter	  and	  Potrkus,	  1995;	  Nielsen	  et	  al	  1997,	  Nielsen	  et	  al	  2003,	  Nielsen	  et	  al	  2004).	  However,	  
theoretically	   there	   is	  a	  possibility	   that	  HGT	   from	  transgenic	  plants	   to	  bacteria	  may	  happen	  but	   the	  
likelihood	  of	  detecting	  such	  an	  event	  using	  current	  methodology	   is	   low	  (ERMA	  2006).	  More	  details	  
about	  HGT	  is	  discussed	  in	  part	  3,	  regarding	  GM	  microorganisms.	  

Resistance	  level	  occurring	  in	  natural	  environments	  
We	  know	  that	  natural	  environments	  harbour	  a	  diverse	  reservoir	  of	  antibiotic	  resistance	  determinants	  
(Berkner	  et	  al	  2014).	  However,	  for	  an	  adequate	  evaluation	  of	  the	  potential	  effects	  of	  the	  release	  of	  
GMOs	   containing	   nptII	   into	   the	   environment,	   the	   occurrence	   of	   the	   ARM	   gene	   in	   culturable	   and	  
nonculturable	  environmental	  bacteria	  should	  be	  known.	  

Selective	   plating	   of	   different	   environmental	   samples	   on	   kanamycin-‐containing	  medium	   has	   shown	  
that	  Kanamycin-‐resistant	  bacteria	  are	  ubiquitous	  in	  nature	  (Smalla	  et	  al	  1993,	  Leff	  et	  al	  1993,	  Bennet	  
el	  at	  2004).	  However,	  only	  a	  fraction	  of	  kanamycin	  resistant	  bacteria	  have	  shown	  to	  contain	  the	  nptII	  
gene,	  which	  means	  that	  the	  other	  resistant	  bacteria	  have	  different	  genes	  and/or	  other	  mechanisms	  
conferring	  kanamycin	  resistance.	  

The	  current	  data	  on	  the	  distribution	  of	  ARM	  genes	  in	  microbial	  populations	  in	  soils	  or	  other	  habitats	  
are	   limited,	  and	  when	   it	  comes	  to	  more	  specific	  data	  about	   the	  prevalence	  of	  ARM	  genes	   today	   in	  
Norway	  there	  are	  also	  little	  data	  (VKM	  2005).	  	  

The	  opinion	  of	  the	  EFSA	  GMO	  panel	   is	  not	  necessarily	  consistent	  with	  the	  precautionary	  motivated	  
regulations	   for	  ARM	  genes	   for	   commercial	   use	   in	   food	   and	   feed	   in	  Norway	   (VKM	  2005).	   Since	   the	  
agricultural	   usage	   of	   antibiotics	   varies	   considerable	   between	   countries,	   observations	   of	   the	  
prevalence	   of	   nptII	   need	   to	   be	   documented	   in	   Norwegian	   environments.	   Given	   the	   low	   level	   of	  
phenotypic	   resistance	   to	   aminoglycosides	   in	   pathogenic	   bacteria	   in	   Norway,	   the	   large	   scale	  
introduction	  of	  the	  nptII	  gene	  in	  food	  and	  feed	  could	  pose	  a	  risk	  to	  human	  and	  animal	  health.	  More	  
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information	   on	   nptII	   gene	   copy	   number	   in	   relevant	   Norwegian	   environments	   may	   alter	   this	  
observation.	  

Despite	   the	   controversy,	   a	   few	   GM	   plants	   containing	   ARM	   genes	   have	   still	   been	   approved	   for	  
commercialization	   in	   the	   period	   2000-‐2014.	   However,	   over	   the	   years	   we	   have	   seen	   in	   the	  
dossiers/applications,	   that	   the	  use	  of	  antibiotic	   resistance	  marker	  genes	   for	   selection	  of	  GM	  plants	  
has	  been	  limited	  to	  the	  nptII	  gene.	  Also,	  in	  many	  cases	  the	  nptII	  gene	  has	  been	  excised	  after	  selection	  
or	  other	  markers	  such	  as	  epsps	  and	  pat	  genes	  coding	  for	  herbicide	  tolerance	  have	  been	  used	  instead.	  	  

	  

1.3.4	  Directions	  for	  further	  studies	  	  

There	   are	   significant	   knowledge	   gaps	   as	   well	   as	   uncertainties	   concerning	   the	   fate	   and	   potential	  
effects	   of	   GM	   plants	   in	   the	   environment,	   i.e.	   in	   terrestrial,	   soil	   and	   aquatic	   ecosystems.	   Further	  
studies	  should	  include:	  	  

Bt-‐expression.	  Substantial	  variability	  in	  Bt-‐toxin	  concentrations	  is	  observed	  in	  GM	  Bt-‐corn	  (Nguyen	  &	  
Jehle	  2007;Saeglitz	  et	  al.	  2006).	  Patterns	  and	  concentration	  levels	  of	  Bt-‐toxin	  in	  Bt-‐plants,	  particularly	  
in	  stacked	  events,	  are	  far	  from	  being	  understood	  and	  merit	  further	  investigation.	  Expression	  may	  also	  
be	  altered	  by	  the	  event,	  the	  genotype	  of	  the	  hybrid,	  the	  environmental	  conditions,	  co-‐technologies	  
used	  (e.g.	  herbicides),	  climate,	  stress,	  etc.	  

Resistance	   development.	   Monitor	   evolution	   of	   resistance	   and	   study	   mechanisms	   for	   resistance	  
development	  in	  target	  organisms	  to	  Bt-‐toxin(s)	  

Potential	  alternative	  modes	  of	  action	  of	  Bt-‐toxins.	  Studies	   indicate	   that	  Bt-‐toxins	  have	  alternative	  
mode(s)	   of	   action,	   i.e.	   in	   adversely	   affected	  non-‐target	   organisms	   that	   are	   distantly	   related	   to	   the	  
target	  organisms	  (Bøhn	  et	  al.	  2008;Bøhn	  et	  al.	  2010;Bravo	  et	  al.	  2007;Hilbeck	  &	  Schmidt	  2006);	  

Dose-‐response	   toxicity	   testing	   of	   Bt-‐toxins	   on	   relevant	   non-‐target	   species.	   Dose-‐response	  
experiments,	  ideally	  including	  additional	  control	  groups	  fed	  non-‐transgenic	  material	  with	  purified	  Bt-‐
toxin	  added	  in	  order	  to	  be	  able	  to	  distinguish	  between	  effects	  of	  Bt-‐toxin	  from	  other	  effects	  of	  the	  
engineering	  process;	  

Combinatorial	   effects	   of	   several	   Bt-‐toxins	   stacked.	   Emphasis	   on	   toxins	   stacked	   in	   plants	   that	   are	  
grown	  commercially.	  

Combinatorial	   effects	   of	   Bt-‐toxins	   and	   herbicide	   co-‐technologies.	   Emphasis	   on	   toxins	   and	  
herbicides/pesticides	   that	   co-‐occur	   in	   the	   same	   environment.	   The	   combinatorial	   toxicity	   of	  
multiple/stacked	  Bt	   and	  HT	   traits	   that	   are	   in	   the	  pipeline	  may	  have	  a	  broader	   range	  of	  non-‐target	  
effects.	  Also,	  wider	  interactions	  and	  community	  level	  effects,	  including	  studies	  of	  system	  processes,	  
keystone/threatened	   (i.e.	   red	   list)	   species	   and	   potential	   effects	   on	   biodiversity,	   need	   to	   be	  
addressed.	  

Accumulation	  of	  herbicides	   in	  plant	  products.	  Data	  need	   to	  be	  generated	  on	   the	  accumulation	  of	  
herbicides	   in	   HT	  GM	  plants.	   Such	   data	   are	  missing	   in	   the	   scientific	   literature;	   these	   residues	   have	  
simply	   fallen	   outside	   the	   remit	   of	   regulatory	   authorities,	   and	   have	   been	   overlooked	   both	   in	  
compositional	  studies	  and	  in	  feeding	  studies.	  
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Field	  studies.	  Monitor	  evolution	  resistance	  and	  study	  mechanisms	  for	  development	  of	  resistance	  in	  
weeds	  to	  herbicide	  used	  in	  HT	  plants.	  

Exposure	  and	  break-‐down	  rates	  of	  Bt-‐toxins	  and	  herbicide/pesticides.	  Need	  to	  improve	  knowledge	  
on	  the	  “cocktail”	  of	  potential	  stressors	  present	  in	  the	  environment:	  their	  presence,	  interactions	  and	  
effects.	   This	   includes	   the	   amount	   of	   plant	   material,	   toxin	   concentration	   of	   bioactive	   transgenic	  
components	  the	  rates	  of	  toxin	  release	  and	  break-‐down	  etc.	  depending	  on	  biotic	  and	  abiotic	  factors	  in	  
the	  environment	  

Feeding	  habits	  of	  species	  at	  different	  trophic	  levels	  and	  food-‐web	  transport	  of	  Bt-‐toxins.	  	  

Sensitivity	   screening	   of	   relevant	   organisms	   to	   Bt-‐toxins	   and	   herbicide	   co-‐technology.	   Testing	   for	  
acute	   and	   chronic	   effects	   via	   long-‐term	   feeding/exposure	   experiments	  with	   relevant	   Bt-‐transgenic	  
material	  (kernels,	  pollen	  or	  litter)	  under	  controlled	  conditions	  in	  the	  lab.	  	  

Field	  studies.	  Testing	  whether	  Bt-‐toxins	  and	  co-‐occurring	  herbicides/pesticides	  may	  affect	  species	  or	  
species	   composition	   in	   ecological	   communities,	   i.e.	   by	   multiple	   comparisons	   of	   diversity	   and	  
community	  structure	  between	  systems	  where	  GM	  agricultural	  practices	  and	  control	  systems	  of	  non-‐
GM	  production	  systems	  (industrial,	  agroecological,	  organic)	  can	  be	  compared.	  	  

Field	   studies.	  Monitor	  pollen	   spread	  and	  whether	  GM	  plants	   can	  hybridise	  with	  wild	   relatives	   and	  
produce	  fertile	  offspring.	  

Studies	   on	   relevant	   organisms.	   The	   exposure	   and	   potential	   effects	   of	   GM	   traits	   like	   built-‐in	  
insecticides	  and	  herbicide	  tolerance	  must	  be	  studied	  on	  relevant	  organisms,	  either	  model	  organisms	  
or	   test	   organisms	   from	   the	   relevant	   environment.	   Both	   laboratory	   studies,	   in	   established	   or	   new	  
model	  organisms,	  and	  studies	  in	  real	  ecosystems	  may	  contribute	  relevant	  scientific	  knowledge.	  

Access	   to	   research	   material.	   The	   restrictions	   of	   research	   material	   from	   GM	   crops	   strongly	   limit	  
independent	  research.	  This	  is	  not	  acceptable.	  Relevant	  research	  material	  must	  be	  made	  available	  for	  
testing	  by	  competent	  and	  independent	  research	  groups.	  	  

Antibiotic	   resistance	   marker	   genes.	   More	   data	   about	   the	   prevalence	   of	   ARM	   genes	   in	   the	  
environment	  are	  needed.	  
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2.	  GM	  vaccines,	  Gene	  therapy	  and	  Medicinal	  products	  
containing	  or	  consisting	  of	  GMOs	  	  
	  

2.1	  Introduction	  
	  
Genetically	  modified	   viruses	   (GMVs)	   are	   produced	   by	  modifying	   the	   genes	   or	   genomes	   of	   viruses	  
using	   recombinant	  DNA	   technology	   and/or	   synthetic	   biology.	   These	  modifications	   are	   achieved	   by	  
targeted	   deletion	   of	   the	   virus	   genes/gene	   fragments	   and/or	   insertion	   of	   heterologous	   genes	  
(transgenes)	   obtained	   from	   other	   organisms.	   Viruses	   can	   infect	   cells	   in	   a	   target	   specific	   manner,	  
transduce	   them	   as	   well	   as	   induce	   immune	   responses	   from	   the	   infected	   host.	   These	   inherent	  
characteristics	  recommend	  viruses	  as	  ideal	  vectors	  for	  heterologous	  antigen	  expression	  in	  vivo.	  	  

The	  concept	  of	  viral	  vector	  was	  first	  introduced	  in	  1972	  when	  Simian	  Virus	  40	  (SV	  40)	  was	  engineered	  
to	  contain	   lambda	  phage	  genes	  and	   the	  galactose	  operon	  of	  Escherichia	  coli	   (Jackson	  et	  al.,	  1972).	  
Ten	   years	   later,	   it	   was	   demonstrated	   that	   vaccinia	   virus	   (VACV)	   is	   an	   efficient	   transient	   gene	  
expression	  vector	  (Mackett	  et	  al.,	  1982,	  Panicali	  and	  Paoletti,	  1982).	  Presently,	  several	  virus	  vectors	  
have	   been	   developed	   from	   many	   virus	   families	   including	   Poxviridae,	   Adenoviridae,	   Parvoviridae,	  
Retroviridae,	  Flaviviridae,	  Herpesviridae,	  Rhabdoviridae,	  Togoviridae,	  Paramyxoviride,	  etc.	  (Rollier	  et	  
al.,	  2011).	  	  

Genetically	   modified	   viruses	   (GMVs)	   have	   application	   as	   vaccines	   against	   infectious	   diseases,	  
immunocontraception	   for	   animal	   pest	   control	   and	   immunotherapy/oncotherapy	   against	   cancer	   as	  
well	  as	  in	  gene	  therapy	  for	  the	  correction	  of	  inherited	  genetic	  disorders	  (Liniger	  et	  al.,	  2007,	  Jackson	  
et	  al.,	  1998,	  Lichty	  et	  al.,	  2014,	  Kay,	  2011).	   	  Several	  virus-‐vectored	  vaccines/gene	   therapy	  products	  
are	  at	  different	  stages	  of	  clinical	  trials2,	  while	  some	  recombinant	  virus	  vaccines	  are	  already	  licensed	  
for	   veterinary	   applications	   (Draper	   and	   Heeney,	   2010).	   Currently,	   GLYBERA®,	   an	   adeno-‐associated	  
virus-‐vectored	  gene	  therapy	  product	  engineered	  to	  express	   lipoprotein	   lipase	   in	  the	  muscle	  for	  the	  
treatment	   of	   lipoprotein	   lipase	   deficiency,	   and	   IMOJEV®,	   a	   yellow	   fever	   virus-‐vectored	   Japanese	  
encephalitis	   vaccine	   for	   vaccination	   against	   Japanese	   encephalitis	   are	   the	   only	   products	   already	  
licensed	  for	  human	  use	  (Yla-‐Herttuala,	  2012,	  Appaiahgari	  and	  Vrati,	  2010).	  	  

Virus-‐vectored	  products	  for	  vaccination	  and	  gene	  therapy	  have	  the	  potential	  of	  being	  the	  panacea	  to	  
infectious	   diseases,	   cancers	   and	   hereditary	   disorders	   affecting	   human,	   domesticated	   animals	   and	  
wildlife.	  The	  conundrum	  is	  that	  their	  usage	  may	  result	  in	  unintended	  risk	  to	  humans,	  animals	  and	  the	  
environment.	   In	   recognition	  of	   this,	   regulatory	  agencies	   like	   the	  European	  Medicine	  Agency	   (EMA)	  
and	   the	   Food	   and	  Drug	  Administration	   (FDA)	   have	   published	   guidelines	   on	   the	   environmental	   risk	  
assessment	  of	  genetically	  modified	  (GM)	  vaccines,	  gene	  therapy	  and	  medicinal	  products	  containing	  
or	   consisting	   of	   genetically	   modified	   organisms	   (GMOs)	   (EMA/CHMP/VWP/141697/2009,	  
EMEA/CHMP/ICH/449035/2009).	  	  

Advanced	  therapy	  medicinal	  products	  (ATMP)	  are	  very	  diverse	  in	  nature	  and	  comprise	  gene	  therapy	  
medicinal	   products	   (GTMPs),	   somatic	   cell	   therapy	   medicinal	   products	   (sCTMPs)	   and	   tissue	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 https://clinicaltrials.gov/ct2/results?term=Virus+vectors&Search=Search 
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engineering	   products	   (TEPs).	   Therefore,	   a	   flexible	   approach,	   known	   as	   the	   ‘Risk-‐based	   approach’,	  
contained	   in	   Annex	   1	   part	   IV	   of	   the	   directive	   2001/83/EC3	   is	   generally	   adopted	   to	   address	   and	  
evaluate	   potential	   risks	   to	   the	   patient	   and	   to	   third	   parties.	   The	   risk-‐based	   approach	   is	   aimed	   at	  
determining	   the	   extent	   of	   quality,	   non-‐clinical	   and	   clinical	   data	   to	   be	   included	   in	   the	   marketing	  
authorization	  application,	   in	  accordance	  with	   the	  scientific	  guidelines	   relating	   to	   the	  quality,	   safety	  
and	  efficacy	  of	  medicinal	  products,	  and	  to	  justify	  any	  deviation	  from	  the	  requirements	  of	  this	  Annex.	  
Detailed	   information	   on	   the	   risk-‐based	   approach	   and	   classification	   of	   ATMP	   is	   contained	   in	   the	  
‘Guideline	  on	  the	  risk-‐based	  approach	  according	  to	  annex	  I,	  part	  IV	  of	  Directive	  2001/18/EC	  applied	  
to	  advanced	  therapy	  medicinal	  products’4.	  	  

In	   the	  EU,	  Directive	  2001/18/EC	   regulates	   the	  placement	  on	   the	  market	  of	   any	  GMO	  or	   a	  product	  
containing	   GMOs.	   It	   requires	   the	   Applicant	   to	   submit	   a	   Part	   C	   notification	   that	   includes	   relevant	  
administrative	   and	   scientific	   information,	   an	   ERA,	   a	   summary,	   and	   information	   on	   proposed	  
monitoring	   and	   risk	   management	   strategies,	   to	   the	   designated	   competent	   authority	   (CA)	   of	   the	  
member	  state	   in	   the	  territory	  where	  the	  GMO	   is	   intended	  to	  be	  placed	  on	  the	  market	   for	   the	   first	  
time.	   For	   human	   biotechnological	   medicinal	   products	   that	   contain	   or	   consist	   of	   GMOs,	   their	  
regulation	   is	   governed	   by	   reciprocal	   provisions	   in	   Directive	   2001/18/EC	   and	   the	   European	  
Commission	   Regulation	   (EC)	   726/2004	   (Articles	   6.2	   and	   6.3)5.	   The	   Directive	   defines	   ‘effect	   on	   the	  
environment’	   to	  mean	  effects	  exerted	  on	  any	   living	  or	  non-‐living	  human	  or	  non-‐human	   inhabitant,	  
component	  or	  compartment	  of	  the	  global	  ecosystem,	  with	  the	  exception	  of	  those	  effects	  exerted	  on	  
the	  intended	  patients	  as	  a	  direct	  result	  of	  the	  administration	  of	  the	  product.	  

Examination	  of	  peer	  reviewed	  literature	  available	   in	  public	  databases,	  as	  well	  as	  the	  environmental	  
risk	  assessment	  dossiers	  submitted	  for	  marketing	  application	  authorization	  (MAA)	  to	  EMA,	  indicates	  
that	   there	  are	  areas	  of	  biological	   characterization	  of	   the	  virus-‐vectored	  products	   that	  need	   further	  
research	  in	  order	  have	  reasonable	  data	  to	  evaluate	  the	  potential	  risk	  of	  these	  virus-‐vectors	  to	  human	  
health	  and	   the	  environment.	  Thus,	   there	  are	  knowledge	  gaps,	  uncertainty	  and	  omitted	   research	   in	  
the	   biological	   characterization	   of	   potential	   hazards	   associated	   with	   the	   use	   of	   virus	   vectors	   for	  
vaccination	  and	  gene	  therapy.	  	  

Insufficient	  data	  or	  gaps	  in	  knowledge	  exist	  in	  the	  areas	  of	  (i)	  choice	  of	  an	  appropriate	  comparator	  to	  
the	  GMV,	  (ii)	  baseline	  information	  on	  the	  nature	  and	  distribution	  of	  naturally	  circulating	  viruses,	  (iii)	  
interactions	  between	  the	  GMV	  and	  naturally	  circulating	  virus	  relatives	   including	  recombination	  and	  
complementation,	   (iv)	  cell	   tropism	  of	   the	  GMVs	   including	  the	  basis	   for	  host	  restriction,	   (v)	  genome	  
stability	  of	   the	  GMVs	   following	  multiple	  passages,	   (vi)	   authentic	   in	   vivo	  models	   to	   study	   the	  GMVs	  
cell	   tropism,	   distribution	   and	   shedding,	   (vii)	   unintended	   transgene	   effects	   on	   the	   virus	   and	   host	  
metabolomes,	   (viii)	   epigenetic	   and	   pleiotropic	   effects,	   (ix)	   GMVs	   tissue	   tropism,	   distribution	   and	  
shedding	   in	   immune-‐compromised	   individuals,	   (x)	   transgene	   instability	   including	   host	   and	   viral	  
factors	   that	   modulate	   the	   stability	   of	   the	   transgene,	   etc.	   In	   this	   chapter,	   we	   will	   discuss	   the	  
aforementioned	  gaps	  in	  knowledge	  and	  suggest	  ways	  to	  address	  them.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 http://ec.europa.eu/health/files/eudralex/vol-1/dir_2001_83_consol_2012/dir_2001_83_cons_2012_en.pdf 
4 http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2013/03/WC500139748.pdf 
5 http://apps.who.int/medicinedocs/en/d/Js17139e/ 
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2.1.1	  Viruses,	  vaccination	  and	  gene	  therapy	  –	  definition	  	  

Viruses	   are	   obligate	   intracellular	   microbes	   that	   replicate	   only	   within	   living	   cells.	   Viruses	   are	  
metabolically	  inactive	  outside	  the	  host	  cell.	  A	  virus	  particle	  (virion)	  is	  made	  up	  of	  nucleic	  acid	  and	  a	  
protein	  coat,	  although	  some	  viruses	  can	  have	  an	  extra	  coat	  called	  an	  envelope.	  The	  nucleic	  acid	  of	  
viruses	   can	   either	   be	  DNA	   or	   RNA	   or	   both	   (at	   different	   stages	   of	   the	   life	   cycle).	   The	   shape	   of	   the	  
nucleic	   acid	   can	   be	   linear,	   circular	   or	   segmented,	  while	   the	   strands	  may	   be	   single	   or	   double.	   The	  
polarity	   of	   the	   viruses	   with	   RNA	   genomes	   can	   be	   described	   as	   positive	   sense,	   negative	   sense	   or	  
ambisense.	  Generally,	  viruses	  have	  high	  replication	  throughput	  resulting	  in	  the	  production	  of	  billions	  
of	  virus	  particles	  within	  a	  short	  time.	  While	  this	  may	  be	  an	  advantage	  for	  a	  GMV	  with	  respect	  to	  the	  
quantity	   of	   expressed	   antigen,	   the	   high	   rate	   of	   multiplication	   will	   result	   in	   generation	   of	   mutant	  
viruses	   and	   quasi	   species.	   Viruses	   infect	   all	   life	   forms	   (Koonin	   et	   al.,	   2006),	   thus	   in	   principle	   virus	  
vectors	  can	  be	  engineered	  to	  express	  transgenes	  from	  any	  life	  form.	  

A	  vaccine	  is	  a	  biologically	  preparation	  that	  stimulates	  the	  host	  immune	  system	  to	  develop	  immunity	  
against	  a	  pathogen.	  	  Traditional	  vaccine	  types	  may	  be	  classified	  as	  (i)	  inactivated,	  (ii)	  attenuated,	  (iii)	  
virus-‐like	  particles	  and	  (iv)	  subunit	  vaccines.	  These	  traditional	  vaccine	  types	  have	  proved	  ineffective	  
for	   major	   human	   diseases	   like	   malaria,	   tuberculosis,	   human	   immunodeficiency	   virus	   (HIV),	   Ebola,	  
cancers,	   etc.	   The	   failure	   of	   traditional	   vaccine	   forms,	   especially	   against	   diseases	   caused	   by	  
intracellular	  pathogens,	  necessitates	  the	  search	  for	  alternative	  but	  robust	  vaccine	  platforms	  (Plotkin,	  
2009).	  Virus-‐vectored	  vaccines	  seem	  promising	  as	  an	  effective	  platform	  to	  prevent	  and	  treat	  diseases	  
where	   traditional	  methods	   of	   vaccine	   development	   have	   failed	   (Small	   and	   Ertl,	   2011,	   Parks	   et	   al.,	  
2013,	  Stanley	  et	  al.,	  2014).	  	  	  Gene	  therapy	  can	  be	  defined	  as	  the	  introduction	  of	  nucleic	  acids	  coupled	  
to	  a	  vector	  into	  cells	  with	  the	  intention	  of	  altering	  gene	  expression	  in	  order	  to	  prevent,	  halt,	  reverse	  
or	   reduce	   the	  severity	  of	  a	  pathological	  process	   (Kay,	  2011).	  Gene	   therapy	  can	  alter	   the	  host	  gene	  
expression	   by	   gene	   addition,	   gene	   correction/alteration	   or	   by	   gene	   knockdown.	   Gene	   therapy	  
products	  can	  be	  administered	  in	  vitro	  where	  cells	  are	  modified	  outside	  the	  patient’s	  body	  and	  then	  
transplanted	  back	  into	  the	  patient	  (also	  called	  ex	  vivo),	  or	   in	  vivo	  where	  the	  genetic	  modification	  is	  
achieved	  within	  the	  patient.	  The	  natural	  ability	  of	  viruses	  to	  infect	  cells,	  deliver	  their	  nucleic	  acid	  to	  
the	   nucleus	   where	   it	   either	   integrates	   into	   the	   host	   chromosome	   (as	   in	   retroviruses)	   or	   exists	   as	  
episome	  (as	   in	  some	  herpes	  viruses),	  has	  been	  exploited	  in	  developing	  virus-‐vectored	  gene	  therapy	  
products.	  	  

	  

2.1.2	  Overview	  of	  major	  virus	  vectors	  for	  vaccination	  and	  gene	  therapy	  

(a)	  Poxvirus	  vectors	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Poxvirus	   vectors	   are	   derived	   from	   viruses	   belonging	   to	   family	   Poxviridae.	   Poxviruses	   have	   linear,	  
double	  stranded	  genomes	  and	  their	  entire	  morphogenesis	  is	  in	  the	  cytoplasm	  of	  infected	  cells.	  Since	  
1982,	   poxvirus-‐vectored	   vaccines	   have	   emerged	   as	   promising	   candidates	   for	   the	   prevention	   of	  
infectious	  diseases	  and	  cancers	   in	  humans,	  domestic	  animals	  and	  wildlife	  (Moss,	  1996,	  Panicali	  and	  
Paoletti,	  1982,	  Altenburg	  et	  al.,	  2014,	  Izzi	  et	  al.,	  2014).	  Poxviruses	  present	  several	  advantages	  as	  live	  
vaccine	   vectors.	   These	   include	   a	  wide	   host	   range,	  multiplication	   only	   in	   the	   cytoplasm	  of	   infected	  
cells,	   resistance	   to	   heat	   and	   other	   environmental	   stress,	   ease	   of	   large	   scale	   production,	   etc.	   In	  
addition,	  poxvirus	  vectors	  are	  able	  to	  carry	  up	  to	  25	  kbp	  of	  transgenic	  cDNAs.	  Several	  multiplication	  
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competent	   poxvirus-‐vectored	   vaccines	   have	   been	   evaluated,	   but	   only	   vaccinia	   virus	   (VACV)	   –
vectored	  rabies	  vaccine	  (RGV)	  has	  been	  licensed	  and	  marketed	  so	  far.	  RGV	  was	  successfully	  used	  in	  
the	  field	  to	  vaccinate	  against	  rabies	  in	  feral	  animals	  in	  Europe	  and	  North	  America	  (Rupprecht	  et	  al.,	  
1986).	  	  

At	   present,	   the	   use	   of	   multiplication	   competent	   poxvirus	   vectors	   for	   vaccines	   (except	   in	   virus-‐
vectored	  oncotherapy),	  especially	  in	  humans,	  is	  disfavoured	  due	  to	  biosafety	  concerns	  (Casey	  et	  al.,	  
2005,	  Mempel	  et	  al.,	  2003).	  These	  biosafety	  concerns	  were	  in	  part	  addressed	  by	  the	  development	  of	  
multiplication	  incompetent	  poxviruses	  like	  Modified	  vaccinia	  virus	  Ankara	  (MVA),	  NYVAC,	  ALVAC	  and	  
TROVAC.	   These	   multiplication	   deficient	   poxvirus	   vectors	   form	   the	   backbone	   of	   most	   poxvirus-‐
vectored	   vaccines	   that	   are	   in	   clinical	   trials	   or	   already	   licensed	   (only	   for	   veterinary	   applications)	  
(Draper	   and	   Heeney,	   2010).	   Although	   no	   vaccines	   based	   on	   these	   replication	   deficient	   poxviruses	  
have	   been	   approved	   for	   human	   use,	   the	   MVA	   vector	   itself,	   Imavax®	   (MVA-‐BN),	   an	   MVA	   variant	  
developed	   by	   Bavarian	   Nordic,	   has	   been	   approved	   by	   EMA	   for	   vaccination	   against	   smallpox	   virus	  
infection6.	  	  

The	   characteristics	   of	   the	   poxvirus	   vector	   and	   the	   poxvirus-‐vectored	   vaccine	   relevant	   to	  
environmental	   risk	   assessment	   include	   (i)	   productive	   infection	   in	   human	   and	  mammalian	   cells,	   (ii)	  
clonal	  purity	  of	  the	  vector,	  (iii)	  phenotypic	  and	  genetic	  stability	  of	  the	  transgene,	  (iv)	  recombination	  
between	  the	  poxvirus-‐vectored	  vaccine	  and	  naturally	  circulating	  poxviruses,	  (v)	  biological	  activity	  of	  
the	   transgenes	  and	   its	  effect	  on	   the	  virus	  and	  host	  metabolome,	  virus	   shedding	  and	  spread	   to	   the	  
environment,	   (vi)	   baseline	   information	   on	   the	   nature	   and	   occurrence	   of	   naturally	   circulating	  
poxviruses,	  etc.	   (Goossens	  et	  al.,	  2013,	  Okeke	  et	  al.,	  2006,	  Hansen	  et	  al.,	  2004,	  Okeke	  et	  al.,	  2012,	  
Okeke	  et	  al.,	  2014).	  

	  

(b)	  Adenovirus	  vectors	  	  
Adenovirus	   (Ad)	   vectors	   are	   derived	   from	   viruses	   with	   Family	   Adenoviridae.	   Adenoviruses	   have	  
linear,	  double	  stranded	  genomes	  and	  they	  multiply	   in	  the	  nucleus	  of	   infected	  cells.	  There	  about	  57	  
human	  Ad	  serotypes	  and	  the	  human	  Ad	  serotype	  5	  (Ad5)	   is	  widely	  used	  as	  a	  vector	  for	  vaccination	  
and	  gene	   therapy.	   	   	  Adenovirus	  genes	  are	  divided	   into	  early	   (E)	  and	   late	   (L)	  genes.	  Early	  genes	  are	  
responsible	   for	   virus	  DNA	   replication	  and	  modulation	  of	   the	  host	  metabolism	  while	   the	   late	  genes	  
code	   for	   virus	   structural	   proteins	   (Thomas	  and	  Mathews,	   1980).	  Although	  Ad	   replicates	   its	  DNA	   in	  
nucleus	   of	   infected	   cells	   there	   is	   no	   evidence	   of	   the	   integration	   of	   the	   virus	   DNA	   into	   the	   host	  
genome.	  	  

Recombinant	   Ad	   vectors	   are	   widely	   used	   for	   gene	   therapy	   and	   to	   a	   lesser	   extent	   for	   vaccination	  
because	  of	   their	  high	  transduction	  efficiency,	  broad	  cell	   tropism,	  good	  ability	   to	   infect	  dividing	  and	  
non-‐dividing	  cells,	  high	  level	  of	  transgene	  expression,	  accommodation	  of	  large	  transgene	  expression	  
cassette	   as	   well	   as	   producing	   high	   virus	   titres	   under	   GMP	   conditions	   (Capasso	   et	   al.,	   2014).	   Ad	  
vectors	  are	  the	  most	  used	  vector	  in	  gene	  therapy	  trials	  (Ginn	  et	  al.,	  2013).	  However,	  in	  spite	  of	  their	  
wide	  usage,	  Ad	  vectors	  have	  shown	  some	  severe	  adverse	  effects	  in	  clinical	  trials,	  including	  the	  death	  
of	  a	  patient	  following	  intravenous	  infusion	  of	  Ad	  vector	  designed	  to	  cure	  ornithine	  transcarbamylase	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 (http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-‐
Summary_for_the_public/human/002596/WC500147899.pdf). 
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deficiency	  (Raper	  et	  al.,	  2003).	  In	  addition,	  a	  phase	  2b	  clinical	  trial	  designed	  to	  test	  the	  efficacy	  of	  Ad-‐
vectored	  HIV	  vaccine	  was	  halted	  following	  concerns	  that	   the	  vaccine	  may	  enhance	  susceptibility	   to	  
HIV	  infection	  (Gray	  et	  al.,	  2010).	  	  

The	   biological	   characteristics	   of	   this	   vector	   that	   may	   modulate	   cell	   tropism,	   shedding	   and	  
transmission	   (and	  hence	  of	   relevance	   to	   ERA)	   include	   (i)	   contamination	  of	   vaccine	   stock	   by	   helper	  
viruses	  especially	  in	  third	  generation	  Ad	  vectors,	  (ii)	  inflammatory	  responses	  and	  cytokine	  storm,	  (iii)	  
antibody,	  cell	  or	  innate	  immunity	  mediated	  enhancement	  of	  infection,	  (iv)	  anti-‐vector	  immunity,	  (v)	  
oncogenicity	  of	  human	  Ad	   strains	   in	  animal,	   and	   (vi)	  high	   level	  of	   in	   vivo	   toxicity	   (Liu	  and	  Muruve,	  
2003,	  Capasso	  et	  al.,	  2014).	  

(c)	  Adeno-‐associated	  virus	  vectors.	  	  
Adeno-‐associated	   virus	   (AAV)	   is	   a	   small,	   non-‐enveloped	   virus	  with	   a	   single-‐stranded	   DNA	   genome	  
measuring	  about	  4.7	  kbp	  in	  size.	  They	  belong	  to	  family	  Parvoviridae	  and	  genus	  Dependovirus.	  There	  
are	  about	  twelve	  AAV	  serotypes	  in	  humans	  and	  more	  than	  100	  serotypes	  in	  different	  animal	  species.	  
AAVs	  are	  non-‐pathogenic	   in	  humans	  and	  require	  a	  helper	  virus	   for	  productive	  virus	   infection.	  They	  
require	   complementation	   by	   adenovirus	   VA,	   E1,	   E2	   and	   E4	   proteins.	   These	   helper	   functions	   can	  
either	  be	  provided	  by	  plasmid	  co-‐transfection	  or	  by	  co-‐infection	  with	  a	  helper	  virus	  (Schaffer	  et	  al.,	  
2008,	  Kotin,	  2011).	  	  

Several	  AAV	  serotypes	  are	  being	  evaluated	  as	  vectors	  but	  the	  human	  AAV2	  is	  commonly	  used	  in	  most	  
pre-‐clinical	   and	   clinical	   trials	   (Nieto	   and	   Salvetti,	   2014).	   GLYBERA®,	   the	   first	   gene	   therapy	   product	  
approved	  by	  EMA	  is	  vectored	  by	  an	  AAV.	  Recombinant	  AAV	  vectors	  are	  generated	  by	  deletion	  of	  the	  
Rep	   and	   Cap	   coding	   regions	   that	   are	   located	   between	   the	   inverted	   terminal	   repeats	   (ITRs),	   and	  
inserting	  a	  transgene	  expression	  cassette	  between	  the	  ITRs.	  AAV	  vectors	  can	  transduce	  both	  dividing	  
and	  non-‐diving	  cells	  and	  have	  broad	  cell	  tropism.	  The	  characteristics	  of	  AAV	  vectors	  that	  are	  relevant	  
to	   ERA	   include	   (i)	   insertional	   mutagenesis	   due	   to	   integration	   into	   the	   recipient	   genome,	   (ii)	  
contamination	   of	   vector	   stock	   by	   helper	   viruses	   during	   high	   scale	   production,	   (iii)	   pre-‐existing	  
immunity,	   (iv)	   high	   level	   of	   vector	   DNA	   persistence	   either	   as	   episomes	   or	   integrated	   into	   the	  
recipient	   genome,	   (v)	   tumorigenesis	   in	   animals	   and	   (vi)	   infection	   of	   off-‐target	   cells	   and	   hosts	  
(Donsante	  et	  al.,	  2001).	  

(d)	  Retrovirus	  vectors	  	  
Retrovirus	   vectors	   are	   derived	   from	   viruses	   belonging	   to	   family	   Retroviridae.	   Retroviruses	   are	  
enveloped	  viruses	  with	  a	  diploid	  7	  –	  12	  kbp	  single-‐stranded,	  positive	  sense	  RNA	  genome.	  Retroviral	  
life	   cycle	   is	   characterized	   by	   the	   reverse	   transcription	   of	   their	   RNA	   genome	   to	   a	   double-‐stranded	  
DNA.	  The	  double	  stranded	  virus	  DNA	  is	  integrated	  into	  the	  host	  genome	  as	  a	  provirus,	  and	  virus	  gene	  
expression	  is	  from	  the	  provirus.	  Long-‐term	  stable	  expression	  of	  the	  transgene	  is	  achieved	  with	  retro	  
vectors	   because	   of	   their	   integration	   to	   the	   host	   chromosome.	   The	   gamma	   (γ)	   retrovirus,	   like	   the	  
Moloney	  Murine	   Leukemia	   Virus	   (MoMuLV),	   and	   lentivirus	   like	   the	   Feline	   immunodeficiency	   virus	  
(FIV),	  are	  commonly	  used	  as	  vectors	  for	  gene	  therapy	  and	  vaccination	  (Maetzig	  et	  al.,	  2011,	  Segura	  et	  
al.,	   2013).	   Unlike	   the	   γ-‐retrovirus	   vectors,	   lentivirus	   vectors	   can	   transduce	   both	   dividing	   and	   non-‐
dividing	  cells.	  	  

Potential	   adverse	   effects	   attributable	   to	   retroviral	   vectors	   used	   for	   gene	   therapy	   and	   vaccination	  
include	   (i)	   generation	   and	   propagation	   of	   replication	   competent	   retroviruses	   (RCR)	   due	   to	  
mobilization	   of	   the	   vector	   during	   manufacture	   or	   because	   of	   recombination/complementation	  
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between	   pro-‐viral	   and	   host	   sequences,	   (ii)	   oncogenesis	   due	   to	   insertional	   mutagenesis,	   (iii)	  
uncontrolled	   growth	   of	   transduced	   cells	   and	   RCR	   breakouts	   (iv)	   immunogenicity	   of	   the	   transgene	  
inserted	  into	  the	  vector,	  (v)	  vertical	  transmission,	  (vi)	  shedding	  of	  free	  virus	  and	  transduction	  of	  non-‐
target	  cells,	  (vii)	  perturbation	  of	  the	  host	  gene	  expression	  including	  cytokine	  expression	  profile,	  and	  
(viii)	   reactivation	   of	   endogenous	   viruses	   like	   human	   endogenous	   retroviruses	   (HERVs),	  
cytomegalovirus	   (CMV)	   or	   Epstein	   Bar	   Virus	   (EBV)	   (Pauwels	   et	   al.,	   2009,	   Deichmann	   and	   Schmidt,	  
2013).	  

(e)	  Flavivirus	  and	  pestivirus	  vectors	  	  
The	   genera	   Flavivirus	   and	   Pestivirus	   belong	   to	   family	   Flaviviridae.	   Viruses	   in	   both	   genera	   are	  
enveloped	  and	  contain	  approximately	  10	  –	  13	  kbp	  of	  non-‐segmented,	  single-‐stranded,	  positive	  sense	  
RNA	   genome.	   Their	   genome	   organization	   is	   characterized	   by	   51	   and	   31	   non-‐coding	   regions	   and	   a	  
single	  polyprotein	  open	  reading	  frame.	   	  Members	  of	  the	  genus	  Flavivirus	  whose	  vectors	  have	  been	  
developed	   and	   extensively	   evaluated	   include	   yellow	   fever	   virus	   (YFV),	   Japanese	   encephalitis	   virus	  
(JEV)	  and	  dengue	  virus	   (DV).	   IMOJEV	  ®,	  a	  recently	   licensed	  vaccine	  against	   Japanese	  Encephalitis	   in	  
human	  is	  vectored	  with	  YF-‐17D	  backbone	  (Appaiahgari	  and	  Vrati,	  2010).	  Most	  pestivirus	  vectors	  for	  
vaccination	  especially	  against	  animal	  diseases	  are	  derived	   from	  bovine	  viral	  diarrhoea	  virus	   (BVDV)	  
and	  classical	   swine	   fever	   virus	   (CSFV)	   (Reimann	  et	  al.,	   2010,	   Zemke	  et	  al.,	   2010,	   van	  Gennip	  et	  al.,	  
2000).	  	  

The	  biological	  characteristics	  of	  the	  vector	  (flavirus	  and	  pestivirus)	  and	  its	  interaction	  with	  the	  host	  or	  
other	  viruses	  that	  are	  relevant	  to	  ERA	  include	  (i)	  the	  emergence	  of	  quasi	  species,	  (ii)	  recombination	  
between	   the	   fittest	   strain	   and	   the	   variants,	   (iii)	   phenotypic	   and	   genetic	   stability	   of	   the	   chimeric	  
vaccine/transgene,	   (iv)	   reversion	   to	  wild	   type	   by	   the	   chimeric	   vaccine	   following	   adaptation	   in	   the	  
host,	   (v)	   transplacentral	   transmission	   in	   immune-‐compromised	   host,	   (vi)	   spread	   to	   immune-‐
compromised	  non-‐target	  hosts,	  (vii)	  modulation	  of	  chimeric	  virus	  vaccine	  biology	  in	  the	  presence	  of	  
persistent	  infection	  by	  non-‐	  cytopathic	  (ncp)	  BVDVs,	  etc.	  

(f)	  Herpesvirus	  vectors	  	  
The	  family	  Herpesviridae	  is	  a	  large	  group	  of	  DNA	  viruses	  that	  cause	  infections	  in	  humans	  and	  animals.	  
The	  alphaherpesviruses,	  especially	  those	  that	  belong	  to	  genera	  simplexvirus	  (Herpes	  simplex	  virus	  1,	  
HSV-‐1	   and	   Herpes	   simplex	   virus	   2,	   HSV-‐2),	   and	  mardivirus	   (Gallid	   herpesvirus	   3,	   Herpes	   virus	   of	  
Turkey,	  HVT)	  have	  been	  used	  as	   vectors	   for	   vaccination	  against	   infectious	  diseases	  of	  humans	  and	  
animals	   as	  well	   as	   in	   cancer	   immunotherapy	   (Lichty	   et	   al.,	   2014,	   Esaki	   et	   al.,	   2013,	  Gimeno	   et	   al.,	  
2011).	  	  

The	   biology	   of	   the	   alphaherpesvirus	   vector	   relevant	   to	   characterization	   of	   potential	   hazard	   during	  
ERA	  include	  (i)	  intraspecific	  recombination	  between	  vaccine	  virus	  and	  naturally	  circulating	  strains,	  (ii)	  
restoration	  of	  virulence	   following	  passage	   in	  vitro	  and	   in	  vivo,	   (iii)	   integration	  of	  viral	  DNA	   into	   the	  
host	  genome	  and	  the	  risk	  of	  insertional	  mutagenesis	  (mardiviruses	  only),	  (iv)	  establishment	  of	  latent	  
infection	   in	   cells	   and	  hosts,	   (v)	   reactivation	  of	   cells	   latently	   infected	  with	   virulent	   field	   isolates,	   (v)	  
infection	   and	   dissemination	   in	   non-‐target	   species,	   (vi)	   dissemination	   in	   target	   but	   immune-‐
compromised	  hosts,	  (vii)	  adverse	  effect	  on	  reproductive	  performance,	  (viii)transgene	  instability,	  	  and	  
(ix)	  genome/proteome	  stability.	  

Apart	   from	   the	  major	   virus	   vectors	   described	   above,	   viruses	   from	   other	   families	   like	   Togaviridae,	  
Rhabdoviridae,	  Paramyxoviriade	  are	  also	  been	  developed	  and	  evaluated	  as	  vaccine	  vectors.	  
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2.2	  	  Knowledge	  gaps	  and	  omitted	  research	  in	  risk	  assessment	  of	  GM	  vaccines	  
and	  gene	  therapies	  

	  

2.2.1	  Appropriate	  comparators	  	  
	  
We	  suggest	  that	  revertant	  viruses	  should	  be	  included	  as	  a	  second	  comparator	  in	  all	  the	  studies	  aimed	  
at	  biological	  characterization	  of	   the	  GMV	   in	  vitro	  and	   in	  vivo.	  The	  use	  of	   the	  correct	  comparator	   is	  
essential	  for	  a	  comparative	  evaluation	  of	  the	  characteristics	  of	  the	  GMV	  compared	  to	  the	  unmodified	  
virus	  from	  which	  it	  was	  derived.	  Ideally,	  there	  should	  be	  two	  comparators	  to	  the	  GMV	  namely	  (i)	  an	  
unmodified	   parental	   strain	   from	  which	   the	   GMV	  was	   directly	   derived	   and	   (ii)	   a	   revertant	   virus	   in	  
which	   all	   the	   genetic	  modification	   introduced	  have	  been	   removed.	   The	  unmodified	  parental	   strain	  
(comparator	   1)	   should	  be	   identically	   to	   the	   revertant	   virus.	  At	   present,	   ERA	  of	  GMVs	  only	  use	   the	  
unmodified	  virus	  as	  the	  comparator.	  The	  inclusion	  of	  revertant	  viruses	  as	  comparator	  2	  to	  the	  GMV	  is	  
more	  robust	  than	  comparison	  to	  comparator	  1	  alone	  as	  it	  can	  reveal	  changes	  in	  characteristics	  of	  the	  
GMV	   that	   are	  not	   attributable	   to	   the	  expressed	   transgene.	   In	   cases	   in	  which	   the	   characteristics	  of	  
comparator	  1	  differ	  significantly	  from	  the	  revertant	  virus;	  it	  might	  suggest	  that	  changes	  in	  the	  region	  
outside	   the	   loci	   of	   modification	   may	   have	   taken	   place.	   Revertant	   viruses	   are	   commonly	   used	   as	  
controls	  in	  functional	  analysis	  of	  virus	  genes	  (McKelvey	  et	  al.,	  2002).	  	  

Biological	  characterization	  of	  the	  GMV	  should	  be	  informed	  by	  this	  observation	  and	  comparator	  1	  to	  
the	   GMV	   should	   be	   the	   wild	   type	   parental	   virus	   from	   which	   the	   GMV	   was	   directly	   derived	   from.	  
Another	  area	  of	  omitted	  research	  or	  gap	  in	  knowledge	  is	  the	  inconsistent	  use	  of	  the	  comparator	  1.	  
The	  comparator	  should	  be	  used	   in	  all	   studies	   involving	   the	  GMV	  but	   it	   is	  common	  to	   find	   in	  public	  
databases	  as	  well	  as	  ERA	  dossiers	  that	  comparator	  1	  is	  only	  used	  in	  some	  of	  the	  studies.	  For	  example,	  
comparator	   I	   will	   be	   used	   in	   virus	   replication	   kinetics	   studies	   but	  will	   not	   be	   used	   in	   reversion	   to	  
virulence	  tests	  or	  in	  transmission	  to	  non-‐target	  effect	  studies.	  The	  implication	  of	  this	  is	  that	  no	  data	  is	  
provided	  to	  enable	  risk	  assessors	  to	  ascertain	  if	  any	  changes	  observed	  in	  the	  GMV	  treatment	  group	  is	  
solely	   due	   to	   the	   genetic	   modification.	   Often,	   GMV	   producers	   in	   the	   ERA	   of	   their	   product	   try	   to	  
rationalize	  this	  flaw	  by	  referring	  to	  studies	  done	  with	  viruses	  belonging	  to	  the	  same	  species	  as	  their	  
comparator	  1.	  Within	  the	  same	  species,	  there	  are	  many	  strains	  with	  significant	  differences	  in	  terms	  
of	   virulence,	   attenuation,	   virus	   shedding	   and	   spread.	   Human	   herpes	   simplex	   virus	   1	   (HSV-‐1)	   (for	  
example)	   has	   more	   than	   6410	   strains	   and	   the	   characteristics	   of	   these	   strains	   are	   not	   similar	   or	  
identical7.	   	  Thus,	  a	  GMV	  based	  on	  HSV-‐1	  strain	  H129	  should	  be	  compared	  to	  wild	  type	  HSV-‐1	  strain	  
H129	  and	  not	  to	  other	  HSV-‐1	  strains	  like	  JSI.	  	  The	  genetic	  and	  phenotypic	  diversity	  of	  strains	  within	  a	  
species	  exclude	  any	  of	  the	  strains	  from	  being	  the	  representative	  of	  the	  species	  in	  terms	  of	  biological	  
characteristics.	  	  

	  

	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
7 http://www.viprbrc.org/brc/home.spg?decorator=herpes 
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2.2.2	  GMV	  multiplication	  in	  vitro	  and	  in	  vivo	  	  
	  
The	   host	   range	   and	   distribution	   of	   wild	   type	   viruses	   that	   form	   the	   vector	   backbone	   of	   GMVs	   are	  
important	  in	  the	  ERA	  of	  GMVs.	  Such	  information	  provides	  the	  baseline	  data	  to	  which	  the	  host	  range,	  
spread	  and	  transmission	  of	  the	  GMV	  to	  both	  target	  and	  off	  target	  animals	  can	  be	  compared.	  Often,	  
these	   data	   are	   not	   provided	   in	   the	   ERA	   dossier	   of	   GMVs.	   These	   omissions	   are	   rationalized	   with	  
sweeping	  generalizations	   like	  “	  canarypox	  does	  not	  infect	  other	  birds	  except	  canaries	  and	  possibly	  
passerine	  birds”	  (Taylor	  et	  al.,	  1995),	  “MVA	  does	  not	  undergo	  productive	  infection	  in	  human	  cells”	  
(Cottingham	   and	   Carroll,	   2013),	   	   “knowledge	   of	   pestivirus	   tropism	   in	   vitro	   and	   in	   vivo	   is	   only	  
fragmentary”	  (Reimann	  et	  al.,	  2004).	  These	  catch	  phrases	  are	  meant	  to	  convey	  the	  impression	  that	  
the	  scientific	  evidence	  in	  support	  of	  the	  assertions	  is	  overwhelming	  and	  indisputable,	  thus	  there	  is	  no	  
iota	   of	   uncertainty.	   This	   implies	   that	   there	   is	   no	   need	   to	   provide	   data	   on	   these	   issues	   since	   the	  
scientific	  debate	  is	  already	  closed.	  But	  is	  the	  debate	  closed?	  Is	  there	  contradictory	  scientific	  evidence,	  
omitted	   research	  and	  gaps	   in	   knowledge?	  There	  are	  over	   10000	   species	  of	   birds	   in	   the	  ecosystem	  
and	  the	  host	  range	  of	  canarypox	  virus	  has	  only	  being	  studied	  in	  few	  bird	  species.	  	  Canarypox	  virus	  or	  
canarypox-‐like	   virus	   has	   been	   found	   to	   be	   endemic	   in	   passerine	   birds	   (Thiel	   et	   al.,	   2005).	   The	  
susceptibility	   of	  many	  wild	   bird	   species	   to	   canarypox	   virus	   infection	   is	   unknown	   and	   there	   is	   also	  
paucity	   of	   data	   on	   the	   susceptibility	   of	   several	   native	   bird	   species	   from	   different	   continents	   to	  
canarypox	  virus	   infection.	  Wild	   (especially	  migrant	  birds)	  and	  native	  bird	  species	  may	  play	  a	  role	   in	  
the	   transmission	   of	   canarypox	   virus	   (ALVAC)	   vectored	   vaccine	   from	   vaccinated	   birds	   to	   non-‐
vaccinated	  birds.	  Although	  ALVAC	  and	  ALVAC	  derived	  recombinants	  have	  been	  shown	  not	  to	  multiply	  
in	   mammalian	   cells,	   only	   very	   few	   cells	   have	   been	   investigated.	   Besides,	   some	   host	   restricted	  
avipoxviruses	  have	  been	  shown	  to	  multiply	  efficiently	   in	  mammalian	  cell	   lines	  (Sainova	  et	  al.,	  2005,	  
Weli	  et	  al.,	  2005).	  Taken	  together,	   the	  host	   range	  and	  cell	   tropism	  of	  Canarypox	  virus	   in	  most	  bird	  
species	  is	  unknown.	  

MVA	   is	   regarded	   as	   the	   vector	   of	   choice	   due	   to	   its	   extreme	   attenuation	   in	   vivo,	   inability	   to	   infect	  
human	   and	   most	   mammalian	   cells,	   as	   well	   as	   its	   un-‐impaired	   transgene	   expression	   even	   in	   non-‐
permissive	  cells.	  Although	  the	  basis	  of	   the	  host	   range	  restriction	  of	  MVA	   is	  unknown	  (Wyatt	  et	  al.,	  
1998,	  Meisinger-‐Henschel	  et	  al.,	  2010),	   it	   is	  strongly	  asserted	  that	  MVA	  cannot	  undergo	  productive	  
infection	  in	  human	  cells.	  Like	  the	  canarypox	  described	  above,	  studies	  on	  cell	  tropism	  of	  MVA	  and	  its	  
host	  range	  are	  not	  provided	  in	  the	  ERA	  dossier	  of	  MVA	  vectored	  vaccines	  because	  it	  is	  claimed	  that	  
there	   is	   overwhelming	   scientific	   evidence	   to	   show	   that	  MVA	   cannot	  multiply	   in	   human	   cells.	   EMA	  
seem	   to	   agree	   to	   this	   because	   in	   granting	   license	   to	   Imanvex	   ®	   (MVA-‐BN)	   to	   be	   used	   within	   the	  
European	  Union	  (EU),	  EMA	  Committee	  for	  Medicinal	  Products	  for	  Human	  Use	  (CHMP)	  stated	  “With	  
regard	   to	   safety,	   the	   vaccinia	   virus	   in	   Imvanex	   cannot	   replicate	   in	   human	   cells	   and	  hence	   is	   less	  
likely	  to	  cause	  side	  effects	  than	  previous	  smallpox	  vaccines.	  Imvanex	  would	  therefore	  be	  beneficial	  
for	   people	  who	   cannot	   be	   given	   vaccines	   containing	   replicating	   viruses,	   such	   as	   patients	  with	   a	  
weakened	  immune	  system”8.	  	  

However,	  it	  is	  highly	  unlikely	  that	  a	  virus	  will	  be	  non-‐productive	  in	  all	  human	  cells,	  and	  yet	  the	  basis	  
for	  such	  host	  restriction	  remains	  elusive.	  Since	  MVA	  host	  restriction	  in	  human	  and	  most	  mammalian	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 
(http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/human/medicines/002596/human_med_0
01666.jsp&mid=WC0b01ac058001d124) 
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cells	  was	  achieved	  by	  multiple	  serial	  passage	  of	  parental	  chorioallontois	  vaccinia	  virus	  Ankara	  (CVA)	  
in	  chicken	  embryo	   fibroblast	   (CEF),	  we	  hypothesized	  that	  multiple	  serial	  passage	  of	  MVA	   in	  human	  
cell	  may	   yield	   virus	   variants	   that	   can	  productively	   infect	   human	   cells.	  We	  purified	  MVA	   (ATCC	  VR-‐
1508)	   and	   used	   it	   to	   infect	   human	   caco-‐2	   cells	   at	   a	   multiplicity	   of	   infection	   of	   0.01	   and	   blindly	  
passaged	   for	   40	   times.	  We	  were	   able	   to	   isolate	  MVA	  variants	   that	   efficiently	   infect	  human	  Caco-‐2	  
cells	  (Fig	  2.1).	  Transmission	  electron	  microscopy	  also	  shows	  the	  production	  of	  mature	  virions	  (Figure	  
2.2).	  Our	  results	  demonstrate	  for	  the	  first	  time	  that	  MVA	  can	  productively	  infect	  a	  human	  cell.	  

	  

Further	  work	  will	  examine	  if	  these	  MVA	  viruses	  can	  productively	  infect	  other	  human	  cell	  lines	  (apart	  
from	   Caco-‐2),	   primary	   human	   cells,	   and	   intact	   animals.	   If	   the	   productive	   infection	   observed	   with	  
human	  cell	  line	  is	  replicated	  in	  primary	  cells	  and	  in	  intact	  animals,	  it	  will	  have	  a	  significant	  implication	  
for	   the	   environmental	   risk	   assessment	   of	   MVA	   vectored	   vaccines.	   At	   the	   very	   least,	   these	   MVA	  
variants	  capable	  of	  productive	  infection	  will	  serve	  as	  molecular	  tools	  to	  unravel	  the	  molecular	  basis	  
of	  MVA	  host	   restriction	   in	  mammalian	  cells.	   It	  will	   also	   throw	   light	  on	  whether	   these	  viruses	  were	  
already	  present	  as	  sub-‐species	   in	  ATCC	  VR-‐1508	  and	  were	  selected	  via	  serial	  passaging	  or	  that	  they	  
adapted	  to	  multiply	  efficiently	  in	  human	  cells.	  

Pestiviruses	   like	  BVDV	  have	  broad	  host	   range	  and	  can	   infect	  a	  wide	   range	  of	  even-‐toed	  ungulates.	  
They	   also	   have	   broad	   tissue	   tropism.	   Non-‐bovine	   host	   like	   rabbit	   may	   play	   a	   role	   as	   reservoir	  
especially	   since	   they	   are	   abundant	   and	   live	   near	   livestock	   pastures.	   BVDV-‐vectored	   vaccines	   have	  
been	   reported	   to	   be	   unable	   to	   infect	   rabbit	   during	   experimental	   infection	   (Konig	   et	   al.,	   2011).	  
However,	   a	   recent	   report	   has	   shown	   that	   BVDV	   was	   propagated	   in	   rabbit	   during	   experimental	  

Fig	  2.1.	  Serial	  passage	  of	  MVA	  (ATCC	  VR-‐1506)	  in	  human	  cell.	  Purified	  MVA	  virions	  were	  blindly	  passaged	  
in	  Caco-‐2	  cells	   for	  40	  times.	  At	  each	  passage,	   infected	  cells	  were	  harvested,	  freeze-‐thawed	  three	  times	  
and	   virus	   titre	   was	   determined	   as	   we	   previously	   described	   (Okeke	   et	   al.,	   2006).	   Ofor	   et	   al.	   2015	  
(Unpublished).	  
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infection	  (Bachofen	  et	  al.,	  2014).	  The	  role	  of	  rabbits	  as	  a	  reservoir	  for	  transmission	  of	  BVDV	  or	  BVDV	  
vectored-‐vaccine	   need	   to	   be	   clarified	   as	   it	   is	   relevant	   to	   assessment	   of	   non-‐target	   infections	   of	  
pestivirus	   vectored	   GMVs.	   The	   in	   vitro	   multiplication	   studies	   aimed	   at	   characterizing	   BVDV	   and	  
recombinant	  BVDVs	  are	  often	  carried	  out	  in	  MDBK-‐2	  cells	  but	  this	  cell	  line	  is	  not	  the	  most	  permissive	  
to	  BVDV	   infections.	   It	   is	  known	  that	  higher	  virus	   titres	  can	  be	  obtained	  using	  bovine	  testicular	   (BT)	  
cells	  (Dubovi,	  2013).	  Using	  a	  less	  permissive	  cell	  line	  can	  mask	  the	  differences	  in	  virus	  multiplication	  
between	  the	  comparator	  and	  the	  GMV.	  	  

	  

	  

Figure	  2.2	  Electron	  micrograph	  of	  cell	   section	  of	  Caco-‐2	  cells	   infected	  with	  MVA	  obtained	  from	  passage	  32	  
(P32).	  Confluent	  caco-‐2	  cells	  were	  infected	  with	  MVA	  obtained	  from	  passage	  32	  for	  24	  hours	  post	  infection.	  
The	  infected	  cells	  were	  fixed	  and	  processed	  for	  electron	  microscopy.	  Arrows	  indicates	  mature	  virions	  while	  
arrow	  heads	  point	  to	  immature	  viruses.	  Similar	  electron	  micrographs	  were	  obtained	  for	  viruses	  harvested	  
from	  P28	  to	  P40	  (data	  not	  shown).	  No	  mature	  virions	  were	  observed	  from	  cells	   infected	  with	  un-‐passaged	  
MVA	  (data	  not	  shown).	  Bar:	  200	  nm.	  Ofor	  et	  al.	  2015	  (Unpublished).	  

	  

In	   addition,	   the	   three	   examples	   with	   canarypox,	   MVA	   and	   pestivirus	   demonstrate	   that	   there	   is	  
uncertainty,	  omitted	  research,	  gaps	  in	  knowledge,	  and	  new	  knowledge	  concerning	  the	  host	  range	  and	  
cell	  tropism	  of	  these	  virus	  vectors.	  Thus	  GMV	  producers	  should	  provide	  data	  on	  these	  issues	  to	  enable	  
a	  more	  authentic	  evaluation	  of	  the	  ERA	  dossier.	  The	  argument	  that	  the	  debate	  is	  closed	  because	  there	  
is	   scientific	   consensus	   is	   invalid.	   In	   addition,	   regulatory	   agencies	   like	   the	   EMA	   should	   re-‐assess	  
application	  status	  of	  approved	  GMVs	  in	  the	  light	  of	  new	  information.	  
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2.2.3	  Genetic	  and	  phenotypic	  stability	  
	  
Relevant	  EU	  directives	  on	  recombinant	  live	  virus	  vaccines	  require	  that	  the	  GMV	  vaccine	  is	  genetically	  
and	  phenotypical	  stable	  at	  a	  passage	  level	  that	  yield	  virus	  titres	  equivalent	  to	  what	  is	  present	  in	  the	  
production	   batch.	   This	   includes	   stability	   of	   the	   transgene	   following	   multiple	   serial	   passages,	   the	  
stability	  of	  the	  entire	  genome,	  and	  the	  clonal	  purity	  of	  the	  vaccine	  taking	  into	  account	  the	  emergence	  
of	   variants	   and	   quasi	   species.	  Often	   the	   stability	   of	   the	  GMV	   from	  master	   seed	   virus	   (MSV)	   +1	   to	  
MSV+5	   is	   deemed	   acceptable.	  Usually,	   data	   on	   the	   stability	   of	   the	   transgene	   cassette	   is	   provided.	  
However	  such	  data	  only	  takes	  into	  account	  one	  cell	  type/line	  or	  host.	  However,	   information	  on	  the	  
stability	   of	   the	   transgene	   in	   different	   cells	   and	   hosts	   is	  missing.	   A	   transgene	   that	   is	   stable	   in	   one	  
infection	  model	  can	  become	  unstable	  in	  another	  infection	  model	  (Okeke	  et	  al.,	  2009).	  The	  number	  of	  
studies	  on	  viral	  and	  host	  factors	  that	  modulate	  transgene	  stability	  is	  miniscule.	  The	  effect	  of	  insertion	  
sites,	   promoters,	   expression	   levels	   of	   the	   transgene,	   sequence	   and	   structure	   of	   the	  
transgene/flanking	   regions	   are	   poorly	   understood	   except	   for	   poxvirus	   vectors	   where	   some	  
mechanisms	  have	  been	  elucidated	  (Wyatt	  et	  al.,	  2009).	  	  

In	  view	  of	  this	  obvious	  gap	  in	  knowledge,	   it	   is	  not	  uncommon	  that	  some	  GMVs	  have	  the	  transgene	  
expression	   cassette	   inserted	   into	   regions	   of	   the	   vector	   that	   are	   non-‐essential	   for	   replication.	   The	  
implication	  is	  that	  instability	  or	  truncation	  of	  such	  non-‐essential	  regions	  will	  result	  in	  mutant	  viruses	  
that	   are	   viable,	   as	   opposed	   to	   transgene	   insertion	   between	   essential	   genes.	   In	   the	   later	   scenario,	  
truncation	  of	  the	  flanking	  sequences	  will	  lead	  to	  non-‐viable	  mutant	  viruses.	  Since	  the	  transgene	  is	  the	  
only	   logical	   tag	   for	   monitoring	   non-‐target	   effects/spread	   of	   the	   GMV	   as	   well	   as	   Differentiating	  
Infected	  from	  Vaccinated	  Animals	  (DIVA),	  it	  is	  essential	  that	  causes	  of	  transgene	  stability	  are	  studied	  
so	  that	  pre-‐emptive	  actions	  can	  be	  taken	   in	   the	  vector	  design	   (prior	   to	  ERA)	   to	  eliminate	  transgene	  
instability.	  	  

At	  present,	  data	  on	  the	  genome	  stability	  of	  the	  GMV	  across	  MSV+1	  to	  MSV+5	  in	  both	  in	  vitro	  and	  in	  
vivo	  infection	  models	  are	  not	  provided	  for	  ERA	  because	  relevant	  EU	  directive	  (Directive	  2001/I8/EC)	  
has	  not	  made	  the	  provision	  of	  such	  data	  obligatory.	  Thus,	  mutations	  outside	  the	  region	  of	  transgene	  
insertion	   as	   well	   as	   the	   emergence	   of	   variants	   or	   quasi	   species	   go	   unreported.	   The	   role	   of	   quasi	  
species	   and	   virus	   sub-‐populations	   on	   the	   attenuation,	   infectivity,	   virulence,	   persistence	   and	   host	  
range	  of	  GMVs	  has	  not	  been	  reported,	  nor	  the	  host	  and	  virus	  factors	  that	  modulates	  the	  selection	  of	  
the	  dominant	  haplotype.	  The	  lack	  of	  proof-‐reading	  function	  of	  the	  RNA	  dependent	  RNA	  polymerase	  
suggest	  that	  quasi	  species	  will	  be	  more	  common	  in	  GMVs	  whose	  backbone	  is	  from	  an	  RNA	  virus,	  for	  
example	  pestivirus	   (Becher	  and	  Tautz,	  2011).	  However,	   its	  presence	   in	  GMVs	  whose	  backbone	   is	  a	  
DNA	   virus	   cannot	   be	   excluded.	   Indeed	   both	   the	  MVA	   vector	   and	   the	   smallpox	   vaccine	  Dryvax	   has	  
been	  shown	  to	  be	  polyclonal	  (Suter	  et	  al.,	  2009,	  Qin	  et	  al.,	  2011).	  The	  availability	  of	  high	  through-‐put	  
next	   generation	   sequencing	   technologies	   (Grada	   and	   Weinbrecht,	   2013,	   Kircher	   and	   Kelso,	   2010)	  
capable	  of	  genome-‐wide	  mapping	  of	  GMV	  sub-‐populations	  and	  clones	  at	  relatively	   low	  costs	   leaves	  
no	  reason	   for	  not	   investigating	  the	  genome	  stability	  of	  GMVs.	  Genome-‐wide	  data	  can	  shed	   light	   to	  
issues	   relevant	   to	   risk	   characterization	   of	   GMVs	   like	   vector	   persistence,	   residual	   virulence,	   altered	  
tropism	   and	   host	   range	   and	   allow	   for	   a	   more	   robust	   biological	   characterization	   of	   GMVs.	   We	  
recommend	   that	   regulatory	   agencies	   like	   EMA	   should	   revise	   the	   relevant	   directives	   so	   that	   the	  
stability	  of	  GMVs	  is	  extended	  to	  the	  entire	  genome	  and	  not	  just	  to	  the	  locus	  of	  transgene	  insertion.	  
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Stable	   expression	   of	   the	   transgene	   at	   MSV+1	   to	   MSV+5	   in	   relevant	   in	   vitro	   and	   in	   vivo	   infection	  
models	  is	  regarded	  as	  satisfactory	  for	  the	  ERA	  of	  GMVs.	  Phenotypic	  stability	  of	  the	  transgene	  should	  
be	  considered	  both	   in	  terms	  of	  transgene	  expression	  (qualitative)	  as	  well	  as	  the	  amount	  of	  protein	  
(qualitative)	   that	   was	   produced.	   The	   data	   on	   the	   latter	   (quantitative	   expression)	   is	   often	   not	  
provided.	   However	   the	   quantity	   of	   expressed	   protein	   is	   relevant	   to	   ERA	   since	   over	   or	   under	  
expression	   can	   influence	   toxicity	   of	   the	   product,	   transgene	   stability,	   interaction	   of	   the	   expressed	  
protein	  with	  endogenous	  proteins,	  etc.	  The	  detection	  of	  phenotypic	  instability	  is	  only	  as	  good	  as	  the	  
detection	  test	  that	  is	  used.	  Assays	  used	  to	  detect	  if	  the	  transgene	  is	  stably	  expressed	  across	  MSV+1	  
to	  MSV+5	  rely	  on	  the	  transgene	  expression	  by	  whole	  virus	  population	  and	  not	  on	  individual	  clones.	  
The	   implication	   of	   this	   is	   that	   contamination	   of	   GMV	   stock	   by	   unmodified	   parental	   virus	   or	   virus	  
clones	   that	   have	   lost	   the	   ability	   to	   express	   the	   transgene	   may	   go	   undetected.	   To	   exclude	   this	  
possibility,	  assays	  used	  to	  examine	  stable	  expression	  of	  the	  transgene	  should	  be	  able	  to	  detect	  in	  the	  
same	  petri-‐dish	  GMV	  clones	  expressing	  the	  transgene	  and	  virus	  clones	  in	  which	  the	  transgene	  is	  not	  
expressed.	  

	  

2.2.4	  Recombination	  	  

The	  potential	  for	  recombination	  between	  GMV	  vaccine	  strains,	  and	  between	  vaccine	  strains	  and	  field	  
isolates	   is	   significant	   in	   terms	   of	   ERA	   since	   recombination	   has	   the	   potential	   of	   producing	   hybrid	  
viruses	  with	  altered	  host	   range,	   tissue	  tropism,	  virulence	  and	  transmission.	   It	  can	  also	  result	   in	   the	  
rescue	  of	   an	   attenuated	  GMV	  vaccine	   by	   a	  wild	   type	   virus	   and	   subsequent	   reversion	   to	   virulence.	  
Homologous	   recombination	   is	   a	   common	   occurrence	   among	  many	   virus	   families	   from	  which	   virus	  
vectors	  are	  derived,	  and	  their	  evolution	  is	   in	  part	  driven	  by	  recombination	  (Kameyama	  et	  al.,	  2006,	  
Weber	  et	  al.,	  2015,	  Gubser	  et	  al.,	  2004).	  Although	  relevant	  directives	  from	  regulatory	  agencies	  advise	  
that	   the	   potential	   for	   recombination	  of	   the	  GMV	   vaccines	  with	   field	   isolates	   be	   explored,	   no	   such	  
data	   is	   provided	   because	   the	   risk	   for	   recombination	   is	   considered	   low	   or	   negligible	   for	   the	   virus	  
vectors	   currently	   in	   use.	   	   Thus,	   instead	   of	   demonstrating	   experimentally	   that	   recombination	   is	  
unlikely,	   effort	   is	   spent	   on	   marshalling	   out	   possible	   reasons	   to	   show	   that	   the	   theoretical	   risk	   of	  
recombination	  between	  GMV	  vaccines	  and	  naturally	  occurring	  relatives	  or	  between	  two	  GM	  vaccines	  
is	  low	  or	  negligible.	  But	  is	  there	  a	  scientific	  justification	  for	  considering	  the	  risk	  of	  recombination	  low	  
or	  negligible?	  

The	  potential	  for	  recombination	  between	  GMV	  vaccines	  derived	  from	  avian	  alphaherpesviruses	  like	  
HVT	  and	  naturally	  occurring	  isolates	  has	  not	  been	  investigated	  because	  the	  risk	  is	  considered	  low	  or	  
negligible.	   Proponents	   of	   this	   view	   argue	   that	   recombination	   between	  HVT-‐vectored	   vaccines	   and	  
field	  or	  vaccine	  strains	  of	  avian	  alphaherpesviruses	  have	  not	  been	  reported	  in	  spite	  of	  the	  fact	  that	  (i)	  
in	   Europe	   and	   America,	   HVT	   (serotype	   3)	   is	   used	   as	   a	   polyvalent	   vaccine	   containing	   serotypes	   1	  
(Rispens)	  and	  2	   (SBI)	  strains,	  and	  (ii)	  vaccination	  with	  HVT	  has	  been	   in	  use	   for	  more	  than	  35	  years.	  
Furthermore,	   it	   is	   stated	   that	   super-‐infection	   exclusion	   will	   significantly	   limit	   co-‐infection	   and	  
subsequent	  recombination.	  However,	  there	  is	  no	  evidence	  from	  scientific	  literature	  to	  show	  that	  post	  
release	  monitoring	  of	  recombination	  has	  been	  conducted	  in	  those	  regions	  in	  which	  HVT	  vaccine	  have	  
been	  in	  use.	  If	  a	  potential	  risk	  factor	  is	  not	  investigated,	  there	  is	  likely	  to	  be	  no	  report	  about	  it	  except	  
if	   the	   recombinant	   is	   very	   virulent	   and	   possess	   a	   fitness	   advantage.	   The	   absence	   of	   report	   on	  
recombination	  is	  not	  evidence	  for	  its	  absence.	  
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Recombination	  is	  a	  significant	  hazard	  that	  can	  occur	  with	  the	  use	  of	  alphaherpesviruses	  (herpesvirus	  
in	   general)	   as	   vaccines	   or	   vaccine	   vectors	   and	   need	   to	   be	   experimentally	   excluded	   in	   studies	  
conducted	   for	   marketing	   application	   authorization	   of	   GMVs	   based	   on	   HVT	   or	   other	   avian	  
alphaherpesviruses.	   Intraspecific	   recombination	   between	   alphaherpesviruses	   has	   been	   shown	   to	  
occur	   frequently	   in	   vivo	   (Thiry	   et	   al.,	   2005).	   Recombination	   between	   two	   Mareks	   Disease	   Virus	  
serotype	   1	   (MDV-‐1)	   (gallid	   herpes	   virus	   2)	   have	   been	   demonstrated	   in	   chicken	   (Jarosinski,	   2012).	  
Attenuated	   infectious	   laryngotracheitis	  virus	   (ILTV)	  vaccines	  have	  recombined	  to	  form	  virulent	   field	  
isolates	   (Lee	  et	   al.,	   2012).	   There	   is	   some	  suggestion	   that	   vaccination	  against	  MD	  with	  homologous	  
alphaherpesviruses	  like	  attenuated	  MDV-‐1	  (serotype	  1),	  non-‐oncogenic	  MDV-‐2	  (serotype	  2)	  and	  HVT	  
(serotype	   3)	   have	   driven	   field	   MDV-‐1	   strains	   to	   increased	   virulence,	   probably	   as	   a	   result	   of	  
intraspecific	   homologous	   recombination	   between	   vaccine	   strain	   and	   field	   isolates	   (Baigent	   et	   al.,	  
2006).	  	  

Taken	   in	   tandem,	   the	   above	   reports	   show	   that	   recombination	   between	   vaccine	   and	   field	   isolates	  
among	  avian	  alphaherpesviruses	  is	  not	  uncommon,	  thus	  there	  seems	  to	  be	  no	  scientific	  reasons	  why	  
data	  on	   recombination	   is	  not	  provided	   in	  ERA	  dossier	   submitted	   for	  MAA.	   In	  evaluating	   the	   risk	  of	  
recombination,	  emphasis	  should	  not	  only	  be	  placed	  on	  the	  likelihood	  or	  frequency	  of	  occurrence	  but	  
also	   on	   the	   impact	   or	   consequences	   of	   such	   occurrence.	   The	   likelihood	   of	   recombination	   and	   the	  
emergence	  of	  a	  virulent	  strain	  may	  be	  rare	  but	  such	  a	  rare	  event	  can	  bring	  a	  fitness	  advantage	  that	  
allows	   the	   recombinant	   virulent	   strain	   to	   outcompete	   the	   parental	   strains.	   This	   has	   been	  
demonstrated	   in	  a	  devastating	  way	  with	   the	  emergence	  of	   two	  highly	  virulent	   field	   isolates	  of	   ILTV	  
following	  a	  rare	  recombination	  event	  between	  ILTV	  vaccine	  strains	  (Lee	  et	  al.,	  2012).	  

Except	  for	  some	  in	  vitro	  experiments	  (Hansen	  et	  al.,	  2004),	  not	  much	  is	  known	  about	  the	  potential	  of	  
MVA-‐vectored	   vaccines	   to	   recombine	   with	   naturally	   occurring	   Orthopoxviruses	   (OPVs)	   during	   co-‐
infection	   and	   superinfection.	   The	   potential	   of	   recombination	   between	  MVA-‐vectored	   vaccines	   and	  
naturally	  occurring	  OPVs	  is	  considered	  negligible	  at	  the	  moment.	  Presently,	  the	  ERA	  of	  MVA-‐vectored	  
vaccines	   does	   not	   evaluate	   the	   potential	   for	   recombination	   (Goossens	   et	   al.,	   2013).	   The	   non-‐
multiplication	  of	  MVA	  in	  human	  and	  most	  mammalian	  cells	  (Wyatt	  et	  al.,	  1998,	  Okeke	  et	  al.,	  2006),	  	  
as	  well	  as	  superinfection	  exclusion	  (Lin	  and	  Evans,	  2010)	  are	  adduced	  as	  reasons	  why	  recombination	  
between	   MVA-‐vectored	   vaccines	   and	   naturally	   occurring	   OPVs	   is	   highly	   unlikely.	   However	  
recombination	   does	   not	   require	   productive	   virus	   infection,	   only	   the	   presence	   of	   homologous	  DNA	  
templates.	   Since	   MVA	   DNA	   synthesis	   is	   not	   impaired,	   even	   in	   semi	   or	   non-‐permissive	   cells,	   then	  
recombination	   with	   a	   naturally	   occurring	   OPV	   during	   co-‐infection	   and	   superinfection	   cannot	   be	  
excluded.	  	  

To	   examine	   the	  potential	   of	   recombination	   in	   cells	   in	  which	  MVA	  poorly	  multiplies,	   as	  well	   as	   the	  
stringency	   of	   superinfection	   exclusion,	   we	   (i)	   co-‐infected	   Vero	   cells	   with	   MVA-‐vectored	   influenza	  
vaccine	   and	   a	   naturally	   isolated	   feline	   cowpox	   virus	   CPXV,	   (ii)	   infected	   Vero	   with	   MVA	   vectored	  
influenza	   vaccine	   or	   CPXV	   and	   then	   superinfected	   with	   CPXV	   or	   MVA.	   We	   were	   able	   to	   isolate	  
recombinant	  viruses	  from	  both	  co-‐infected	  and	  super-‐infected	  cells.	  “Our	  results	  show	  that	  (i)	  MVA	  
vectored	   vaccine	   can	   undergo	   recombination	   with	   naturally	   isolated	   CPXV	   in	   cells	   in	   which	   MVA	  
multiplies	  poorly,	  (ii)	  superinfection	  exclusion	  is	  insufficient	  in	  preventing	  co-‐infection	  and	  subsequent	  
recombination	   between	  MVA-‐vector	   vaccines	   and	   naturally	   occurring	  OPVs,	   and	   (iii)	   hybrid	   viruses	  
with	   presumably	   complex	   genomes	   are	   produced	   as	   a	   result	   of	   recombination	   between	   poxvirus-‐
vector	  vaccines	  and	  wild-‐type	  OPVs”	  (Oludotun,	  2014).	  	  These	  results	  are	  relevant	  to	  the	  ERA	  of	  MVA	  
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vectored	   vaccine.	   If	   these	   results	   are	   reproduced	   in	   intact	   animal	   models,	   then	   the	   potential	   for	  
recombination	  should	  no	  longer	  be	  considered	  negligible	  and	  must	  be	  evaluated	  experimentally.	  	  

The	  examples	   shown	  with	  poxvirus	  and	  avian	  alphaherpesvirus	  vectors	   can	  also	  be	   found	   in	  GMVs	  
derived	   from	   other	   virus	   families.	   They	   demonstrate	   that	   contrary	   to	   the	   arbitrary	   assignment	   of	  
negligible	  risk	  to	  the	  potential	   for	  recombination	  between	  GMV	  vaccines	  and	  field	   isolates,	  there	   is	  
enough	  scientific	  evidence	  to	  suggest	  that	  the	  risk	  of	  recombination	  is	  not	  negligible	  or	  low.	  In	  order	  
to	   fill	   gaps	   in	   knowledge	   concerning	   recombination	   between	   GMV	   vaccines	   and	   field	   isolates	   or	  
naturally	   occurring	   virus	   relatives,	   we	   recommend	   as	   follows:	   	   (i)	   mapping	   of	   naturally	   occurring	  
viruses	   or	   field	   isolates	   in	   areas	   in	   which	   the	   GMV	   will	   be	   released	   in	   future	   (ii)	   co-‐infection	   and	  
superinfection	   experiments	   in	   relevant	   cells	   as	   well	   as	   in	   immunocompetent	   and	   immune-‐
compromised	  intact	  hosts,	  and	  (iii)	  post	  release	  genome-‐wide	  mapping	  of	  circulating	  virus	  strains	   in	  
regions	  in	  which	  the	  GMVs	  have	  previously	  been	  released.	  

	  

2.2.5	  Biodistribution,	  shedding	  and	  persistence	  of	  vaccine	  strain	  virus/vector	  
	  
Vaccine	   strain	   virus/vector	   could	   spread	   at	   the	   site	   of	   administration;	   disperse	   from	   the	   site	   of	  
administration	   to	   other	   cells,	   tissues	   and	   organs	   within	   the	   patient’s	   body	   (biodistribution);	   or	  
disseminate	   into	   the	   environment	   via	   urine,	   faeces,	   sweat,	   saliva,	   nasopharyngeal	   fluids,	   blood,	  
breast	   milk,	   skin	   lesions,	   and	   semen	   of	   treated	   patient	   (shedding).	   Following	   shedding,	   and	  
depending	   on	   its	   biological	   properties	   and	   the	   nature	   of	   the	   environment,	   the	   virus/vector	   can	  
survive	  for	  some	  time	  outside	  the	  host	  (persistence).	  The	  evaluation	  of	  exposure	  pathways	  through	  
which	   virus/vectors	   and/or	   their	   inserted	   gene	   products	   may	   interact	   with	   humans	   (other	   than	  
patients	   receiving	   treatment	   with	   the	   virus/vector)	   or	   the	   environment	   is	   critical	   in	   ERA.	   In	   this	  
section,	   the	  relevance	  of	  biodistribution,	  shedding	  and	  persistence	   in	  the	  ERA	  of	  GM	  vaccine	  strain	  
viruses/vectors	  is	  briefly	  discussed.	  Areas	  in	  which	  ERA-‐relevant	  knowledge	  is	  lacking	  are	  highlighted	  
together	  with	  common	  omissions	  usually	  encountered	  in	  the	  risk	  assessment	  of	  application	  dossiers.	  	  

2.2.5.1	  Biodistribution	  
Any	   kind	   of	   administration	   other	   than	   through	   the	   alimentary	   canal	   can	   potentially	   result	   in	   a	  
dispersion	  of	   the	  virus/vector/recombinant	  product	   through	  the	  entire	  body	  with	  a	  possible	   risk	  of	  
germline	  transmission	  (and	  the	  attendant	  risk	  of	  transmission	  to	  offspring).	  Some	  viruses	  used	  in	  GM	  
vaccine/vector	   engineering,	   e.g.	   MVA,	   are	   known	   to	   reach	   target	   tissues	   other	   than	   the	   site	   of	  
administration	  (Ramirez	  et	  al.,	  2000).	  MVA	  is	  replication	  incompetent	  and	  is	  rapidly	  cleared	  from	  the	  
tissues	   (Stittelaar	   et	   al.,	   2001),	   but	   the	   same	   cannot	   be	   said	   for	   replication	   (albeit	   conditional)	  
competent	  viruses/vectors	  derived,	  for	  example,	  from	  Herpes	  simplex	  virus,	  Adenovirus,	  Lentivirus	  or	  
Retrovirus.	  	  

In	  both	  replication	  competent	  virus/vectors	  (RCVV)	  and	  replication	  defective	  virus/vectors	  (RDVV),	  it	  
is	   important	   to	   ascertain	   whether	   the	   genetic	   modification	   has	   altered	   cellular/tissue	   tropism	  
compared	  to	  the	  wild-‐type	  virus	  as	  this	  will	  affect	  biodistribution.	  Altered	  cellular/tissue	  tropism	  will	  
result	  in	  infection	  of	  cells	  which	  naturally	  are	  not	  permissible	  to	  infection	  by	  the	  original	  parent	  virus.	  
Data	   in	   the	   published	   literature	   on	   biodistribution	   of	   vaccine	   strain	   viruses/vectors	   in	   humans	   and	  
animals	  are	  lacking.	  Thus,	  the	  practice,	  as	  observed	  in	  application	  dossiers,	  where	  only	  few	  targeted	  
body	  fluids	  are	  examined	  to	  evaluate	  biodistribution	  is	  inadequate.	  It	  is	  recommended	  that	  a	  mapping	  
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of	  the	  dissemination	  of	  the	  recombinant	  vector	  in	  different	  body	  fluids	  of	  the	  treated	  patients	  during	  
early	   phases	   of	   clinical	   studies	   and	   post	   marketing	   monitoring	   is	   conducted	   for	   each	   virus/vector	  
construction.	   In	   addition,	   basic	   science	   studies	   should	   be	   designed	   to	   ascertain	   whether,	   and	   the	  
degree	  to	  which,	  a	  GM	  modification	  has	  altered	  cellular	  and	  tissue	  receptors	  and	  other	  determinants	  
of	   tropism	   in	   cells	   and	   tissues.	   This	   should	   be	   done	   on	   a	   case-‐by-‐case	   basis	   using	   the	   biological	  
properties	  of	   the	  wild-‐type	  strain	  as	  a	  guide,	  and	   in	  consideration	  of	   the	  target	  population,	  such	  as	  
their	  immune	  status.	  	  

Biodistribution	  may	  also	  influence	  the	  period/routes	  of	  shedding	  from	  the	  subject,	  and	  the	  likelihood	  
of	   transmission	   to	   third	   parties	   (including	   vertical	   transmission	   and	   transmission	   to	   animals/cross	  
species	  transfer)	  of	  the	  virus/vector	  and	  its	  recombinants.	  Further,	  biodistribution	  of	  the	  virus/vector	  
in	  immune	  competent	  individuals	  is	  expected	  to	  be	  different	  from	  that	  of	  the	  immune-‐compromised.	  
Therefore,	   mapping	   the	   biodistribution	   in	   immune-‐compromised	   individual	   in	   each	   case	   of	  
virus/vector	  will	  provide	  a	  broader	  worst-‐case	  scenario	  picture.	  

2.2.5.2	  Shedding	  
Different	   from	  dispersion	  of	  virus/vector	   to	  other	  parts	  of	   the	  body	   from	  the	  administered	  sites	  of	  
treated	  patient,	   is	   the	  spread,	  externally,	  of	   the	  virus/vector	  via	  body	   fluids	  of	   the	  patients.	  This	   is	  
one	  of	   the	  scenarios	  whereby	  personnel,	  non-‐patients	  and/or	   the	  environment	  may	  be	  exposed	  to	  
the	   virus/vector.	   Factors	   that	   are	   usually	   considered	   when	   evaluating	   shedding	   of	   virus/vectors	  
include	  biological	  properties	  of	  the	  virus/vector,	  animals	  host,	  immunocompetence	  of	  the	  host,	  dose	  
and	   route	   of	   administration,	   sampling	   frequency	   and	   duration	   of	   sampling,	   sample	   collection,	  
methods	   for	   sample	   analysis	   and	  data	   interpretation	  within	   the	   context	   of	   clinical	   and	  non-‐clinical	  
(i.e.	  animal	  models)	  settings.	  	  
	  
Information	  on	  the	  known	  biological	  properties	  of	   the	  wild-‐type	  strain	   from	  which	  the	  virus/vector	  
under	  consideration	  was	  derived	  is	  used	  to	  guide	  design	  of	  shedding	  evaluations.	  For	  example,	  some	  
viruses	  are	  spread	  through	  aerosols,	  and	  if	  the	  virus/vector	  product	  is	  shed	  through	  saliva	  or	  found	  in	  
nasopharyngeal	   swabs,	   this	   could	   pose	   a	   higher	   likelihood	   for	   transmission	   as	   compared	   to	   a	  
different	  route	  of	  shedding	  such	  as	  through	  urine.	  

Replication	   competence	   is	   an	   important	   property	   because	   RCVVs	   might	   persist	   in	   the	   patient	   for	  
extended	  periods	  and	  can	  increase	  in	  amount	  leading	  to	  higher	  shedding	  of	  infectious	  particles	  with	  
the	  attendant	  greater	  likelihood	  of	  transmission.	  For	  such	  RCVVs	  it	  is	  important	  to	  analyze	  molecular	  
variants,	  which	   can	   also	   impact	   virus/vector	   shedding.	   Based	   on	   the	   available	   data	   on	   the	   current	  
generation	   of	   clinical	   RCVVs,	   the	   basic	   assumptions	   in	   their	   risk	   assessments	   are	   that	   there	   is	   a	  
likelihood	  of	  the	  spread	  of	  the	  viral	  vector	  from	  the	  treated	  patient	   into	  the	  environment	  (van	  den	  
Akker	   et	   al.,	   2013).	   As	   is	   the	   case	   in	   biodistribution,	   immune	   status	   of	   the	   recipient	   can	   affect	  
shedding;	   this	  hazard	  becomes	  higher	  when	  an	  RCVV	   is	   the	  case	  under	  evaluation.	  For	  example,	   in	  
the	  case	  of	  Dryvax,	  which	   is	  a	  RCVV	  vaccine	  strain	  derived	  from	  vaccinia,	   it	  will	  be	  useful	   to	  derive	  
information	   from	   use	   of	   vaccinia	   in	   vaccination	   of	   smallpox	   in	   the	   80s.	   In	   the	   course	   of	   the	  
vaccination,	   vaccinia	   related	   side	   effects	   were	   reported.	   However,	   vaccinia-‐related	   side	   effects	   in	  
third	  parties	  are	  rare,	  but	  can	  result	  in	  serious	  consequences	  if	  they	  occur.	  Contact	  with	  vaccinia	  may	  
result	  in	  serious	  complications	  in	  third	  parties	  that	  include	  progressive	  vaccinia,	  eczema	  vaccinatum	  
or	  accidental	  infection	  of	  the	  eye	  (Neff	  et	  al.,	  2008).	  
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Interpretation	  of	  shedding	  information	  derived	  from	  animal	  models	  (non-‐clinical)	  data	  may	  be	  useful	  
in	   guiding	   design	   of	   clinical	   studies	   such	   as	   sample	   types,	   sampling	   frequency,	   and	   duration.	  
However,	  they	  should	  not	  be	  substitutes	  for	  clinical	  studies.	  Even	  when	  shedding	  is	  absent	  during	  the	  
non-‐clinical	  studies,	   it	   should	  not	  preclude	  assessing	  virus/vector	  shedding	  during	  clinical	  and	  post-‐
market	  monitoring.	  A	  general	  setback	  often	  experienced	  by	  evaluators	  of	  risk	  assessment	  dossiers	  is	  
that	   information	  on	  shedding	  studies	  in	  clinical	  trials	   is	  rarely	  reported	  in	  the	  published	  literature	  or	  
often	  have	  been	  limited	  to	  the	  first	  two	  weeks	  (Schenk-‐Braat	  et	  al.,	  2007).	  	  

There	  is	  also	  an	  ongoing	  omission	  in	  the	  ERA	  of	  gene	  therapy	  medicinal	  products	  in	  lieu	  of	  shedding.	  
For	   GTMP	  where	   the	   virus/vector	   is	   stably	   integrated	   into	   the	   host	   genome,	   it	   is	   often	   considered	  
unlikely	   that	   the	   vector/drug	   product	   (DP)	   will	   be	   shed	   into	   the	   environment.	   However,	   there	   are	  
scenarios	   in	  which	   shedding	  can	  occur.	   For	  example,	   in	   the	   case	  of	   the	  use	  of	   retroviral	   vectors	   for	  
stable	   corrections	   of	   genetic	   defects	   (Barquinero	   et	   al.,	   2004),	   production	   of	   the	   DP	   is	   by	   ex	   vivo	  
transduction	  of	  donor	  T-‐cells	  with	  the	  genetically	  modified	  retroviral	  vector	  supernatant.	   It	   is	  highly	  
likely	  that	  some	  free	  viral	  particles	  are	  present	  in	  the	  DP	  at	  the	  end	  of	  the	  formulation	  process.	  Thus,	  
free	   GM	   retroviral	   vector	   can	   potentially	   be	   co-‐administered,	   leading	   to	   horizontal	   spread	   and	  
integration	  of	   viral	  particles	   in	  non-‐target	   tissues,	  and	   increasing	   shedding	   in	  body	   fluids.	   It	   cannot	  
also	   be	   ruled	   out	   that	   replication	   competent	   retroviral	   (RCR)	   particles	   can	   be	   generated	   when	  
integrating	  into	  the	  host	  non-‐target	  cell.	  Generation	  of	  RCR	  can	  also	  occur	  due	  to	  complementation	  
between	   pro-‐viral	   and	   host	   sequences.	   Productive	   transmission	   of	   the	   virus	   to	   human	   non-‐target	  
population	  may	  occur	  systemically,	  through	  mucosae	  contact,	  or	  exposure	  of	  broken	  skin	  to	  infectious	  
aerosol.	  This	  will	  be	  more	  likely	  if	  the	  GTMP	  expresses	  epitopes	  that	  have	  receptors	  on	  a	  broad	  range	  
of	  cells.	  

2.2.5.3	  Persistence	  of	  virus/vector	  in	  the	  environment	  
Survivability	  (and	  duration	  thereof)	  of	  infectious	  particles	  outside	  the	  host	  after	  they	  have	  been	  shed	  
is	  an	   important	  aspect	  of	  ERA.	   It	  gives	  an	   indication	  of	   the	   risk	  of	   transmission	   to	  susceptible	  non-‐
target	   hosts	   in	   the	   environment	   –persistence	   of	   the	   viral	   vector	   could	   increase	   the	   likelihood	   of	  
exposure.	   Some	   viruses	   are	   relatively	   stable	   and	   persist	   in	   the	   environment,	   whereas	   others	   are	  
highly	   unstable.	   Persistence	   of	   the	   most	   commonly	   used	   viral	   vectors	   in	   GM	   vaccines	   and	   gene	  
therapy	  has	  been	  discussed	   in	   (Baldo	  et	   al.,	   2013).	   Evaluation	  of	  modified	   virus/vector	  persistence	  
should	  be	  done	  on	  case-‐by-‐case	  basis	  taking	  into	  consideration	  that	  the	  specific	  genetic	  modification	  
may	   have	   caused	   a	   difference	   in	   survivability	   between	   the	   GM	   virus/vector	   and	   the	   wild	   type.	  
Inserted	   sequences	   can	   influence	   the	   genome	   stability	   of	   the	   viral	   vector.	   This	   can	   result	   in	   an	  
improperly	   packaged,	   enlarged	   and	   unstable	   genome	   which	   is	   prone	   to	   rearrangement.	   This	   can	  
influence	   the	  persistence	  of	   the	  GM	  virus/vector	   such	   that	   its	   survivability	  outside	   the	  host	  differs	  
from	   the	   wild-‐type	   parent.	   Additionally,	   the	   duration	   of	   the	   insert	   genetic	   material	   in	   the	  
environment	  before	  it	  is	  degraded	  should	  also	  be	  determined	  because	  such	  genetic	  materials	  could	  be	  
available	  for	  transfer	  to	  related	  species	  in	  the	  wild.	  	  

There	  are	  numerous	  factors	  that	  can	  affect	  persistence	  of	  viral	  particles	  and	  DNA	  in	  an	  environment	  
(reviewed	   in	   England,	   (1998)).	   Persistence	   of	   viral	   particles	   may	   be	   affected	   by	   the	   presence	   or	  
absence	  of	  proteolytic	  microorganisms,	  pH,	  temperature	  (freezing/thawing	  cycles),	  lipid	  and	  protein	  
materials	  serving	  as	  protective	  shields	  to	  the	  particles.	  Persistence	  of	  nucleic	  acids	  may	  be	  affected	  
by	  presence	  or	  absence	  of	  DNases,	  pH	  and	  DNA	  polymer	   length.	  While	   the	  persistence	   in	  different	  
materials	   outside	   the	   host	   of	   wild-‐type	   viruses	   currently	   used	   as	   vectors	   in	   vaccines	   and	   GTMP	   is	  
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available,	  there	  is	  paucity	  of	  information	  on	  persistence	  of	  GM	  viruses/vectors.	  This	  often	  results	  that	  
applicants	  assume	  that	  persistence	  of	   the	  GM	  viruses/vectors	   is	   the	  same	  or	  similar	   to	  those	  of	   the	  
wild-‐type	   strains,	   ignoring	   the	   fact	   that	   genetic	   manipulations	   may	   have	   affected	   some	   biological	  
properties	  of	   the	  GM	  virus/vector	   that	   could	   result	   in	  differences	   in	  persistence	  outside	   the	  host.	  A	  
ready	  example	  is	  as	  stated	  above	  where	  sequence	  insertion	  can	  influence	  genome	  stability	  and	  may	  
lead	  to	  unexpected	  changes	  in	  the	  biological	  properties	  of	  the	  virus/vector.	  

2.2.5.4	  Analytical	  assays	  for	  detection	  of	  virus/vector	  
Suitable	   and	   robust	   analytic	   methods	   are	   important	   in	   the	   evaluation	   of	   shedding	   and	  
biodistribution.	  Assays	  should	  be	  sensitive,	  specific	  and	  reproducible.	  The	  current	  methods	  used	  for	  
shedding	  evaluation	  are	  based	  on	  polymerase	  chain	  reaction	  (PCR)	  and	  cell-‐based	  infectivity	  assays.	  
While	  the	  PCR-‐based	  methods	  are	  sensitive,	  reproducible	  and	  rapid,	  they	  are	  unable	  to	  differentiate	  
between	   intact	  virus/vector	  and	  non-‐infectious	  or	  degraded	  virus/vector.	  The	   infectivity	  assays	  can	  
detect	   infectious	   particles	   in	   shed	   samples,	   but	   they	   are	   inherently	   less	   sensitive.	   Thus,	   a	  
combination	  of	  the	  two	  is	  often	  recommended	  depending	  on	  the	  case	  under	  evaluation.	  	  
	  
A	   major	   hurdle	   in	   evaluating	   shed	   data	   is	   that	   available	   published	   literature	   does	   not	   provide	  
information	   on	   the	   sensitivity	   of	   assay	   used,	   especially	   where	   non-‐quantitative	   assay	   approach	   is	  
employed.	   This	   becomes	  more	   difficult	  when	  application	   dossiers	   lack	   full	   description	   of	   tests	   (cell-‐
based	   infectivity	  assay,	  end	  point	  PCR,	   (q)RT-‐PCR)	  and	  validation	  assays	  used.	  Further,	   sensitivity	   is	  
expressed	  in	  various	  ways	  affecting	  conclusions	  on	  level	  of	  shed	  particles	  (Schenk-‐Braat	  et	  al.,	  2007).	  
Another	  general	  omission	  in	  the	  use	  of	  PCR-‐based	  assay	  is	  non-‐use	  of	  robust	  primer	  sets.	  Applicants	  
generally	   design	   primers	   that	   are	   limited	   to	   the	   detection	   of	   only	   GM	   products	   but	   not	   potential	  
recombinants	  and	  variants	  resulting	  from	  other	  types	  of	  mutations.	  Sometimes	  the	  detection	  assay	  is	  
unable	   to	   discriminate	   between	   the	   GM	   virus/vector	   and	   wild-‐type.	   In	   such	   instances	   it	   becomes	  
difficult	  to	  evaluate	  productive	  infection	  in	  target	  tissues,	  and	  spread	  in	  non-‐target	  tissues.	  Also,	  the	  
shedding	  data	  becomes	  difficult	   to	   interpret	  because	   the	  culprit	   in	  a	  positive	  sample	   is	  unknown	   -‐it	  
can	  either	  be	  the	  GM	  virus/vector	  or	   the	  wild-‐type	  virus	  or	  both.	  Samples	  that	  are	  positive	   for	  DNA	  
should	   further	   be	   tested	   for	   infectivity.	   In	   some	   application	   dossiers,	   applicants	   limit	   their	  
biodistribution	   and	   shedding	   evaluation	   to	   detection	   of	   nucleic	   acids.	   This	   does	   not	   provide	   useful	  
information	   in	   respect	   of	   ERA;	   shed	   infectious	   particles	   are	   what	   are	   relevant	   because	   they	   can	  
further	  be	  transmitted	  to	  susceptible	  hosts	  in	  the	  environment.	  

	  

2.2.6	  Transmission	  of	  shed	  virus/vector/gene	  therapy	  medicinal	  product	  (GTMP)	  
	  

When	  shedding	  of	   infectious	  particles	  of	  virus/vector	   is	  observed,	   the	  potential	   for	   transmission	  to	  
non-‐target	   host	   is	   usually	   investigated.	   In	   addition,	   transfer	   of	   inserts	   (in	   the	   case	   of	   transgenic	  
modification	  using	  foreign	  genes)	  to	  wild-‐type	  strains	  circulating	  in	  the	  environment	  is	  evaluated.	  As	  
stated	   in	   earlier	   sections,	   the	   environment	   in	   this	   case	   includes	   persons	   other	   than	   the	   individual	  
receiving	  treatment.	  Therefore,	  wild-‐type	  virus	  strains	  resident	  in	  the	  individual	  should	  be	  considered	  
important	  in	  ERA.	  
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2.2.6.1	  Transmission	  of	  GM	  vaccine	  strain	  virus/vector	  and	  Gene	  therapy	  virus-‐derived	  vector	  (GTV)	  
In	   transmission	   to	  non-‐target	  hosts,	   i.e.	   to	   a	   third	  party,	   persons	   considered	  at	   risk	   are	   those	   that	  
come	  in	  close	  contact	  with	  the	  virus/vector	  recipient.	  These	  are	  usually	  family	  members,	  health	  care	  
personnel,	   pets	   and	   domesticated	   animals.	   In	   the	   case	   of	   clinical	   trial	   recipients,	   a	  wider	   scope	   of	  
potential	  close	  contacts	  can	  be	  envisaged.	  This	  is	  because	  clinical	  trial	  recipients	  may	  not	  be	  sick	  and	  
thus	  not	  stay	  long	  in	  the	  hospital.	  In	  addition,	  they	  may	  not	  be	  restricted	  as	  much	  as	  sick	  patients	  and	  
may	  mingle	  with	  a	  larger	  part	  of	  the	  society.	  In	  this	  case	  co-‐workers	  and	  friends	  constitute	  potential	  
close	   contacts.	   Applicants	   rarely	   consider	   this	   sub-‐population	   as	   those	   also	   potentially	   at	   risk.	   The	  
immunological	  status	  of	  the	  third	  party	  should	  be	  considered.	  A	  good	  proportion	  of	  the	  population	  
might	   already	   have	   pre-‐existing	   immunity	   to	   the	   virus/vector;	   in	   this	   case	   clearance	   should	   be	  
effective	  in	  those	  individuals.	  However,	  where	  the	  close	  contacts	  have	  compromised	  immunity,	  e.g.	  
the	   elderly,	   very	   young,	   sick,	   and	   medicating	   individuals,	   clearance	   may	   be	   inefficient.	   Thus,	   the	  
consequences	  of	  infection	  might	  be	  more	  significant	  in	  these	  individuals.	  	  

A	  significant	  knowledge	  gap	  in	  the	  ERA	  of	  GM	  vaccines	  and	  GTMP	  is	  the	  lack	  of	  baseline	  information	  
on	  naturally	  occurring	  viruses.	   These	   include	  viruses	  naturally	  occurring	   in	   the	  non-‐target	  host	  and	  
the	   environment	   external	   to	   the	   host.	   These	   viruses	   serve	   as	   reservoirs	   for	   gene	   pooling	   through	  
recombination,	  which	   can	   affect	   the	   efficacy	   of	   the	   vaccine	   or	   DP.	   Through	   recombination	   and/or	  
complementation,	  a	  hitherto	  attenuated	  virus/vector	  can	  revert	  to	  a	  wild-‐type	  virulent	  strain	  or	  to	  a	  
recombinant	  with	  phenotype	  different	   from	  the	  vector/vaccine	  strain	  or	  the	  wild-‐type.	  GM	  vaccine	  
strain/vector	  can,	   through	  recombination	  and/or	  complementation,	  provide	  genes/factors	   required	  
for	   reactivation	   of	   inactive/dormant	   strains.	   This	   can	   lead	   to	   a	   situation	   of	   activation	   of	   latent	  
infection	  or	  aggravation	  of	  an	  existing	  infection.	  

Interactions	  (exchange	  of	  genetic	  materials,	  helper	  functions	  of	  gene	  products/factors)	  between	  GM	  
viruses/vectors	  and	  resident	  natural	  viruses	  could	  also	  lead	  to	  generation	  of	  species	  that	  are	  unstable	  
and	   constantly	  mutate	   (quasi	   species)	   leading	   to,	   e.g.,	   species	  with	   altered	   epitopes	   and	   thus	   less	  
infectivity.	  This	   is	  often	  seen	  as	  an	  attenuation	  and	  hence	  less	  virulent	  –this	   is	  true	  only	  ex-‐vivo.	   In-‐
vivo	  however,	  altered	  epitope	  can	  lead	  to	  weak	  binding	  to	  receptors	  on	  the	  immune	  cells,	  resulting	  in	  
less	   efficient	   immune	   clearance	   and	   establishment	   of	   chronic,	   latent	   or	   persistent	   infections.	  
Additionally,	  this	  could	  lead	  to	  a	  situation	  where	  non-‐neutralizing	  antibodies	  facilitate	  an	  infection	  of	  
other	   cells	   (antibody-‐dependent	   enhancement	   of	   infection	   is	   discussed	   in	   later	   section).	   The	   quasi	  
species	   may	   develop	   the	   ability	   to	   integrate	   genetic	   materials	   into	   the	   host	   chromosome,	   or	   pass	  
transgenic	   materials	   to	   circulating	   resident	   strains	   that	   have	   the	   ability	   to	   integrate	   into	   host	  
genome.	  This	   increases	  the	  possibility	  of	   transmission	  of	  GM	  vaccine/vector	   into	  the	  germ	  cells	  and	  
hence	  transmission	  to	  offspring	  (vertical	  transmission).	  Added	  to	  this	  is	  the	  fact	  that	  virus/vector	  can	  	  
be	  transmitted	  to	  other	  people	  by	  organ	  or	  blood	  donation,	  due	  to	  virus/vector	  persistence	  as	  a	  result	  
of	   poor	   clearance	   from	   the	   system,	  with	   adverse	   consequences	   for	   the	   recipient	   depending	   on	   the	  
characteristics	  of	  the	  vector	  and	  its	  transgene.	  The	  probability	  of	  occurrence	  increases	  in	  the	  case	  of	  
clinical	  trials,	  especially	  when	  a	  clinical	  trial	  includes	  healthy	  volunteers	  in	  clinical	  trial	  situations.	  	  

2.2.6.2	  Transmission	  of	  gene	  therapy	  virus-‐derived	  vectors	  (GTVs)	  
As	  in	  the	  GTMP	  product	  (Barquinero	  et	  al.,	  2004),	  stated	  in	  Section	  2.5.2,	  horizontal	  transmission	  of	  
the	  GTVs	   from	  patient	   to	  non-‐target	   individuals	  may	  occur	   through	  accidental	  contact,	  especially	   if	  
this	  involves	  the	  mucosae,	  known	  to	  be	  the	  primary	  and	  privileged	  tissue	  to	  be	  infected.	  In	  this	  light,	  
patient	   administration	   is	   the	   most	   critical	   phase	   and	   hospital	   personnel	   involved	   are	   the	   most	  
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exposed	  subjects.	   In	  a	   retroviral-‐derived	  GTV	   for	  example,	   the	   transgenic	  product	  or	  viral	   vector	   is	  
integrated	   as	   a	   provirus	   in	   the	   genome	   of	   the	   human	   host	   cells;	   release	   into	   the	   environment	   of	  
retroviral	  particles	  via	  patient	  urine	  or	  feces	  requires	  either	  the	  generation	  of	  new	  retroviral	  particles	  
by	  recombination	  or	  complementation.	  

	  Mobilization	   of	   retroviral	   particles	   and	   associated	   unintended	   transfer	   to	   non-‐target	   tissues	   of	  
individuals	   may	   occur	   in	   the	   case	   of	   generation	   of	   replication	   competent	   retroviruses	   (RCRs)	   or	  
through	  shedding	  of	  residual	  retroviral	  vector	  particles	  associated	  with	  the	  drug	  product	  at	  the	  end	  of	  
manufacturing.	   Genetic	   transfer	   from	   the	   integrated	   provirus	   may	   also	   occur	   through	   sequence	  
complementarity	   between	   the	   GTV	   integrated	   sequence	   and	   human	   endogenous	   retroviruses	  
(HERVs).	  Genetic	  material	  may	  also	  be	  exchanged	  because	  of	  interaction	  of	  viral	  sequences	  present	  in	  
the	  construct	  e.g.	  retroviral	  sequences	  and	  promoter	  sequences,	  with	  other	  wild-‐type	  viruses	  present	  
in	  the	  T-‐cells	  and	  the	  patient,	  which	  may	  go	  undetected	  in	  shed	  samples	  and	  can	  easily	  be	  transmitted	  
to	  individuals	  other	  than	  the	  treated	  patient.	  

	  
2.2.7	  Immune	  Response	  
	  

In	   Section	   2,	   the	   importance	   of	   the	   immune	   status	   of	   at-‐risk	   non-‐target	   hosts	   was	   discussed	   in	  
relation	  to	  biodistribution,	  shedding	  and	  transmission	  of	  virus/vectors.	  In	  this	  section,	  other	  aspects	  
of	   the	   non-‐target	   host’s	   immunity	   relevant	   to	   ERA	   and	   in	   which	   there	   are	   ongoing	  
omissions/knowledge	   gaps	   are	   discussed.	   The	   ERA	   is	   not	   concerned	  with	   the	   immune	   response	  of	  
target/treated	   patient	   or	   healthy	   volunteer	   (as	   in	   the	   case	   of	   clinical	   trial),	   but	   with	   the	   immune	  
response	  of	  the	  non-‐target	  individuals	  in	  the	  vicinity	  of	  the	  patient.	  

Non-‐target	  individuals	  exposed	  to	  a	  viral	  vector	   in	  which	  immune	  evasion	  genes	  have	  been	  deleted	  
or	  modified	  might	  result	  in	  more	  effective	  clearance	  of	  the	  viral	  vector	  during	  infection;	  however,	  it	  
can	  also	  lead	  to	  an	  increased	  acute	  response.	  Examples	  of	  this	  phenomenon,	   in	  animal	  models,	  are	  
available	   with	   the	   E3-‐deleted	   adenovirus	   (Sparer	   et	   al.,	   1996)	   or	   the	   interleukin	   (Il)	   18-‐deleted	  
poxviruses	   (Born	  et	  al.,	  2000).	  On	  the	  other	  hand,	  pathogenesis	   in	   the	  host	  may	  be	  affected	   in	   the	  
case	   of	   a	   transgenic	   vector	   encoding	   novel	   immune	  modulatory	   functions,	   e.g.	   where	   GM	   viruses	  
expressing	  Il-‐4	  were	  more	  pathogenic	  in	  an	  animal	  experiment	  than	  the	  wild-‐type	  virus.	  In	  this	  case,	  
the	  modification	  was	   found	   to	   inhibit	   appropriate	   immune	   response	   for	   the	   effective	   clearance	   of	  
viral	  infection	  (Sparer	  et	  al.,	  1996,	  Born	  et	  al.,	  2000).	  	  The	  potential	  effects	  of	  increased	  proliferation,	  
in	   the	   case	   of	   an	   RCVV,	   of	   an	   immune	   evading	   vector	   in	   a	   non-‐target	   individual	   who	  may	   be	   (or	  
become	  in	  the	  future)	  immune	  compromised	  is	  of	  importance	  in	  ERA.	  

Further,	   the	   immune	   system	  of	   a	   good	  proportion	  of	   the	  population	   is	   primed	  against	   the	   current	  
major	  vectors	  used	   in	  GM	  vaccines	  and	  gene	  therapy	   (for	  a	  review	  of	   the	  major	  gene	  therapy	  viral	  
vectors	  see	  (Thomas	  et	  al.,	  2003)).	  For	  example,	  antibodies	  against	  adenovirus	  and	  vaccinia	  virus	  are	  
prevalent	   in	   the	   population.	   For	   the	   patient,	   this	   can	   result	   in	   reduced	   effectiveness	   of	   the	   GM	  
vaccine/GTMP;	  the	  ERA	  is	  however	  concerned	  with	  the	  fate/effect	  in	  non-‐target	  host	  whose	  immune	  
system	   may	   have	   been	   primed	   against	   the	   vector.	   In	   such	   an	   individual,	   aggravated	   immune	  
response,	   such	   as	   acute	   inflammation,	   can	   occur.	   Therefore,	   as	   part	   of	   determining	   the	   immune	  
status	   of	   target	   hosts/at-‐risk	   non-‐target	   individuals,	   mapping	   of	   prevailing	   immunity	   in	   the	  
population	  which	  might	  react	  against	  the	  GM	  virus/vector	  should	  be	  considered.	  	  
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Similarly,	  and	  as	  pointed	  out	  in	  Section	  2.6.1,	  antibody-‐dependent	  enhancement	  (ADE)	  of	  infection	  is	  
an	   important	   immune	   response	   to	  be	   considered	   in	  non-‐target	  hosts	   in	   lieu	  of	  GM	  vaccines/GTMP.	  
Altered	   antigenic	   epitopes	   as	   a	   result	   of	   genetic	   modification	   can	   lead	   to	   generation	   of	   non-‐
neutralizing	  antibody	  against	  GM	  virus/vector	  in	  people	  to	  which	  the	  virus/vector	  may	  inadvertently	  
be	   transmitted.	   In	   ADE	   immunopathology,	   the	   antibody	   is	   not	   only	   unable	   to	   neutralize	   the	  
virus/vector	  which	   is	   bound	   at	   its	   antigen	   binding	   site,	   it	   helps	   to	   spread	   the	   virus/vector	   to	   cells	  
which	  normally	  do	  not	  express	  receptors	  for	  the	  virus/vector	  but	  express	  receptors	  for	  the	  antibody	  
(Fc	  receptors	  expressed	  on	  cell	  plasma	  membranes).	  Although	  this	  phenomenon	  is	  rare	  in	  vivo	  except	  
for	  dengue	  virus,	  it	  cannot	  be	  ruled	  out	  completely	  in	  GM	  vaccines/GTMP	  given	  that	  modification	  can	  
alter	  antigenic	  epitopes.	  

Immune	   modulation,	   comprising	   of	   immunostimulation	   (e.g.	   in	   the	   use	   of	   adjuvants)	   or	  
immunosuppression	  are	  two	  manipulations	  of	  the	  immune	  system	  often	  applied	  in	  GM	  therapeutic	  
vaccines	  to	  either	  suppress	  the	  acquired	  immune	  response	  or	  reduce	  the	  immunogenicity	  of	  vectors.	  
Both	  strategies	  are	  two	  sides	  of	  the	  same	  coin,	  though	  immunosuppression	  may	  gain	  the	  upper	  hand	  
after	  multiple	   vaccinations	   and	   thus	   lead	   to	   a	   detrimental	   outcome.	   Studies	   have	   shown	   that	   the	  
utility	  of	  immunostimulants	  can	  lead	  to	  unexpected	  results	  (Faries	  et	  al.,	  2009,	  Slingluff	  et	  al.,	  2009).	  
For	   example,	   multiple	   vaccinations	   have	   been	   shown	   to	   induce	   as	   much	   immunosuppression	   by	  
regulatory	  T-‐cells	  as	  immunostimulation	  (LaCelle	  et	  al.,	  2009).	  In	  the	  case	  of	  immune-‐adjuvants,	  the	  
use	   of	   granulocyte	   macrophage	   colony-‐stimulating	   factor	   (GM-‐CSF)	   as	   an	   immune-‐adjuvant	   in	   an	  
allogeneic	   cell-‐based	   vaccine	   led	   to	   over	   stimulation	   of	   patients’	   immune	   systems	   (Faries	   et	   al.,	  
2009).	  Genetic	  changes	  in	  the	  immune	  modulatory	  properties	  of	  a	  virus	  may	  influence	  environmental	  
risks	  -‐	  for	  example	  by	  directly	  influencing	  viral	  replication,	  pathogenesis,	  persistence	  and	  shedding	  as	  
discussed	   in	   Section	   2.5.	   Therefore,	   immune	   monitoring	   endpoints	   in	   the	   assessment	   of	   GM	  
therapeutic	  and	  cancer	  vaccines	  must	  be	  clarified	  to	  reflect	  the	  true	  nature	  of	  the	  immune	  response	  of	  
the	  host	  and	  potential	  non-‐target	  hosts.	  This	  is	  a	  major	  challenge	  because	  in	  vivo	  effects	  are	  hard	  to	  
predict	  (Aerts,	  2010),	  and	  surrogate	  endpoints	  used	  in	  preclinical	  analyses	  often	  do	  not	  reflect	  true	  in	  
vivo	  immune	  response	  in	  clinical	  and	  post	  clinical	  evaluations.	  

	  

2.2.8	  Unintended	  effects	  of	  GM	  modification/transgene	  on	  virus/vector	  and/or	  host	  
	  
The	   first	   step	   in	   ERA	   is	   hazard	   characterization	   of	   the	   GM	   vaccine	   or	   vector.	   This	   implies	  
characterization	  of	   the	  effects	   (hazards)	  of	   the	  transgene	  product,	  hazards	  due	  to	   the	  virus/vector,	  
hazards	  due	  to	  changes	  (both	  quantitative	  and	  qualitative)	  in	  the	  virus/vector	  that	  are	  induced	  by	  the	  
genetic	  modifications,	   and	   the	  overall	   effect	   (both	  of	   the	   insert	   and	  vector)	  on	   individuals	  and	   the	  
ecosystem	   in	   the	   vicinity	   of	   the	   target	   recipient.	  To	  date,	   the	   approach	   to	   hazard	   characterization	  
related	   to	   transgene	   in	   transgenic	  GM	  vaccines	  and	   vectors	  has	  been	   reductionist	   in	   that	  potential	  
hazards	  are	  narrowed	  only	   to	   the	   inserted	  gene	  sequences	  and	  transgene	  product.	  For	  a	   review	  on	  
potential	  hazardous	  substances	  used	  as	  transgenes	  in	  viral	  vector-‐based	  gene	  therapy	  see	  (Bergmans	  
et	   al.,	   2008).	   The	   changes	   that	   the	   inserts	   can	   induce	   in	   virus/vectors,	   which	   can	   themselves	   be	  
hazardous,	   are	   often	   ignored.	   	   While	   the	   expressed	   gene	   product	   may	   have	   intrinsic	   hazardous	  
properties,	   (e.g.	  toxic	  or	  allergenic	  properties),	   its	  actual	  hazard	   in	  gene	  therapy	  trials	  depends	  very	  
much	  on	  the	  genetic	  and	  physiological	  context	  of	  the	  parental	  virus	   in	  which	   it	   is	   introduced	  and	  of	  
the	  conditions	  of	  use.	  
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If	  therapeutic	  transgenes	  are	  present	  in	  the	  vector,	  the	  effects	  of	  these	  insertions	  on	  the	  host	  should	  
be	   evaluated	   in	   the	   context	   of	   the	   viral	   vector.	   First	   of	   all,	   the	   level	   of	   transgene	   expression	   and	  
therefore	   the	   magnitude	   of	   the	   effect	   will	   depend	   on	   the	   endogenous	   viral	   or	   ectopic	   promoter	  
preceding	   the	   transgenic	   insert	   in	   the	   vector.	   Second,	   in	   the	   case	   of	   effects	   of	   vector	   on	   immune	  
modulation,	  an	  attempt	  should	  be	  made	  to	  describe	  the	  overall	  effects	  of	  the	  entire	  vector	  (not	  just	  
the	  transgene)	  on	  the	  immune	  system	  taking	  into	  account	  both	  the	  effects	  of	  the	  transgene	  and	  the	  
viral	   genes	   involved	   in	   immune	   modulation.	   	   The	   hazards	   associated	   with	   the	   transgene	   will	   be	  
different	   in	  the	  context	  of	  non-‐replicating	  virus	  vectors	  versus	  replication	  competent	  vectors.	  For	  a	  
review	  on	  effect	  of	  inserted	  sequences	  in	  the	  context	  of	  replication	  competent	  viral	  vectors	  see	  (van	  
den	  Akker	  et	  al.,	  2013).	  

Risk	   assessors	   must	   thus	   rely	   only	   on	   previously	   known	   characteristics	   of	   transgene	   materials	   to	  
characterize	   the	   potential	   hazards	   of	   the	   inserts.	   However,	   and	   as	   stated	   above,	   in	   order	   to	   fully	  
characterize	   these	   hazards,	   the	   effect	   of	   the	   transgenes	  must	   be	   evaluated	  within	   its	   new	   genetic	  
and	  physiological	  context	   in	  the	  vector	  or	  virus.	  A	  way	  to	  achieve	  this	   is	  to	  determine	  the	  effect	  on	  
the	  physiology	  of	   the	  host	  virus	  as	  well	  as	  host	  response	  to	  the	  transgenic	  viral	  vector	  using	  global	  
approaches	   such	  as	  proteomics	  and	  metabolomics.	  This	  approach	  has	   the	  advantage	  of	   identifying	  
unintended	   hazardous	   effects	   of	   the	   transgene.	   This	   approach	   has	   been	   used	   to	   successfully	  
characterize	  complex	  events,	   for	  example,	  cancer	  and	  related	  research	   (Shajahan-‐Haq	  et	  al.,	  2015),	  
(Uhlen	   et	   al.,	   2015),	   (Zamanian-‐Azodi	   et	   al.,	   2015).	  Unfortunately,	   such	   global	   information	   on	   viral	  
transgenic	  effect	  related	  to	  the	  use	  of	  virus/vector	  in	  gene	  therapy	  and	  GM	  vaccines	  is	  lacking	  in	  the	  
published	   literature.	   The	   result	   is	   a	   less	   than	   comprehensive	   characterization	   of	   transgenic	   virus	  
vector	  during	  ERA	  of	  GM	  vaccines	  and	  gene	   therapy	   in	  which	   viruses	  and	   virus-‐derived	   vectors	   are	  
used.	  

	  

2.3	  Conclusion	  

	  
In	  this	  chapter,	  we	  have	  highlighted	  knowledge	  gaps,	  omitted	  research	  and	  areas	  of	  uncertainty	  with	  
respect	  to	  the	  ERA	  of	  GMVs.	  We	  have	  also	  made	  some	  recommendations.	  The	  ERA	  of	  GMVs	  is	  only	  as	  
good	  as	  the	  regulatory	  framework	  governing	  it.	  Scientifically	  valid	  questions	  will	  not	  be	  addressed	  in	  
so	  far	  as	  the	  provisions	  in	  the	  regulation	  do	  not	  explicitly	  demand	  it.	  	  One	  way	  to	  influence	  regulation	  
is	  to	  provide	  scientific	  data	  on	  some	  of	  the	  risk	  issues	  discussed	  in	  this	  chapter.	  	  

	  

2.4	  Directions	  for	  further	  studies	  
	  

• Changes	  that	  the	  inserts	  induce	  in	  virus/vectors	  during	  genetic	  modifications	  	  
• Changes	  in	  host(s)	  response(s)	  to	  genetic	  modifications	  in	  viruses	  	  
• Mapping	  of	  the	  dissemination	  of	  the	  recombinant	  vector	  in	  different	  body	  fluids	  of	  the	  

treated	  patients	  during	  early	  phases	  of	  clinical	  studies	  and	  post	  marketing	  monitoring	  for	  
each	  virus/vector	  constructs.	  	  
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• Basic	  science	  studies	  to	  ascertain	  whether,	  and	  the	  degree	  to	  which,	  a	  GM	  modification	  has	  
altered	  cellular	  and	  tissue	  receptors	  (and	  other	  determinants	  of	  tropism	  in	  cells	  and	  tissues)	  
to	  GM	  viruses	  and	  constructs.	  

• Mapping	  the	  biodistribution	  in	  immune-‐compromised	  individual	  in	  each	  case	  of	  virus/vector.	  	  	  
• 	  	  	  Duration	  in	  the	  environment	  of	  common	  and	  frequently	  used	  insert	  genetic	  materials.	  	   	  
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3.	  GM	  microorganisms	  
3.1	  Introduction	  
	  
Directive	  2009/41/EC	  of	  the	  European	  Parliament	  defines	  genetically	  modified	  microorganisms	  as:	  a	  
micro-‐organism	  in	  which	  the	  genetic	  material	  has	  been	  altered	  in	  a	  way	  that	  does	  not	  occur	  naturally	  
by	  mating	  and/or	  natural	  recombination	  by	  means	  of	  the	  following	  techniques:	  	  

- 	  Recombinant	   nucleic	   acid	   techniques	   involving	   the	   formation	   of	   new	   combinations	   of	  
genetic	  material	  by	  the	  insertion	  of	  nucleic	  acid	  molecules	  produced	  by	  whatever	  means	  
outside	  an	  organism,	   into	  any	   virus,	   bacterial	   plasmid	  or	  other	   vector	   system	  and	   their	  
incorporation	  into	  a	  host	  organism	  in	  which	  they	  do	  not	  naturally	  occur	  but	  in	  which	  they	  
are	  capable	  of	  continued	  propagation.	  	  

- Techniques	   involving	   the	  direct	   introduction	   into	  a	  microorganism	  of	   heritable	  material	  
prepared	   outside	   the	   microorganism,	   including	   micro-‐injection,	   macro-‐injection	   and	  
micro-‐encapsulation.	  	  

- Cell	  fusion	  or	  hybridisation	  techniques	  where	  live	  cells	  with	  new	  combinations	  of	  heritable	  
genetic	  material	  are	  formed	  through	  the	  fusion	  of	  two	  or	  more	  cells	  by	  means	  of	  methods	  
that	  do	  not	  occur	  naturally	  (THE	  COUNCIL	  OF	  THE	  EUROPEAN	  UNION	  2009).	  

	  
For	   the	   purposes	   of	   this	   section	   of	   the	   report,	   the	   focus	  will	   be	   on	   genetically	  modified	   bacteria,	  
archaea,	   fungi	   (filamentous	   fungi	   and	   yeasts),	   microalgae	   (hereafter	   algae),	   as	   well	   as	   synthetic	  
biology	  products,	  which	  are	  considered	  as	  GMMs	  by	  the	  European	  Commission	  (see	  box	  below).	  
	  
The	  microorganisms	  being	  considered	  under	  this	  section	  of	  the	  report	  have	  been	  grouped	  together	  
under	   the	   umbrella	   of	   “GMMs”;	   however,	   small	   size	   is	   one	   of	   the	   few	   common	   factors	   of	   these	  
extremely	   diverse	   organisms.	   While	   general	   concerns	   regarding	   knowledge	   gaps	   relating	   to	   the	  
effects	   of	   GMMs	   on	   the	   environment	   will	   be	   discussed,	   there	   may	   be	   additional	   concerns	   for	  
individual	  transgenic	  microbes.	  
	  

3.1.1	  Uses	  of	  GM	  microbes	  

Genetically	  modified	  (also	  known	  as	  recombinant)	  microorganisms	  have	  been	  utilised	  as	  production	  
systems	   for	   proteins,	   vaccines	   and	   enzymes	   for	   a	   number	   of	   years.	   Selection	   criteria	   for	  microbial	  
expression	  systems	  are	  based	  on	  the	  size	  of	  the	  protein	  to	  be	  produced,	  as	  well	  as	  requirement	  for	  
glycolysation	   and	   post-‐translational	   modifications.	   Bacterial	   (especially	   E.coli)	   systems	   tend	   to	   be	  
used	   for	  proteins	  smaller	   than	  30	  kD	  which	  do	  not	   require	  additional	  modification,	  while	  yeasts	  or	  
other	   eukaryotic	   systems	   are	   selected	   for	   larger,	  more	   complex	   proteins	   (Demain,	   Vaishnav	   2009,	  
Çelik,	   Çalık	   2012).	   Recently,	   algal	   expression	   systems	   have	   also	   been	   developed	   for	   such	  
pharmaceutical	  applications	  (Gressel,	  van	  der	  Vlugt,	  Cécile	  JB	  &	  Bergmans	  2013).	  	  
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The	   success	   of	   contained	   use	   of	   GMMs	   in	   pharmaceutical	   production	   has	   not	   extended	   to	  
environmental	   and	   agricultural	   applications	   to	   the	   same	   degree.	   While	   GM	   bacteria	   have	   been	  
developed	   as	   inoculants	   (Amarger	   2002)	   and	   pest	   control	   agents	   (Knudsen	   2012)	   for	   use	   in	  
agriculture,	   as	   well	   as	   bioremediation	   agents	   (Singh	   et	   al.	   2011),	   their	   use	   has	   not	   become	   a	  
widespread	   practice.	   	   It	   has	   been	   suggested	   that	   failure	   on	   the	   part	   of	   scientists	   to	   familiarise	  
themselves	  with	  risk	  assessment	  policies,	  and	  adapt	  their	  work	  accordingly,	  is	  at	  least	  partly	  to	  blame	  
for	  the	  lack	  of	  commercial	  success	  of	  potentially	  beneficial	  GMMs	  (Ezezika,	  Singer	  2010).	  

	  
The	  need	  for	  renewable,	  sustainable	  energy	  sources	  has	  generated	  a	  great	  deal	  of	  interest	  in	  biofuels	  
–	  fuels	  produced	  from	  biomass	  which	  has	  not	  been	  fossilised.	  	  Initially,	  the	  focus	  was	  on	  crop	  plants	  
such	   as	   maize,	   sugar	   cane	   and	   rapeseed	   (Brennan,	   Owende	   2013).	   However,	   interest	   is	   shifting	  
towards	   microalgae	   as	   a	   source	   of	   biofuel	   production	   (both	   carbon	   and	   hydrogen-‐based)	   for	   a	  
number	   of	   reasons.	   Most	   importantly,	   algal	   generation	   times	   are	   much	   shorter,	   and	   the	   rate	   of	  
biomass	  accumulation	  much	  higher	  with	  very	   little	   input,	  compared	  to	  plants.	  This	   is	  mainly	  due	  to	  
their	  higher	  photosynthetic	   efficiency	  and	   the	   fact	   that	   all	   cells	   are	   autotrophic	   -‐	   no	   resources	   are	  
“wasted”	   maintaining	   non-‐photosynthetic	   structures	   such	   as	   roots	   (Henley,	   Litaker	   et	   al.	   2013).	  	  
Production	  of	  compounds	  important	  for	  biofuel	  production	  is	  high	  among	  algae	  –	  some	  species’	  lipid	  
production	  may	  reach	  75%	  of	  their	  dry	  weight,	  and	  triglycerol	  production	  is	  also	  higher	  in	  algae	  than	  
in	  plants	  (Brennan,	  Owende	  2013).	  	  	  
	  
Despite	  their	  efficiency	  compared	  to	  traditional	  cropping	  systems,	  many	  feel	  that	  there	  is	  scope	  for	  
improvement	  in	  algal	  biomass	  production	  which	  can	  be	  achieved	  through	  genetic	  modification	  (Beer,	  
Boyd	   et	   al.	   2009,	   Henley,	   Litaker	   et	   al.	   2013,	   Gressel,	   van	   der	   Vlugt,	   Cécile	   et	   al.	   2013)	   and	   even	  

Box	  3.1:	  Synthetic	  Biology	  

Synthetic	   biology	   has	   recently	   attracted	   a	   lot	   of	   attention	   due	   a	   number	   of	   developments,	   and	   for	   its	  
burgeoning	  potential	  which	  has	  seen	  a	  large	  amount	  of	  growth	  over	  the	  last	  few	  years.	  	  A	  unified	  definition	  
of	  what	  is	  encompassed	  by	  the	  term	  “synthetic	  biology”	  has	  yet	  to	  be	  reached	  (Schmidt	  2015),	  but	  a	  few	  key	  
ideas	   and	   goals	   can	   be	   discerned	   (Boyle,	   Silver	   2012,	  Wang,	  Wei	   et	   al.	   2013,	   Baldwin,	   Bayer	   et	   al.	   2012,	  
Kogge,	  Richter	  2013,	  Schmidt	  2009):	  

- An	  engineering	  approach	  to	  biology,	  in	  terms	  of	  rational	  design	  and	  production	  using	  standard	  parts	  
(currently	  synthetically	  designed	  DNA)	  

- Creation	   of	   biologically-‐based	   systems	   and	   devices,	  with	   properties	   which	   do	   not	   exist	   in	   nature,	  
which	  are	  programmed	  to	  carry	  out	  specific	  functions	  

- Make	  such	  systems	  more	  systematic,	  predictable	  and	  efficient	  by	  reducing	  complexity	  and/or	  using	  
orthogonal	  approaches	  to	  genetically	  and	  biochemically	  isolate	  organisms	  

A	  broader	  definition	  was	   recently	  offered	  by	   the	   committees	  who	  were	   involved	   in	  the	   formulation	  of	   the	  
European	  Commission’s	  Opinion	  on	  Synthetic	  Biology	  	  

- SynBio	   is	   the	   application	   of	   science,	   technology	   and	   engineering	   to	   facilitate	   and	   accelerate	   the	  
design,	  manufacture	  and/or	  modification	  of	  genetic	  materials	  in	  living	  organisms.	  

	  

While	  many	  synthetic	  biology	  products	  (SBPs)	  may	  be	  considered	  GMMs/GMOs,	  there	  is	  also	  a	  large	  number	  
which	   would	   not	   fall	   under	   this	   definition.	   	   Certain	   SBPs	   such	   as	   protocells	   and	   bioparts	   and	   are	   not	  
recognised	  as	  living	  organisms,	  genetically	  modified	  or	  otherwise	  (Winter	  2015)	  (also	  EC	  opinion).	  
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synthetic	  biology	  (Hlavová,	  Turóczy	  et	  al.	  2015).	  	  Genetic	  manipulation	  allows	  metabolic	  engineering,	  
offering	   control	   over	   biochemical	   pathways	   and	   potentially	   a	   more	   reproducible	   and	   predictable	  
systems,	  while	  increasing	  the	  diversity	  of	  available	  phenotypes	  (Beer,	  Boyd	  et	  al.	  2009).	  
	  
Synthetic	  biology	  (see	  box	  3.1)	  is	  a	  diverse	  field	  which	  has	  a	  number	  of	  applications,	  some	  of	  which	  
pertain	   to	   GMMs,	   while	   others	   (e.g.	   protocells	   and	   bioparts)	   do	   not.	   Some	   SynBio	   products	   are	  
GMMs	  themselves,	  for	  example:	  an	  E.	  coli	  expression	  system	  was	  engineered	  to	  produce	  artemisinic	  
acid,	   the	   precursor	   of	   the	   antimalarial	   drug	   artemisinin	   (Keasling	   2012),	   while	   reprogramming	   of	  
Penicilluim	  Chrysogenum	  allowed	   it	   to	  produce	  the	  anti-‐cholesterol	  drug	  Pravastatin	   (McLean	  et	  al.	  
2015).	   	  Other	  applications	  have	  used	  SynBio	  to	  develop	  biocontainment	  strategies	  for	  GMMs	  –	  and	  
have	   coined	   the	   term	   GRO	   (Genetically	   Recoded	   Organism)	   to	   describe	   the	   results.	   	   By	   recoding	  
microorganisms	  to	  be	  dependent	  on	  synthetic	  metabolites	  (non-‐canonical	  amino	  acids),	  their	  ability	  
to	  survive	  outside	  of	  controlled	  conditions	   is	  compromised,	  as	   is	   their	  ability	   to	  undergo	  horizontal	  
gene	  transfer	  or	  escape	  via	  mutagenesis	  (Mandell	  et	  al.	  2015,	  Rovner	  et	  al.	  2015).	  
	  	  	  	  

3.2	   Uncertainties	   regarding	   environment	   risks	   associated	   with	   genetically	  
modified	  microorganisms	  (GMMs)	  
	  
Genetically	  modified	  microorganisms	  may	  be	  put	  to	  a	  variety	  of	  uses,	  as	  noted	  in	  the	  section	  above.	  	  
This	   also	  means	   that	   a	   wide	   variety	   of	   environments	   (receiving	   environments)	   will	   be	   exposed	   to	  
GMMs,	   either	   deliberately	   or	   accidentally.	   	   GMMs	   will,	   for	   the	   most	   part,	   be	   entering	   into	  
ecosystems	   which	   already	   contain	   functional	   communities	   of	   organisms,	   such	   as	   the	   animal	  
gastrointestinal	  tract,	  rhizosphere	  of	  plants,	  aquatic	  or	  marine	  environments,	  wastewater	  treatment	  
facilities	  and	  bulk	  soil	  (see	  figure	  3.1	  below).	  In	  some	  cases,	  the	  possible	  influence	  of	  GMMs	  on	  such	  
environments	   may	   include	   impacts	   on	   human	   and	   animal	   health,	   due	   to	   disruption	   of	   the	  
microbiome,	  or	  due	  to	  the	  spread	  of	  antibiotic	  resistance	  genes.	  As	  crucial	  components	  of	  food	  webs,	  
genetic	  modifications	  or	  microorganisms	  (especially	  algae)	  may	  also	  affect	  non-‐target	  consumers	  and	  
bring	  about	  changes	  in	  food	  webs	  within	  their	  environments	  (Henley	  et	  al.	  2013).	  	  Ecosystem	  services	  
of	   receiving	   environments	  may	   also	   be	   disrupted,	   if	   the	   GMM	   causes	   an	   alteration	   in	   community	  
structure	   (Allison,	   Martiny	   2008),	   or	   produces	   toxic	   metabolites.	   Such	   effects	   may	   not	   manifest	  
immediately.	   	   Changes	   in	   environmental	   conditions	   and	   selective	   pressure	   may	   give	   GMMs,	   or	  
organisms	  which	  have	  received	  their	  transgenic	  traits	  through	  horizontal	  gene	  transfer,	  an	  advantage	  
over	  other	  indigenous	  organisms	  under	  specific	  conditions.	  	  	  
	  
In	   other	   cases,	   it	   is	   possible	   that	   no	   impact	   will	   be	   observed	   at	   all.	   Microbial	   communities	   in	  
particular	  can	  be	  very	  difficult	  for	  a	  new	  organism	  to	  infiltrate,	  even	  when	  that	  organism	  is	  beneficial.	  	  
Establishing	   a	   functioning	   population	   of	   a	   GMM	   in	   certain	   environments	   may	   be	   a	   challenge,	  
especially	  if	  the	  transgenic	  trait	  actually	  puts	  the	  GMM	  at	  a	  competitive	  disadvantage	  (Shukla,	  Singh	  
&	  Sharma	  2010,	  Amarger	  2002).	  	  Microbial	  communities	  may	  also	  display	  a	  degree	  of	  resilience	  and	  
ability	   to	   recover	  after	  disturbances,	  although	   there	  may	  be	  a	   considerable	   time	   lapse	  before	   they	  
are	  able	  to	  return	  to	  their	  pre-‐disturbance	  state,	  if	  this	  occurs	  (Allison,	  Martiny	  2008).	  
	  
Predicting	  whether	  the	  outcome	  of	  release	  of	  GMMs	  into	  an	  environment	  will	  be	  beneficial,	  harmful,	  
or	  neutral	  (see	  figure	  3.1	  below),	  is	  complicated	  by	  two	  main	  factors:	  the	  inherent	  adaptability	  of	  	  
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Figure	  3.1:	  Conceptual	  diagram	  of	  the	  perceived	  risk	  scenarios	  associated	  with	  the	  use,	  release	  or	  
escape	  of	  GMMs	  in	  the	  environment.	  	  Adapted	  from	  Henley	  et	  al.	  (2013).	  
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microorganisms	   themselves;	   and	   the	   complexity	   and	   variability	   of	   various	   environments.	   The	  
interactions	   between	   microorganisms	   and	   their	   environments	   (including	   other	   organisms)	   are	  
dynamic,	  and	  seldom	  completely	  understood.	  Knowledge	  gaps	  exist	  concerning	  how	  individual	  GMM	  
events	  may	  affect	  their	  environment,	  as	  well	  regarding	  the	  impact	  of	  GMMs	  in	  general.	  	  Knowledge	  
gaps	  also	  exist	  regarding	  the	  efficacy	  of	  containment	  strategies	  and	  the	  possible	  effects	  if	  they	  should	  
fail.	  
	  

3.2.1	  Release,	  escape	  and	  containment	  

GMMs	  will	  be	  deliberately	  established	  in	  specific	  environments	  to	  perform	  specific	  functions,	  such	  as	  
bioremediation	  of	  a	  contaminated	  site,	  production	  of	  biofuels	  etc.	  This	  constitutes	  contained	  use,	  if	  
measures	  are	  in	  place	  to	  prevent	  negative	  impacts	  on	  the	  environment	  and	  human	  health,	  as	  well	  as	  
to	   avoid	   accidents	   (EC	   directive	   2009/41).	   When	   no	   specific	   containment	   measures	   are	   taken	   to	  
prevent	   their	   interaction	   with	   the	   general	   population	   and	   the	   environment,	   this	   constitutes	  
deliberate	  release	  (EC	  directive	  2001/18).	  Escape	  refers	  to	  the	  accidental	  release	  of	  a	  GMM	  into	  an	  
environment.	   	  Within	  this	  context	  of	  contained	  use	  and	  deliberate	  release,	  there	  may	  be	  effects	  on	  
the	  indigenous	  population	  which	  are	  intended	  (as	  in	  the	  case	  of	  population	  shifts	  brought	  about	  by	  
probiotics),	  or	  unintended	  (food	  web	  effects	  due	  to	  GM	  algae,	  for	  example).	  When	  accidental	  release	  
occurs,	  any	  effects	  will	  be	  unintended,	  though	  not	  necessarily	  detrimental.	  

In	   the	   case	   of	   accidental	   release,	   competition	  with	   indigenous	   populations	   is	   viewed	   as	   a	   form	   of	  
natural	   containment	   strategy.	   In	   many	   cases	   it	   is	   assumed	   that	   the	   fitness	   cost	   which	   many	  
transgenes	   exert	   on	  GMMs,	  will	  make	   them	   uncompetitive	   in	   environments	   in	  which	   they	   do	   not	  
receive	   assistance	   from	   humans	   (Flynn	   et	   al.	   2010,	   Gressel,	   van	   der	   Vlugt,	   Cécile	   JB	   &	   Bergmans	  
2013).	   The	   established	   community,	   unburdened	   by	   such	   fitness	   costs	   and	   adapted	   to	   their	  
environmental	   niches,	   provide	   a	   line	   of	   defense	   against	   incoming	   GMMs	   and	   may	   thus	   prevent	  
negative	   impacts	  on	  their	  environment.	   	  However,	  under	  circumstances	  where	  selective	  pressure	  is	  
applied	  (presence	  of	  an	  antibiotic,	  for	  example),	  the	  transgene	  may	  confer	  a	  selective	  advantage	  to	  
the	  GMM,	  potentially	  allowing	  it	  to	  thrive	  while	  other	  organisms	  are	  inhibited	  or	  killed	  (Heinemann,	  
Traavik	  2004).	  	  	  

	  

3.2.2	  Species	  composition	  

In	   all	   of	   the	   environments	   in	  which	  GMMs	  will	   be	   employed,	  microbial	   community	   composition	   is	  
critical	  for	  the	  functioning	  of	  the	  ecosystem	  and	  the	  provision	  of	  ecosystem	  services	  (Allison,	  Martiny	  
2008,	  Neish	  2009,	  Heisler	  et	  al.	  2008).	  While	  some	  ecosystems	  may	  be	  resistant	  to	  the	  establishment	  
and	  influence	  of	  an	  incoming	  microbe	  (GMM	  or	  not),	  others	  may	  be	  more	  sensitive.	  	  Structural	  and	  
functional	  shifts	   in	  the	  resident	  microbial	  community	  may	  occur	  as	  a	  result	  of	  the	  introduction	  of	  a	  
GMM	  (De	  Carcer	  et	  al.	  2007).	  
	  
A	   microcosm	   study	   evaluated	   the	   rhizosphere	   and	   bulk	   soil	   microbial	   communities	   surrounding	  
willow	   trees	   after	   the	   addition	   of	   genetically	  modified	   strains	  Pseudomonas	   fluorescens.	   	   The	   GM	  
bacteria	   contained	   transgenes	   for	   improved	   rhizoremediation	   of	   soil	   contaminated	   with	   PCBs	  
(polychlorinated	   biphenyls).	   While	   the	   bulk	   soil	   communities	   remained	   essentially	   unchanged	  
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following	   the	   addition	   of	   the	   GMM,	   the	   rhizosphere	   communities	   exhibited	   significant	   changes	   in	  
composition,	  relative	  to	  the	  control.	  	  The	  observed	  changes	  in	  composition	  were	  found	  to	  be	  due	  to	  
the	   activity	   of	   the	   transgene	   and	   its	   associated	   reduction	   of	   PCB	   concentration.	   Graduating	   such	  
experiments	   from	   microcosms	   to	   field	   trials	   will	   not	   only	   lead	   to	   better	   understanding	   of	   the	  
functioning	  and	  long-‐term	  efficacy	  of	  bioremediation	  GMMs	  (De	  Carcer	  et	  al.	  2007),	  they	  would	  also	  
help	   elucidate	   the	   potential	   effects	   and	   interactions	   between	   GMMs,	   plants	   and	   microbial	  
communities.	  

An	  extreme	  example	  of	  how	  microorganism	  community	  structure	  can	  affect	  ecosystems	  can	  be	  seen	  
in	  the	  case	  of	  harmful	  algal	  blooms	  (HABs),	  where	  one	  algae	  species	  overwhelms	  the	  environment.	  	  
During	  an	  algal	  bloom,	  a	  species	  of	  algae	  undergoes	  dramatic	  growth,	  but	  is	  only	  considered	  an	  HAB	  
when	  accompanied	  by	  adverse	  consequences	  for	  the	  surrounding	  ecosystem.	  Possible	  consequences	  
of	  HABs	  include:	  physical	  damage	  to	  other	  organisms	  (e.g.	  fish)	  due	  to	  the	  high	  cell	  density;	  depletion	  
of	   resources	   by	   the	   large	   population;	   development	   of	   anoxic	   conditions	   associated	   with	  
decomposition	   of	   biomass	   after	   an	   HAB;	   and	   the	   production	   of	   substances	   such	   as	   phycotoxins.	  	  
Phycotoxins	   are	   of	   particular	   concern	   because	   of	   their	   capacity	   for	   bioaccumulation	   and	  
magnification	  within	  food	  webs	  (McLean,	  Sinclair	  2013).	  

The	   capacity	   for	  GM	  algae	   to	   form	  HABs	  may	   be	   affected	   by	   their	   genetic	  modifications.	   	  On	   one	  
hand,	   depending	   on	   the	   trait,	   transgenes	   may	   be	   accompanied	   by	   a	   fitness	   cost	   which	   makes	  
development	   of	   HABs	   under	   natural	   conditions	   unlikely.	   Some	   GM	   traits	   also	   aim	   for	   algal	  
“domestication”,	   which	   would	   prevent	   such	   organisms	   from	   functioning	   in	   natural	   conditions	  
(Gressel,	   van	  der	  Vlugt,	   Cécile	   JB	  &	  Bergmans	  2013).	  On	   the	  other	  hand,	   other	  GM	   traits	  may	  not	  
mitigate,	  or	  may	  even	  enhance,	  the	  transformed	  algae’s	  natural	  capacity	  for	  causing	  HABs.	  	  Flynn	  et	  
al.	   (2013)	   conducted	   simulations	   to	   investigate	   the	   potential	   of	   GM	   algae,	   optimized	   for	   biofuel	  
production,	  to	  form	  HABs.	  The	  results	  of	  the	  simulations	   indicated	  that	  such	  GM	  algae	  would	   likely	  
have	   greater	   potential	   to	   form	   HABs	   than	   naturally	   occurring	   species,	   due	   to	   traits	   conferring	  
improved	   nutrient	   utilisation	   efficiency,	   changes	   in	   photosynthetic	   configurations	   and	   poor	  
palatability	  for	  grazers,	  compared	  to	  naturally	  occurring	  species	  (Flynn	  et	  al.	  2013).	  

	  

3.2.3	  Horizontal	  gene	  transfer	  

Horizontal	  gene	  transfer	  (HGT)	  has	  been	  defined	  as	  “...all	  forms	  of	  gene	  transfer	  that	  do	  not	  involve	  
parent-‐to-‐offspring	  transfer”	  (Keese	  2008).	  There	  are	  numerous	  mechanisms	  by	  which	  HGT	  can	  take	  
place	   (Table	  3.1).	  Among	  prokaryotes,	   the	  three	  main	  mechanisms	  are	  transformation,	  conjugation	  
and	   transduction.	   Eukaryotes	   are	   also	   subject	   to	   HGT,	   although	   not	   to	   the	   same	   extent	   as	  
prokaryotes.	   	  Clear	  understanding	  of	   the	  mechanisms	  by	  which	  genetic	  material	   is	   transferred	   into	  
eukaryotic	  genomes	  has	  yet	  to	  be	  reached	  in	  many	  cases	  (Andersson	  2005).	  	  
	  
Potential	   horizontal	   gene	   transfer	   from	   transgenic	   microorganisms	   to	   other	   organisms	   in	   the	  
environment	   is	   considered	   one	   of	   the	   main	   risks	   pertaining	   to	   the	   release	   or	   escape	   of	   GMMs.	  	  
Though	   beneficial	   HGT	   events	   are	   thought	   to	   be	   quite	   rare,	   (Nielsen,	   Townsend	   2004),	   HGT	  
represents	  a	  potential	  loss	  of	  control	  over	  the	  transgene	  into	  a	  possibly	  unfamiliar	  host,	  with	  possibly	  
detrimental	  effects	  on	  the	  environment	  and	  human	  health.	   	  Most	  attention	  in	  this	  regard	  has	  been	  
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focussed	  on	  HGT	  of	  antibiotic	  resistance	  marker	  genes	  from	  GMMs	  into	  bacteria	  in	  the	  surrounding	  
environment	  –	  which	   includes	   the	  human	  gastrointestinal	   tract,	   soil	   and	  aquatic	   ecosystems	   (EFSA	  
Panel	  on	  Genetically	  Modified	  Organisms	  (GMO).	  2011).	  	  Considering	  the	  impact	  of	  the	  spread	  of	  	  
antibiotic	   resistance	   genes,	   this	   is	   not	   unreasonable	   (Midtvedt	   2014).	   However,	   other	   transgenes	  
which	  confer	  a	  possible	  selective	  advantage	  to	  environmental	  organisms	  should	  not	  be	  overlooked.	  	  
	  
	  

	  
Table	   3.1:	   Examples	   and	   definitions	   of	   known	   mechanisms	   of	   horizontal	   gene	   transfer	   among	   both	  
prokaryotes	  and	  eukaryotes	  
	  
	  
Transfer	   of	   transgenic	   traits	  which	   confer	   a	   growth	   advantage	   from	  GM	   algae	   into	   environmental	  
algal	  populations,	  for	  example,	  could	  impact	  negatively	  on	  aquatic	  ecosystems	  (Henley	  et	  al.	  2013),	  
though	  some	  authors	  find	  this	  scenario	  unlikely	  (Gressel,	  van	  der	  Vlugt,	  Cécile	  JB	  &	  Bergmans	  2013).	  	  	  
Occurrences	  of	  HGT	  from	  GMMs	   in	  situ	  were	  demonstrated	  by	  Williams	  et	  al.	   (1996).	  During	  these	  
experiments,	   Acinetobacter	   calcoaceticus	   recipient	   cells,	   both	   as	   single	   culture	   and	   as	   part	   of	   an	  
epilithon	   (a	   biofilm	   community	  which	   develops	   on	   the	   surface	   of	   stones	   in	   aquatic	   environments)	  
were	   shown	   to	   have	   undergone	   transformation	   with	   DNA	   sourced	   either	   from	   a	   crude	   lysate	   or	  
plasmid-‐bearing	   donor	   cells	   (GMMs),	   while	   being	   incubated	   in	   a	   river.	   This	   study	   was	   the	   first	   to	  
demonstrate	  in	  situ	  transformation	  in	  bacteria	  incorporated	  into	  an	  indigenous	  community	  (Williams	  
et	   al.	   1996).	   	   This	   study	   also	   found	   that	   although	   there	   was	   a	   general	   trend	   of	   transformation	  
frequency	   increasing	   with	   increases	   in	   temperature,	   no	   optimal	   temperature	   for	   transformation	  

Type	  of	  HGT	   Definition	  
Transformation	   During	  transformation,	  exogenous	  (free)	  DNA	  is	  taken	  up	  from	  the	  bacteria	  cell’s	  

immediate	  surroundings	  (Chen,	  Dubnau	  2004).	  
Conjugation	   Conjugation	   is	   the	  term	  for	  the	  specialised	  processes	  which	  result	   in	  the	  direct	  

transfer	   of	  DNA	  between	  donor	   and	   recipient	   cells	   by	  means	  of	   a	   conjugation	  
apparatus.	   	   Although	   conjugation	   occurs	   primarily	   between	   bacteria,	   transfer	  
from	   bacteria	   to	   yeast,	   plants,	   and	   filamentous	   fungi	   is	   not	   unheard	   of	  
(Grohmann,	   Muth	   &	   Espinosa	   2003,	   Heinemann,	   Sprague	   1989,	   Zupan,	  
Zambryski	  1995,	  De	  Groot	  et	  al.	  1998).	  	  	  

Virus	  mediated	  
transfer	  and	  
transduction	  

Viruses	  may	  act	  as	  shuttles	  for	  genetic	  material	  between	  different	  host	  cells,	  and	  
have	   been	   observed	   to	   do	   so	   in	   bacteria,	   plants,	   algae	   and	   other	   eukaryotes	  
(Bock	  2010,	  Paul	  1999,	  Monier	  et	  al.	  2009).	  The	  term	  transduction	  describes	  the	  
process	  by	  which	  DNA	  is	  transferred	  between	  prokaryotes	  due	  to	  the	  action	  of	  
viruses	  known	  as	  bacteriophages.	  

Anastomosis	   During	   anastomosis,	   the	   hyphae	   of	   different	   fungi	   become	   fused,	   causing	   the	  
cytoplasm	  of	  the	  hyphae	   involved	  to	  become	  interconnected,	  which	  may	  allow	  
HGT	  to	  occur	  (Richards	  et	  al.	  2011,	  Xie	  et	  al.	  2008).	  

Phagotrophy	   During	  the	  process	  of	  taking	  in	  other	  cells	  (prokaryotic	  or	  eukaryotic)	  as	  a	  food	  
source,	   phagotrophic	   organisms	   import	   the	   DNA	   of	   these	   food-‐cells	   into	   their	  
own	   cells.	   	   This	   DNA	  may	   be	   destroyed,	   used	   as	   a	   nutrient,	   or	   in	   some	   cases	  
incorporated	  into	  the	  phagotroph’s	  genome	  (Andersson	  2005).	  

Endosymbiotic	  
transfer	  

The	   transfer	   of	   DNA	   fragments	   from	   organelles	   (plastids)	   of	   endosymbiotic	  
origin,	  to	  the	  nuclear	  genomes	  of	  eukaryotic	  organisms.	  	  This	  process	  is	  thought	  
to	  occur	  widely	  and	  is	  likely	  to	  be	  ongoing	  (Nikoh	  et	  al.	  2008).	  	  	  
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could	   be	   determined	   (Williams,	   Day	   et	   al.	   1996).	   Soil	   microcosm	   experiments	   also	   utilising	   A.	  
calcoaceticus	   investigated	  the	  influence	  of	  abiotic	  factors	  on	  natural	  transformation	  of	  this	  microbe	  
with	  chromosomal	  DNA,	  and	  found	  that	  factors	  such	  as	  soil	  moisture	  and	  phosphate	  concentration	  
affected	  transformation	  success	  (Nielsen,	  Bones	  &	  Van	  Elsas	  1997).	  
	  
In	  both	  the	  experiments	  discussed	  above,	  the	  recipient	  organism	  and	  various	  other	  parameters	  were	  
under	   the	   control	   of	   the	   investigators.	   Detecting	  HGT	   events	   in	   complex	   natural	   environments,	   to	  
uncharacterised	  recipients,	  has	  proven	  to	  be	  an	  extremely	  onerous	  task,	  however.	  There	  are	  several	  
factors	  which	  contribute	   to	   the	  challenging	  nature	  of	   such	  an	  undertaking,	  which	  will	  be	  discussed	  
briefly	  below	  (but	  for	  a	  comprehensive	  review,	  see	  (Nielsen,	  Bøhn	  &	  Townsend	  2013)).	  	  
	  
Rate	   of	   HGT:	   A	   selective	   advantage	   is	   needed	   for	   long	   term	   establishment	   of	   transferred	   genetic	  
material	   in	   the	   recipient	   organism’s	   genome.	   	   Such	  occurrences	   are	   rare	   in	   prokaryotes,	   and	   even	  
more	   so	   in	   eukaryotes	   (Nielsen,	   Bøhn	  &	   Townsend	   2013,	   Andersson	   2005).	   Though	   deleterious	   or	  
neutral	  HGT	  event	  may	  occur	  more	   frequently,	   they	  are	  not	   likely	   to	  be	  maintained.	  Which	  events	  
constitute	  selective	  advantages	  is	  dependent	  on	  interactions	  with	  the	  environment.	  
	  
Population	  size:	  Populations	  of	  microorganisms	  in	  receiving	  environments	  are	  likely	  to	  be	  extremely	  
large.	   For	   example,	   in	   1	   g	   of	   soil,	   there	   are	   estimated	   to	   be	   107-‐109	   bacteria.	   Despite	   the	   high	  
numbers	  of	  microbes	  present,	  only	  a	  small	  percentage	  of	  these	  are	  amenable	  to	  being	  cultured	  on	  
laboratory	  media,	  which	  severely	  limits	  the	  ability	  of	  culture-‐based	  methods	  to	  detect	  putative	  HGT	  
events	   (Rizzo	   et	   al.	   2013).	   Such	   methods	   result	   in	   huge	   sampling	   efforts:	   Gebhard	   and	   Smalla	  
screened	   4000	   potential	   isolates	   for	   HGT	   events,	   after	   an	   initial	   screening	   of	   10	   000	   isolates	   on	  
selective	  media,	   for	  example.	  Despite	   the	  effort,	   such	  methods	  are	  usually	  not	  sensitive	  enough	  to	  
detect	  most	  HGT	  events.	  
	  
Strength	  of	   selective	  advantage:	  Many	   studies	   investigating	  HGT	  events	  employ	  a	   strong	   selective	  
agent,	   such	   as	   an	   antibiotic,	   in	   order	   to	   screen	   cells	   for	   presence	   of	   transgenes	   (Gebhard,	   Smalla	  
1998).	  However,	  not	  all	   traits	  offer	  a	  very	  strong	  selective	  advantage,	  and	  these	  may	  be	  missed	  by	  
such	  screening	  procedures.	  Also,	  HGT	  of	  a	  transgene	  is	  not	  necessarily	  the	  final	  modification	  which	  it	  
undergoes:	   recombination,	   deletion	   or	   incomplete	   transfer	   are	   all	   factors	   which	   could	   affect	   an	  
organism’s	  response	  to	  a	  specific	  selective	  pressure,	  yet	  still	  be	  valuable	  to	  the	  organism	  over	  time	  
(Nielsen,	  Bøhn	  &	  Townsend	  2013).	  
	  
Next	   generation	   sequencing	   (metagenomic)	   techniques	   have	   been	   applied	   in	   order	   to	   develop	  
techniques	  which	  are	  not	  culture-‐dependent.	  	  The	  prevalence	  of	  tetracycline	  resistance	  genes	  in	  the	  
human	  mouth	  microbiome	  was	  assayed	  using	  such	  techniques	  (Seville	  et	  al.	  2009).	   	  For	  other	  (non-‐
clinical)	   environments,	   however,	   there	   is	   currently	   a	   shortage	   of	   reference	   genomes	   and	   genetic	  
markers,	   which	   reduces	   the	   usefulness	   of	   metagenomic	   and	   transcriptomic	   approaches	   for	  
monitoring	   the	  prevalence	  and	  persistence	  of	   certain	  genes	  within	   such	  environments	   (Rizzo	  et	  al.	  
2013).	  	  
	  
It	  is	  reasonable	  to	  question	  whether	  HGT	  events	  which	  occur	  so	  infrequently	  as	  to	  escape	  detection,	  
may	  have	  a	  measureable	  effect	  on	  the	  receiving	  environments.	  There	  is	  some	  debate	  regarding	  this	  
issue.	   	  Some	  authors	  (Gressel,	  van	  der	  Vlugt,	  Cécile	  JB	  &	  Bergmans	  2013)	  believe	  that	   low	  selective	  
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pressure	  combined	  with	  a	  high	  metabolic	  cost	  for	  maintaining	  transgenic	  DNA	  are	  likely	  to	  mean	  that	  
HGT	  will	  not	  have	  a	  significant	  effect,	  especially	  when	  antibiotic	   resistance	  markers	  are	  not	  part	  of	  
the	   GMM	   in	   question.	   Others	   (Heinemann,	   Traavik	   2004,	   Nielsen,	   Townsend	   2004,	   Henley	   et	   al.	  
2013)	  point	  out	  that	  in	  such	  large	  populations,	  even	  rare	  HGT	  events	  occur	  frequently	  enough	  to	  be	  
non-‐trivial.	   	   For	   example,	   Heinemann	   and	   Traavik	   (2004)	   calculated	   that	   the	   development	   of	   the	  
present	   levels	   of	   penicillin	   resistance	   in	   Streptococcus	   pnuemoniae	   may	   have	   resulted	   from	   the	  
occurrence	  of	  HGT	  events	  at	  frequencies	  several	  orders	  of	  magnitude	  lower	  than	  those	  estimated	  to	  
occur	  in	  soil.	  
	  
The	   perceived	   risk	   of	   HGT	   between	   GMMs	   and	   other	   organisms	   has	   piqued	   the	   interest	   of	   those	  
working	  in	  synthetic	  biology,	  and	  a	  possible	  biocontainment	  solution	  has	  been	  developed	  in	  the	  form	  
of	   GROs	   (as	  mentioned	   in	   a	   previous	   section).	   	   The	   developers	   report	  metabolic	   dependence	   and	  
genetic	  isolation	  as	  a	  result	  of	  these	  reprogramming	  developments,	  and	  foresee	  that	  their	  products	  
could	  add	  an	  additional	  level	  of	  safety	  to	  GMMs	  released	  into	  the	  environment	  (Mandell	  et	  al.	  2015,	  
Rovner	  et	  al.	  2015).	  However,	  these	  SynBio	  containment	  strategies	  have	  yet	  to	  be	  applied	  to	  a	  GMM	  
which	   has	   a	   specific	   purpose	   (e.g.	   bioremediation),	   and	   it	   is	   not	   yet	   clear	   how	   compatible	   such	  
strategies	   will	   be	   with	   the	   complex	   metabolic	   processes	   required	   in	   some	   GMMs	   or	   variable	  
environmental	  conditions.	  	  	  SynBio	  GMMs	  and	  GROs	  often	  have	  reduced	  genomes	  due	  to	  the	  way	  in	  
which	   they	   are	   constructed,	   which	   can	   limit	   their	   ability	   to	   respond	   to	   changes	   in	   environmental	  
conditions	  (Güttinger	  2013).	  
	  	  
Knowledge	  gaps	  and	  uncertainties	   relating	  to	  HGT	  between	  GMMs	  and	  other	  organisms	  arise	  both	  
from	   an	   incomplete	   understanding	   of	   how	   the	   process	   works	   (especially	   for	   algae),	   as	   well	   as	  
methodological	  limitations.	  	  Thus	  the	  scope	  of	  HGT,	  as	  well	  as	  the	  environmental	  interactions	  which	  
lead	  to	  the	  maintenance	  or	   loss	  of	  transferred	  transgenic	  traits	  also	  remain	  to	  be	  fully	  understood.	  	  
The	   effects	   of	   HGT	  may	   not	  manifest	   until	   very	   long	   after	   the	   event	   has	   taken	   place,	   or	  may	   not	  
manifest	  as	  a	  realised	  environmental	  effect	  at	  all.	  
	  

3.3	  Directions	  for	  further	  studies	  
	  
Knowledge	  gaps	  and	  uncertainty	  concerning	  GMMs	  largely	  arise	  from	  a	  shortage	  of	  data	  relating	  to	  
the	  interactions	  of	  GMMs	  with	  complex	  natural	  environments.	  While	  some	  studies	  on	  the	  effects	  of	  
GMMs	   on	   soil	   microbiota	   in	   agricultural	   and	   bioremediation	   applications	   have	   been	   done,	   data	  
relating	   to	   aquatic	   ecosystems	  has	   yet	   to	   be	   generated.	  Unsurprisingly,	   considering	   the	   novelty	   of	  
such	  innovations,	  the	  efficacy	  of	  SynBio	  GMMs	  in	  complex	  (natural)	  environments	  has	  also	  yet	  to	  be	  
determined,	  as	  have	  any	  effects	  on	  resident	  communities	  in	  such	  environments.	  The	  logistics	  of	  how	  
such	  organisms	  are	  to	  be	  sustained	  and	  managed	  in	  natural	  environments,	  considering	  the	  artificial	  
nutrient	  requirements	  of	  the	  SynBio	  GMMs/GROs	  discussed	  in	  this	  chapter,	  are	  also	  issues	  in	  need	  of	  
resolution.	  
	  
Horizontal	   gene	   transfer	   of	   transgenic	   genetic	   material	   from	   GMMs	   in	   various	   environmental	  
contexts	   still	   requires	   investigation.	  Methodological	   limitations	  may	  be	  at	   the	  heart	  of	   the	  present	  
lack	   of	   data,	   but	   adapting	   recent	   technological	   advances	   (e.g.	   next	   generation	   sequencing	   and	  
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metagenomics)	  has	  shown	  potential	  to	  aid	  detection	  and	  understanding	  of	  HGT	  events	  (Seville	  et	  al.	  
2009).	  	  	  
	  	  
In	  terms	  of	  GM	  algae	  specifically,	  significant	  levels	  of	  uncertainty	  are	  present	  concerning	  large	  scale	  
cultivation	   of	   algae,	   even	   before	   genetic	   modification.	   Algal	   population	   dynamics,	   responses	   to	  
changes	   in	   the	  environment,	   sexual	   reproduction	  and	  potential	   for	  horizontal	   gene	   transfer	   are	  all	  
poorly	   understood	   at	   this	   point	   (Henley	   et	   al.	   2013).	   Though	   the	   potential	   for	   harnessing	   these	  
organisms	   as	   cellular	   factories	   producing	   biofuels,	   pharmaceuticals	   and	   food	   and	   feed	   may	   yield	  
considerable	   advantages,	   the	   risks	   inherent	   in	   cultivating	   huge	   populations	   of	   a	   single	   species	   of	  
algae,	  especially	  one	  carrying	  a	  transgenic	  trait,	  represent	  a	  large	  degree	  of	  uncertainty	  (Flynn	  et	  al.	  
2013).	  Research	  into	  algal	  population	  dynamics	  and	  interaction	  with	  the	  environment,	  and	  how	  these	  
may	  be	  affected	  by	  the	  insertion	  of	  transgenes	  is	  still	  needed.	  	  	  
	  
Considering	  the	  level	  of	  uncertainty	  relating	  to	  GMM-‐environmental	  interactions,	  especially	  relating	  
to	  GM	  algae,	  strategies	  monitor	  these	  interactions	  and	  detect	  deleterious	  effects	  early	  on	  should	  be	  
considered.	  The	  potential	   for	  negative	  environmental	   impacts	  reinforces	  the	  need	  for	  research	  into	  
possible	  non-‐target	  and	  unintended	  effects	  (still	   lacking	  at	  this	  point),	  as	  well	  for	  strategies	  to	  keep	  
informed	   on	   potential	   effects	   on	   the	   surrounding	   ecosystems	   and	   the	   efficacy	   of	   containment	  
strategies.	   An	   opportunity	   exists	   at	   this	   stage	   of	  GMM	  utilisation	   to	   ensure	   the	   consideration	   and	  
inclusion	   of	   ecological	   principles,	   in	   order	   to	   minimise	   potential	   environmental	   effects	   (Olivares,	  
Wijffels	  2013,	  Henley	  et	  al.	  2013,	  Flynn	  et	  al.	  2013,	  Midtvedt	  2014,	  Singh	  et	  al.	  2011).	  
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4.	  GM	  trees	  
4.1	  Introduction	  
	  

The	  need	  to	  produce	  more	  [wood,	  food,	  goods,	  etc.]	  by	  using	  less	  [land,	  time,	  chemicals,	  etc.]	   is	  an	  
oft-‐cited	   formula	   justifying	   the	   development	   and	   use	   of	   genetically	  modified	   organisms,	   GM	   trees	  
being	  no	  exception	  (Häggman	  et	  al.	  2014,	  Van	  Acker	  et	  al.	  2014,	  Sedjo	  2011).	  In	  Norway,	  especially	  
with	  regard	  to	  wood	  production,	  this	  drive	  towards	  increased	  production	  may	  not	  seem	  pertinent,	  as	  
the	  country	  has	  been	  harvesting	  forest	  trees	  at	  a	  rate	  below	  the	  annual	  growth	  for	  years,	  leading	  to	  
an	   increase	   in	   forest	   biomass	   (Trømborg,	   Bolkesjø	   &	   Solberg	   2008).	   However,	   the	   growing	   global	  
population	   is	   expected	   to	   create	   increased	  demands	   for	  both	   food	  and	  bioenergy	   (Häggman	  et	   al.	  
2014).	   	   The	   demand	   for	   sustainable	   forms	   of	   biofuel	   in	   particular	   is	   expected	   to	   rise	   as	   countries	  
move	   away	   from	   fossil	   fuels	   towards	   more	   renewable	   sources.	   	   For	   example,	   in	   order	   to	   move	  
towards	   its	   goal	   of	   carbon	   neutrality	   by	   the	   year	   2030,	   the	  Norwegian	   government	   plans	   to	   offer	  
incentives	   to	   encourage	   the	   utilization	   of	   energy	   derived	   from	   wood	   and	   forest	   residues,	   as	  
alternatives	  to	  fossil	  fuels	  (Khanam	  et	  al.	  2014,	  Norwegian	  Ministry	  of	  the	  Environment	  2012).	  	  	  

Genetically	   modified	   plants	   have	   been	   discussed	   in	   chapter	   one	   in	   this	   report,	   but	   genetically	  
modified	  trees	  deserve	  special	  attention	  for	  several	  reasons.	  Among	  these,	  the	  most	  obvious	  are	  the	  
longevity	   of	   trees	   compared	   to	   crop	   plants;	   and	   the	   fundamental	   role	   they	   fill	   within	   ecosystem	  
structures.	   These	   considerations	   mean	   that,	   for	   GM	   trees,	   the	   risk	   of	   transgene	   escape	   and	   the	  
capacity	   to	   do	   harm	  within	   an	   ecosystem	  may	   be	   increased,	   compared	   to	   annual	   crop	   plants	   and	  
conventional	   (non-‐transgenic)	   varieties	   of	   trees.	   	   Furthermore,	   unlike	   crop	   plants	   and	   fruit	   trees,	  
forest	  trees	  are	  largely	  undomesticated	  and	  thus	  unpredictable	  (Hjältén	  et	  al.	  2007).	  	  

	  

4.2	  Types	  of	  transgenic	  trees	  	  
	  

It	  is	  the	  longevity	  of	  trees	  that	  makes	  the	  idea	  of	  genetically	  modifying	  trees	  so	  enticing.	  Traditional	  
breeding	  approaches	  may	  take	  many	  years	  to	  develop	  desirable	  traits,	  or	  may	  not	  be	  able	  to	  select	  
for	  certain	  traits	  at	  all	  (Séguin	  et	  al.	  2014,	  Harfouche,	  Meilan	  &	  Altman	  2011).	  Genetic	  modification	  
may	  offer	  a	  faster	  route	  of	  improvement.	  	  GM	  trees	  include	  varieties	  of	  fruit	  trees,	  forest	  trees	  and	  
other	  woody	  perennials	  such	  as	  tea	  (Bhattacharya,	  Saini	  &	  Ahuja	  2006).	  Although	  many	  types	  of	  GM	  
trees	   have	   entered	   field	   trials,	   more	   than	   700	   field	   trials	   have	   been	   reported	   (Walter,	   Fladung	   &	  
Boerjan	  2010),	  the	  only	  types	  of	  GM	  trees	  listed	  on	  the	  ISAAA	  GM	  Approval	  Database	  (ISAAA	  2015)	  
are	   papaya	   (4	   events),	   plum	   (1	   event),	   poplar	   (2	   events)	   and	   most	   recently,	   apple	   (2	   events).	  	  
Commercially	  grown	  GM	  trees	  are	  limited	  to	  Bt	  poplar	  in	  China	  (Ewald,	  Hu	  &	  Yang	  2006),	  and	  papaya	  
resistant	  to	  Papaya	  ringspot	  virus	  (PRSV)	  in	  Hawaii	  (Fuchs,	  Gonsalves	  2007).	  	  	  
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The	  shift	  in	  focus	  from	  fossil-‐based	  
energy	   sources	   to	   biofuels	   has	  
especially	   encouraged	   the	  
development	   of	   transgenic	   trees	  
better	  able	   to	  meet	   this	   increased	  
demand	   (Sedjo	   2011).	   This	  
includes	   trees	   with	   altered	   lignin	  
production	   (reducing	   the	   chemical	  
processing	   needed	   to	   strip	   the	  
lignin	   away),	   increased	   biomass	  
production,	   and	   faster	   growth.	  	  
Despite	   the	   enthusiasm	   for	   trees	  
with	   reduced	   lignin	   production,	  
the	  only	   transgenic	  plant	  with	   this	  
trait	  on	  the	  GM	  approval	  database,	  
is	  alfalfa	  (ISAAA,	  2015).	  

Reduced	  loss	  due	  to	  insect	  pests,	  weeds	  and	  disease	  is	  also	  a	  strong	  motivator	  for	  the	  development	  
of	  transgenic	  crops	  which	  are	  less	  susceptible	  to	  these	  issues.	  	  For	  insect	  resistance,	  trees	  containing	  
genes	  for	  Bt	  toxins	  (Ewald,	  Hu	  &	  Yang	  2006,	  Hu	  et	  al.	  2001)	  as	  well	  as	  proteinase	  inhibitors	  (Tian	  et	  al.	  
1999)	   have	   been	   developed,	   with	   varying	   degrees	   of	   success.	   	   Currently	   being	   employed	  
commercially	   in	  China,	   field	   trials	  of	  Bt	   transgenic	   trees	  have	  also	   taken	  place	   in	  Sweden	   (Axelsson	  
2011)	  as	  well	  as	  other	  countries.	  To	  combat	  weeds,	  especially	  during	  the	  early	  stages	  of	  tree	  growth	  
before	   a	   canopy	   is	   formed,	   herbicide	   tolerance	   genes	   have	   been	   inserted	   into	   some	   trees,	   for	  
example	   glyphosate	   tolerant	   poplar	   (Meilan	   et	   al.	   2002).	   	   Diseases,	   such	   as	   Dutch	   elm	   disease	   in	  
American	   elm,	   blight	   in	   chestnut	   (Newhouse	   et	   al.	   2007,	  Merkle	   et	   al.	   2007)	   and	   ringspot	   virus	   in	  
Papaya	   (Fuchs,	   Gonsalves	   2007),	   have	   decimated	   certain	   tree	   species.	   	   In	   order	   to	   restore	   such	  
species,	  and	  to	  prevent	  these	  diseases	  from	  causing	  large	  scale	  losses	  again,	  transgenic	  traits	  which	  
confer	  a	  degree	  of	  resistance	  to	  their	  infectious	  agents	  have	  been	  investigated.	  

Traits	  which	  would	  allow	  trees	  to	  grow	  under	  stressed	  conditions,	  such	  as	  drought	  or	  high	  salinity	  soil	  
(Oguchi	   et	   al.	   2014),	   as	   well	   as	   areas	   contaminated	   by	   heavy	  metals	   (Hur	   et	   al.	   2011)	   or	   organic	  
pollutants	   (Doty	   et	   al.	   2007),	   are	   also	   being	   developed.	   These	   kinds	   of	   traits	   might	   allow	   land	  
otherwise	  considered	  unusable	  to	  be	  utilised	  by	  transgenic	  trees,	  and	  undergo	  phytoremediation	  in	  
the	   process	   (Behera	   2014).	   	   Utilising	  marginal	   land	  would	   also	   help	   reduce	   competition	   for	   arable	  
land	  between	  forest	  trees	  and	  crops,	  pastureland	  and	  protected	  areas	  (Häggman	  et	  al.	  2014).	  	  	  

	  

4.3	  Uncertainties	  regarding	  ecological	  risks	  associated	  with	  transgenic	  trees	  
	  

The	  surging	  demands	  on	  the	  forestry	  industry,	  coupled	  with	  increased	  environmental	  awareness	  and	  
decreasing	   available	   land,	  mean	   that	   planted	   forests	   (both	   transgenic	   and	   conventional)	  will	   likely	  
have	  to	  fulfil	  more	  than	  just	  production	  functions	  in	  future	  (Sedjo	  2011).	  Planted	  forests	  may	  relieve	  
some	  of	  the	  pressure	  on	  natural	  forests	  in	  terms	  of	  sources	  of	  wood,	  and	  may	  also	  act	  as	  surrogate	  
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havens	  of	  biodiversity	  in	  landscapes	  where	  natural	  forests	  have	  been	  reduced	  or	  destroyed	  entirely	  
(Brockerhoff	  et	  al.	  2013).	  	  As	  foundation	  organisms	  in	  forest	  ecosystems	  (Whitham	  et	  al.	  2006),	  trees	  
influence	  the	  composition	  and	  structure	  of	  the	  community	  of	  organisms.	  Ecological	  risks	  associated	  
with	  transgenic	  forest	  trees	  include	  both	  extensions	  of	  those	  associated	  with	  planted	  (monoculture)	  
forests,	  as	  well	  as	   risks	  due	  to	  effects	  which	  are	  specifically	   related	  to	   the	  genetic	  modifications	  of	  
the	  trees	  involved.	  

Uncertainty	  relating	  to	  how	  transgenic	   trees	  affect	   the	  environments	   they	  enter	   into	   includes	  both	  
epistemological	   and	   ontological	   uncertainties.	   As	   stated	   in	   a	   previous	   chapter,	   epistemic	  
uncertainties	  arise	  from	  (i)	  changes	  in	  the	  GM	  plant	  and	  its	  product,	  (ii)	  secondary	  effects	  due	  to	  the	  
introduction	   of	   genetic	   material	   (e.g.	   pleiotropic	   effects),	   and	   (iii)	   changes	   in	   interactions	   and	  
responses	  to	  environmental	  conditions.	  	  It	   is	  also	  possible	  for	  more	  than	  one	  type	  of	  uncertainty	  to	  
manifest	   at	   once	   and	   for	   various	   factors	   to	   influence	   each	   other.	   For	   example,	   uncertainties	  
regarding	   unintended	   non-‐target	   effects,	   and	   uncertainties	   regarding	   ecological	   interactions	   and	  
responses,	  may	  manifest	  concurrently,	  and	  be	  related	  to	  each	  other.	  Ontological	  uncertainties	  arise	  
due	  to	  the	  complexity	  and	  variability	  which	  are	  inherent	  in	  the	  natural	  systems	  into	  which	  transgenes	  
are	  inserted.	  	  In	  this	  section,	  areas	  of	  uncertainty	  related	  to	  how	  transgenic	  crops	  interact	  with	  and	  
affect	  the	  environment	  will	  be	  considered.	  	  	  

	  

4.3.1	  Gene	  Flow	  

Gene	  flow,	  simply	  put,	  refers	  to	  the	  transmission	  of	  genes	  between	  compatible	  populations	  (Farnum,	  
Lucier	   &	  Meilan	   2007).	  When	   transgenic	   organisms	   are	   involved,	   the	  more	   emotive	   term	   genetic	  
pollution	   is	   often	   used	   to	   refer	   to	   the	   entry	   of	   transgenes	   into	   the	   non-‐transgenic	   population,	  
especially	  when	  considering	  contamination	  of	  a	  plant’s	  centre	  of	  origin	  (Linacre,	  Ades	  2004,	  Barbour	  
et	  al.	  2010).	  Gene	  flow	  is	  one	  of	  the	  main	  environmental	  safety	  concerns	  regarding	  GM	  plants,	  and	  
may	  have	  very	   serious	  ecological	   consequences	   -‐	   ranging	   from	  development	  of	   invasiveness	  of	   the	  
transgenic	   plants	   (Hoenicka,	   Fladung	   2006),	   to	   disruption	   of	   food	  webs	   (Farnum,	   Lucier	   &	  Meilan	  
2007)	   and	   extinction	   of	   local	   populations	   (Linacre,	   Ades	   2004)	   if	   not	   given	   proper	   consideration.	  	  
These	   concerns	   apply	   equally	   to	   exotic	   genera	   and	   non-‐transgenic	   hybrids	   introduced	   into	  
ecosystems	   where	   crossing	   with	   local	   species	   may	   occur.	   [Trans]Gene	   escape	   via	   gene	   flow	   is	  
something	  which	  may	  be	  impossible	  to	  reverse	  once	  it	  has	  occurred	  (Brunner	  et	  al.	  2007).	  

The	   longevity	   of	   trees	   singles	   them	   out	   from	   other	   transgenic	   plants	   when	   considering	   the	  
opportunity	  for	  gene	  flow	  to	  occur.	  	  With	  annual	  plants,	  the	  type	  of	  crop	  or	  type	  of	  transgene	  could,	  
in	  theory,	  be	  changed	  every	  year.	  With	  transgenic	  trees,	  the	  crop	  and	  the	  transgenes	  being	  produced	  
are	  fixed	  for	  several	  years	  (potentially	  decades,	  depending	  on	  the	  type	  of	  tree	  and	  planned	  use	  of	  the	  
wood),	   until	   the	   trees	   are	   considered	  mature	  enough	   for	   harvest	   (Farnum,	   Lucier	  &	  Meilan	  2007).	  	  
Although	   the	   trees	   may	   take	   several	   years	   before	   reaching	   maturity,	   the	   potential	   for	   numerous	  
years	  of	  pollen,	  seed	  and	  root	  sucker	  production	  exists.	  

Practical	  reasons,	  such	  as	  the	  time	  needed	  to	  reach	  maturity	  (Ahuja	  2009),	  as	  well	  as	  regulations	  and	  
restrictions	   (Strauss	  et	  al.	  2010)	  regarding	  the	  cultivation	  of	  GM	  trees,	  often	  prevent	   field	  trials	   for	  
the	  study	  of	  gene	  flow	  due	  to	  pollen	  from	  transgenic	  to	  non-‐transgenic	  plantations	  and	  wild	  relatives,	  
although	   some	   studies	   using	   the	  GUS	  marker	   gene	   have	   been	   done	   (Tyson,	  Wilson	  &	   Lane	   2011).	  	  	  
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Studies	  of	  gene	  flow	  between	  non-‐transgenic	  populations	  of	  a	  number	  of	  different	  tree	  species	  have	  
been	  performed	  and	  modelled	   in	  order	  to	  better	  understand	  the	  dynamics	  of	  the	  process	  (Bialozyt	  
2012,	  Slavov	  et	  al.	  2009).	  While	  these	  models	  likely	  represent	  the	  phenomenon	  of	  pollen	  migration	  
very	  well	  under	  specific	  environmental	  conditions,	  they	  may	  not	  represent	  the	  situation	  in	  terms	  of	  
establishment	  of	  hybrid	  transgenic	  offspring	  which	  are	  the	  result	  of	  such	  pollination.	  	  	  

Two	  other	   routes	  of	  gene	   flow	  exist:	   seed	  dispersal,	  and	  vegetative	  propagation	   (Farnum,	  Lucier	  &	  
Meilan	  2007).	  Vegetative	  reproduction	  sidesteps	  the	  sexual	  reproduction	  process,	  and	  is	  not	  in	  itself	  
a	  means	  of	  gene	  flow	  unless	  the	  offspring	  become	  established	   in	  an	  area	  where	  hybridization	  with	  
members	   of	   another	   population	   could	   take	   place	   (Häggman	   et	   al.	   2014).	   Root	   suckers	   are	   clonal	  
shoots	  which	  develop	  from	  adventitious	  buds	  found	  on	  lateral	  roots	  (Häggman	  et	  al.	  2014).	  The	  fact	  
that	   in	  species	  such	  as	  poplar	   root	  suckers	  may	  reach	   lengths	  of	  up	   to	  10m,	  complicates	  efforts	   to	  
control	  their	  spread	  into	  other	  fields.	  In	  a	  field	  trial	  in	  Germany	  between	  1996	  and	  2001,	  Fladung	  et	  
al	   (2003)	   detected	   over	   200	   root	   suckers,	  more	   than	   half	   of	  which	  were	   of	   transgenic	   origin,	   and	  
several	  of	  which	  had	  escaped	  the	  confines	  of	  the	  experimental	  stand	  (Fladung	  et	  al.	  2003).	  

Successful	  establishment	  of	  such	  progeny	  relative	  to	  those	  of	  non-‐transgenic	  origin	  is	  dependent	  on	  a	  
number	  of	  factors,	  not	  least	  of	  which	  is	  the	  potential	  competitive	  advantage	  (or	  disadvantage)	  which	  
could	  be	  afforded	  to	  offspring	  carrying	  the	  transgene.	  Difazio	  et	  al	  (2012)	  created	  a	  model	  to	  predict	  
gene	  flow,	  particularly	  transgene	  flow	  between	  tree	  populations.	  	  They	  found	  that	  ecological	  context	  
(in	   terms	  of	   selective	  pressure)	  was	   likely	   to	  affect	  whether	   the	  progeny	  of	  a	   transgenic	   tree	  were	  
able	   to	  become	  established	  and	   spread,	  but	   that	   this	  was	  difficult	   to	  predict.	   	   In	  order	   to	   improve	  
understanding	   of	   the	   dynamics	   of	   gene	   flow	   and	   selective	   pressure	   in	   the	   environmental	   context,	  
they	  recommended	  an	  integrated	  approach	  involving	  both	  laboratory	  studies	  and	  field	  trials	  (DiFazio	  
et	  al.	  2012).	  

	  

4.3.2	  Pleiotropic	  effects,	  epigenetics	  and	  transgene	  stability	  over	  time	  

Pleiotropy	   refers	   to	   the	   capacity	   which	   certain	   genes	   have,	   whereby	   they	   are	   able	   to	   influence	  
multiple	  phenotypic	  traits	  (Hodgkin	  1998).	  The	  relevance	  of	  this	  for	  transgenic	  research	  is	  that,	  when	  
attempting	   to	   alter	   a	   specific	   trait	   by	   introducing	   changes	   to	   the	   gene	   coding	   for	   it,	   one	   may	  
unintentionally	  influence	  other	  traits	  as	  well.	  	  Effects	  such	  as	  stunted	  growth	  or	  stem	  deformities	  are	  
fairly	  easy	  to	  notice	  (Grünwald	  et	  al.	  2001),	  and	  may	  lead	  to	  affected	  plants	  being	  eliminated	  during	  
screening	   procedures.	   However,	  more	   subtle	   effects	   require	  more	   sophisticated	   analyses	   to	  weed	  
out,	  and	  may	  not	  be	  immediately	  obvious	  (see	  also	  discussion	  below	  regarding	  phenotypic	  plasticity	  
and	   gene	   silencing).	   The	   concern	  with	   pleiotropic	   effects	   in	   transgenic	   plants,	   is	  whether	   they	  will	  
lead	   to	   unintended,	   potentially	   harmful	   effects	   on	   the	   plants	   or	   the	   organisms	   they	   interact	  with,	  
which	  could	  not	  have	  been	  anticipated	  during	  development.	  

Several	  lines	  of	  transgenic	  aspen	  have	  displayed	  unexpected	  changes	  after	  transformation.	  Hjältén	  et	  
al.	  (2007)	  demonstrated	  that	  a	  genetic	  modification	  causing	  hybrid	  aspen	  (Populus	  tremula	  x	  Populus	  
tremuloides)	   to	   over-‐express	   the	   sucrose	   phosphate	   synthase	   (SPS)	   gene,	   had	   unintentional	  
consequences	   for	   traits	   involved	   in	   plant-‐herbivore	   interactions.	   The	   transgenic	   lines	   experienced	  
increased	   biomass	   accumulation	   (which	   was	   the	   function	   of	   the	   transgene),	   but	   one	   line	   also	  
experienced	  altered	  levels	  of	  phenolic	  metabolites	  such	  as	  condensed	  tannins	  and	  salicyclates	  as	  well	  



	  
	  

108	  

as	  nitrogen.	  During	  a	  feeding	  trial	  involving	  material	  from	  the	  same	  trees,	  a	  typical	  aspen	  herbivore	  
(Phratora	  vitellinae)	  was	  found	  to	  have	  a	  decreased	  preference	  for	  the	  transgenic	  leaves	  of	  the	  line	  
mentioned	  above,	  compared	  to	  the	  control	   line.	   	  This	   is	  thought	  to	  be	  due	  to	  the	  noted	  changes	  in	  
phenolic	  metabolite	  composition	  (Hjältén	  et	  al.	  2007).	  Brodeur-‐Campbell	  et	  al	  (2006)	  studied	  aspens	  
(Populus	  tremuloides)	  modified	  to	  contain	  the	  antisense	  Pt4CL	  gene,	  which	  was	  used	  to	  bring	  about	  
reduced	  lignin	  production.	  They	  noted	  reduced	  survival	  of	  gypsy	  moth	  larvae	  feeding	  on	  one	  of	  the	  
modified	   lines.	   	   Since	   only	   one	   of	   the	   modified	   lines	   was	   found	   to	   have	   this	   effect,	   the	   authors	  
reasoned	  that	   it	  was	  not	  the	  low-‐lignin	  phenotype,	  but	  positional	  effects	  due	  to	  the	  location	  of	  the	  
transgene	  insertion,	  which	  were	  responsible	  for	  the	  reduced	  larval	  survival	  (Brodeur-‐Campbell	  et	  al.	  
2006).	  	  	  

Studies	  such	  as	  these	  indicate	  that	  pleiotropic	  effects	  due	  to	  transgene	  insertion	  can	  alter	  the	  way	  in	  
which	  trees	  interact	  with	  other	  organisms,	  especially	  herbivores.	  They	  also	  indicate	  that	  these	  effects	  
may	   be	   event	   or	   context	   specific.	   The	   mechanisms	   which	   underlie	   the	   observed	   effects	   are	  
incompletely	  understood,	  as	  are	  the	  implications	  in	  a	  broader	  ecological	  context.	  

Transgene	   stability	   has	   been	   a	   concern	   for	   genetically	   modified	   organisms	   overall	   (Kohli,	   Miro	   &	  
Twyman	   2010),	   and	   is	   of	   special	   interest	   in	   the	   case	   of	   transgenic	   trees	   because	   of	   their	   long	  
lifespans	  (Ahuja	  2009,	  Fladung,	  Hoenicka	  &	  Ahuja	  2013).	  	  Reliable	  transgene	  expression	  is	  required	  in	  
order	   for	   the	  benefit	   of	   the	   transgenic	   trait	   to	  be	   realised,	   and	  gene	   silencing	  and	   reversion	   to	   an	  
unmodified	  state	  may	  have	  negative	  consequences	  for	  the	  trees	  as	  well	  as	  the	  environment	  (Fladung,	  
Kumar	  2002).	   	   For	   example,	   silencing	  of	   an	   insect	   resistance	   gene	  would	   leave	   trees	   vulnerable	   to	  
insect	  attack	  (especially	  if	  grown	  in	  an	  area	  of	  high	  pest	  pressure),	  potentially	  for	  several	  years;	  while	  
silencing	  of	  sterility	  genes	  may	  lead	  to	  gene	  flow	  via	  production	  of	  pollen.	  	  

Instability	  of	  transgene	  expression	  may	  be	  brought	  about	  due	  to	  several	  factors.	  	  A	  number	  of	  these	  
have	   to	   do	   with	   positional	   effects	   (such	   as	   chromatin	   architecture,	   proximity	   of	   regulatory	  
sequences,	   sequence	   of	   surrounding	   DNA)	   and	   locus	   structure	   features	   (like	   copy	   number,	  
intactness,	  orientation)	  of	  the	  transgene	  itself	  (Kohli,	  Miro	  &	  Twyman	  2010).	   	  Factors	  such	  as	  these	  
are	  often	  the	  reason	  behind	  the	  variability	  observed	  in	  transgene	  expression	  in	  different	  transgenic	  
events,	   despite	   the	   use	   of	   clonal	   individuals	   and	   the	   same	   transgene.	   Fladung	   et	   al	   (2002)	   noted	  
several	  different	  types	  of	  reversions	  among	  the	  transgenic	  aspen	  clones	  they	  transformed.	  	  Multiple	  
copies	  of	  transgenes	  inserted	  into	  one	  locus,	  or	  2	  loci	  with	  one	  or	  more	  transgenes	  in	  varying	  states	  
of	   completeness,	  were	   noted	   among	   the	   individuals	  with	   unstable	   transgene	   expression	   (Fladung,	  
Kumar	   2002).	   This	   long-‐term	   experiment	   furthermore	   revealed	   the	   importance	   of	   genetic	  
background	  and	  environmental	   influence	   in	   transgene	  stability.	   	   It	  was	  noted	  that	  some	   lines	  were	  
more	   prone	   to	   transgene	   instability	   and	   reversion	   to	   wild	   type	   than	   others,	   while	   changes	   in	  
environmental	  conditions	  (such	  as	  shifting	  the	  plants	  to	  the	  greenhouse	  or	  field)	  were	  found	  to	  bring	  
on	   reversions	   in	   some	   plants	   (Kumar,	   Fladung	   2001).	   Stable	   expression	   of	   transgenes	   under	  
greenhouse	   conditions	   for	   more	   than	   a	   decade,	   as	   well	   as	   in	   vitro	   for	   19	   years	   were	   also	   noted	  
(Fladung,	  Hoenicka	  &	  Ahuja	  2013).	  

Epigenetic	  processes,	  which	  play	  a	  role	  both	  in	  the	  regulation	  of	  gene	  expression	  and	  defence	  against	  
foreign	   DNA	   (including	   viruses	   and	   transposons),	   may	   also	   affect	   transgene	   stability	   (Dietz-‐
Pfeilstetter	   2010,	   Bhaskar,	   Jiang	   2010).	   	   Epigenetic	   effects	   are	   frequently	   divided	   into	   two	   main	  
groups:	  transcriptional	  gene	  silencing	  (TGS)	  and	  post-‐transcriptional	  genome	  silencing	  (PTGS)	  (Ahuja	  
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2009,	  Fladung,	  Kumar	  2002).	  PTGS	  is	  also	  known	  as	  RNA	  silencing	  or	  RNA	  interference	  (RNAi)	  and	  has	  
been	  harnessed	  as	  a	  tool	  for	  altering	  gene	  expression	  in	  crop	  plants	  (Bhaskar,	  Jiang	  2010).	  	  Epigenetic	  
processes	  are	  known	  to	  play	  a	  role	  in	  adaptive	  plant	  responses,	  but	  methylation	  and	  other	  epigenetic	  
tools	  related	  to	  gene	  expression	  are	  not	  yet	   fully	  understood,	  particularly	  not	   in	  the	  context	  of	  the	  
timescales	  associated	  with	  growing	  trees	  (Fladung,	  Hoenicka	  &	  Ahuja	  2013).	  	  	  

This	   is	   further	   complicated	   by	   the	   fact	   that	   trees	   often	   have	   a	   degree	   of	   phenotypic	   and	   genomic	  
plasticity	  which	  allows	  them	  to	  adapt	  to	  an	  environment	  which	   is	  changing	  around	  them	  –	  abilities	  
which	   are	   especially	   important	   for	   these	   long-‐lived	   organisms	   unable	   to	   move	   to	   a	   place	   where	  
conditions	  are	  more	  favourable	  (Bräutigam	  et	  al.	  2013).	  	  Phenotypic	  plasticity	  allows	  trees	  to	  display	  
a	  range	  of	  phenotypes	  as	  a	  function	  of	  a	  single	  genotype;	  while	  genomic	  plasticity	  refers	  to	  changes	  
in	  genome	  structure	  leading	  to	  the	  formation	  of	  new	  phenotypes,	  and	  may	  be	  due	  to	  factors	  such	  as	  
movement	  of	  transposable	  elements,	  mutational	  hotspots,	  somatic	  recombination	  and	  so	  on.	   	  Both	  
forms	  of	  plasticity	  occur	  in	  response	  to	  environmental	  triggers	  (Nicotra	  et	  al.	  2010).	  	  	  

Gene	   instability	   is	   thought	   to	   be	   common	   during	   the	   in	   vitro	   culturing	   stage	   of	   transgenic	   plant	  
development,	   and	   generally	   less	   common	   in	   later	   stages	   such	   as	   field	   trials	   (Harfouche,	  Meilan	  &	  
Altman	  2011).	  	  However,	  interactions	  with	  the	  environment	  may	  bring	  about	  responses	  in	  GM	  trees	  
which	  alter	  transgene	  expression.	  	  Stout	  et	  al	  (2014)	  investigated	  the	  growth	  of	  12	  transgenic	  lines	  of	  
poplar	   containing	   3	   different	   lignin	   reduction	   transgene	   constructs,	   but	   all	   derived	   from	   the	   same	  
clone.	  	  Different	  levels	  of	  lignin	  reduction	  were	  seen	  between	  the	  different	  lines.	  	  Although	  reduced	  
lignin	   concentration	  was	   seen	   initially,	   this	   trend	  was	   later	   reversed.	   	  After	  3	   years	   in	   the	   field,	   an	  
increase	  in	  lignin	  concentration	  of	  between	  31.7	  -‐	  37.8%	  compared	  to	  greenhouse	  levels	  was	  seen	  in	  
all	   lines.	   	   The	   authors	   postulated	   that	   the	   ability	   of	   these	   trees	   to	   upregulate	   lignin	   production,	  
despite	   a	   genetic	   modification	   working	   against	   this,	   allowed	   the	   trees	   to	   survive	   periods	   of	  
environmental	  stress	  (Stout	  et	  al.	  2014).	  	  	  

A	   degree	   of	   uncertainty	   exists	   surrounding	   the	   interaction	   between	   epigenetics,	   pleiotropy	   and	  
environmental	  context,	  and	  how	  these	  factors	  may	  influence	  transgene	  maintenance	  and	  expression,	  
particularly	  under	  variable	  environmental	  conditions.	  	  How	  such	  effects	  on	  transgene	  expression	  may	  
extend	  to	  other	  organisms	  in	  the	  trees’	  ecosystems	  are	  also	  unknown.	  	  Inclusion	  of	  multiple	  (stacked	  
transgenes)	  may	  add	  an	  additional	  dimension	  to	  this	  issue.	  

	  

4.3.3	  Effects	  on	  non-‐target	  organisms	  

Considering	   the	   role	   of	   trees	   as	   foundation	   organisms	   in	   forest	   ecosystems,	   their	   capacity	   to	  
influence	  other	  organisms	  is	  extensive	  (Whitham	  et	  al.	  2006).	  Such	  effects	  are	  often	  associated	  with	  
insect	   resistance	   traits	  which	  may	  affect	  non-‐target	   insects.	   	  However,	  other	   genetic	  modifications	  
(such	   as	   traits	   for	   lignin	   reduction,	   sterility,	   and	   antibiotic	   resistance	   markers)	   may	   affect	   plant	  
material	  quality	  which	  in	  turn	  may	  affect	  organisms	  which	  interact	  with	  transgenic	  trees	   (Hjältén	  et	  
al.	   2008).	   	   Aside	   from	   affecting	   herbivores	   which	   feed	   directly	   on	   transgenic	   tree	   tissues,	   the	  
predators	  which	  prey	  on	  them	  may	  also	  be	  affected.	  Such	  disruptions	  of	  community	  structure	  may	  
lead	  to	  secondary	  pest	  development	  and	  loss	  of	  ecosystem	  functions	  (Axelsson	  et	  al.	  2011b).	  
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Effects	  on	  non-‐target	  organisms:	  Insect	  resistance	  traits	  
In	  order	  to	  curb	  losses	  caused	  by	  pest	  insects,	  insect	  resistance	  traits	  from	  the	  suite	  of	  Bt	  toxins	  have	  
been	   inserted	   into	  some	  transgenic	   trees.	   	  They	  have	  been	  employed	  against	   insects	  of	   the	  orders	  
Lepidoptera	  (Cry1Ac	  (Hu	  et	  al.	  2001),	  Cry1Aa	  (Kleiner	  et	  al.	  2003))	  and	  Coleoptera	  (Cry3Aa	  (Zhang	  et	  
al.	  2011,	  Axelsson	  et	  al.	  2011b,	  Axelsson,	  Hjältén	  &	  LeRoy	  2012,	  Hjältén	  et	  al.	  2012,	  Génissel	  et	  al.	  
2003)).	  These	  studies	  comprise	  both	  field	  studies	  and	  laboratory	  feeding	  trials.	  	  	  

Presence-‐absence	  tests	  were	  performed	  on	  Cry3Aa	  expressing	  aspen	  trees	  under	  semi-‐natural	   field	  
conditions	   in	  Sweden.	   	  Although	  the	  Bt	   trees	  experienced	  a	  significant	  reduction	   in	  damage,	   it	  was	  
noted	  that	  Bycticus	  populi	  individuals	  of	  the	  order	  Coleoptera	  (which	  is	  the	  target	  order	  for	  Cry3Aa)	  
were	  present	  in	  similar	  numbers	  on	  both	  Bt	  and	  control	  lines,	  and	  utilized	  all	  lines	  equally	  for	  feeding	  
and	  oviposition.	   	   This	   suggests	  potential	   for	   secondary	  pest	  development	   for	   this	   insect	   (Axelsson,	  
Hjältén	  &	  LeRoy	  2012).	   	  Chinese	   field	   tests	  of	  a	  different	   line,	  but	  also	  expressing	  a	  version	  Cry3A,	  
found	  that	  arthropod	  communities	  were	  similar	  between	  transgenic	  and	  control	  stands.	  The	  authors	  
did,	   however,	   indicate	   the	   need	   to	   perform	   such	   studies	   over	   a	   longer	   time	   period	   and	   a	   larger	  
plantation	  area,	  in	  order	  for	  these	  results	  to	  be	  more	  representative	  of	  actual	  field	  conditions	  (Zhang	  
et	  al.	  2011).	  	  

Axelsson	   et	   al	   showed	   that	   the	   non-‐target	   generalist	   slugs	   (Deroceras	   reticulatum	   and	  D.	   agreste)	  
actually	  preferred	  mature	  Cry3Aa-‐expressing	  aspen	  leaves	  over	  those	  of	  the	  control.	  This	  was	  not	  the	  
case	   for	  younger	   leaves	   (Axelsson	  et	  al.	  2011b).	   	  During	   feeding	   trials	  of	  Cry1Aa-‐expressing	  poplar,	  
leaf	   consumption	  by	  gypsy	  moth	   (Lymantria	  dispar)	   increased	  as	  phenolic	  glycoside	  content	  of	   the	  
leaves	  decreased	  as	  the	  leaves	  matured.	  	  In	  this	  study,	  the	  effect	  of	  the	  Cry1Aa	  protein	  was,	  at	  best,	  
additive	   to	   the	   trees’	  natural	  defences	   (Kleiner	  et	  al.	  2003).	   	  Both	  studies	   found	   that	   there	  was	  an	  
interaction	   between	   leaf	   ontogeny	   and	   Bt	   proteins,	   which	   affected	   the	   phytophagous	   organisms.	  	  
Phytochemistry	  between	  leaves	  at	  various	  stages	  of	  maturity	  has	  been	  found	  to	  differ,	  to	  the	  point	  
that	   some	  herbivores	   tend	   to	  be	  associated	  with	   specific	  ontogenic	   stages	   (Axelsson	  et	   al.	   2011b).	  	  
The	   studies	   discussed	   above	   indicate	   that	   the	   effectiveness	   of	   the	   transgenes	  may	   be	   affected	   by	  
such	   changes	   in	  phytochemistry,	   and	   suggest	   that	   transgenes	   enter	   into	   a	   complex	   system	  of	   pre-‐
existing	   interactions	   between	   trees	   and	   the	   environment	   and	   various	   organisms.	   How	   transgenes	  
may	   affect	   (or	   be	   affected	   by)	   changes	   in	   phytochemistry	   and	   other	   traits	   over	   longer	   periods	   of	  
time,	  or	  under	  conditions	  of	  stress,	  may	  require	  additional	  investigation.	  	  

Effects	  on	  non-‐target	  organisms:	  Non-‐resistance	  transgenes	  
Traits	  other	  than	  those	  for	   insect	  resistance	  may	  also	  have	  non-‐target	  effects	  on	  organisms.	   	  These	  
may	   be	   directly	   due	   to	   changes	   in	   tissue	   quality	   brought	   about	   by	  modifications	   such	   as	   reduced	  

lignin	   traits,	   or	   due	   to	   pleiotropic	   effects	   which	  
cause	  alteration	   in	   the	  expression	  of	  other	   genes	  
(Hjältén	  et	  al.	  2007)	  (some	  of	  which	  are	  discussed	  
in	  a	  previous	  section).	  

Altered	   lignin	   biosynthesis	   has	   received	   a	   great	  
deal	   of	   attention	   as	   a	   transgenic	   trait,	   mainly	  
because	   of	   the	   improvements	   to	   the	   cellulose	  
production	   process	   which	   it	   offers	   the	   pulp	   and	  
paper	  and	  biofuels	  industries,	  specifically	  reduced	  Deroceras	  reticulatum	  	  

Photo:	  Dollarphotoclub_15596007/Zbyszek	  Nowak	  
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use	  of	  toxic	  chemicals	  to	  separate	  lignin	  from	  cellulose	  fibres	  (Pilate	  et	  al.	  2002,	  Li,	  Weng	  &	  Chapple	  
2008).	   	   There	   are	   several	   enzymes	   whose	   genes	   are	   targeted	   in	   order	   to	   reduce	   or	   alter	   lignin	  
biosynthesis.	  These	  include	  4CL	  (4(hydroxyl)cinnamoyl	  CoA	  ligase),	  CCoAOMT	  (caffeoyl	  CoA	  O-‐methyl	  
transferase),	   COMT	   (caffeate/5-‐hydroxyferulate	   O-‐methyl	   transferase)	   and	   CAD	   (cinnamyl	   alcohol	  
dehydrogenase)	  (Li,	  Weng	  &	  Chapple	  2008).	  	  Lignin	  reduction	  is	  brought	  about	  by	  inserting	  antisense	  
transgenes	  to	  reduce	  expression	  of	  these	  genes	  (Brodeur-‐Campbell	  et	  al.	  2006,	  Pilate	  et	  al.	  2002).	  In	  
addition	   to	   its	   role	   as	   a	   structural	   component	   of	   cell	   walls,	   lignin	   is	   related	   to	   trees’	   defence	  
mechanisms	   against	   pathogens	   (Bagniewska-‐Zadworna	   et	   al.	   2014)	   and	   some	   insects	   (Wainhouse,	  
Cross	   &	   Howell	   1990).	   Thus,	   by	   altering	   the	   lignin	   character	   of	   the	   tree,	   its	   interactions	   with	  
herbivores,	  pests	  and	  pathogens	  may	  be	  altered.	  	  This	  does	  not	  preclude	  the	  influence	  of	  pleiotropic	  
effects	   caused	   by	   the	   insertion	   of	   the	   transgene,	  which	  may	   affect	   these	   interactions	   in	  ways	   not	  
directly	  related	  to	  lignin	  content	  and	  composition	  (Brodeur-‐Campbell	  et	  al.	  2006).	  	  	  

Silver	   birch	   is	   an	   economically	   important	   tree	   species	   in	   the	   Nordic	   region.	   Leaves	   of	   silver	   birch	  
plants	   transformed	  with	  antisense	  COMT	  constructs,	  as	  well	  as	   those	  of	  an	  untransformed	  control,	  
were	   fed	   to	   boreal	   herbivores	   of	   the	   orders	   Lepidoptera	   and	   Coleoptera.	   Transgenic	   leaves	   were	  
preferred	   over	   those	   of	   the	   control	   by	  Aethalura	   punctulata	   and	  Cleora	   cintaria	   larvae,	   while	   the	  
other	  insects	  did	  not	  favour	  any	  particular	  leaves.	  A.	  punctulata	  grew	  best	  on	  leaves	  of	  the	  transgenic	  
line	   with	   the	   lowest	   lignin	   content,	   though	   the	   other	   insects’	   relative	   growth	   rates	   did	   not	   differ	  
between	  the	  lines.	  	  The	  feeding	  preferences	  were	  not	  directly	  linked	  to	  lignin	  content,	  since	  although	  
the	   ratio	  of	   lignin	  monomers	  was	  altered	   in	   two	  of	   the	   transgenic	   lines,	  no	  significant	   reduction	   in	  
lignin	  content	  (compared	  to	  the	  control)	  was	  induced	  in	  any	  of	  the	  four	  transgenic	  lines.	  The	  authors	  
ascribed	  the	  differences	  in	  feeding	  preference	  to	  either	  pleiotropy	  or	  natural	  variation	  (Tiimonen	  et	  
al.	  2005).	  

A	  four-‐year	  multi-‐site	  field	  trial	  of	  poplars	  carrying	  antisense	  transgenes	  which	  down-‐regulated	  CAD	  
and	  COMT	  expression	  was	  performed	  by	  Pilate	  et	  al.	  	  At	  neither	  the	  French,	  nor	  the	  British	  locations,	  
did	  they	  detect	  significant	  differences	  in	  insect	  interactions,	  soil	  microbial	  community	  composition	  or	  
differences	   in	   incidence	   of	   rust	   between	   transgenic	   lines	   and	   control	   lines	   (Pilate	   et	   al.	   2002).	  	  
However,	  in	  a	  later	  study	  involving	  these	  same	  events,	  as	  well	  as	  two	  other	  altered	  lignin	  constructs	  
(CCoAOMT	  and	  CCR),	   Blomberg	   found	   that	   susceptibility	   to	   the	   rust	   fungus	  Melampsora	  populnea	  
differed	   significantly	   between	   all	   of	   the	   transgenic	   events	   and	   their	   controls,	   as	   well	   as	   between	  
different	  lines	  containing	  the	  same	  construct.	  	  In	  all	  cases,	  the	  transgenic	  lines	  were	  less	  susceptible	  
to	  the	  fungus	  than	  the	  relevant	  control	  trees	  (Blomberg	  2007).	  An	  explanation	  for	  the	  differences	  in	  
rust	  susceptibility	  at	  the	  two	  different	  time	  periods	  was	  not	  offered.	  	  	  

Transgenes	   which	   deliberately	   confer	   reduced	   susceptibility	   to	   fungal	   pathogens	   have	   been	  
investigated.	  	  There	  has	  been	  particular	  interest	  in	  developing	  chestnut	  (Castanea	  dentate)	  resistant	  
to	   blight	   fungus	   (Cryptophonectria	   parasitica),	   and	   elm	   (Ulmus	   americana)	   resistant	   to	   Dutch	   elm	  
disease	   fungus	   (Ophiostoma	   novo-‐ulmi)	   as	   a	   possible	   means	   of	   restoring	   populations	   which	   have	  
been	   decimated	   by	   these	   pathogens	   (Newhouse	   et	   al.	   2007,	   Merkle	   et	   al.	   2007).	   	   Transgenic	  
chestnuts	  expressing	  a	  gene	  coding	  for	  oxalate	  oxidase,	  which	  reduces	  susceptibility	  to	  blight,	  were	  
investigated	  for	  potential	  effects	  on	  three	  generalist	  foliovores.	  Of	  the	  three,	  only	  one	  was	  affected	  
by	  the	  modification:	  gypsy	  moth	  larval	  growth	  was	  boosted	  on	  transgenic	  chestnuts	  compared	  to	  the	  
control.	   The	   lack	   of	   more	   than	   one	   transgenic	   line	   in	   this	   study	   means	   that	   at	   present,	   it	   is	   not	  
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possible	  to	  determine	  whether	  this	  result	  was	  due	  to	  expression	  of	  the	  oxalate	  oxidase	  gene,	  or	  was	  
due	  to	  unintended	  effects	  caused	  by	  transgene	  insertion	  (Post,	  Parry	  2011).	  

Soil	  microbes	  
Soil	  microorganisms	  perform	  invaluable	  ecosystem	  services,	  such	  as	  nitrogen	  fixation,	  decomposition	  
and	  phosphorous	  acquisition.	  	  Soil	  microbiota	  often	  exist	  in	  close	  associations	  with	  plants,	  which	  may	  
be	  beneficial,	  such	  as	  symbiosis	  between	  plants	  ectomycorrhizal	  fungi;	  or	  harmful,	  as	  in	  the	  case	  of	  
pathogens	   (Van	   Der	   Heijden,	   Marcel	   GA,	   Bardgett	   &	   Van	   Straalen	   2008).	   Plants	   –	   as	   well	   as	   any	  
agricultural	  practices	  which	  are	  associated	  with	  crops	  –	  may	  also	  have	  the	  capacity	  to	  influence	  the	  
microbial	   community.	   	   There	   is	   concern	   that	   transgenic	   plants,	   especially	   transgenic	   trees,	   may	  
negatively	   influence	   the	   structure	   and	   functioning	   of	   the	   rhizosphere	   community	   (Lottmann	   et	   al.	  
2010).	  	  In	  addition	  to	  concerns	  regarding	  the	  disruption	  of	  ecosystem	  functions,	  there	  is	  concern	  that	  
the	  transgenes	  of	  genetically	  modified	  plants	  may	  be	  taken	  up	  by	  the	  soil	  microbial	  community	  via	  
horizontal	  gene	  transfer	  (HGT)	  (Zhang,	  Hampp	  &	  Nehls	  2005).	  

A	  number	  of	  investigations	  into	  the	  possible	  effects	  of	  transgenic	  trees	  on	  soil	  microbial	  community	  
structure	   have	   been	   done.	   	   In	   most	   cases,	   microbial	   community	   composition	   remained	   relatively	  
unaffected	  by	  the	  growth	  of	  transgenic	  trees	   in	  their	  midst	  (Kaldorf	  et	  al.	  2002,	  Stefani	  et	  al.	  2009,	  
Stefani	  et	  al.	  2010,	  Lamarche,	  Hamelin	  2007,	  D'Amico	  et	  al.	  2015).	  	  When	  significant	  differences	  were	  
noted,	  they	  tended	  to	  be	  slight,	   inconsistent	  and	  of	  temporary	  duration.	   	  For	  example:	  two	  lines	  of	  
poplar,	   genetically	   modified	   to	   have	   altered	   cytokine	   levels,	   displayed	   microbial	   community	  
structures	  which	  differed	  from	  the	  control,	  but	  during	  two	  months	  of	  the	  experiment	  only	  (Nam	  et	  al.	  
2014).	   A	   Canadian	   study	  detected	   significant	   differences	   in	  microbial	   communities	   associated	  with	  
white	  spruce	  trees	  expressing	  the	  Bt	  transgene	  Cry1Ab	  in	  conjunction	  with	  uidA	  and	  nptII,	  as	  well	  as	  
only	  uidA	  and	  nptII.	   	  However,	  this	  study	  was	  limited	  to	  one	  sampling	  date,	  so	  could	  not	  determine	  
whether	  these	  changes	  had	  become	  established,	  or	  were	  of	  transient	  duration	  (LeBlanc,	  Hamelin	  &	  
Filion	  2007).	  Denaturing	  gradient	  gel	  electrophoresis	  (DGGE)	  revealed	  significant	  differences	  among	  
the	   Alphaproteobacteria	   and	   Actinobacteria	   groups	   in	   soil	   associated	   with	   transgenic	   pines	  
expressing	  leafy	  and	  nptII	  transgenes.	  	  These	  differences	  were	  not	  considered	  large	  enough	  to	  have	  a	  
significant	  impact	  on	  microbial	  functions,	  however	  (Lottmann	  et	  al.	  2010).	  	  	  

Often,	  the	  larger	  impact	  of	  factors	  such	  as	  soil	  type,	  season	  and	  tree	  genotype	  dwarf	  the	  variations	  in	  
soil	   microbiota	   seen	   between	   transgenic	   trees	   and	   control	   trees.	   Differences	   in	   tree	   genotype	  
(regardless	  of	  genetic	  modification	  or	  lack	  thereof)	  were	  associated	  with	  variances	  in	  ectomycorrhizal	  
colonization	   of	   silver	   birch	   (Pasonen	   et	   al.	   2009)	   and	   poplar	   (Danielsen	   et	   al.	   2013),	   for	   instance.	  	  
However,	   it	   is	   also	   possible	   that	   parameters	   such	   as	   location/soil	   type	   can	   affect	   the	   degree	   of	  
influence	   of	   transgenic	   trees	   on	   soil	   communities.	   	   Bradley	   et	   al.	   (2007)	   noted	   that	   the	  microbial	  
communities	  of	  three	  different	  soils	  responded	  differently	  to	  the	  same	  lines	  of	  transgenic	  (reduced	  
lignin)	  aspen.	  Nam	  et	  al.	   (2014)	  also	  observed	  that	  differences	   in	   rhizosphere	  community	  structure	  
between	   transgenic	   poplar	   lines	   and	   the	   control	  were	  most	   prominent	   at	   one	  of	   their	   three	   sites.	  
Such	   studies	   indicate	   the	   importance	   of	   considering	   multiple	   environmental	   contexts	   when	  
evaluating	  the	  potential	  effects	  of	  transgenic	  trees	  on	  the	  soil	  microbiome	  and	  associated	  ecosystem	  
functions	  (Bradley	  et	  al.	  2007,	  Nam	  et	  al.	  2014).	  

Horizontal	  gene	   transfer	   (HGT)	  of	   transgenes	  carrying	  antibiotic	  or	  herbicide	   resistance	   traits	  could	  
have	  potential	   negative	   impacts	   for	   human	   (and	   animal)	   health	   and	   the	  environment,	   respectively	  
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(Zhang,	   Hampp	   &	   Nehls	   2005,	   Keese	   2008).	   	   Due	   to	   their	   close	   association	   with	   roots	   and	   root	  
exudates,	  ectomycorrhizal	  fungi	  have	  been	  considered	  as	  potential	  recipients	  of	  transgenes	  via	  HGT.	  	  
An	  investigation	  of	  35	  000	  ectomycorrhizal	  fungi	  isolates,	  grown	  in	  association	  with	  transgenic	  poplar	  
carrying	   the	  bar	  herbicide	   resistance	  gene,	  was	  conducted	   to	  determine	  whether	  HGT	   to	   the	   fungi	  
had	   taken	   place.	   	   Although	   102	   of	   these	   passed	   the	   initial	   selection	   procedure	   by	   growing	   on	  
selective	   agar	   plates,	   none	  were	   able	   to	   grow	   after	   transfer	   to	   fresh	   selective	  media.	   PCR	   of	  DNA	  
isolated	  from	  these	  fungi	  confirmed	  that	  none	  contained	  the	  bar	  transgene	  (Zhang,	  Hampp	  &	  Nehls	  
2005).	   After	   a	   similar	   screening	   procedure	   using	   kanamycin	   enriched	  media,	   Lu	   et	   al	   (2014)	   were	  
likewise	   unable	   to	   detect	   transgenes	   in	   the	   genomic	   DNA	   of	   bacteria	   which	   had	   been	   growing	   in	  
close	  contact	  with	  poplar	  carrying	  the	  DREB	  (saline	  tolerance)	  and	  nptII	  transgene	  for	  7	  years	  (Lu	  et	  
al.	  2014).	  	  	  

While	  these	  negative	  results	  are	  encouraging,	   it	   is	  possible	  that	  the	  chosen	  methodology	   is	  causing	  
possible	  microbial	   transformants	   to	  be	  overlooked.	   Screening	  procedures	  which	   rely	  on	   culturing	   -‐	  
such	   as	   that	   employed	   in	   the	   studies	  mentioned	   above,	   for	   example	   -‐	   restrict	   detection	   to	   those	  
organisms	  which	   are	   amenable	   to	   being	   cultured	   (Nielsen,	   Townsend	   2004).	   This	   approach,	   while	  
valuable,	   excludes	   a	   large	   portion	   of	  microorganisms	   –	   the	  majority,	   in	   fact	   (Stewart	   2012).	   	   This	  
should	   be	   taken	   into	   account	   when	   interpreting	   the	   results.	   Culture-‐independent	   metagenomic	  
antibiotic	   screening	   techniques	   (Seville	   et	   al.	   2009),	   may	   be	   adjustable	   for	   use	   in	   screening	   soil	  
microbes.	  

Aquatic	  organisms	  
The	  focus	  of	   investigations	  on	  non-‐target	  effects	  due	  to	  transgenic	  plants	  tends	  to	  be	  on	  terrestrial	  
ecosystems	  and	  organisms,	  particularly	   those	   in	  direct	   contact	  with	   the	  plants.	   	   Less	   attention	  has	  
been	   given	   to	   aquatic	   ecosystems,	   which	   represents	   a	   gap	   in	   environmental	   risk	   assessment	  
(Carstens	   et	   al.	   2012).	   Plant	   detritus	   from	   riparian	   vegetation	   is	   an	   important	   energy	   and	  nutrient	  
input	  in	  many	  aquatic	  ecosystems	  –	  particularly	  in	  low	  order	  streams	  where	  primary	  production	  may	  
be	  limited	  due	  to	  shading	  (Vannote	  et	  al.	  1980).	  Quality	  of	  plant	  detritus	  therefore	  has	  the	  potential	  
to	   affect	   aquatic	   organisms	   which	   consume	   it	   directly,	   as	   well	   as	   others	   in	   the	   aquatic	   food	   web	  
which	  prey	  on	  these	  consumers.	  Differences	  in	  quality	  of	  leaf	  litter	  entering	  streams	  has	  been	  shown	  
to	  cause	  measurable	  effects	  on	  the	  aquatic	  community.	  	  Such	  differences	  have	  been	  noted	  even	  for	  
genetic	   variation	   among	   trees	  of	   the	   same	   species	   (LeRoy	  et	   al.	   2007,	   LeRoy	  et	   al.	   2006).	   Entry	  of	  
material	   from	   transgenic	   trees	   (particularly	   those	   expressing	   insecticidal	   toxins)	   into	   adjacent	  
streams,	  may	  thus	  affect	  aquatic	  ecosystems.	  	  	  

Since	  commercialisation	  of	  most	  transgenic	  tree	  varieties	  has	  yet	  to	  take	  place,	  an	  opportunity	  exists	  
to	  perform	  pre-‐release	  evaluations	  of	  transgenic	  events	  on	  aquatic	  ecosystems	  –	   in	  contrast	  to	  the	  
post-‐release	   investigations	  conducted	  several	  years	  after	   transgenic	  maize	  was	  commercialised,	   for	  
example	   (Axelsson	   et	   al.	   2011a).	   Studies	   were	   conducted	   on	   transgenic	   poplar	   carrying	   the	   Bt	  
transgene	   (Axelsson	  et	   al.	   2011a)	   as	  well	   as	   lignin-‐modification	   transgenes	   (Axelsson	  et	   al.	   2010)	   -‐	  
Populus	   tremula	   x	   Populus	   tremuloides	   and	   Populus	   tremula	   x	   Populus	   alba,	   respectively.	   In	   both	  
investigations,	   evidence	  was	   seen	  which	   suggested	   that	   genetic	  modifications	   in	   trees	   could	   affect	  
aquatic	  ecosystems.	  These	  examples	  are	  discussed	  in	  more	  detail	  below.	  

Two	  lines	  transformed	  with	  a	  Cry3Aa	  transgene	  were	  investigated.	  Leaves	  from	  both	  transgenic	  lines,	  
as	   well	   as	   from	   an	   untransformed	   isogenic	   control	   were	   placed	   in	   litter	   bags	   and	   placed	   in	   the	  
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Tavelån	   stream	   in	   Sweden.	   Analysis	   of	   invertebrate	   community	   structure	   in	   the	   litter	   bags	   after	  
periods	   of	   exposure	   showed	   an	   increase	   in	   abundance	   of	   aquatic	   invertebrates	   in	   the	   litter	   bags	  
containing	   the	   Bt	   leaves.	   This	   increase	   was	   33%	   and	   25%	   for	   the	   two	   Bt	   lines.	   However,	   this	  
difference	  was	  ascribed	   to	   the	  number	  of	   species	  encountered,	  and	  not	   to	  a	  major	   shift	   in	   species	  
composition.	   The	   analyses	   also	   revealed	   that	   different	   species	   respond	   differently	   to	   the	   different	  
events.	  The	  community	  assemblages	  of	  the	  Bt	  events	  were	  similar	  to	  each	  other,	  while	  both	  differed	  
from	   the	   control.	   Twenty	   six	   phytochemical	   variables	  were	   analysed,	  which	   showed	   no	   significant	  
correlation	  to	  the	  differences	  in	  insect	  community.	  	  Given	  the	  varying	  response	  of	  different	  species,	  
the	   ecological	   implications	   of	   this	   study	   could	   not	   be	   determined	   by	   the	   authors	   (Axelsson	   et	   al.	  
2011a).	  	  

Two	  reduced	  lignin	  lines	  were	  also	  tested	  along	  with	  an	  isogenic	  control.	  One	  of	  the	  transgenic	  lines	  
suppressed	   the	   CAD	   enzyme,	   while	   the	   other	   suppressed	   the	   COMT	   enzyme.	   After	   exposure	   to	  
different	   streams,	   litter	   bags	   containing	   leaves	   from	   the	   three	   hybrids	  were	   assessed.	   In	   terms	   of	  
invertebrate	   assembly	   and	   abundance,	   no	   significant	   differences	   could	   be	   detected	   between	   the	  
litter	  types.	  However,	  it	  was	  noted	  that	  the	  litter	  of	  the	  CAD	  event	  decomposed	  at	  a	  rate	  significantly	  
slower	  than	  either	  the	  other	  transgenic	  event	  or	  the	  control.	  The	  mechanism	  underlying	  this	  result	  is	  
not	  known	  at	  present,	  although	  several	  factors	  may	  have	  played	  a	  role.	  For	  example,	  differences	  in	  
secondary	   compound	   composition	   were	   suggested	   as	   an	   explanation	   –	   however,	   in	   this	   case	   the	  
control	  and	  CAD	  event	  were	  more	  similar	  in	  composition	  than	  the	  control	  and	  the	  COMT	  event	  were.	  	  
Another	   possible	   explanation	   is	   that	   the	  differences	   in	   decomposition	   rate	  were	  not	   due	   to	   insect	  
action,	  but	  to	   interactions	  with	  the	  microbial	  population	  which	  are	  incompletely	  understood	  at	  this	  
point	  (Axelsson	  et	  al.	  2010).	  

The	   Axelsson	   studies	   were	   among	   the	   only	   examples	   which	   analysed	   the	   possible	   effects	   of	  
transgenic	   trees	   on	   aquatic	   ecosystems.	   This	   dearth	   of	   information	   was	   noted	   by	   Close	   in	   an	  
investigational	  report	  to	  the	  Minnesota	  Department	  of	  Natural	  Resources	  in	  2005.	  Clearly	  there	  is	  a	  
need	   for	   further	   investigation,	   involving	   other	   tree	   species,	   transgenic	   events	   and	   aquatic	  
environments.	  Additionally,	  possible	  effects	  on	  organisms	  at	  higher	  trophic	  levels	  (e.g.	  fish)	  should	  be	  
investigated.	  	  

	  

4.3.4	  Combinatorial	  effects	  with	  pesticides	  

Combinatorial	  effects	  between	  transgenic	  crops	  and	  herbicide	  co-‐technologies	  is	  discussed	  in	  chapter	  
one	  of	   this	   report.	   	  How	   transgenic	   trees	  might	   interact	  with	  herbicides	  and	   insecticides,	   and	  how	  
such	   interactions	  may	   affect	   the	   ecological	   interactions	   between	   the	   trees	   and	   organisms	   in	   their	  
environment	  is	  a	  subject	  for	  which	  there	  is	  currently	  a	  paucity	  of	  information.	  

	   	  



	  
	  

115	  

4.4	  Directions	  for	  further	  studies	  
	  

A	  summary	  of	  the	  uncertainties	  pertaining	  to	  the	  environmental	  effects	  of	  transgenic	  trees	   is	  given	  
below.	  

Gene	   flow:	  Not	  enough	   is	  known	  about	   the	   reproductive	  behaviour	  of	  GM	  trees	  –	  most	  gene	   flow	  
studies	  have	  been	  done	  on	  unmodified	  trees,	  and	  it	  is	  difficult	  for	  models	  to	  account	  for	  the	  possible	  
advantages	   conferred	   by	   transgenic	   traits	   (especially	   when	   there	   is	   selective	   pressure).	   There	   is	   a	  
need	   to	  better	  understand	  how	  environmental	  context	   influences	   the	  establishment	  and	  spread	  of	  
transgenic	   progeny.	   Furthermore,	   few	   data	   are	   available	   regarding	   the	   efficacy	   of	   containment	  
strategies	   under	   varying	   environmental	   conditions.	   	   An	   integrated	   approach,	   including	   laboratory-‐
based	  studies,	  field	  work	  and	  modelling,	  may	  lead	  to	  improved	  knowledge	  in	  this	  area.	  

Pleiotropic	  and	  Epigenetic	  effects:	   the	  ability	  of	   these	  effects	   to	   influence	  both	   transgene	  stability	  
and	  unintentionally	   affect	   the	   interaction	  between	   transgenic	   trees	   and	  other	  organisms	  has	  been	  
noted	   in	   several	   studies,	   but	   is	   as	   yet	   incompletely	  understood.	  While	   a	  broader	  understanding	  of	  
how	   pleiotropy	   and	   epigenetics	   can	   influence	   transgene	   expression	   is	   needed,	   specific	   knowledge	  
regarding	  different	  events	  and	  tree	   lines	  should	  be	  obtained.	   	  Generalisations	  are	   inadvisable	  since	  
effects	   are	   often	   event-‐specific.	   There	   is	   also	   a	   lack	   of	   knowledge	   regarding	   how	   these	   effects	  
manifest	  under	  varying	  environmental	  conditions	  and	  triggers.	  Holistic	  investigations	  which	  take	  both	  
the	  molecular	  and	  environmental	  context	  into	  account	  may	  help	  to	  close	  this	  knowledge	  gap.	  	  Next	  
generation	   sequencing	   and	   proteomics,	   coupled	   with	   field	   trials	   and	   feeding	   studies,	   may	   better	  
illuminate	  these	  issues.	  

Non-‐target	   effects:	   There	   is	   a	   lack	   of	   long-‐term	   studies	   documenting	   the	   interaction	   between	  
transgenic	  trees	  and	  other	  organisms	  in	  their	  environment,	  as	  well	  as	  potential	  development	  of	  pest	  
resistance	   and	   secondary	   pest	   development.	   Furthermore,	   the	   possibility	   that	   changes	   in	  
environmental	  conditions	  may	  influence	  transgene	  stability	  and	  expression	  over	  time,	  which	  may	  in	  
turn	  affect	  the	  trees’	  ecological	  interactions,	  also	  creates	  a	  need	  for	  longer	  term	  investigations.	  	  Field	  
trials	  of	   longer	  duration,	  and	  possibly	  also	   long	   term	  monitoring	  of	   commercially	  grown	   transgenic	  
trees,	  should	  be	  done.	  	  	  	  

Very	   few	   data	   are	   available	   regarding	   possible	   effects	   of	   transgenic	   trees	   on	   aquatic	   ecosystems.	  	  
Considering	  the	  influence	  that	  riparian	  vegetation	  has	  on	  streams,	  especially	  low	  order	  streams,	  this	  
ecological	   interaction	   should	   not	   continue	   to	   be	   overlooked.	   There	   is	   also	   a	   general	   lack	   of	   data	  
regarding	   sub-‐lethal	   effects	   (fecundity,	   larval	   duration	   etc.)	   of	   transgenic	   trees	   on	   non-‐target	  
organisms,	   as	   well	   as	   multi-‐trophic	   level	   effects	   in	   both	   aquatic	   and	   terrestrial	   ecosystems.	   In	  
addition,	  possible	  combinatorial	  effects	  of	  transgenic	  trees	  when	  used	  in	  conjunction	  with	  herbicides	  
and	   pesticides,	   as	  well	   as	   trees	   containing	   stacked	   events	  where	  multiple	   insect	   resistance	   and/or	  
herbicide	  tolerance	  genes	  are	  inserted,	  have	  yet	  to	  be	  thoroughly	  investigated.	  As	  mentioned	  in	  the	  
previous	  paragraph,	  field	  trials	  representative	  of	  actual	  cultivation	  conditions	  should	  be	  done.	  These	  
should	   be	   supplemented	   by	   laboratory	   investigations,	   particularly	   where	   sub-‐lethal	   effects	   are	  
concerned.	  
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Lastly,	   potential	   incidences	   of	   HGT	   may	   possibly	   be	   overlooked	   by	   culture-‐dependent	   techniques	  
currently	  in	  use.	  	  Next	  generation	  sequencing	  and	  metagenomics-‐based	  approaches	  to	  screening	  for	  
potential	  incidences	  of	  HGT	  could	  be	  useful	  in	  determining	  whether	  this	  is	  the	  case.	  	  	  	  	  

A	  common	  theme	  which	  can	  be	  noted	  throughout	  this	  chapter,	   is	   the	  need	  for	  more	  field	  trials,	  of	  
longer	   duration	   and	   which	   more	   closely	   mimic	   the	   conditions	   under	   which	   transgenic	   tree	  
plantations	  will	  grow	  (Zhang	  et	  al.	  2011,	  LeBlanc,	  Hamelin	  &	  Filion	  2007).	  	  Farnum	  et	  al	  summarised	  
this	  very	  neatly:	  “Regardless	  of	  what	  trait	  is	  being	  assessed,	  trees	  must	  be	  monitored	  for	  transgene	  
expression	  and	  phenotypic	  stability	  under	  field	  conditions,	  in	  a	  variety	  of	  environments,	  using	  several	  
transgenic	   lines	   (independent	  events),	  and	  over	  many	  years	   (i.e.,	  after	  several	  dormancy	  cycles).	   In	  
addition	   to	   baseline	   and	   year-‐to-‐year	   measurements,	   the	   potential	   for	   seasonal	   changes	   in	  
expression	   also	   should	   be	   examined”	   (Farnum,	   Lucier	   &	   Meilan	   2007).	   	   In	   most	   cases,	  
commercialisation	   of	   transgenic	   trees	   has	   yet	   to	   take	   place.	   	   Thus	   there	   is	   a	   window	   for	   more	  
research	   to	   be	   done,	   and	   an	   opportunity	   for	  many	   of	   the	   epistemic	   uncertainties	   noted	   above	   to	  
become	  better	  understood,	  before	  large	  scale	  cultivation	  takes	  place.	  	  	  

In	  the	  event	  of	  commercialisation/large	  scale	  cultivation	  of	  transgenic	  trees,	  long	  term	  monitoring	  of	  
transgene	  stability,	  insect	  pressure	  and	  environmental	  effects	  may	  be	  advisable.	  	  As	  mentioned	  in	  a	  
previous	   chapter	   of	   this	   report,	   it	   is	   not	   possible	   to	   account	   for	   all	   variables	   when	   conducting	  
investigations	   involving	   complex,	   changing	   biological	   and	   ecological	   systems	   such	   as	   trees	   and	  
ecosystems.	   	   It	   is	   possible	   that	   unforeseen	   effects	   may	   manifest	   themselves	   several	   years	   into	   a	  
tree’s	  life	  cycle,	   in	  response	  to	  factors	  such	  as	  climate	  change,	  water	  shortage,	  pollution	  etc.	   	   	  Long	  
term	  monitoring	   should	   be	   considered	   in	   order	   to	   better	   understand	   the	   interaction	  of	   transgenic	  
trees	  and	  their	  environments.	  
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5.	  GM	  salmon	  

5.1	  Introduction	  
	  

During	  the	  last	  three	  decades,	  aquaculture	  has	  expanded	  rapidly	  to	  meet	  the	  ever-‐growing	  demand	  
for	   marine	   foods,	   a	   demand	   that	   cannot	   be	   met	   by	   commercial	   fisheries,	   as	   wild	   fish	   stocks	   are	  
already	  under	  high	  pressure	   (Gillund	  et	  al.,	  2008,	  Bostock,	  2011,	  Gjedrem	  et	  al.,	  2012).	   In	  Norway,	  
Atlantic	  salmon	  (Salmo	  salar)	  has	  been	  intensively	  bred	  for	  more	  than	  forty	  years,	  and	  is	  established	  
as	  the	  most	  important	  aquaculture	  species	  and	  a	  major	  export	  product.	  The	  Norwegian	  domesticated	  
salmon	   is	   marketed	   throughout	   the	   world	   as	   a	   healthy,	   clean,	   environmentally-‐friendly	   and	  
sustainable	  option	  for	  consumers.	  

The	   active	   selection	   of	   Atlantic	   salmon	   breeding	   stock	   for	   over	   four	   decades	   has	   significantly	  
improved	   upon	   growth-‐related	   traits	   (such	   as	   growth	   and	   feed	   conversion	   rates)	   and	   disease	  
resistance	  of	   the	  domesticated	   salmon	   (Thodesen	  and	  Gjedrem,	  2006,	  Gjedrem,	  2012,	  Gjedrem	  et	  
al.,	  2012).	  However,	  traditional	  breeding	  has	  certain	  limitations	  with	  regards	  to	  the	  progress	  that	  can	  
be	  made	  for	  a	  specific	  trait	  within	  a	  certain	  time	  frame.	  Genetically	  modified	  (GM)	  fish	  intended	  for	  
food	  production	  has	   been	  under	   development	   for	  more	   than	   three	  decades	   (Fletcher	   et	   al.,	   2004,	  
Mori	  and	  Devlin,	  1999),	  among	  them	  the	  various	  salmonid	  species,	  tilapia	  and	  carp.	  	  

The	  Atlantic	  salmon	  genome	  has	  recently	  been	  mapped,	  and	  the	  scientific	  community	  is	  continuously	  
gaining	  a	  better	  understanding	  of	  the	  roles	  that	  the	  various	  genes	  and	  their	  products	  play	  in	  different	  
physiological	   processes.	   There	   are	   many	   potential	   genetic	   modifications	   that	   could	   benefit	   the	  
aquaculture	   industry,	   both	   economically	   (for	   example	   increased	   growth	   rate)	   and	  with	   regards	   to	  
animal	  welfare	  (for	  example	  disease	  resistance).	  However,	  most	  of	  the	  envisioned	  modifications	  will	  
require	  years	  of	  research	  and	  optimization	  before	  they	  can	  be	  applied,	  if	  successful	  (see	  table	  5.1	  for	  
a	  non-‐exhaustive	   list	  of	  potential	  genetic	  modifications	   to	  salmon).	  Currently,	  only	  one	  GM	  salmon	  
seems	  to	  be	  approaching	  commercialization.	  This	  is	  the	  AquAdvantage	  salmon	  (see	  textbox	  5.1),	  an	  
Atlantic	  salmon	  which	  has	  been	  modified	  using	  a	  genetic	  construct	  consisting	  of	  anti-‐freeze	  protein	  
regulatory	   genes	   and	   a	   Coho	  
salmon	  growth	  hormone	  (GH)	  gene	  
(Entis,	   1998,	   Fletcher	   et	   al.,	   2004).	  
Substantial	   literature	   already	   exists	  
on	  the	  topic	  of	  genetic	  modification	  
of	   salmonids	   using	   genetic	  
constructs	   composed	   from	   various	  
GH	   coding	   genes	   and	   a	   diversity	   of	  
regulatory	   elements	   (Devlin	   et	   al.,	  
2009a,	   Nam	   et	   al.,	   2008).	   The	  
literature	   encompasses	   both	   the	  
intended,	  as	  well	  as	  the	  unexpected	  
or	   unintended	   effects	   on	   salmon	  
growth,	   physiology	   and	   behaviour.	  
A	  large	  body	  of	  literature	  also	  exists	  

Atlantic	  salmon	  	  
Photo:	  Dollarphotoclub_56242757/Alexander	  Raths	  
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on	  the	  potential	  ecological	   impact	  of	  GH	  transgenic	  salmon	  (hereafter	  GH	  TG	  salmon),	   in	  particular	  
focusing	  on	  the	  impact	  on	  wild	  salmon	  populations.	  However,	  much	  of	  this	  work	  has	  been	  done	  on	  
species	  of	  Pacific	  salmon	  and	  trout	  (Oncorhynchus	  sp.,	  Salmo	  sp.),	  rather	  than	  on	  Atlantic	  salmon.	  	  

There	   are	   many	   uncertainties,	   risks	   and	   knowledge	   gaps	   connected	   to	   the	   process	   of	   genetic	  
modification,	   predicted	   and	   unpredicted	   impacts	   on	   the	   physiology,	   sensory	   perception,	   cognitive	  
abilities	  (see	  review	  by	  Brown	  2015)	  and	  behaviour	  of	  the	  modified	  organism	  and	  its	  offspring,	  and	  
possible	  ecological	  impacts	  of	  GM	  organisms	  which	  are	  released	  or	  escape	  into	  the	  wild.	  	  Little	  work	  
has	  been	  done	  on	  the	  wider	  impacts	  of	  GM	  salmon	  on	  the	  aquaculture	  industry	  and	  its	  stakeholders	  
(including	  consumers),	  the	  environment	  (GM	  Atlantic	  salmon	  as	  an	  invasive	  species),	  or	  the	  society.	  
According	   to	   the	   Norwegian	   Gene	   Technology	   Act,	   these	   latter	   considerations	   related	   to	   social	  
science	   are	   just	   as	   important	   as	   the	   natural	   sciences	  when	   evaluating	  GM	   salmon	   in	   a	  Norwegian	  
context.	  The	  purpose	  of	  the	  act	  is	  to	  “…ensure	  that	  the	  production	  and	  use	  of	  GM	  organisms	  and	  the	  
production	  of	  cloned	  animals	  take	  place	  in	  an	  ethically	  justifiable	  and	  socially	  acceptable	  manner,	  in	  
accordance	  with	  the	  principle	  of	  sustainable	  development	  and	  without	  adverse	  effects	  on	  health	  and	  
the	  environment”	  (regjeringen.no).	  	  

Norway	   is	   at	   the	   forefront	   in	   research	   on	   wild	   Atlantic	   salmon,	   aquaculture,	   and	   the	   impact	   of	  
escaped	   salmon	   on	   wild	   populations	   and	   the	   environment.	   This	   research	   can	   provide	   important	  
information	   with	   regards	   to	   how	   GM	   salmon	   will	   interact	   and	   behave	   in	   the	   wild.	   However,	   a	  
thorough	  characterization	  of	  the	  GM	  salmon	  beyond	  the	  added	  trait	  will	  be	  essential	  to	  understand	  
the	  full	  effect	  of	  the	  modification	  on	  the	  organism,	  and	  for	  predicting	  possible	  ecological	  impacts	  the	  
GM	   salmon	   might	   have.	   As	   such,	   each	   new	   GM	   salmon	   opens	   up	   a	   myriad	   of	   quantitative	   and	  
qualitative	  epistemological	  knowledge	  gaps	  and	  ontological	  uncertainties	  to	  be	  covered	  with	  regards	  
to	  both	   the	   impact	  on	   the	   salmon	   itself	   (product	  quality,	  health,	  behaviour	  etc.)	   and	   the	  potential	  
impacts	  of	  escaped	  GM	  salmon	  on	  wild	  salmon	  populations,	  biodiversity	  and	  the	  environment.	  

This	  chapter	  will	  address	  knowledge	  gaps,	  uncertainties	  and	  questions	  surrounding	  GM	  salmon,	  and	  
among	  the	  issues	  raised	  are:	  	  

• effects	   of	   construct	   composition,	   site	   of	   integration	   and	   gene	   dosage	   on	   expression	   and	  
effectiveness	  of	  the	  transgene	  

• effects	   of	   genetic	   background	   and	   the	   impact	   of	   pleiotropic	   and	   epigenetic	   effects	   on	   the	  
resulting	  phenotype	  

• the	  importance	  of	  comparative	  studies	  

A	   discussion	   about	   questions	   related	   to	   ecological	   impact,	   and	   the	   potential	   containment	   of	   GM	  
salmon	  is	  also	  included,	  focusing	  on:	  	  

• current	  knowledge	  about	  escape	  and	  survival	  of	  domestic	  salmon	  
• potential	  impacts	  on	  wild	  salmon	  populations	  
• other	  ecosystem	  impacts	  (on	  species	  with	  similar	  niches,	  potential	  prey,	  trophic	  interactions	  

etc.)	  
• potential	  for	  physical	  and	  reproductive	  containment	  of	  GM	  salmon	  
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Table	  5.1:	  A	  non-‐exhaustive	  overview	  of	  genetic	  modifications	  that	  could	  be	  considered	  useful	  by	  the	  
aquaculture	  industry	  

Trait	   Approaches	   Status	   References	  
Growth	  
enhancement	  

Growth	  hormone	  	   • Various	  GH	  genetic	  constructs	  have	  
successfully	  increased	  growth	  in	  
several	  salmonid	  species	  

• Specific	  effects	  seem	  to	  depend	  on	  
the	  specific	  salmonid	  line	  and	  
genetic	  construct	  used.	  

• An	  Atlantic	  salmon	  containing	  such	  a	  
construct	  is	  currently	  undergoing	  the	  
approval	  process	  for	  
commercialization	  in	  the	  USA.	  

• Many	  pleiotropic	  effects	  on	  both	  
physiology	  and	  behavior	  have	  been	  
observed.	  

Devlin,	  Raven	  et	  al.	  
(2009a);	  
Hallerman	  (2007);	  
Eales,	  Devlin	  et	  al.	  
(2004);	  
Rise,	  Douglas	  et	  al.	  
(2006);	  
Mori	  et	  al.	  (2007);	  
Abrahams	  and	  Sutterlin	  
(1999);	  
Devlin,	  Johnsson	  et	  al.	  
(1999);	  
Sundström,	  Devlin	  et	  
al.	  (2003);	  
Sundström,	  Lõhmus	  et	  
al.	  (2004)	  

Insulin-‐like	  growth	  
factor	  I	  (IGF-‐I)	  

• So	  far	  attempts	  at	  using	  IGF-‐I	  in	  
genetic	  constructs	  for	  growth	  
enhancement	  has	  failed	  due	  to	  
highly	  negative	  impacts	  on	  the	  
modified	  organism.	  

Devlin,	  Raven	  et	  al.	  
(2009a)	  

Others	   • It	  is	  likely	  that	  with	  more	  knowledge	  
of	  the	  processes	  regulating	  growth	  
in	  salmon	  other	  genes	  could	  also	  be	  
used	  in	  genetic	  constructs	  for	  
growth	  enhancement.	  

	  

Temperature	  
tolerance	  

Antifreeze	  proteins	   • Increasing	  cold	  tolerance	  
• Anti-‐freeze	  constructs	  have	  been	  

inserted	  into	  salmon;	  however	  there	  
seem	  to	  be	  some	  issues	  reaching	  a	  
sufficient	  level	  of	  gene	  expression	  
and	  protein	  production.	  

Zbikowska	  (2003);	  	  
Entis	  (1998)	  

Others	   • Increased	  heath	  tolerance	  
• No	  actual	  attempts	  so	  far,	  but	  genes	  

involved	  in	  temperature	  tolerance	  
are	  being	  mapped	  and	  
characterized.	  

Perry	  et	  al.	  (2001);	  
Somorjai	  et	  al.	  (2003)	  

Disease	  
resistance	  	  

Over-‐expression	  of	  
immune-‐related	  
genes	  

• Overexpression	  of	  immune-‐related	  
genes	  show	  promising	  results	  for	  
increased	  disease	  resistance	  and	  
lower	  mortality.	  

Devlin,	  Raven	  et	  al.	  
(2009a)	  
	  

DNA	  vaccines	   • DNA	  vaccines	  for	  preventing	  
infectious	  hematopoietic	  necrosis	  
virus	  (IHNV)	  and	  viral	  hemorrhagic	  
septicemia	  (VHS)	  and	  more	  are	  in	  

Traxler,	  Anderson	  et	  al.	  
(1999);	  
Lorenzen,	  Lorenzen	  et	  
al.	  (2001);	  



	  
	  

126	  

Trait	   Approaches	   Status	   References	  
the	  process	  of	  commercialization	  or	  
development.	  

Evensen	  and	  Leong	  
(2013)	  

Others	   • Gene	  editing	  could	  be	  a	  potential	  
tool	  for	  changing	  alleles	  etc.	  

McMahon,	  Rahdar	  et	  
al.	  (2012);	  
Gaj,	  Gersbach	  et	  al.	  
(2013)	  

Vitamin	  Inde-‐
pendency	  

L-‐ascorbic	  acid	  
synthetic	  pathway	  

• Teleost	  fish	  cannot	  synthesize	  
vitamin	  C	  (L-‐ascorbic	  acid),	  and	  thus	  
this	  must	  be	  added	  to	  their	  captive	  
diet.	  

• Attempts	  were	  made	  in	  the	  90’s	  to	  
introduce	  the	  gene	  coding	  for	  L-‐
gulono-‐gamma-‐lactone	  oxidase,	  
(enzyme	  essential	  to	  the	  synthesis	  of	  
vitamin	  C)	  to	  medaka	  and	  rainbow	  
trout.	  

Toyohara,	  Nakata	  et	  al.	  
(1996);	  
Krasnov,	  Reinisalo	  et	  al.	  
(1998)	  

Metabolism	   Carbohydrates	   • Salmonids	  are	  not	  effective	  utilizers	  
of	  carbohydrates	  

• Engineering	  alternative	  pathways	  for	  
carbohydrate	  metabolism	  

Krasnov,	  Pitkänen	  et	  al.	  
(1999);	  
Pitkänen,	  Krasnov	  et	  al.	  
(1999)	  

Lipids	   • Salmon	  only	  produce	  
docosahexaenoic	  and	  
eicosapentaenoic	  acid	  (DHA,	  EPA)	  
endogenously	  to	  satisfy	  its	  own	  
needs,	  the	  surplus	  that	  consumers	  of	  
salmon	  rely	  on	  mainly	  comes	  from	  
the	  salmon’s	  marine	  food	  resources.	  

• Modifying	  the	  salmon	  to	  produce	  
DHA	  and	  EPA	  in	  excess	  would	  relieve	  
the	  aquaculture	  industry	  of	  its	  
dependence	  on	  marine	  feed	  sources	  
for	  product	  quality.	  

• Successful	  modification	  of	  zebrafish	  

Devlin,	  Raven	  et	  al.	  
(2009a);	  
Alimuddin,	  Yoshizaki	  et	  
al.	  (2005)	  
	  

Late/No	  
maturation	  
(sterility)	  

Interference	  with	  
physiological	  
pathways	  
to	  delay	  or	  prevent	  
maturation	  
	  
“Terminator”-‐
technology	  
	  
Triploidy	  
	  
	  
	  

• Maturation	  reduces	  animal	  welfare	  
in	  sea	  pens	  and	  decreases	  the	  
palatability	  of	  salmon.	  

• Fast	  growth	  has	  already	  reduced	  
time	  to	  maturation,	  and	  concerns	  
have	  been	  raised	  that	  increasing	  sea	  
temperatures	  could	  further	  
influence	  this.	  

• 	  Avoiding	  hybridization	  with	  wild	  fish	  

Wong	  and	  Van	  
Eenennaam	  (2008)	  
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Trait	   Approaches	   Status	   References	  
Flesh	  
character-‐
istics/product	  
quality	  

Delaying	  
tenderization	  process	  

• Tenderization	  of	  muscle	  tissue	  
was	  delayed	  in	  medaka	  by	  
inserting	  a	  genetic	  construct	  
expressing	  an	  inhibitor	  of	  
matrix	  metallo-‐proteinase.	  

Toyohara	  et	  al.	  	  (2005);	  
Devlin,	  Raven	  et	  al.	  
(2009a)	  
	  

Myostatin	  regulation	   • Myostatin	  regulates	  muscle	  
development,	  by	  regulating	  it	  
muscle	  conformation	  and	  visual	  
appeal	  could	  be	  altered	  in	  
accordance	  to	  consumer	  
acceptability.	  

• Mice	  and	  zebrafish	  studies	  

Devlin,	  Raven	  et	  al.	  
(2009a);	  
Reisz-‐Porszasz	  et	  al.	  
(2003a,	  Reisz-‐Porszasz	  
et	  al.,	  2003b);	  
Yang	  et	  al.	  (2006);	  
Acosta	  et	  al.	  (2005);	  
Xu	  et	  al.	  (2003)	  

	  

	  

5.2	  Molecular	  Characterization	  
	  

5.2.1	  Transformation	  methods	  

There	  are	  three	  commonly	  used	  methods	  for	  introducing	  genetic	  constructs9	  	  to	  animals:	  

1. Transformation	  of	  embryonic	  stem	  cells.	  	  
2. Electroporation;	  the	  use	  of	  electric	  impulses	  to	  make	  cell	  membranes	  more	  

permeable	  to	  macromolecules.	  	  
3. Transformation	  by	  microinjection	  where	  the	  desired	  gene	  construct	  is	  injected	  into	  a	  

fertilized	  egg.	  

The	   latter	   is	   the	  preferred	  and	  most	  effective	  method	   (Wang	  et	  al.,	   2007,	  Devlin	  et	   al.,	   2009a)	   for	  
transforming	  fish.	  However	  there	  are	  some	  issues	  related	  to	  the	  microinjection	  technology.	  Because	  
this	   transformation	  process	   is	   random,	  and	  does	  not	  necessarily	   take	  place	  at	   the	  one-‐cell	   stage	  of	  
embryo	   development,	   a	   chimeric	   fish,	   where	   only	   a	   portion	   of	   the	   cells	   contain	   the	   transgene,	   is	  
often	  the	  results	  of	  the	  transformation.	  Due	  to	  the	  randomness	  of	  the	  insertion	  these	  chimeric	  fish	  
might	   exhibit	   very	   different	   phenotypes,	   and	   the	   transgene	   might	   show	   different	   heritability	  
between	   individuals.	   In	   order	   to	   establish	   a	   fixed	   genotype	   for	   study	   and	   characterization	   (and	  
possibly	  commercialization)	  one	  must	  breed	  the	  modified	  fish	  over	  generations	  in	  order	  to	  establish	  
a	  stable	  GM	  line.	  The	  initial	  spectre	  of	  genotypes	  and	  expressed	  phenotypes	  allows	  for	  broad	  starting	  
point	   when	   selecting	   for	   the	   applicable	   pheno-‐	   and	   genotype	   for	   the	   intended	   purposes	   of	   the	  
experiment.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9	  Genetic	  constructs	  can	  be	  i)	  Transgenic,	  that	  is	  the	  genes	  introduced	  are	  from	  species	  different	  from	  and	  not	  sexually	  
compatible	  with	  the	  receiving	  organisms;	  ii)	  cisgenic,	  that	  is	  the	  genes	  introduced	  come	  from	  the	  organism	  itself	  or	  from	  a	  
sexually	  compatible	  species	  including	  its	  original	  regulatory	  elements;	  iii)	  intragenic,	  that	  is	  the	  introduced	  genetic	  construct	  
originated	  from	  the	  organism	  itself	  or	  a	  sexually	  compatible	  species,	  but	  elements	  can	  be	  combined	  form	  different	  genes,	  
both	  full	  and	  partial,	  in	  any	  order	  of	  combinations.	  	  	  
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5.2.2	  Construct	  composition,	  site	  of	  integration,	  stability,	  gene	  dosage	  and	  expression	  

The	  composition	  of	  the	  genetic	  construct	  is	   important	  for	  effect	  on	  the	  GM	  organism.	  In	  fish,	   it	  has	  
been	  observed	  that	  constructs	  consisting	  of	  promoters	  and/or	  genes	  closely	  related	  or	  homologous	  
to	   promoters	   and	   genes	   native	   to	   the	   modified	   species	   are	   more	   successful	   than	   constructs	  
consisting	  of	  non-‐homologous	  elements	  (Nam	  et	  al.,	  2008).	  However,	  it	  is	  important	  to	  consider	  that	  
homologous	   gene	   constructs	   could	   be	   subjected	   to	   the	   endogenous	   regulatory	   system	   if	   they	   are	  
100%	   homologous	   and	   thus	   might	   not	   be	   effective	   at	   all	   (Nam	   et	   al.,	   2008).	   When	   using	   non-‐
homologous	   genes	   the	   problem	   could	   be	   the	   opposite,	   i.e.	   too	   little	   interaction	   with	   the	   native	  

Box	  5.1:	  The	  AquAdvantage	  Atlantic	  salmon	  

The	   AquAdvantage	   salmon	   is	   a	   GM	   Atlantic	   salmon	   carrying	   a	   genetic	   construct	   consisting	   of	   the	  
regulatory	  components	  (promotor,	  terminator)	  of	  the	  Ocean	  Pout	  (Zoarces	  americanus)	  anti-‐freeze	  gene,	  
and	   a	   gene	   coding	   for	   the	   Chinook	   salmon	   (Oncorhynchus	   tshawytscha)	   growth	   hormone.	   There	   are	  
several	   differences	   between	   this	   exogenous	   growth	   hormone	   genetic	   construct	   and	   the	   endogenous	  
growth	  hormone	  gene,	  both	  in	  expression	  and	  regulation.	  The	  endogenous	  GH	  gene,	  primarily	  expressed	  
in	  the	  pituitary,	  is	  regulated	  by	  a	  negative	  feedback	  system,	  and	  heavily	  down-‐regulated	  over	  winter	  when	  
food	  access	  and	  water	  temperature	  is	  usually	  low.	  However,	  due	  to	  the	  nature	  of	  the	  anti-‐freeze	  promoter	  
the	  exogenous	  gene	   is	   continuously	  expressed	   throughout	  the	  year,	   in	  a	  multitude	  of	   tissue	   types,	   thus	  
keeping	  GH	  plasma	  levels	  high	  throughout	  the	  year	  and	  thereby	  increasing	  growth.	  	  

The	   development	   of	   the	   AquAdvantage	   started	   in	   the	   late	   1980’s	   with	   general	   research	   into	   the	  
development	   of	   GM	   salmon	   at	   the	  Memorial	   University	   of	   Newfoundland.	   In	   1989	   the	   GH	   TG	   genetic	  
construct	   mentioned	   above	   was	   created	   and	   the	   founder	   animal	   of	   the	   AquAdvantage	   line	   was	  
engineered.	  During	  the	  subsequent	  years	  the	  AquAdvantage	  line	  was	  established,	  and	  the	  American	  Food	  
and	   Drug	   Administration	   (FDA)	   was	   informed	   by	   A/F	   Protein	   of	   the	   intention	   to	   develop	   a	   GM	   line	   of	  
salmon	  for	  commercial	  purposes	  in	  1995.	  The	  GH	  TG	  salmon	  will	  be	  regulated	  as	  a	  new	  animal	  drug,	  and	  
thus	   subject	   to	   the	   approval	   criteria	   that	   exist	   for	   animal	   drugs.	   In	   2000	   A/F	   Protein	   divided	   into	   A/F	  
Proteins	  and	  AquaBounty	  Farms,	  AquaBounty	  retains	  the	  AquAdvantage	  technology.	  A	  few	  years	  later	  the	  
name	  was	  changed	  to	  AquaBounty	  Technologies.	  	  

The	   first	   regulatory	   study	   of	   the	   GH	   TG	   salmon	   was	   filed	   with	   the	   FDA	   nearly	   a	   decade	   after	   the	  
establishment	  of	  the	  GH	  TG	  line,	  and	  the	  final	  regulatory	  study	  was	  delivered	  to	  the	  FDA	  in	  2009.	  In	  2010	  
both	  the	  FDA	  and	  the	  Veterinary	  Medicine	  Advisory	  Committee	  concluded	  that	  the	  AquAdvantage	  salmon	  
is	  indistinguishable	  from	  Atlantic	  salmon,	  safe	  to	  eat,	  and	  that	  it	  poses	  no	  threat	  to	  the	  environment	  under	  
its	   condition	   for	   use	   (breeding	  and	  production	  of	  eyed-‐eggs	   in	  Canada,	   land-‐based	  production	   in	   closed	  
facilities	  at	  inhospitable	  locations	  for	  the	  salmon	  in	  Panama,	  processing	  in	  Panama,	  and	  sale	  of	  processed	  
salmon	   in	   the	   USA).	   In	   2011	   the	   National	   Marine	   Fisheries	   Service	   of	   the	   National	   Oceanic	   and	  
Atmospheric	  Administration	  (NOAA)	  and	  the	  U.S.	  Fish	  and	  Wildlife	  Service	  concurred	  with	  the	  FDA	  in	  their	  
finding	   of	   no	   effect	   on,	   nor	   threat,	   to	   the	   environment.	   In	   2013	   the	   Canadian	   government	   gave	  
AquaBounty	   permission	   to	   produce	   AquAdvantage	   eggs	   for	   commercial	   purposes	   at	   the	   company’s	  
facilities	  on	  Prince	  Edwards	  Island.	  At	  the	  beginning	  of	  2015	  the	  FDA	  had	  not	  yet	  given	  its	  final	  approval	  to	  
the	  import	  and	  sale	  of	  food	  products	  from	  the	  AquAdvantage	  salmon	  due	  to	  several	  issues	  related	  to	  the	  
studies	  and	  environmental	  assessment	  of	  the	  AquAdvantage	  salmon	  raised	  by	  different	  organizations	  and	  
interest	   groups	   representing	   both	   consumers,	   scientists	   and	   environmentalist	   during	   the	   public	  
commentary	  period	  in	  2012-‐2013.	  
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system	  of	   the	   organism.	   Thus,	   it	   is	   important	   to	   evaluate	   the	   promotors	   and	   genes	   selected	   for	   a	  
construct	   thoroughly,	   focusing	   on	   how	  well	   it	   would	   interact	   with	   the	   endogenous	   system	   of	   the	  
target	  organism.	  	  

Different	   modification	   events,	   using	   the	   same	   gene	   construct	   and	   species,	   	   but	   having	   individual	  
impacts	  on	  the	  modified	  organisms	  indicate	  that	  the	  site	  of	  integration	  of	  the	  genetic	  construct	  could	  
affect	  gene	  expression	  and	  thus	  the	  effect	  of	  the	  introduced	  construct	  on	  the	  GM	  organism	  (Devlin	  et	  
al.,	  2004a).	  	  

The	  gene	  dosage,	   i.e.	  number	  of	   insertions	  of	   the	  construct	   into	  the	  genome,	   is	  another	   important	  
aspect	   of	   the	   genetic	   modification	   of	   an	   organism.	   The	   number	   of	   integrations	   will	   affect	   the	  
expression	   level	   of	   the	   transgene,	   and	   through	   that,	   affect	   systemic	   regulation	   as	   well.	   It	   can	   be	  
expected	   that	   a	   plateau	   will	   be	   reached	   for	   the	   expression,	   production,	   and	   utilization	   of	   the	  
transgene	   and	   its	   product,	   regardless	   of	   its	   dosage	   as	   all	   reactions	   are	   dependent	   on	   a	   limited	  
amount	  of	  interacting	  reagents	  (f.	  ex.	  limitations	  in	  receptors	  or	  enzymatic	  activity).	  However,	  there	  
could	   be	   potential	   to	   raise	   the	   plateau	   via	   genetic	   engineering	   affecting	   the	   levels	   of	   involved	  
reagents	   (would	   require	   a	   sophisticated	   level	   of	   knowledge).	   Devlin	   et	   al.	   (2014)	   found	   that	  
transgene	  dosage	  affected	  growth	  rate	  and	  plasma	  levels	  of	  GH	  and	  IGF-‐1.	  Transgene	  dosage	  effect	  
was	  found	  to	  be	  dependent	  on	  developmental	  stage,	  and	  ploidy	  (both	  diploid	  and	  triploid	  individuals	  
were	   used	   in	   the	   study).	   It	   has	   also	   been	   suggested	   that	   the	   transgene	   expression	   could	   be	  
influenced	   by	   competition	   with	   endogenous	   genes	   and	   promoters	   for	   transcriptional	   regulators	  
(micro-‐competition)	  (Rollo,	  2014),	  which	  might	  set	  off	  a	  compensatory	  mechanism	  that	  could	  cause	  
indirect	  pleiotropic	  effects	  on	  the	  organism	  itself.	  

It	   is	   important	   to	   establish	  whether	   the	   genetic	   construct	   is	   inherited	   in	   a	   stable	   and	   predictable	  
manner	   over	   multiple	   generations,	   with	   the	   genetic	   integrity	   of	   the	   inserted	   construct	   remaining	  
intact,	  and	  conferring	  the	  expected	  phenotype.	  The	  GM	  line	  should	   ideally	  be	  tested	  under	  varying	  
environmental	   conditions	   and	   with	   different	   stressors	   to	   make	   sure	   the	   intended	   effect	   of	   the	  
introduced	  construct	  on	  the	  phenotype	  does	  not	  shift.	  

	  

5.2.3	  Genetic	  Background	  and	  Pleiotropic	  and	  Epigenetic	  Effects	  

The	  genetic	  background	   into	  which	  a	  gene	  construct	   is	   introduced	  can	  have	  a	   large	   impact	  on	  how	  
effectively	  the	  construct	  affects	  the	  modified	  organism.	   It	   is	   to	  be	  expected	  that	  the	  domestication	  
process	   of	   salmon	   has	   led	   to	   genetic	   and	   epigenetic	   adaptation,	   both	   through	   target	   directed	  
breeding,	  but	  also	  due	  to	  changes	  in	  the	  habitat	  and	  feed	  offered	  the	  farmed	  salmon.	  	  For	  example,	  
Devlin	  et	  al.	   (2001)	   found	  that	  a	  GH	  construct	  had	  a	  much	   larger	   impact	  on	  growth	  of	   trout	  with	  a	  
wild	  type	  genetic	  background	  than	  on	  trout	  with	  a	  domesticated	  genetic	  background,	  compared	  to	  
non-‐modified	   counterparts.	   In	   another	   study	   comparing	   gene	   expression	   between	   wild	   type,	  
domestic	  type	  and	  GH	  TG	  strains,	  Devlin	  et	  al.	   (2009b)	  observed	  that	  there	  was	  a	  tendency	  for	  the	  
same	   genes	   to	   be	   up-‐	   and	   down-‐regulated	   in	   GH	   TG	   salmon	   and	   domesticated	   salmon	   as	   when	  
compared	  to	  wild	  type	  salmon.	  This	  could	  indicate	  that	  similar	  changes	  are	  introduced	  at	  the	  genome	  
level	  when	  breeding	  for	  rapid	  growth	  and	  when	  introducing	  additional	  GH	  genes.	  These	  two	  studies	  
highlight	   the	   importance	  of	  knowing	   the	  genetic	  background	  and	  the	  potential	  of	   the	   transgene	  to	  
influence	  other	  genes	  and	  their	  expression	  and	  vice	  versa.	  	  
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Pleiotropic	   effects	   can	   arise	   directly	   when	   the	   product	   of	   a	   gene	   influences	   several	   biological	  
mechanisms	  and	  traits,	  or	  indirectly	  through	  the	  impact	  of	  the	  gene’s	  presence	  (interactions	  include	  
up-‐	   or	   down	   regulation	   and	   blocking	   of	   expression).	   Some	   pleiotropic	   effects	   might	   only	   be	  
observable	  during	  certain	  life	  stages,	  or	  in	  certain	  environments.	  Pleiotropic	  effects	  thus	  complicate	  
the	  evaluation	  and	  risk	  assessment	  of	  GM	  organisms,	  as	  it	  is	  impossible	  to	  perform	  a	  comprehensive	  
mapping	  of	  all	  pleiotropic	  effects	   caused	  by	   the	   insertion	  of	  a	  genetic	   construct.	   	  Box	  5.2	  presents	  
several	  studies	  investigating	  pleiotropic	  effects	  in	  GH	  TG	  salmon.	  	  

A	   case-‐by-‐case	   evaluation	   and	   post-‐approval	   monitoring	   would	   be	   instrumental	   in	   uncovering	  
pleiotropic	  effects,	  as	  each	  event	  is	  unique	  in	  relation	  to	  the	  species,	  transgene	  and	  insertion	  site(s).	  
As	   illustrated	   by	   Devlin	   et	   al.	   (2009b),	   the	   insertion	   of	   a	   transgene	   may	   subsequently	   affect	   the	  
transcription	  of	  a	  multitude	  of	  other	  genes,	  with	  further	  impacts	  on	  the	  organism.	  Pleiotropic	  effects	  
not	  only	  affect	  the	  morphology,	  physiology	  and	  systemic	  regulation	  of	  an	  organism;	  they	  might	  also	  
affect	  the	  behaviour	  of	  the	  organism.	  This	  is	  important	  to	  remember	  when	  assessing	  GM	  organisms,	  
particularly	  so	  when	  the	  organism	  is	  intended	  for	  environmental	  release,	  or	  when	  accidental	  release	  
might	  occur.	  Several	  studies	  have	  evaluated	  behavioural	  changes	  in	  GH	  TG	  fish	  (Bessey	  et	  al.,	  2004,	  
Fredrik	  Sundström	  et	  al.,	  2007,	  Hallerman	  et	  al.,	  2007,	  Devlin	  et	  al.,	  2009a,	  Fredrik	  Sundström	  et	  al.,	  
2003,	   Fredrik	   Sundström	   et	   al.,	   2004),	   as	   it	   is	   critical	   for	   the	   risk	   assessment	   to	   evaluate	   such	  
information	  when	  considering	  risk	  and	  potential	  impacts	  of	  escape	  from	  contained	  facilities.	  	  

Salmon	   is	   a	   highly	   plastic	   species	   and	   environmental	   conditions	   are	   expected	   to	   influence	   its	  
development	   and	   adaptation	   through	   genotype	   by	   environment	   interactions	   (see	   textbox	   5.3).	  
Pleiotropic	  effects	  can	  be	   influenced	  by	  environmental	  circumstances,	  e.g.	  what	  types	  of	  stress	  the	  
salmon	   is	  exposed	  to.	  The	  ability	   to	  cope	  with	  stress	   is	  an	   important	   factor	   for	  animal	  welfare	  and	  
product	   quality	   in	   aquaculture,	   as	   stress	   is	   known	   to	   affect	   general	   immune	   functions	   and	   have	  
negative	  health	  implications.	  However,	  studies	  so	  far	  have	  been	  indecisive	  with	  regards	  to	  if	  there	  is	  
any	   impacts	   on	   stress	   tolerance	   in	   GH	   TG	   salmonid	   fish	   (Deitch	   et	   al.,	   2006,	   Jhingan	   et	   al.,	   2003,	  
Leggatt	  et	  al.,	  2007).	  	  

There	  are	  known	  differences	  in	  the	  spawning	  success	  of	  wild	  vs.	  domesticated	  salmon	  (Naylor	  et	  al.,	  
2005,	  Fleming	  et	  al.,	  2000).	  For	  any	  GM	  salmon,	  it	  will	  be	  important	  to	  have	  a	  good	  understanding	  of	  
its	   reproductive	   potential	   and	   fitness	   in	   order	   to	   conduct	   a	   thorough	   risk	   assessment.	   It	   is	   of	  
particular	  importance	  that	  potential	  effects	  of	  the	  GM	  trait	  on	  reproduction	  is	  evaluated	  on	  a	  case-‐
by-‐case	  basis.	  For	  the	  GH	  TG	  fish,	   it	   is	  suspected	  that	   it	  will	  have	  poorer	  reproductive	  success	  than	  
observed	  in	  escaped	  domesticated	  fish	  today,	  however	  faster	  growth	  and	  earlier	  maturation,	  might	  
still	  give	  a	  selective	  advantage	  (Naylor	  et	  al.,	  2005,	  Bessey	  et	  al.,	  2004).	  It	  is	  hypothesized	  that	  poor	  
mating	   success	   among	   escaped	   domestic	   salmon	   is	   due	   to	   culture	   conditions	   rather	   than	   genetic	  
effects	  alone	  (Bessey	  et	  al.,	  2004).	  That	  indicates	  that	  a	  second	  generation	  of	  feral	  salmon	  could	  have	  
a	  mating	  success	  similar	  to	  that	  of	  wild	  salmon,	  however	  genetic	  change	  would	  still	  influence	  this	  to	  
some	  degree.	  Such	  genotype	  by	  environment	  interactions	  makes	  it	  very	  difficult	  to	  predict	  what	  the	  
potential	   impact	   of	   GM	   fish	   would	   be	   if	   interaction	   between	   GM	   and	   wild	   type	   fish	   would	   occur	  
(Devlin	  et	  al.,	  2006,	  Sundström	  et	  al.,	  2007).	  Bessey	  et	  al.	   (2004)	  found	  that	  GH	  TG	  salmon	  females	  
produced	  more,	  but	  smaller	  eggs,	  than	  their	  non-‐GM	  comparator,	  which	  could	  have	  implications	  for	  
the	   survival	   of	   eggs	   and	   fry.	   However,	   by	   producing	   more	   eggs	   more	   offspring	   could	   survive	  
(depending	   on	   environmental	   conditions	   and	   predation	   pressure)	   to	   compete	   against	   the	   wild	  
salmon.	  



	  
	  

131	  

	  

	  

Box	  5.2:	  Pleiotropic	  effect	  in	  GH	  TG	  salmon	  

GH	   is	   a	   high	   level	   regulatory	   hormone	   involved	   in	   the	   regulation	   of	   many	   important	   physiological	  
processes,	   and	   thus	   the	   introduction	   of	   a	   gene	  coding	   for	   additional	   GH	   to	   be	   produced	   is	   expected	   to	  
cause	  a	  myriad	  of	  effects	  on	  the	  GH	  TG	  organism.	  	  

The	  natural	  expression	  and	  production	  of	  piscine	  GH	  takes	  place	  in	  the	  pituitary	  from	  where	  it	  enters	  the	  
blood	   plasma,	   and	   is	   subject	   to	   negative	   feedback	   regulation.	   The	   introduced	   GH	   is	   produced	   by	   cells	  
throughout	  the	  body,	  and	  through	  increasing	  blood	  plasma	  levels	  of	  non-‐native	  GH,	  the	  pituitary’s	  own	  GH	  
production	  is	  down-‐regulated	  (Devlin	  et	  al.,	  2009a,	  Mori	  and	  Devlin,	  1999).	  	  

The	  increased	  growth	  rate	  (Cook	  et	  al.,	  2000),	  with	  an	  elevated	  feed	  intake	  and	  utilization	  rate	  (Hallerman	  
et	   al.,	   2007,	   Tibbetts	   et	   al.,	   2013)	   is	   considered	   direct	   and	   intended	   effects	   of	   the	   insertion	   of	   a	   GH	  
construct	   into	   salmonid	   fish	   species.	   However,	   many	   additional	   effects	   of	   this	   modification	   have	   been	  
observed	  and	  scientifically	  documented:	  

• Cascading	  effects	  on	  hormones	  influenced	  by	  GH	  (Mori	  et	  al.,	  2007,	  Rise	  et	  al.,	  2006,	  Devlin	  et	  al.,	  
2009a,	  Eales	  et	  al.,	  2004,	  Jhingan	  et	  al.,	  2003).	  

• Reaches	   an	   appropriate	   size	   for	   smoltification	   and	   actually	   initiates	   and	   completes	   the	  
smoltification	  process	  earlier	  in	  life	  than	  the	  non-‐GM	  salmon	  (Saunders	  et	  al.,	  1998).	  

• Changes	   in	   oxygen	   consumption	   and	   metabolic	   rates,	   which	   could	   affect	   their	   rearing	  
requirements	  (Stevens	  et	  al.,	  1998,	  Leggatt	  et	  al.,	  2003,	  Deitch	  et	  al.,	  2006,	  Sundt-‐Hansen	  et	  al.,	  
2007,	  Devlin	  et	  al.,	  2009a).	  

• The	  swimming	  ability	  of	  the	  GH	  TG	  fish	  is	  most	  likely	  affected	  through	  effects	  of	  the	  transgene	  on	  
muscle	   tissue	   and	   oxygen	   uptake	   and	   transportation	   (Stevens	   et	   al.,	   1998,	   Deitch	   et	   al.,	   2006,	  
Devlin	  et	  al.,	  2009a).	  

• Lower	  levels	  of	  proteins	  and	  lipids	  and	  more	  whole	  body	  moisture	  (Cook	  et	  al.,	  2000).	  
• Changed	   morphology	   and	   malformations	   due	   to	   the	   excessive	   growth	   of	   bone	   and	   cartilage	  

(Hallerman	  et	  al.,	   2007,	  Devlin	  et	  al.,	   2009a,	  Devlin	  et	  al.,	   1995,	  Deitch	  et	  al.,	   2006,	  Nam	  et	  al.,	  
2008)	  

Some	   pleiotropic	   effects	   manifest	   as	   behavioural	   changes	   such	   as	   increased	   foraging	   and	   feeding	  
motivation,	   active	   feeding	   throughout	   the	   year,	   increased	   willingness	   to	   try	   new	   prey	   items,	   increased	  
aggression,	  more	  risk	  taking	  when	  foraging	  (however,	  though	  increased	  activity	  increases	  predation	  risk,	  a	  
larger	   size	   could	   potentially	   reduce	   the	   number	   of	   potential	   predators)	   and	   increased	   explorative	  
behaviour	  (Hallerman	  et	  al.,	  2007,	  Devlin	  et	  al.,	  2009a,	  Fredrik	  Sundström	  et	  al.,	  2003,	  Fredrik	  Sundström	  
et	  al.,	   2004,	   Fredrik	   Sundström	  et	  al.,	   2007,	  Abrahams	  and	  Sutterlin,	  1999,	  Vandersteen	  Tymchuk	  et	  al.,	  
2005,	  Devlin	  et	  al.,	  1999,	  Devlin	  et	  al.,	  2004a).	  A	  recent	  study	  performed	  with	  GH	  TG	  Coho	  (Oncorhynchus	  
kisutch)	  in	  a	  contained	  stream-‐environment	  found	  that	  the	  impact	  of	  stream	  reared	  GM	  salmon	  on	  a	  wild-‐
type	  population	  was	  similar	   to	   that	  of	  non-‐GM	  salmon,	  however	   if	   given	  the	  chance	  to	  outgrow	   its	  wild	  
conspecific	   first,	   the	   invading	   GM	   salmon	   significantly	   reduced	   survival	   and	   growth	   of	   the	   wild-‐type	  
population	  as	  compared	  to	  the	  non-‐GM	  invaders	  (Sundström	  et	  al.,	  2014).	  This	  difference	  could	  be	  related	  
to	   the	   observed	   behavioural	   shifts,	   which	   provides	   an	   advantage	   as	   size	   differences	   increases	   (size	   is	  
connected	   to	   dominance).	   Behavioural	   shifts	   such	   as	   increased	   aggression,	   could	   be	   detrimental	   to	   fish	  
welfare	   in	   the	   context	   of	   aquaculture,	   but	   preventative	   measures	   such	   as	   feeding	   to	   satiation	   might	  
alleviate	  such	  welfare	  issues	  (Devlin	  et	  al.,	  2004b,	  Devlin	  et	  al.,	  2009a,	  Fredrik	  Sundström	  et	  al.,	  2003).	  
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Another	  important	  aspect	  of	  behaviour	  includes	  whether	  the	  GM	  salmon	  show	  changed	  tendencies	  
towards	  migration	   and	   dispersal	   if	   escaped	   (Devlin	   et	   al.,	   2009a).	   Though	   some	   prediction	   can	   be	  
made	  on	  the	  basis	  of	  what	  is	  seen	  in	  domesticated	  escaped	  salmon	  (Hansen,	  2006),	  the	  impact	  of	  the	  
transgene	  on	  this	  behaviour	  must	  still	  be	  considered	  (Fredrik	  Sundström	  et	  al.,	  2007).	  	  

	  

5.2.4	  Comparative	  Analysis	  	  

Essential	  to	  the	  approval	  of	  GM	  organisms	  is	  the	  comparison	  with	  its	  unmodified	  counterpart.	  This	  is	  
done	  to	  show	  that	  the	  genetic	  modification	  is	  working	  as	  intended	  and	  has	  no	  adverse	  effects	  on	  the	  
modified	   organism	   or	   consumers	   of	   the	   organism.	   Ideally	   the	   organism	   should	   be	   tested	   during	  
different	  life	  stages,	  varying	  environmental	  conditions	  and	  during	  different	  forms	  of	  physiological	  and	  
mental	   stress	   (conditions	   that	   the	   GM	   salmon	   will	   meet	   in	   rearing	   and	   grow-‐out	   facilities	   are	  
particularly	  relevant),	  as	   these	  factors	  might	   impact	  the	  organism’s	   interaction	  with	  the	   introduced	  
transgene	   and	   its	   product	   (e.g.	   to	   account	   for	   genotype	   by	   environment	   and	   pleiotropic	   effects).	  
Depending	  on	  the	  organism,	  one	  should	  be	  able	  to	  identify	  several	  traits	  and	  biological	  compounds	  
of	  particular	  interest	  based	  on	  animal	  health,	  toxicological	  and	  nutritional	  viewpoints.	  In	  the	  case	  of	  
fish,	  which	   is	   an	   important	   nutritional	   source	   for	  marine	   fatty	   acids,	   it	   is	   only	   natural	   that	   special	  
attention	  should	  be	  paid	  to	  the	  levels	  of	  these	  in	  GM	  salmon.	  Table	  5.2	  provides	  a	  short	  overview	  of	  
the	  important	  points	  in	  a	  comparative	  analysis	  of	  transgene	  animals.	  

A	  phenotypic	  comparison	  between	  the	  GM	  animal	  and	  the	  non-‐GM	  animal	  is	  done	  in	  order	  to	  show	  
that	   the	   intended	   effect	   of	   the	   introduced	   construct	   is	   achieved	   without	   adverse	   effects	   on	   the	  
physiology,	  health,	  behaviour,	  sensory	  perception	  and	  cognitive	  skills	  of	  the	  animal.	  It	  is	  important	  to	  
use	  an	  appropriate	  comparator	  which	  has	  been	  subject	  to	  the	  same	  circumstances	  and	  treatments	  as	  
the	  GM	  animal.	  Only	  then	  can	  it	  be	  inferred	  that	  any	  dissimilarity	  is	  due	  to	  effects	  of	  the	  introduced	  
construct.	   Importantly,	   any	   containment	  methods	   used	   to	   limit	   the	   animals’	   interactions	  with	   the	  
natural	  environment	  and	  wild	  conspecifics,	  such	  as	   landlocked	  rearing	  facilities	  or	   induced	  triploidy	  

Box	  5.3:	  Genotype	  by	  Environment	  Interactions	  and	  plasticity	  

The	  phenotype	  derived	  from	  a	  specific	  genotype	  can	  be	  influenced	  by	  environmental	  input	  such	  
as	   temperature	   and	  other	   climatic	   factors,	   or	   through	   exposure	   or	   lack	   of	   exposure	   to	   certain	  
chemical	   compounds.	   How	   this	   expressed	   phenotype	   shifts	   under	   varying	   environmental	  
conditions	   is	   called	  a	   reaction	  norm.	  These	   shifts	   could	   occur	  during	   an	  organism’s	   lifetime,	   or	  
between	  generations	  experiencing	  different	  environmental	  conditions	  during	  development.	  This	  
capacity	  of	  genotypes	  to	  vary	  in	  their	  phenotypic	  expression	  conditioned	  by	  environmental	  input	  
is	   termed	   plasticity.	   The	   genotype	   by	   environment	   interaction	   can	   make	   an	   organism	   show	  
plasticity	   throughout	   all	   aspects	   of	   life,	   including	   but	   not	   limited	   to	   morphology,	   physiology,	  
behavior,	  mating	  strategy	  and	  other	  life	  history	  and	  fitness	  traits.	  Salmon	  is	  considered	  a	  highly	  
plastic	  species,	  where	  variations	  in	  phenotype	  can	  be	  observed	  among	  siblings	  raised	  in	  different	  
environments	  (Chittenden	  et	  al.,	  2010).	  Studies	  have	  already	  shown	  that	  the	  effect	  of	  the	  GH	  TG	  
in	   salmon	   is	   dependent	   on	   environment	   (Sundström	   et	   al.,	   2005,	   Sundström	   et	   al.,	   2007),	  
indicating	   that	  a	   thorough	  evaluation	  of	  the	  effects	  that	  environment	  has	  on	   the	  expression	  of	  
the	   transgene	   and	   further	   pleiotropic	   effects	   due	   to	   differential	   expressions	   of	   the	   transgene	  
should	  be	  undertaken.	  	  	  
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should	   be	   included	   in	   the	   comparative	   study.	   This	   because	   it	   is	   know	   that	   certain	   proposed	  
containment	  methods	  such	  as	  triploidy	  also	  have	  health	  and	  welfare	  implications	  for	  the	  fish	  which	  
could	  interact	  with	  the	  effects	  of	  the	  genetic	  modification	  (Rasmussen	  and	  Morrissey,	  2007,	  Devlin	  et	  
al.,	  2014).	  	  

Table	   5.2:	   Simplified	   overview	   of	   elements	   that	   should	   be	   included	   in	   a	   comparative	   assessment	   of	   GM	  
organisms.	  

	  

The	   compositional	   analysis	   is	   used	   to	   establish	   substantial	   equivalence	   between	   the	  GM	  organism	  
and	  its	  comparator	  for	  levels	  of	  bioactive	  compounds	  such	  as	  key	  nutrients,	  anti-‐nutrients,	  minerals,	  
fatty	   acids	   and	   potential	   toxins.	   When	   performing	   a	   compositional	   analysis,	   it	   is	   important	   to	  
consider	   any	   effects	   that	   the	   transgene	   could	   have	   on	   the	   accumulation	   and	   metabolism	   of	  
potentially	   toxic	   or	   otherwise	   harmful	   compounds	   such	   as	   allergens.	   Increased	   levels	   of	   anti-‐
nutrients	   or	   toxins	   could	   have	   negative	   impacts	   on	   consumer	   health.	   For	   GH	   TG	   fish	   it	   would	   for	  
example,	   be	   relevant	   to	   test	   the	   level	   of	   GH,	   omega-‐3	   fatty	   acids,	   and	   levels	   of	   metals	   and	  
agricultural	  herbicides	  and	  pesticides	  which	  the	  salmon	  might	  be	  exposed	  to	  through	  its	  feed.	  	  

Though	  there	  are	  many	  independent	  studies	  comparing	  the	  phenotype,	  composition	  and	  behaviour	  
of	  GH	  TG	  salmon,	  very	  few	  of	  these	  studies	  are	  working	  with	  the	  same	  construct	  and	  species	  as	  the	  
AquAdvantage.	   Studies	   of	   similar,	   but	   not	   identical	   strains,	   might	   provide	   results	   that	   are	   not	  
consistent	  with	   the	   actual	   event	   intended	   for	   release	  due	   to	   the	   impact	   of	   integration	   site	   on	   the	  
effect	  of	  the	  transgene	  construct.	  This	  highlights	  the	  importance	  of	  good	  and	  thorough	  studies	  being	  
accessible	   from	   the	   developers	   of	   GM	   organisms.	   However,	   a	   comparative	   assessment	   might	   be	  
subject	  to	  qualitative	  uncertainties	  due	  to	  different	  views	  and	  ambiguity	  when	  interpreting	  data	  and	  
results	  on	  what	  would	  be	  an	  acceptable	  deviation	  or	  not.	  There	  is	  thus	  uncertainty	  connected	  to	  the	  
studies	  being	  performed	  by	  the	  developers	  themselves;	  which	  together	  with	  the	  lack	  of	  independent	  
research	   and	   analysis	   of	   specific	   strains	   developed	   for	   commercialization,	   gives	   rise	   to	   possible	  
interpretation	  and	  judgement	  bias.	  	  

The	   comparative	   analysis	   is	   a	   necessary	   tool	   for	   gaining	   information	   about	   the	   GM	   organisms	  
regarding	   how	   the	   genetic	   construct	   is	   functioning	   in	   the	   modified	   organism.	   However,	   the	  
comparative	  analysis	  also	   represents	  our	  biggest	  knowledge	  gap	  as	   it	   can	  never	  be	  exhaustive,	  but	  
subject	   to	   the	   pre-‐existing	   knowledge	   and	   capacity	   of	   the	   developers,	   regulators,	   assessors	   and	  

• Animal	  health	  
• Animal	  welfare	  
• Behavior	  and	  func�on	  of	  the	  organism	  
• Pleiotropic	  effects	  

Phenotypic	  comparison	  

• Nutrients	  and	  an�-‐nutrients	  
• General	  composi�on	  (lipids,	  protein,	  ash,	  water,	  etc.)	  
• Allergenicity	  
• Toxins	  

Composi�onal	  comparison	  
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independent	   researchers	   to	   make	   appropriate	   decisions	   on	   what	   should	   be	   the	   focus	   of	   such	   a	  
comparative	   assessment.	   This	   lack	   of	   a	   complete	   knowledge	   base	   to	   draw	   information	   from	  
highlights	   the	  need	   for	   continued	  monitoring	  and	   research	  even	  after	   approval	  of	   a	  GM	  organism.	  
This	   is	   especially	   in	   the	   case	   of	   fish,	   such	   as	   salmon,	  which	   have	   potential	   for	   escape	   and	   survival	  
(including	  interaction	  with	  wild	  salmon	  and	  sympatric	  species	  in	  the	  wild.	  

In	   box	   5.4	   a	   brief	   description	   of	   the	   FDA’s	   assessment	   of	   the	   AquAdvanatge	   salmon	   is	   given,	   and	  
some	   of	   the	   feedback	   provided	   by	   independent	   researcher	   and	   various	   non-‐governmental	  
organizations	  during	  the	  process.	  	  

	  

5.2.5	  Summary	  of	  Uncertainties	  and	  Knowledge	  Gaps	  

The	  cliché	  “one	  gene,	  one	  protein,	  one	   function”	  has	  been	  debunked	   for	   some	  time	  now,	  and	   it	   is	  
widely	  accepted	  that	  genes	   interact	  with	  each	  other,	  and	  commonly	  have	  more	  than	  one	  function.	  
Thus	  it	  can	  be	  asserted	  that	  with	  any	  genetic	  modification	  there	  must	  exist	  knowledge	  gaps	  on	  how	  
the	  organism	  is	  affected.	  Much	  of	  this	  knowledge	  gap	  can	  be	  attributed	  to	  quantitative	  uncertainties	  
which	   are	   reducible	   through	   research.	   This	   would	   be	   the	   case	   of	   GM	   salmon.	   Much	   of	   the	  
physiological	  and	  behavioural	  impact	  of	  an	  introduced	  construct	  on	  salmon	  can	  be	  investigated	  and	  
observed.	  However,	  what	  research	  choices	  are	  made	  will	  depend	  on	  the	  pre-‐existing	  knowledge	  of	  
salmon	  physiology	  and	  behaviour.	  Thus	  we	  have	  uncertainty	  arising	  from	  ignorance,	  i.e.	  we	  can	  only	  
investigate	   the	   potential	   effects	   that	   we	   are	   able	   to	   imagine.	   This	   ignorance	   is	   also	   important	   to	  
consider	  when	  evaluating	  uncertainty	  and	  knowledge	  gaps	  in	  relation	  to	  GM	  salmon,	  and	  highlights	  
the	  need	  for	  continued	  surveillance	  and	  research	  even	  after	  a	  GM	  organism	  has	  been	  approved	  for	  
commercialization	  or	  release.	  Another	  form	  of	  uncertainty	  that	  is	  very	  prominent	  when	  it	  comes	  to	  
GM	   organisms	   is	   the	   ambiguous	   interpretation	   of	   the	   research	   and	   data	   available	   to	   developers,	  
governmental	   bodies,	   independent	   researchers	   and	   non-‐profit	   organizations.	   This	   is	   a	   form	   of	  
uncertainty	  where	  an	  open	  and	   transparent	  approach	  becomes	   important	   to	   create	  both	   scientific	  
and	  public	  engagement	  and	  debate.	  

Major	   sources	   of	   knowledge	   gaps	   and	   uncertainties	   that	   currently	   apply	   to	   the	   development	   and	  
characterization	  of	  GM	  salmon:	  

• Gaps	  in	  understanding	  of	  mechanisms	  behind	  insertion	  of	  the	  transgene	  into	  the	  organisms	  
DNA.	  

• The	  understanding	  of	  genetic	  interaction,	  and	  the	  multiple	  roles	  of	  genes	  is	  lacking	  
• Regulatory	   pathways	   and	   systems	   affected	   by	   the	   transgene	   are	   not	   fully	   understood	   nor	  

mapped,	  leading	  to	  unforeseen	  consequences	  on	  the	  organism	  
• Limitations	  on	  the	  scale	  of	  the	  comparative	  analysis	  leaves	  us	  ignorant	  to	  potential,	  as	  of	  yet	  

undetected,	  effects	  of	  the	  genetic	  modification.	  
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• Poor	   cooperation	   and	   knowledge	   sharing	   between	   developers	   and	   independent	   research	  
limits	   the	   total	   body	   of	   scientific	   studies	   performed	   on	   any	   particular	   event,	   leading	   to	  
ontological	  uncertainties	  (i.e.	  in	  the	  case	  of	  GH	  TG	  salmon	  because	  a	  great	  diversity	  of	  events	  
involving	  different	  species,	  constructs	  and	  rearing	  methods	  are	  being	  used).	  

Though	  it	  is	  unlikely	  that	  all	  knowledge	  gaps	  and	  uncertainties	  will	  ever	  be	  resolved	  it	  is	  better	  to	  be	  
aware	  and	  consider	  the	  potential	  consequences	  and	  risks	  they	  entail,	  rather	  than	  to	  remain	  ignorant	  
of	  their	  presence.	  

Box	   5.4:	   The	   American	   Food	   and	   Drug	   Administrations’	   Evaluation	   of	   the	  
AquAdvantage	  salmon	  	  

The	   American	   Food	   and	   Drug	   Administration	   (FDA)	   regulates	   GM	   animals	   under	   the	   New	   Animal	   Drug	  
Provision	  of	  the	  Federal	  Food,	  Drug	  and	  Cosmetic	  Act,	  and	  the	  National	  Environmental	  Policy	  Act.	  It	  is	  the	  
inserted	   genomic	   construct	   rather	   than	   the	   animal	   itself	   that	   is	   considered	   the	   drug.	   The	   FDA	   uses	   a	  
hierarchical	   risk-‐based	  approach,	   drawing	  on	   data	   from	   i)	   controlled	   studies	   of	   the	   specific	  modification	  
event	  in	  question;	  ii)	  other	  non-‐controlled	  studies	  of	  the	  event	  in	  question;	  iii)	  historical	  records	  and	  data	  
from	  these	  animals;	  and	  iv)	  per-‐reviewed	  studies	  on	  the	  event	  in	  question	  or	  similar	  modification	  events,	  
putting	   most	   weight	   on	   the	   from	   the	   first	   source	   in	   a	   weight-‐of-‐evidence	   evaluation.	   The	   hierarchical	  
process	  consists	  of	  seven	  steps;	  

1. Product	  definition	  
2. Molecular	  characterization	  of	  the	  construct	  
3. Molecular	  characterization	  of	  the	  GM	  animal	  
4. Phenotypic	  characterization	  of	  the	  GM	  animal	  
5. Durability	  and	  stability	  of	  the	  genetic	  construct	  (consistent	  inheritance	  of	  the	  genotype	  and	  the	  	  	  	  	  	  	  	  	  

expressed	  phenotype	  
6. 	  

A) Food	  and	  feed	  safety	  
B) Environmental	  safety	  

7. Claim	  validation	  

In	   their	  evaluation	   of	   the	  AquAdvantage	   salmon	   the	  FDA	   did	   not	   identify	   any	   hazards	   in	   relation	   to	   the	  
molecular	   characterization	   of	   the	   construct	   or	   the	   GM	   salmon.	   They	   also	   found	   that	   the	   construct	  was	  
stable,	   and	   consistently	   inherited	   in	   the	   transgenic	   (TG)	   lineage.	   	   In	   their	   evaluation	   of	   the	   phenotypic	  
characterization	  of	  the	  GM	  salmon	  the	  FDA	  found	  that	  no	  unique	  adverse	  outcomes	  were	  the	  result	  of	  the	  
incorporation	  of	  the	  AquAdvantage	  construct,	  and	  that	  the	  reported	  adverse	  outcomes	  were	  also	  present	  
in	   comparators	   or	   described	   in	   the	   literature	   in	   relation	   to	   non-‐GM	   rapid	   growth	   phenotypes,	   or	   the	  
induction	  of	   triploidy.	  However,	   the	  FDA	   is	   concerned	  by	   the	  heavy	   culling	   of	   early-‐life	   stage	   fish	  at	   the	  
brood	  stock	  facility	  (due	  to	  space	  limitations),	  and	  that	  this	  might	  cause	  bias	  since	  one	  would	  expect	  this	  
culling	   to	   be	   performed	   in	   a	  manner	   that	   would	   lead	   to	   improvement	   of	   the	   brood	   stock.	   The	   FDA	   is	  
worried	   that	   the	  data	  provided	   for	   the	  phenotypic	   characterization	  may	  not	   reflect	   the	  actual	  nature	  or	  
frequency	  of	  abnormalities	   in	  the	  population,	  and	  recommends	  a	  post-‐market	   surveillance	  program	   that	  
will	  address	  issues	  related	  to	  abnormalities.	  Due	  to	  certain	  metabolic	  demands	  (feed,	  oxygen	  saturation)	  of	  
the	  rapidly	  growing	  AquAdvantage	  the	  FDA	  also	  recommends	  labelling	  to	  ensure	  that	  animals	  are	  properly	  
kept.	  The	  FDA	  concluded	  in	  their	  evaluation	  that	  no	  direct	  nor	  indirect	  food	  consumption	  hazards	  had	  been	  
identified,	  and	  that	  the	  triploid	  AquAdvantage	  salmon	  is	  safe	  to	  eat.	  It	  follows	  that	  it	  is	  also	  safe	  as	  animal	  
feed.	  	  
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5.3	  Ecological	  impacts	  
	  

A	  major	  concern	  in	  relation	  to	  salmon	  aquaculture	  is	  the	  potential	  impact	  that	  escaped	  salmon	  might	  
have	  on	  the	  many	  wild	  populations.	  Wild	  populations,	  homing	  to	  different	  rivers	  and	  even	  different	  
sections	   of	   larger	   river	   systems	   have	   been	   shown	   to	   have	   distinct	   genetic	   backgrounds	   with	  
adaptations	   specific	   to	   each	   population	   (Verspoor	   et	   al.,	   2008,	   Dillane	   et	   al.,	   2008,	   Ozerov	   et	   al.,	  
2012,	  Fraser	  et	  al.,	  2011,	  Garcia	  de	  Leaniz	  et	  al.,	  2007,	  Taylor,	  1991).	  The	  domesticated	  salmon	  used	  
in	  aquaculture	  has	  become	  differentiated	  from	  its	  wild	  counterpart	  through	  decades	  of	  breeding	  for	  
economically	   important	   traits,	   and	   general	   adaptation	   to	   the	   captive	   environment.	   This	   intensive	  
breeding	   has	   led	   to	   the	   development	   of	   domesticated	   and	   highly	   homogenous	   salmon	   strains	  
(Taranger	  et	  al.,	  2014,	  Skaala	  et	  al.,	  2004,	  Karlsson	  et	  al.,	  2011).	  It	  is	  feared	  that	  introduction	  of	  the	  
domesticated	  salmon	  to	  the	  wild	  populations	  through	  repeated	  escape	  events	  will	  affect	  the	  degree	  
of	   local	   adaptation	   and	   lead	   to	   a	   homogenization	   of	   salmon	   populations	   across	   river	   systems,	  
followed	  by	  negative	  fitness	  and	  survival	  impacts	  (Fraser	  et	  al.,	  2011,	  Verspoor	  et	  al.,	  2006,	  Fleming	  
et	  al.,	  2000,	  Skaala	  et	  al.,	  2012,	  Muir	  and	  Howard,	  1999,	  Muir	  and	  Howard,	  2002).	  Norwegian	  salmon	  
populations	   are	   already	   vulnerable	   due	   to	   small	   population	   sizes,	   pollution,	   disease,	   habitat	   and	  
environmental	  changes	  (Aas	  et	  al.,	  2010).	  The	  ecological	  impact	  of	  GM	  salmon	  could	  be	  expected	  to	  
be	   similar	   to	   that	  of	  non-‐GM	  domesticated	   salmon,	  however,	  how	   the	  presence	  of	   the	   introduced	  
genetic	  constructs	  might	  influence	  this	  impact	  is	  difficult	  to	  predict	  due	  to	  both	  epistemological	  and	  
ontological	  uncertainties.	  It	  is	  to	  be	  expected	  that	  the	  various	  transgenes	  that	  might	  be	  introduced	  to	  
domestic	  strains	  have	  different	  impacts	  on	  the	  physiology	  and	  behavior	  of	  the	  salmon.	  It	  follows	  that	  
the	   impact	   of	   escaped	   GM	   salmon	   on	   river	   ecosystem	   and	   wild	   salmon	   populations	   could	   vary	  
greatly,	   depending	   on	   the	   nature	   of	   their	   modification.	   Additionally,	   once	   established	   against	   a	  
different	   genetic	   background	   (wild	   salmon)	   and	   with	   different	   environmental	   input	   the	   impact	  

The	  FDA	  also	  concludes	  based	  on	  the	  Environmental	  Assessment	  provided	  by	  AquaBounty	  technologies	  that	  
the	   AquAdvantage	   salmon	   poses	   no	   risk	   to	   the	   environment	   as	   long	   as	   it	   is	   breed	   and	   raised	   under	   the	  
described	   conditions	   of	   physical,	   biological	   and	   geographic/geophysical	   confinements	   present	   at	   the	  
hatchery	  facility	  and	  the	  grow-‐out	  facilities.	  

Finally,	   the	   FDA	   finds	   that	   the	   claim	   put	   forward	   by	   AquaBounty	   Technologies	   that	   when	   compared	   to	  
unmodified	  salmon	  i)	  the	  AquAdvantage	  Salmon	  grow	  to	  a	  mean	  body	  weight	  of	  at	  least	  100	  g	  within	  2700	  
degree-‐days	  of	   first-‐feeding,	  and	   (2)	  a	  greater	  proportion	  of	  AquAdvantage	  Salmon	  grow	   to	  at	   least	  100	  g	  
within	  2700	  degree-‐days	  after	  first-‐feeding	  under	  normal	  commercial	  aquaculture	  conditions	  is	  supported	  by	  
the	  data	  presented	  by	  AquaBounty	  Technologies.	  	  

However,	   the	   findings	  by	  the	  FDA	  presented	   in	   this	  briefing	  package	  has	  been	  heavily	   criticized	  during	  the	  
public	  hearing	  process	  due	  to	  lack	  of	  independently	  acquired	  data,	  small	  sample	  sizes	  in	  the	  data	  provided	  by	  
AquaBounty	   Technologies,	   studies	   describing	   phenotype	   where	   not	   performed	   under	   realistic	   production	  
scenarios,	  and	  many	  respondents	  also	  expressed	  concern	   in	  relation	  the	  culling	  practice	  at	  the	  AquaBounty	  
facilities	  and	  how	  this	  might	  have	  affected	  the	  data	  presented	  regarding	  phenotype	  and	  abnormalities.	  

The	   publicly	   available	   documents	   from	   which	   this	   short	   summary	   was	   made	   are	   all	   accessible	   here:	  
http://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/VeterinaryMedicineAdvisoryCommi
ttee/ucm201810.htm	  	  
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becomes	  unpredictable	  due	  to	  the	  great	  variability	  of	  ecosystems	  and	  the	  high	  plasticity	  of	  salmon	  
(Devlin	  et	  al.,	  2006,	  Sundström	  et	  al.,	  2007).	  

	  

5.3.1	  Escape	  and	  survival	  of	  domestic	  salmon	  

The	  Norwegian	  Institute	  for	  Marine	  
Research	   estimated	   in	   their	   risk	  
evaluation	   for	   Norwegian	  
Aquaculture	   2013	   that	   the	   number	  
of	   escaped	   fish	   is	   grossly	  
underestimated	   (Taranger	   et	   al.,	  
2014).	   Between	   2006	   and	   2013	   an	  
average	   of	   315	  741	   salmon	   were	  
reported	  as	  escaped	  each	  year,	  and	  
close	   to	   80%	   of	   these	   were	  
reported	   to	   be	   adult	   salmon.	   The	  
adjusted	   estimate,	   believed	   to	  
provide	  a	  more	  accurate	  number	  of	  
escapees,	   is	   4-‐5	   times	   as	   high	   at	  
between	   1	   million	   and	   1.5	   million	  
escaped	  salmon	  every	  year	  (Taranger	  et	  al.,	  2014).	  This	  large	  discrepancy	  is	  thought	  to	  partly	  be	  due	  
to	   parr	   and	   smolt	   escapes	   often	   being	   undetected	   and	   thus	   underreported	   from	   the	   industry	  
(Taranger	  et	  al.,	  2014).	  Most	  of	  the	  salmon	  that	  escape	  are	  immature	  at	  the	  point	  of	  escape,	  and	  will	  
swim	   out	   to	   sea	   shortly	   after	   escaping.	   However,	   this	   can	   vary	   depending	   on	   geography	   and	   the	  
specific	  life	  stage	  (Taranger	  et	  al.,	  2014,	  Skilbrei	  et	  al.,	  2015).	  The	  salmon	  usually	  stays	  out	  at	  sea	  until	  
they	  mature,	   and	   then	   seek	   the	   coastline	   and	   swim	   upriver.	   	   Both	  wild	   and	   domesticated	   salmon	  
have	  poor	  survival	  at	  sea	  (Taranger	  et	  al.,	  2014).	  The	  tendency	  to	  swim	  out	  to	  sea	  also	  depends	  on	  
season,	  with	  more	  of	  the	  escaped	  salmon	  swimming	  out	  to	  sea	  in	  spring	  than	  in	  autumn	  (Taranger	  et	  
al.,	   2014).	   Photo	   manipulation10,	   used	   to	   rush	   or	   delay	   salmon	   development,	   could	   also	   affect	  
migration	  tendencies	  independently	  of	  season	  (Skilbrei	  et	  al.,	  2014).	  Some	  individuals	  might	  be	  in	  a	  
mature	   state	  at	  escape,	   these	  are	   likely	   to	   seek	  upriver	  quite	   soon	  after	  escape.	   It	   seems	   that	   the	  
younger	   the	   individuals	   are	   at	   escape,	   the	   easier	   it	   is	   to	   adapt	   to	   the	  wild	   environment,	   and	   their	  
behavior	  becomes	  more	  similar	  to	  the	  wild	  salmon,	  as	  opposed	  to	  domestic	  salmon	  that	  escape	  as	  
adults	  (Taranger	  et	  al.,	  2014).	  

In	  the	  case	  that	  GM	  salmon	  is	  allowed	  in	  sea	  pens	  it	  can	  be	  assumed	  that	  similar	  numbers	  of	  escapes	  
will	  be	  observed,	  unless	  more	  effective	  precautionary	  measures	  are	  put	  in	  place.	  However,	  complete	  
elimination	  of	  escapes	  while	  holding	  salmon	  in	  sea	  pens	  seems	  unlikely.	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10	  The	  use	  of	  artificial	  dark:light	  cycles	  in	  order	  to	  give	  the	  organism	  a	  skewed	  perception	  of	  the	  seasons	  and	  passing	  of	  
time.	  Used	  to	  rush	  or	  delay	  development	  of	  an	  organism,	  or	  to	  provoke	  or	  inhibit	  seasonally	  timed	  events.	  

Fish	  farm	  	  
Photo:	  istockphoto_000019170114/Howard	  Oates	  
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5.3.2	  Impacts	  on	  Wild	  Salmon	  Populations	  	  

When	  escaped	  salmon	  matures	  it	  will	  be	  attracted	  to	  rivers,	  and	  attempt	  to	  participate	  in	  the	  mating	  
of	   the	   local	   salmon	   strains	   it	   encounters	   upriver.	   It	   is	   clear	   that	   when	   this	   repeats	   over	   several	  
generations	  in	  a	  river,	  the	  genetic	  compositions	  of	  the	  salmon	  population	  inhabiting	  that	  river	  will	  be	  
affected	  (Hindar	  et	  al.,	  2006).	  Other	  risks	  include	  disease	  transfer	  and	  resource	  competition	  (Naylor	  
et	  al.,	  2005,	  Jonsson	  and	  Jonsson,	  2006).	  Glover	  et	  al.	  (2013)	  found	  that	  at	  least	  five	  salmon	  rivers	  out	  
of	   the	   twenty	   investigated	   had	   become	   significantly	   more	   similar	   to	   farmed	   fish	   over	   time	   when	  
comparing	   genetic	   markers	   between	   historical	   and	   contemporary	   samples	   from	   wild	   and	   farmed	  
salmon.	  The	  degree	  of	   introgression	  depends	  on	  many	   factors	   such	  as	  wild	  salmon	  population	  size	  
(the	  smaller	   the	  population	   the	  higher	   the	   introgression	  of	  escaped	  salmon),	   frequency	  of	  escaped	  
salmon,	   and	   the	   competitive	   ability	   off	   the	  domestic	   salmon	   in	  mate	   competition	   (Taranger	   et	   al.,	  
2014).	  In	  general,	  studies	  show	  that	  domestic	  salmon	  have	  lower	  mating	  success	  than	  wild	  salmon	  in	  
nature,	   but	   that	   this	   is	   variable	   and	   dependent	   upon	   factors	   such	   as	   sex,	   age	   at	   escape	   and	  
maturation,	  and	  the	  specific	  strains	  involved	  in	  the	  interaction	  (Fleming,	  1996a,	  Garant	  et	  al.,	  2003,	  
Weir	  et	   al.,	   2004,	  Weir	  et	   al.,	   2005).	  Offspring	   survival	   also	   seems	   to	  be	   lower	   for	   farm	  genotypes	  
(Skaala	   et	   al.,	   2012).	   A	   study	   by	   Fleming	   et	   al.	   (2000)	   found	   a	   total	   negative	   impact	   on	   smolt	  
production	  in	  a	  river	  invaded	  by	  farmed	  salmon.	  It	  is	  hypothesized	  that	  this	  28%	  reduction	  compared	  
to	  what	  was	  expected	  based	  on	  egg	  production	  is	  due	  to	  fluctuating	  selection	  of	  offspring	  type,	  the	  
level	   of	   competition	   between	   the	   different	   offspring	   types,	   and	  maladaptation	   of	   the	   farmed	   and	  
hybrid	   offspring	   (Fleming	   et	   al.,	   2000).	   Data	   suggests	   that	   farmed	   and	   hybrid	   offspring	   grow	   and	  
develop	  faster	  than	  their	  wild	  counterpart,	  and	  thus	  might	  have	  an	  competitive	  advantage	  at	  certain	  
life	  stages	  (Fleming	  et	  al.,	  2000,	  McGinnity	  et	  al.,	  2003).	  

When	   it	  comes	  to	  the	  potential	  of	   transgene	  salmon	  to	   influence	  wild	  populations,	   three	  scenarios	  
have	  been	  described:	   the	   Purge,	   the	   Spread	   and	   the	   Trojan	  Horse,	   and	  many	   attempts	   have	  been	  
made	   to	  model	   these	   scenarios	   using	   different	  models	   and	   parameters	   (Muir	   and	   Howard,	   1999,	  
Muir	   and	  Howard,	   2002,	   Devlin	   et	   al.,	   2006,	   Howard	   et	   al.,	   2004,	   Aikio	   et	   al.,	   2008).	   In	   the	   Purge	  
scenario,	   the	   transgene	  confers	   lower	   fitness	  compared	   to	   the	  wild	   type	  and	   is	  weeded	  out	  of	   the	  
population.	  The	  opposite	  is	  expected	  to	  happen	  in	  the	  Spread	  hypothesis,	  where	  the	  transgene	  is	  of	  a	  
nature	   that	   confers	   higher	   fitness	   to	   its	   carriers,	   and	   thus	   the	   gene	   spreads	   throughout	   the	  
population.	  In	  The	  Trojan	  Horse	  hypothesis,	  the	  transgene	  provides	  a	  mating	  benefit,	  but	  also	  affects	  
survival	   negatively.	   According	   to	   a	   deterministic	  model	   used	   by	  Hedrick	   (2001)	   the	   transgene	  will,	  
under	  such	  circumstances,	  increase	  in	  frequency	  in	  66.7%	  of	  the	  possible	  combinations	  of	  mating	  and	  
viability	  parameters,	  and	  in	  50%	  of	  these	  combinations	  the	  transgene	  would	  go	  to	  fixation	  within	  the	  
populations,	  drastically	  reducing	  the	  viability	  and	  resilience	  of	  the	  populations,	  and	  possibly	  causing	  
extinction.	   However,	   in	   a	   different	  model	   created	   by	   Aikio	   et	   al.	   (2008)	   extinction	   does	   not	   occur	  
because	   the	   lower	   viability	   introduced	   through	   the	   transgene	   is	   balanced	   out	   by	   the	   effect	   of	  
population	  decrease	  on	  density	  dependence.	  These	  examples	  illustrate	  how	  models	  can	  differ	  greatly	  
in	   their	   interpretation	  of	   these	  scenarios,	  and	  thus	  do	  not	  provide	  any	  definitive	  answers.	  A	   fourth	  
scenario	  could	  be	  that	  of	  a	  neutral	   transgene	  not	  affecting	   fitness	   in	   the	  wild	  with	   the	  potential	  of	  
random	   fixation	   through	   genetic	   drift.	   However,	   this	   scenario	   seems	   unlikely	   considering	   the	  
proposed	  modifications	  for	  salmon	  (table	  1).	  
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Since	   salmon	   females	   preferably	   mate	   with	   the	   larger	   males	   (Fleming,	   1996b),	   a	   salmon	   carrying	  
genes	   increasing	   growth	   rate	   and	   size	   is	   likely	   to	   have	   an	   advantage	   in	   competition	   for	   mates.	  
Increased	  growth	  rate	  could	  also	  mean	  earlier	  smoltification	  (Saunders	  et	  al.,	  1998)	  and	  maturation	  
(Devlin	  et	  al.,	  2004a)	  shortening	  the	  generation	  time	  for	  those	  carrying	  the	  transgene	  and	  providing	  
further	   advantage.	   However,	   research	   on	   the	   domesticated	   strains	   show	   that	   they	   have	   a	   lower	  
survival	   in	   the	   wild,	   indicating	   a	   fitness	   disadvantage	   (Skaala	   et	   al.,	   2012,	  McGinnity	   et	   al.,	   2003,	  
Fleming	  et	  al.,	  2000).	  The	  assumed	  mating	  advantage	  due	  to	  size	  combined	  with	  lower	  survival	  would	  
put	   the	   invaded	   population	   at	   risk	   for	   a	   Trojan	   Horse	   scenario	   (Hedrick,	   2001).	   A	   recent	   study	  
(Moreau	  et	  al.,	  2011)	  comparing	  the	  mating	  success	  of	  male	  GH	  TG	  salmon	  with	  that	  of	   	  male	  wild	  
salmon	  for	  both	  mature	  adults	  and	  mature	  parr	  found	  that	  the	  non-‐GM	  individuals	  performed	  better	  
than	   the	   GH	   TG	   individuals.	   However,	   the	   study	   also	   demonstrated	   that	   the	   GH	   TG	   salmon	   could	  
mate	  successfully,	   i.e.	  expected	   impacts	  of	  escaped	  GH	  TG	  salmon	  could	  be	  similar	  to	  what	   is	  seen	  
today	  from	  escaped	  farmed	  salmon.	  

Studies	   of	   escaped,	   domestic	   salmon	   have	   shown	   that	   they	   generally	   have	   low	   mating	   success	  
compared	  with	  the	  wild	  salmon	  (Fleming	  et	  al.,	  2000),	  but	  that	  repeated	   invasions	  are	  still	   likely	  to	  
negatively	  affect	  the	  general	  fitness	  of	  the	  population	  through	  outbreeding	  depression	  (McGinnity	  et	  
al.,	   2003).	   So,	   even	   if	   the	   criteria	   for	   a	   Trojan	   scenario	   are	   not	   present	   (mating	   advantage),	   the	  
repetitiveness	  of	  invasion	  events	  could	  still	  have	  severe	  negative	  impacts	  on	  population	  productivity	  
and	  genetic	  diversity	  (Fleming	  et	  al.,	  2000,	  Jonsson	  and	  Jonsson,	  2006,	  Skaala	  et	  al.,	  2012,	  Glover	  et	  
al.,	  2013,	  Hindar	  et	  al.,	  2006),	  and	  cause	  introgression	  of	  the	  transgene	  into	  the	  wild	  population.	  	  

Several	   studies	   have	   investigated	   the	   interactions	   between	   non-‐GM	   and	   GH	   TG	   Coho	   salmon.	   In	  
these	   studies	   they	   have	   found	   that	   the	   GH	   TG	   salmon	   is	   both	   more	   explorative	   and	   more	  
competitive,	  with	  higher	  feeding	  motivation	  and	  increased	  aggressiveness	  when	  compared	  with	  non-‐
GM	  salmon	  (Fredrik	  Sundström	  et	  al.,	  2003,	  Fredrik	  Sundström	  et	  al.,	  2004,	  Fredrik	  Sundström	  et	  al.,	  
2007,	  Devlin	  et	  al.,	  2004a,	  Devlin	  et	  al.,	  1999,	  Hallerman	  et	  al.,	  2007).	  	  This	  could	  be	  an	  indication	  that	  
the	   interactions	  between	  wild	   salmon	  and	  GM	  salmon	  will	   be	  different	   than	   the	   interactions	   seen	  
between	   today’s	   domestic	   salmon	   and	   its	   wild	   conspecifics.	   Their	   studies	   indicate	   that	   if	   food	  
availability	   is	  sufficient	  to	  sustain	  growth	  and	  activity	  early	   in	  life	  (i.e.	  under	  farm	  conditions	  before	  
escape)	   the	   GH	   TG	   salmon	   could	   be	   a	   strong	   competitor.	   Except	   for	   the	   genetic	   impact	   through	  
mating,	  there	  are	  several	  other	  modes	  of	  interaction	  which	  could	  impact	  the	  wild	  salmon.	  	  

Competition	  for	  habitat	  and	  prey,	  cannibalism	  of	  smaller	  individuals	  (particularly	  relevant	  for	  GH	  TG	  
salmon),	  nest	  disturbance	  and	  disease	  transfer	  are	  all	  examples	  of	  potential	  interactions	  which	  could	  
impact	  the	  native	  salmon	  population	  if	  exposed	  to	  GM	  salmon.	  The	  introduction	  of	  disease	  resistance	  
through	   genetic	   modification	   could	   potentially	   lead	   to	   escaped	   farmed	   fish	   behaving	   as	   disease	  
reservoirs,	   spreading	   severe	   illnesses	  mainly	   seen	   in	   connection	   to	   intensive	   aquaculture	   into	  wild	  
populations,	  and	  at	  the	  same	  time	  providing	  a	  significant	   fitness	  advantage	  to	  their	  descendants	   in	  
the	  wild.	  Changes	  to	  the	  metabolism	  of	  salmon	  which	  do	  not	  affect	   them	  negatively	   in	   the	   farmed	  
context	   could	   prove	   to	   have	   severe	   fitness	   implications	   in	   the	   wild,	   negatively	   affecting	   hybrid	  
offspring	   and	   the	   wild	   population.	   These	   examples	   are	   just	   a	   few	   of	   the	   impacts	   that	   can	   be	  
envisioned	  pending	  on	  the	  specific	  nature	  of	  the	  genetic	  modification.	  	  
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5.3.3	  Other	  Ecosystem	  Impacts	  

The	   wild	   salmon	   populations	   are	   not	   the	   only	   species	   that	   would	   be	   impacted	   by	   escaped	   GM	  
salmon.	   It	   is	   to	   be	   expected	   that	   other	   salmonids	   species	   such	   as	   trout	   and	   char,	  which	   are	   often	  
found	  in	  the	  same	  habitats	  as	  salmon,	  would	  be	  affected	  through	  competition	  for	  resources	  such	  as	  
prey	   and	   territory.	   Certain	   introduced	   GM	   traits	   could	   prove	   to	   be	   beneficial	   in	   competition	  with	  
other	   species	   inhabiting	   a	   similar	   ecosystem	   niche	   as	   salmon.	   The	   high	   growth	   rate	   could,	   for	  
example,	   provide	   the	   GH	   TG	   salmon	   with	   the	   opportunity	   to	   prey	   on	   conspecifics	   (particularly	  
juveniles)	  and	  sympatric	  species	  (particularly	  juveniles)	  earlier	  in	  its	  life	  due	  to	  its	  larger	  size.	  There	  is	  
also	  a	  chance	  that	  the	  GM	  salmon	  could	  hybridize	  with	  salmonids	  other	  than	  Atlantic	  salmon	  (Oke	  et	  
al.,	  2013,	  Solem	  et	  al.,	  2014).	  	  

It	   can	  be	   suggested	   that	   the	  disturbance	  would	  be	  greatest	   if	   the	  GM	  salmon	  were	   to	  establish	   in	  
river	  systems	  not	  already	  inhabited	  by	  salmon,	  as	  this	  would	  cause	  greater	  perturbations	  to	  the	  local	  
ecosystems	  by	  introducing	  a	  new	  species,	  and	  not	  just	  a	  novel	  variation	  of	  a	  species	  (Moreau,	  2014).	  
Increasing	  temperature	  tolerance	  might	  allow	  the	  salmon	  to	  establish	  in	  new	  ecosystems	  outside	  of	  
its	  natural	  range,	  encountering	  species	  with	  no	  previous	  history	  of	  coexistence	  with	  salmon.	  This	  has	  
been	   observed	   in	   New	   Zealand	   where	   brown	   trout	   became	   an	   invasive	   species,	   and	   had	   large	  
impacts	  on	   the	  native	   river	  ecosystems	   (Townsend,	  1996).	  Though	   farmed	  salmon	  has	   shown	   little	  
invasiveness	  outside	  the	  salmon’s	  natural	  range,	  this	  need	  not	  be	  the	  case	  for	  a	  GM	  salmon,	  which	  
could	   have	   other	   competitive	   qualities.	   Not	   only	   will	   the	   GM	   salmon	   compete	   with	   possible	  
sympatric	  species,	  it	  could	  also	  be	  preying	  upon	  them,	  due	  to	  a	  size	  advantage.	  	  

Prey	  species	  would	  also	  be	  affected	  by	  the	  introduction	  of	  GM	  salmon.	  The	  GH	  TG	  salmon	  grows	  at	  a	  
higher	   rate	   than	   its	  wild	   conspecifics	   and	  hunts	  more	  actively	  with	   increased	  motivation	   for	   trying	  
new	   prey	   items	   (Fredrik	   Sundström	   et	   al.,	   2003,	   Fredrik	   Sundström	   et	   al.,	   2004).	   This	   could	   cause	  
predation	  pressure	  on	  natural	  prey	   species	   to	   increase.	  Additionally,	   species	  not	  previously	  preyed	  
upon	  might	  become	  subject	  to	  predation	  by	  the	  GH	  TG	  salmon.	  

Impacts	   as	   described	   above	   are	   likely	   to	   influence	   tropic	   interactions	   and	   energy	   flow	   through	   an	  
ecosystem	   new	   to	   the	   salmon	   species,	   affecting	   its	   structure	   and	   resilience	   and	   making	   it	   more	  
vulnerable	  to	  other	  disturbances.	  

	  

5.3.4	  Summary	  of	  Uncertainties	  and	  Knowledge	  Gaps	  

There	   are	   many	   epistemological	   and	   ontological	   uncertainties	   to	   how	   a	   river	   ecosystem	   would	  
respond	  to	  the	   introduction	  of	  a	  GM	  salmon.	   It	   is	  very	  difficult	  to	  predict	  how	  a	  GM	  salmon	  would	  
behave	  and	  survive	  in	  the	  wild	  because	  of	  the	  many	  factors	  influencing	  behaviour	  and	  survival.	  Even	  
though	   studies	   made	   in	   semi-‐natural	   experiments,	   and	   information	   on	   how	   domestic	   non-‐GM	  
salmon	   perform	   can	   be	   used	   to	   make	   predictions,	   these	   predictions	   can	   only	   be	   considered	   as	  
qualified	   guesses.	   The	   impact	   of	   GM	   salmon	   would	   also	   depend	   on	   the	   frequency	   of	   escapes	  
(stochastic	  events),	  the	  number	  of	  escaped	  salmon,	  and	  the	  nature	  of	  the	  genetic	  modification	  and	  
its	   pleiotropic	   effects.	   The	   more	   GM	   salmon	   in	   the	   wild,	   the	   larger	   the	   potential	   impact,	   and	  
particularly	  on	  sympatric	  and	  prey	  species	  in	  ecosystems	  not	  naturally	  inhabited	  by	  salmon.	  Many	  of	  
the	   potential	   genetic	   modifications	   that	   could	   be	   beneficial	   for	   the	   aquaculture	   industry	   (such	   as	  
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increased	   temperature	   tolerance	   or	   disease	   resistance)	   have	   been	   given	   limited	   attention	   in	   an	  
ecological	   context,	   and	   there	   is	   little	   available	   literature.	   It	   is	   important	   that	   modifications	   are	  
thoroughly	  evaluated	  to	  better	  be	  able	  to	  predict	  their	  potential	  impact	  on	  wild	  salmon	  populations	  
and	  both	  native	  and	  non-‐native	  ecosystems.	  

It	   is	   inherently	   difficult	   to	   compare	   life	   history	   traits	   between	   GM	   and	   non-‐GM	   salmon	   within	  
contained	  research	   facilities	  as	  conditions	   (population	  densities,	  access	   to	   feed,	   tropic	   interactions,	  
climatic	   conditions	   etc.)	  will	   differ	   from	   farm	   or	   natural	   environment.	   Though	   some	   studies	   set	   in	  
semi-‐natural	   environments	   already	   exist,	   there	   is	   a	   need	   for	   studies	   set	   in	   farm	   or	   semi-‐natural	  
environments	   looking	   at	   and	   comparing	   development,	   life	   history	   traits	   and	   interactions.	   Though	  
such	  studies	  can	  never	  be	  comprehensive	  enough,	   they	  might	  provide	  valuable	   information	  on	   the	  
possible	  impacts	  of	  GM	  salmon	  on	  various	  ecosystem	  types.	  

According	   to	  Moreau	   (2014)	   the	   knowledge	   gaps	   and	   uncertainties	   connected	   to	   the	   escape	   and	  
invasion	  of	  GM	  salmon	  into	  natural	  ecosystems	  can	  be	  summarized	  as	  

• Knowledge	  not	  sufficient	  to	  predict	  the	  ecological	  consequences	  of	  invasion.	  
• The	   understanding	   of	   the	   eco-‐evolutionary	   dynamics	   associated	   with	   rapid	   environmental	  

change	  is	  insufficient.	  
• Lack	  of	  understanding	  of	  molecular,	  biochemical	  and	  physiological	  dynamics	  associated	  with	  

modulating	  influential	  genes	  in	  different	  environments.	  

There	   is	  also	  a	   lack	  of	  research	  on	  how	  GM	  salmon	  could	   impact	   fjord	  and	  sea	  ecosystems,	   little	   is	  
also	  understood	  in	  general	  about	  the	  salmons	  life	  at	  sea.	  

The	  bullet	  points	  above	  both	  have	  elements	  of	  epistemological	  uncertainty,	  which	  can	  be	  diminished	  
through	  further	  research,	  and	  ontological	  uncertainty,	  which	  is	  related	  to	  the	  inherent	  variability	  and	  
diversity	   in	  the	  entity	  subject	  to	  research.	  The	  latter	  form	  of	  uncertainty	  can	  be	  perceived	  as	  much	  
more	  complex	  than	  the	  former	  because	   it	  subject	  to	  both	   indeterminacy	   in	  that	  exhaustive	  studies	  
cannot	   be	   performed,	   and	   ambiguity	   with	   regards	   to	   the	   interpretation	   of	   data	   (ambiguity	   also	  
relevant	  in	  relation	  to	  epistemological	  uncertainty).	  

The	   lack	   of	   complete	   knowledge	   (ignorance),	   and	   the	   uncertainties	   connected	   to	   what	   we	   know	  
highlights	  the	  importance	  of	  continued	  research,	  risk	  evaluation	  and	  a	  continuous	  monitoring	  (post-‐
approval/post-‐market)	   and	   evaluation	   process	   of	   the	   possible	   impacts	   and	   the	   not	   yet	   perceived	  
impacts	  that	  GM	  salmon	  could	  have	  on	  wild	  salmon	  and	  native	  and	  non-‐native	  ecosystems.	  

	  

5.4	  Containment	  Methods	  
	  

So	  far	  the	  only	  application	  for	  commercial	  production	  of	  a	  GM	  fish	  for	  food	  purposes	  claims	  that	  the	  
production	  will	  be	  contained	  by	  multiple	  safety	  and	  containment	  measures.	  The	  term	  containment	  
measure	  when	   used	   in	   relation	   to	   GM	   fish	   is	   any	   form	   of	   barrier	   that	   prevents	   the	   GM	   fish	   from	  
interacting	   with	   the	   environment	   (physical/mechanical/chemical	   barriers),	   from	   mating	   with	  
compatible	  wild	  species	  (reproductive	  barrier),	  or	  from	  survival	  in	  the	  wild	  (dependency	  on	  a	  specific	  
input	  only	  accessible	  while	  in	  captivity).	  The	  method	  of	  containment	  should	  be	  intrinsically	  linked	  to	  
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the	  evaluation	  and	   risk	  assessment	  of	   the	  GM	  organism.	  Changing	   the	   containment	   regime	   should	  
inevitably	   lead	   to	   the	  need	   for	  a	  new	  application	  and	  evaluation	  process.	  This	  because	   the	  various	  
methods	   of	   containment	   might	   have	   different	   risks	   and	   environmental	   impacts	   linked	   to	   them.	  
Without	  evaluation	  of	   these	  methods	  and	   their	   implication	   for	   risk	  and	   impact,	  we	  will	   experience	  
major	  quantitative	  uncertainties.	   In	   table	  5.3	  some	  examples	  of	  possible	  containment	  methods	  are	  
discussed.	  These	  are	  measures	   frequently	  discussed	   in	   the	  scientific	   literature,	  both	  by	  proponents	  
and	  opponents	  of	  GM	  fish.	  

Table	  5.3:	  Overview	  of	  in-‐use	  and	  potential	  future	  containment	  methods	  for	  GM	  salmon.	  
	   Containment	  

method	  
Pros	   Cons	   References	  

Ph
ys
ic
al
	  c
on

ta
in
m
en

t	  

Landlocked	  
production	  
including:	  
-‐physical	  
barriers	  
-‐mechanical	  
barriers	  
-‐chemical	  
barriers	  

• Contributes	  towards	  
alleviating	  many	  
issues	  related	  to	  
aquaculture	  (better	  
control	  of	  waste,	  
easier	  to	  contain	  
disease,	  better	  input	  
and	  output	  control,	  
etc.)	  

• Little	  risk	  of	  escape	  
(but	  theft	  and	  
natural	  disasters	  like	  
flooding	  could	  be	  a	  
risk)	  

• Use	  of	  valuable	  land	  near	  
rivers	  and	  the	  sea	  

• Questions	  whether	  the	  
technology	  is	  good	  enough	  
to	  maintain	  animal	  welfare	  
in	  large-‐scale	  facilities	  

• Profitability	  is	  questionable	  

Wong	  and	  van	  
Eenennaam	  (2008)	  
	  
Norwegian	  
Ministry	  of	  Trade,	  
Industry	  and	  
Fisheries	  report	  
“Laks	  på	  land”	  
(2015)	  
	  
Nofima	  report	  32,	  
Iversen	  et	  al.	  
(2013)	  

Bi
ol
og

ic
al
	  c
on

ta
in
m
en

t	  

Polyploidy:	   • Fish	  are	  sterile.	  
• Current,	  in	  use,	  

technology	  

• Not	  100%	  effective	  
• Welfare	  concerns	  connected	  

to	  welfare,	  health	  and	  
cognitive	  abilities	  

• Still	  allows	  for	  interaction	  
and	  disturbance	  (ecological	  
impacts)	  

Wong	  and	  van	  
Eenennaam	  (2008)	  
Devlin,	  Raven	  et	  al.	  
(2009a)	  
Benfey	  (2001)	  
Dunham	  (2004)	  
Rasmussen	  and	  
Morrissey	  (2007)	  
Gjedrem	  and	  
Baranski	  (2009)	  
Fraser,	  Fjelldal,	  
Hansen	  et	  al.	  
(2012a)	  
Fraser,	  Fjelldal,	  
Skjaeraasen	  et	  al.	  
(2012b)	  

Bi
ol
og

ic
al
	  

co
nt
ai
nm

en
t	  

Genetic	  
modification:	  

• Can	  be	  introduced	  
with	  primary	  
modification	  

	  

• Process	  of	  maturation	  and	  
gonad	  development	  not	  yet	  
fully	  understood	  in	  fish.	  

• Still	  allows	  for	  interaction	  
and	  disturbance	  

	  

Wong	  and	  Van	  
Eenennaam	  (2008)	  

-‐induced	   • Once	  established	   • Risk	  of	  pleiotropic	  effects	   	  



	  
	  

143	  

	   Containment	  
method	  

Pros	   Cons	   References	  

sterility	   sterility	  would	  be	  
100%.	  

• Potentially	  
reversible	  for	  
breeding	  purposes	  

	  
	  
	  

-‐“Terminator	  
technology”	  

• Leaves	  fertilized	  
eggs	  non-‐viable	  
without	  activation	  of	  
inducible	  promotor	  
and	  gene.	  

• Reversible	  for	  
breeding	  purposes	  

• Not	  yet	  successfully	  
(commercialized)	  in	  plants	  	  

• What	  trigger	  to	  choose	  for	  
the	  inducible	  gene	  that	  
would	  not	  be	  present	  in	  the	  
environment?	  

• Still	  allows	  for	  interaction	  
and	  disturbance	  (maybe	  to	  
an	  even	  higher	  degree	  as	  all	  
potential	  offspring	  from	  
such	  a	  mating	  would	  be	  non-‐
viable,	  potential	  to	  severely	  
impact	  population	  size?)	  

• Risk	  of	  pleiotropic	  effects	  
	  

	  

-‐containment	  of	  
transgene	  
(gonad-‐specific	  
excision	  of	  
transgene)	  

• Transgene	  function	  
kept	  in	  the	  organism	  
for	  its	  full	  lifetime,	  
but	  not	  transferred	  
to	  potential	  
offspring	  

• Also	  requires	  excision	  of	  the	  
recombinase	  gene	  behind	  
the	  excisions	  of	  the	  
transgene.	  

• Very	  preliminary	  research	  
stage	  

• Still	  allows	  for	  interaction	  
and	  disturbance	  (ecological	  
impacts)	  

• Risk	  of	  pleiotropic	  effects	  

	  

Bi
ol
og

ic
al
	  

co
nt
ai
nm

en
t	  

Synthetic	  
biology:	  

• Containment	  based	  
on	  redesign	  of	  
essential	  enzymes	  
and	  dependency	  on	  
non-‐standard	  amino	  
acids	  for	  survival	  

• Still	  allows	  for	  interaction	  
and	  disturbance	  (ecological	  
impact)	  

• Developing	  technology,	  not	  
fully	  risk	  assessed	  

Mandell,	  Lajoie	  et	  
al.	  (2015)	  

Bi
ol
og

ic
al
	  

co
nt
ai
nm

en
t	  

DNA	  
vaccines/Gene	  
therapy	  
(affecting	  
reproductive	  
systems):	  

• Can	  be	  distributed	  
with	  other	  vaccines	  

• Still	  allows	  for	  interaction	  
and	  disturbance	  (ecological	  
impacts)	  

• Far	  away	  from	  realization	  
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With	   regards	   to	   the	   biologically	   based	   containment	   methods	   the	   main	   concern	   is	   the	   extent	   of	  
ecological	   impact	   sterile	   individuals	  may	  have	  on	  wild	   salmon	  populations	  and	   the	   river	  and	  ocean	  
ecosystems.	  This	  will	  probably	  vary	  depending	  on	  the	  transgenic	  construct,	  containment	  method,	  the	  
sex	  of	  the	  fish,	  and	  whether	  or	  not	  the	  escaped	  individuals	  stay	  in	  the	  fjord,	  or	  wander	  out	  to	  sea	  or	  
upriver.	  Another	   aspect	   to	   consider	  here	   is	   the	   size	  of	   the	  potential	   impact.	   Few	  and	   far	   between	  
escapees	   are	   less	   likely	   to	   have	   any	   meaningful	   impact	   (changes	   in	   wild	   salmon,	   other	   fish	   and	  
potential	   prey	   populations,	   ecosystem	   perturbations),	   compared	   to	   many	   and	   regularly	   arriving	  
escapees.	  A	  disease-‐carrying	  but	  resistant	  GM	  salmon	  moving	  upriver	  during	  the	  mating	  season	  could	  
be	  a	  great	  risk	  to	  the	  wild	  salmon	  population	  of	  that	  river.	  However,	  it	  might	  take	  many	  and	  repeated	  
invasions	  of	  fast-‐growing	  GM	  salmon	  to	  affect	  prey	  populations	  in	  a	  fjord	  or	  river	  to	  the	  extent	  that	  
the	  prey	  population	  and	  other	  species	  are	  impacted.	  	  

The	  developers	  and	  producers	  of	   the	  AquAdvantage	  salmon	  are	   implementing	  several	   strategies	   in	  
order	   to	   contain	   their	  GH	  TG	   salmon.	   Firstly,	   all	   production	  occurs	   in	   land-‐locked	   facilities	   and	   the	  
salmon	  intended	  for	  food	  production	  will	  even	  be	  raised	  in	  land-‐locked	  facilities	  outside	  the	  natural	  
range	  of	  salmon.	  Secondly,	  all	   salmon	   intended	  for	  commercial	  use	  are	   triploid	  and	   female.	  Such	  a	  
combination	  of	  strategies	  might	  be	  complicated	  to	  achieve,	  but	  could	  be	  much	  more	  effective	  overall	  
placing	  different	  types	  of	  barriers	  between	  the	  GM	  salmon	  and	  the	  ecosystem	  and	  between	  the	  GM	  
salmon	   and	   the	  wild	   type	   salmon.	  However,	   containment	  methods	   should	   be	   thoroughly	   assessed	  
with	  regards	  to	  impacts	  on	  animal	  health	  and	  welfare,	  and	  stringency.	  	  

	  

5.5	  New	  and	  emerging	  technologies	  
	  

The	   last	   decade	   the	   development	   in	   gene	   technology	   has	  moved	   fast,	   and	   there	   are	   now	   several	  
methods	  available	  for	  inducing	  targeted	  genetic	  mutations	  (targeted	  mutagenesis	  technology),	  such	  
as	   the	   zing-‐finger,	   TALENs	   and	   CRISPR/CAS	   technologies.	   These	  methodologies	   have	   all	   been	   used	  
experimentally	   on	   fish	   in	   recent	   years	   (Doyon	   et	   al.,	   2008,	  Meng	   et	   al.,	   2008,	   Huang	   et	   al.,	   2011,	  
Edvardsen	  et	  al.,	  2014).	  Firstly,	  this	  technology	  will	  allow	  for	  easier	  and	  more	  precise	  manipulations	  
of	   the	   salmon	   genome	   for	   research	   purposes	   (establishing	   the	   roles	   and	   regulation	   of	   genes	   in	  
various	   physiological	   functions).	   Secondly,	   these	   technologies	  might	   allow	   for	   the	  manipulation	   of	  
genotypes	   by	   inducing	   changes	   in	   the	   different	   alleles	   of	   genes	   so	   they	   shift	   into	   the	   appropriate	  
genotype	  (in	  the	  context	  of	  aquaculture),	  without	  breeding	  on	  different	  strains	  trying	  to	  converge	  the	  
preferable	  alleles	  and	  weed	  out	  the	  less	  valued	  genotypes.	  However,	   it	   is	  uncertain	  how	  useful	  this	  
approach	  will	   be	   as	   salmon	   is	   a	   very	  plastic	   species	  where	  environmental	   input	   greatly	   affects	   the	  
expressed	  phenotype	  of	  the	  individual	  (i.e.	  environmental	  changes	  such	  as	  temperature	  differences	  
or	  shifts	  in	  food	  access	  could	  led	  to	  a	  different	  phenotype,	  despite	  the	  genotype	  being	  identical).	  
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5.6	  Directions	  for	  further	  studies	  
	  

As	  of	  yet	  it	  is	  not	  clear	  what	  kind	  of	  genetic	  modifications	  that	  might	  be	  effectively	  applied	  to	  farmed	  
salmon,	  except	   for	   in	   the	  case	  of	   the	  GH	  TG	  AquAdvantage	   salmon.	  However,	  what	   is	   clear	   is	   that	  
there	  are	  large	  knowledge	  gaps	  and	  much	  uncertainty	  connected	  to	  the	  use	  and	  possible	  impact	  of	  
GM	  salmon.	   It	   is	   likely	   that	   further	  development	  of	  GM	  salmon	  will	  make	  us	  aware	  of	  much	  more	  
specific	  knowledge	  gaps	  that	  are	  much	  more	  quantitative	   in	  nature	  than	  the	  ones	  we	  are	  currently	  
facing,	  and	  thus	  easier	  to	  resolve	  through	  further	  research.	  However	  the	  major	  epistemological	  and	  
ontological	   knowledge	   gaps	   are	   expected	   to	   remain	   as	   reminders	   that	   risk	   cannot	   always	   be	  
calculated,	  and	  that	  there	  will	  always	  be	  uncertainty	  due	  to	  the	  complexity	  of	   living	  organisms	  and	  
their	  interaction	  with	  the	  environment.	  

However,	  to	  conclude,	  we	  have	  chosen	  to	  highlight	  some	  of	  the	  current	  uncertainties	  and	  knowledge	  
gaps	  in	  relation	  to	  GM	  salmon	  that	  require	  further	  investigation	  and	  experimental	  studies:	  

• The	  mechanisms	  behind	  genetic	  interactions	  causing	  pleiotropic	  effects	  
• Studies	   furthering	   our	   understanding	   of	   the	   salmon’s	   physiological	   functions	   and	  

mechanisms,	   its	   plasticity,	   and	   how	   the	   environmental	   input	   influences	   this	   (for	   example	  
through	  epigenetics	  or	  other	  mechanisms	  influencing	  gene	  expression).	  

• Studies	   focusing	   on	   ecological	   relevance	   of	   GM	   salmon,	   including	   all	   trophic	   levels	   of	   the	  
riverine	   ecosystems,	   and	   the	   potential	   for	   the	   GM	   salmon	   to	   establish	   outside	   the	   native	  
range	  of	  wild	  salmon	  (i.e.	  potential	  as	  an	  invasive	  species).	  

• Studies	   improving	  on	  the	  understanding	  of	  behaviour	  and	   interactions	  of	  salmon	   in	  marine	  
ecosystems.	  

• The	   impact	   of	   containment	   methods	   on	   the	   general	   health	   and	   welfare	   of	   the	   salmon,	  
particularly	   biological	   containment	   methods	   such	   as	   additional	   genetic	   modifications,	  
triploidy	  or	  the	  use	  of	  synthetic	  biology.	  

Additionally	  it	  can	  be	  expected	  that	  providing	  independent	  researchers	  (without	  economical	  or	  other	  
interests	   regarding	   the	   commercialization	   of	   GM	   salmon	   products)	   access	   to	   the	   actual	   events	  
intended	   for	   commercialization	   would	   i)	   increase	   the	   amount	   of	   scientifically	   based	   knowledge	  
gathered	  on	  these	  events,	  and	  the	  rate	  at	  which	  this	  information	  would	  be	  acquired;	  ii)	  increase	  the	  
public’s	  confidence	  in	  the	  scientific	  data;	  	  and	  iii)	  give	  the	  opportunity	  to	  investigate	  a	  broader	  set	  of	  
research	   questions	   in	   relation	   the	   GM	   salmon	   events	   than	   what	   is	   asked	   as	   a	   minimum	   in	   the	  
standard	  evaluations	  and	  assessments	  required	  by	  law.	  	  
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Glossary	  
	  

A	  

Active	  domain	  (active	  sites):	  the	  part	  of	  a	  protein	  that	  must	  be	  maintained	  in	  a	  specific	  shape	  if	  the	  protein	  is	  to	  be	  

functional,	  e.g.	  the	  part	  to	  which	  the	  substrate	  binds	  in	  an	  enzyme.	  	  

Adaptation:	   evolutionary	   process	   involving	   genetic	   change	   by	  which	   a	   population	   becomes	   fitted	   to	   its	   prevailing	  

environment.	  

Adenine:	  a	  purine	  base	  that	  pairs	  with	  thymine	  in	  the	  DNA	  double	  helix.	  

Adenovirus:	  an	  icosahedral	  (20-‐sided)	  virus	  that	  contains	  DNA	  (as	  opposed	  to	  RNA).	  

Allele:	  a	  different	  version	  of	  the	  same	  gene	  (found	  at	  the	  same	  locus	  but	  in	  homologous	  chromosomes	  or	  in	  different	  

individuals)	  that	  may	  produce	  different	  phenotypes.	  	  

Allergen:	  a	  substance	  which	  causes	  an	  allergic	  reaction.	  

Allopatric:	  	  having	  separate	  and	  mutually	  exclusive	  areas	  of	  geographical	  distribution.	  

Amino	   acid:	   any	   member	   of	   a	   class	   of	   20	   molecules,	   which	   are	   combined	   to	   form	   proteins	   in	   living	   things.	   The	  

sequence	  of	  amino	  acids	  in	  a	  protein	  is	  determined	  by	  the	  genetic	  code,	  and	  different	  sequences	   indicate	  different	  

functions.	  

Amplification:	  an	  increase	  in	  the	  number	  of	  copies	  of	  a	  specific	  DNA	  fragment;	  can	  be	  in	  vivo	  or	  in	  vitro.	  

Antibiotic:	  organic	  compound	  that	  is	  naturally	  formed	  and	  secreted	  by	  various	  species	  of	  microorganisms	  and	  plants.	  

It	  has	  a	  defensive	  function	  and	  is	  often	  toxic	  to	  other	  bacterial	  species,	  e.g.	  penicillin,	  originally	  produced	  by	  bread	  

mould,	  is	  toxic	  to	  numerous	  human	  pathogens.	  	  

Antibiotic	  resistance:	  usually	  refers	  to	  microorganisms,	  it	  is	  the	  ability	  of	  an	  organism	  to	  withstand	  the	  effects	  of	  an	  

antibiotic.	  	  Antibiotic	  resistance	  can	  be	  a	  serious	  problem	  in	  a	  clinical	  setting,	  but	  it	  can	  also	  be	  induced	  in	  genetically	  

modified	  organisms	  in	  order	  to	  select	  successfully	  transformed	  individuals	  (see	  antibiotic	  resistance	  marker	  gene).	  	  

Antibiotic	   resistance	   marker	   gene	   (ARM	   gene):	   marker	   genes	   which	   are	   inserted	   along	   with	   transgenes	   during	  

genetic	  modification,	  in	  order	  to	  determine	  whether	  transformation	  was	  successful.	  	  ARM	  genes	  allow	  antibiotics	  to	  

be	  used	  to	  detect	  the	  organisms	  which	  have	  been	  successfully	  transformed,	  since	  the	  ARM	  gene	  confers	  resistance	  to	  

the	  antibiotic	  which	  the	  recipient	  organism	  would	  only	  have	  if	  insertion	  was	  successful.	  

Antibody:	  a	  protein	  produced	  by	  the	  B-‐lymphocytes	  (white	  blood	  cells)	  of	  the	  immune	  system.	  It	  binds	  to	  a	  particular	  

antigen	   (foreign	   substance)	   to	   inactivate	   it	   or	  mark	   it	   for	   destruction	   by	   other	   immune	   system	   cells.	   Also	   used	   in	  

molecular	  biology	  to	  detect	  particular	  proteins	  in	  biological	  samples	  (see	  Western	  Blot	  and	  ELISA).	  
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Anti-‐freeze	  protein:	  glycoprotein	  found	  in	  the	  blood	  of	  some	  polar	  fish,	  and	  which	  depress	  the	  freezing	  point	  of	  the	  

blood	  by	  enveloping	  small	  ice	  crystals	  that	  would	  otherwise	  form	  ice	  nuclei	  and	  cause	  the	  blood	  to	  freeze.	  

	  

B	  

Bacillus	  thuringiensis	  (Bt):	  rod-‐shaped	  soil	  bacteria	  that	  produce	  toxins,	  called	  the	  Bt	  toxin	  or	  ‘cry’	  (crystal)	  proteins,	  

which	  are	  usually	  specific	  to	   insects	  from	  the	  orders	  Lepidoptera,	  Coleoptera	  or	  Diptera.	  The	  genes	  which	  code	  for	  

these	   toxins	   are	   known	   as	   Bt	   genes,	   and	   are	   used	   in	   some	   genetically	  modified	   crops	   (Bt	   crops)	   to	   confer	   insect	  

resistance.	  	  

Biodiversity:	   a	   broad	   term	   referring	   to	   the	   variety	   of	   life	   in	   a	   given	   area.	   It	   includes	   ecosystem	   diversity,	   species	  

diversity	   and	   genetic	   diversity.	   It	   also	   involves	   the	   countless,	   complex	   ways	   in	   which	   living	   things	   function	   and	  

interact.	  

Biodistribution:	   the	  dissemination,	   into	  different	  body	  organs,	  of	  gene	   therapy	   (GT)	  vectors,	  GM	  vaccines/vectors,	  

and/or	  products	  arising	  from	  these.	  Biodistribution	  studies	  are	  necessary	  for	  safety	  evaluation	  of	  novel	  GT	  products	  

and	  GM	  vaccines.	  

Biofuels:	  fuels	  obtained	  from	  biomass	  (such	  as	  trees,	  algae	  etc.)	  which	  has	  not	  undergone	  fossilisation.	  

Biomolecule:	  any	  organic	  molecule	  that	  is	  an	  essential	  part	  of	  a	  living	  organism.	  

Bt	  gene:	  a	  gene	  coding	  for	  a	  Bt	  toxin,	  see	  Bacillus	  thuringiensis.	  

Bt	  crop:	  a	  crop	  containing	  one	  or	  several	  gene(s)	  coding	  for	  a	  Bt	  toxin,	  see	  Bacillus	  thuringiensis.	  

Bt	   toxin/‘cry’	  protein:	   insecticidal	   crystal	  proteins	  originally	   isolated	   from	  the	  bacterium	  Bacillus	   thuringiensis,	   see	  

Bacillus	  thuringiensis.	  

	  

C	  

CaMV:	  Cauliflower	  Mosaic	  Virus.	  A	  member	  of	  the	  caulimoviruses,	  one	  of	  the	  six	  genera	  in	  the	  Caulimoviridae	  family	  

pararetroviruses	  that	  infect	  plants.	  	  The	  35S	  CaMV	  promoter	  of	  this	  virus	  is	  important	  in	  genetic	  engineering,	  and	  is	  

frequently	  used	  in	  transgene	  constructs.	  	  

Cartagena	  Protocol:	  the	  Cartagena	  Protocol	  on	  Biosafety	  to	  the	  Convention	  on	  Biological	  Diversity	  is	  an	  international	  

agreement	  which	  concerns	  the	  safe	  transfer,	  handling	  and	  use	  of	  living	  modified	  organisms	  (LMO	  –	  similar	  meaning	  

to	  GMO)	  resulting	  from	  modern	  biotechnology,	  that	  may	  have	  adverse	  effects	  on	  the	  conservation	  and	  sustainable	  

use	   of	   biodiversity,	   taking	   also	   into	   account	   risks	   to	   human	   health,	   and	   specifically	   focusing	   on	   transboundary	  

movements	  (see	  CBD).	  

CBD:	  Convention	   on	   Biological	   Diversity.	   The	   CBD	   is	   a	   global,	   comprehensive	   agreement	   addressing	   all	   aspects	   of	  

biological	  diversity:	  genetic	  resources,	  species,	  and	  ecosystems.	  
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cDNA:	  Complementary	  DNA.	  cDNA	  is	  single-‐stranded	  DNA	  made	  from	  a	  messenger	  RNA	  template	  under	  the	  aegis	  of	  

the	   enzyme	   reverse	   transcriptase.	   This	   form	   of	   DNA	   is	   often	   used	   as	   a	   probe	   in	   the	   physical	   mapping	   of	   a	  

chromosome.	  

Centre	  of	  origin:	  the	  geographical	  region	  in	  which	  a	  species	  developed	  its	  characteristic	  properties.	  

Chimaera:	   an	   animal	   or	   plant	   consisting	   of	   some	   cells	   with	   one	   genetic	   constitution	   and	   some	  with	   another,	   i.e.	  

composed	  of	  cells	  of	  two	  different	  genotypes.	  

Chromosome:	   the	  self-‐replicating	  genetic	  structure	  of	  cells	  containing	   the	  cellular	  DNA	  that	  bears	   in	   its	  nucleotide	  

sequence	  the	  linear	  array	  of	  genes.	  

Clone:	  A	  group	  of	  cells	  derived	  from	  a	  single	  ancestor	  or	  parent.	  

Cloning:	  1)	  making	  many	  copies	   (amplification)	  of	  a	  section	  of	  DNA	   in	  a	  microorganism	  such	  as	  Escherichia	  coli;	  2)	  

Production	  of	  a	  DNA	  identical	  series	  of	  organisms	  such	  as	  through	  natural	  cell	  division	  or	  in	  vitro	  manipulation.	  

Codon:	  A	  block	  of	  three	  nucleotide	  residues	  (three	  bases)	  that	  corresponds	  with	  one	  unique	  amino	  acid.	  There	  can	  

be	  many	  different	  codons	  for	  each	  amino	  acid,	  but	  only	  one	  amino	  acid	  for	  each	  codon.	  

Conjugation:	   A	   form	  of	  DNA	   transfer	   involving	   cell-‐to-‐cell	   contact,	   usually	   refers	   to	   the	   transfer	  of	  mobile	   genetic	  

elements	  such	  as	  plasmids	  between	  cells.	  

Conspecific:	  Belonging	  to	  the	  same	  species.	  

Contained	   use:	   An	   activity	   in	   which	   genetically	  modified	   organisms	   are	   developed,	   cultured,	   stored,	   transported,	  

destroyed,	   disposed	   of,	   or	   used	   in	   any	   other	   way,	   and	   for	   which	   physical,	   chemical	   or	   biological	   barriers,	   or	   any	  

combination	   of	   such	   barriers,	   are	   used	   to	   limit	   their	   contact	   with,	   and	   to	   provide	   a	   high	   level	   of	   protection	   for,	  

humans	  and	  the	  environment.	  

	  

D	  

Deliberate	  release:	  no	  specific	  containment	  measures	  are	  taken	  to	  prevent	  interaction	  with	  the	  general	  population	  

and	  the	  environment.	  	  

DHA:	  Docosahexaenoic	  acid.	  	  Nutritionally	  important	  omega-‐3	  fatty	  acid.	  

Differentiation:	  the	  process	  by	  which	  a	  group	  of	  unspecialized	  cells	  (e.g.	  stem	  cells)	  become	  specialized	  to	  perform	  

particular	  functions.	  	  

Diploid:	  organisms	  whose	  cells	  (apart	  from	  the	  gametes)	  have	  two	  sets	  of	  chromosomes,	  and	  therefore	  two	  copies	  of	  

the	  basic	  genetic	  complement	  of	  the	  species.	  

Dispersal:	   the	   tendency	  of	  an	  organism	   to	  move	  away,	  either	   from	   its	  birthplace	   (natal	  dispersal)	  or	  breeding	   site	  

(breeding	  dispersal).	  Rates	  of	   regional	  dispersal	  depend	  on	   the	   interaction	  of	   several	   factors,	  notably	   the	   size	  and	  
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shape	  of	  the	  source	  area,	  the	  dispersal	  ability	  of	  the	  organism,	  and	  the	  influence	  of	  other	  environmental	  factors	  such	  

as	  winds	  or	  ocean	  currents.	  

DNA:	  Deoxyribonucleic	  acid	  (DNA)	  is	  a	  macromolecule	  made	  up	  of	  two	  polynucleotide	  chains	  in	  a	  double	  helix,	  which	  

is	  responsible	  for	  carrying	  the	  genetic	  information	  of	  cells	  and	  some	  viruses.	  	  

DNA	  polymerase:	  an	  enzyme	  that	  catalyzes	  the	  synthesis	  of	  DNA	  from	  deoxyribonucleotides	  in	  a	  5	  prime	  to	  3	  prime	  

direction	  alongside	  a	  DNA	  template	  strand.	  DNA	  polymerases	  cannot	   initiate	  the	  synthesis	  of	  new	  DNA	  chains,	  but	  

can	  only	  extend	  chains	  from	  pre-‐existing	  3'	  hydroxyl	  termini.	  	  

DNA	   replication:	   the	   process	   by	   which	   cells	   make	   an	   identical	   copy	   of	   a	   section	   of	   double-‐stranded	   DNA,	   using	  

existing	   DNA	   as	   a	   template	   in	   the	   assembly	   of	   the	   nucleotides	   into	   a	   new	   strand.	   The	   two	   resulting	   copies	   are	  

identical	  in	  sequence	  but	  not	  origin	  with	  each	  of	  the	  new	  products	  composed	  of	  one	  newly	  synthesized	  strand.	  

DNA	  vaccine:	  a	  technique	  for	  protecting	  an	  organism	  against	  disease	  by	  injecting	  it	  with	  naked	  DNA	  to	  produce	  an	  

immunological	  response.	  

DNA	  virus:	  a	  virus	  with	  a	  DNA	  genome.	  	  

Domestication:	   the	   selective	   breeding	   by	   humans	   of	   plant	   and	   animal	   species	   in	   order	   to	   accommodate	   human	  

needs.	  

Dominant	  allele:	  an	  allele	  associated	  with	  a	  phenotype	  that	   is	  expressed	  when	  the	  allele	   is	  either	  heterozygous	  or	  

homozygous.	  

	  

E	  

E.	  coli:	  Escherichia	  coli.	  A	  species	  of	  bacteria	  which	   inhabits	  the	   lower	   intestines	  of	  mammals,	  which	  has	  also	  been	  

used	  extensively	  in	  biotechnology	  as	  a	  model	  organism.	  	  

Ecological	  niche:	   the	   role	  of	   an	  organism	   in	   a	   community	   in	   terms	  of	   the	  habitat	   it	   occupies,	   its	   interactions	  with	  

other	  organisms	  and	  its	  effect	  on	  the	  environment.	  A	  given	  niche	  may	  be	  occupied	  by	  different	  species	  in	  different	  

ecosystems	  and	  different	  parts	  of	  the	  world.	  	  

Ecosystem:	  A	  discrete	  unit	  consisting	  of	  living	  and	  non-‐living	  parts,	  interacting	  to	  form	  a	  stable	  system.	  

ELISA:	   Enzyme-‐Linked	   ImmunoSorbent	   Assay.	   Highly	   sensitive	   technique	   for	   detecting	   and	  measuring	   antigens	   or	  

antibodies	  in	  a	  solution.	  	  The	  solution	  is	  run	  over	  a	  surface	  to	  which	  immobilized	  antibodies	  specific	  to	  the	  substance	  

have	  been	  attached,	  and	  if	  the	  substance	  is	  present,	  it	  will	  bind	  to	  the	  antibody	  layer,	  and	  its	  presence	  is	  verified	  and	  

visualized	  with	  an	  application	  of	  antibodies	  that	  have	  been	  tagged	  in	  some	  way.	  

Embryo:	   an	  early	   stage	  of	  development	   in	  a	  multi-‐celled	  organism,	  between	   fertilization	  and	   the	  point	  at	  which	   it	  

becomes	  free-‐living.	  	  
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Endogenous:	  originating	  within	  the	  organism,	  cell	  or	  system	  being	  studied.	  	  

Enzyme:	  a	  protein	  that	  acts	  as	  a	  catalyst	  in	  biochemical	  reactions.	  	  

EPA:	  Eicosapentaenoic	  acid.	  Nutritionally	  important	  omega-‐3	  fatty	  acid.	  

Epigenetics:	  Basis	  of	  inheritance	  by	  which	  modifications	  in	  gene	  function	  can	  be	  inherited	  without	  a	  change	  in	  DNA	  

sequence.	   Such	   modifications	   include	   DNA	   methylation,	   heterochromatin	   formation,	   genomic	   inactivation,	  

paramutation,	  X-‐chromosome	  inactivation.	  

Epitope:	  the	  portion	  (determinant)	  of	  an	  antigen	  which	  allows	  it	  to	  be	  recognized	  by	  the	  immune	  system.	  

ERA:	  Environmental	   risk	  assessment.	  The	  process	  of	  determining	  whether	  a	  substance	  or	  activity	  may	  be	  at	  risk	  of	  

causing	  adverse	  effects	  on	  the	  environment.	  

Eukaryote:	  organism	  composed	  of	  one	  or	  more	  cells	  with	  a	  distinct	  nucleus	  and	  cytoplasm.	  It	  includes	  all	  forms	  of	  life	  

except	  viruses	  and	  prokaryotes	  (Bacteria	  and	  Archea).	  

Exotic:	  not	  native	  to	  a	  given	  area;	  either	  intentionally	  transplanted	  from	  another	  region	  or	  introduced	  accidentally.	  

Expression	   system:	   the	   genetic	   and	   cellular	   components	   needed	   for	   the	   expression	   of	   a	   selected	   gene,	   including	  

structural	  genes,	  control	  sequences,	  inducers	  etc.	  Although	  expression	  systems	  traditionally	  include	  both	  prokaryote	  

and	  eukaryote	  cell	  types,	  cell-‐free	  systems	  for	  the	  use	  in	  laboratories	  also	  exist.	  

Expression	  cassette:	  a	  genetic	  construct	  which	  includes	  regulatory	  sequences	  as	  well	  as	  the	  transgene(s)	  of	  interest,	  

which	  directs	  cellular	  machinery	  in	  the	  production	  of	  RNA	  and	  proteins.	  

Exogenous:	  Originating	  outside	  the	  organism,	  cell	  or	  system	  being	  studied.	  

	  

F	  

Field	  trials:	  an	  experimental	  trial	  involving	  GMOs	  grown	  at	  a	  specific	  site	  for	  the	  purposes	  of	  conducting	  research.	  	  

Fitness:	   the	   fitness	   of	   an	   individual	   is	   defined	   as	   the	   relative	   contribution	   of	   its	   genotype	   to	   the	   next	   generation	  

relative	  to	  the	  contributions	  of	  other	  genotypes.	  Its	  fitness	  is	  determined	  by	  the	  number	  of	  offspring	  it	  manages	  to	  

produce	  and	  rear	  successfully.	  

Fixation:	  loss	  of	  all	  alleles	  of	  a	  gene	  but	  one	  in	  a	  population.	  

Food	   webs:	   networks	   which	   graphically	   represent	   the	   feeding	   relationships	   and	   flow	   of	   energy	   and	   nutrients	  

between	  species	  in	  a	  biotic	  community.	  	  

Foundation	  species:	  a	  species	  that	  structures	  the	  local	  community	  and	  modulates	  fundamental	  ecosystem	  processes.	  	  

Fry:	  newly	  hatched	  fish.	  



	  
	  

159	  

G	  

Gene:	  a	  unit	  of	  heredity,	  made	  up	  of	  DNA.	  	  Genes	  are	  made	  up	  of	  DNA	  sequences	  which	  are	  transcribed	  into	  RNA,	  

which	  either	  functions	  directly	  or	  is	  translated	  into	  a	  polypeptide	  chain	  which	  could	  form	  part	  of	  a	  protein.	  

Gene	   ecology:	   the	   study	   of	   interactions	   between	   hereditary	  materials	   and	   their	   surrounding	   environment	   in	   the	  

broadest	   sense.	   This	   includes	   the	   organization,	   function	   and	   transmission	   of	   genes	   and	   nucleic	   acid	   fragments	   in	  

different	  ecosystems	  and	  in	  the	  context	  of	  varying	  ecological	  parameters.	  Hence,	  gene	  ecological	  research	  should	  be	  

based	  on	  knowledge	  from	  functional	  genomics	  and	  other	  modern	  biosciences,	  combined	  with	  ecology,	  evolutionary	  

sciences,	  bioethics,	  social	  sciences,	  and	  the	  philosophy	  of	  science.	  Since	  human-‐made	  changes	  crucially	  influence	  the	  

ecosystems,	  social	  scientific	  approaches	  should	  be	  included	  in	  the	  working	  hypotheses,	  research	  designs	  and	  impact	  

analyses	  of	  gene	  ecology.	  

Gene	  expression:	  the	  process	  by	  which	  a	  gene	  is	  regulated	  and	  its	  product	  synthesized.	  This	  is	  most	  often	  associated	  

with	  the	  process	  by	  which	  genetic	  information	  in	  DNA	  is	  converted	  to	  functional	  proteins	  within	  a	  cell,	  but	  could	  also	  

comprise	  RNA	  as	  an	  end	  product.	  

Gene	  dosage:	  the	  number	  of	  copies	  of	  a	  particular	  gene	  in	  a	  nucleus	  or	  cell.	  

Gene	  flow:	  the	  transmission	  of	  genes	  between	  compatible	  populations.	  

Gene	  silencing:	  interruption	  or	  suppression	  of	  the	  expression	  of	  a	  gene	  at	  transcriptional	  or	  translational	  levels.	  	  

Gene	  therapy:	  techniques	  that	  use	  genetic	  material	  to	  treat	  or	  prevent	  disease.	  	  

Genetic	  diversity:	  usually	  expressed	  in	  terms	  of	  percentage	  of	  genes	  that	  are	  polymorphic	  and/or	  are	  heterozygous.	  

Genetic	   drift:	   (1)	   Random	   changes	   in	   gene	   frequency	   in	   small	   isolated	   populations	   owing	   to	   factors	   other	   than	  

natural	   selection,	   such	  as	   sampling	  of	  only	  a	   small	  number	  of	  gametes	   in	  each	  generation;	   (2)	  Random	  nucleotide	  

changes	  in	  genes	  not	  subject	  to	  natural	  selection.	  

Genetic	  engineering:	  a	  variety	  of	  techniques	  used	  to	  intentionally	  change	  the	  genes	  in	  a	  living	  cell	  or	  organism.	  

Genetically	  engineered	  organism:	  see	  GMO.	  

Genetic	  material:	  DNA	  and/or	  RNA,	  which	  store	  the	  genetic	  information	  of	  an	  organic	  life	  form.	  	  

Genetic	  modification:	   the	   deliberate	   alteration	   of	   the	   genetic	   constitution	   of	   a	   living	   organism	  or	   cell	   by	   artificial	  

means	  (i.e.	  not	  by	  conventional	  breeding,	  but	  using	  a	  number	  of	  scientific	  gene	  modifying	  techniques),	  such	  as	  the	  

introduction	  of	  a	  gene	  from	  another	  species	  or	  the	  introduction	  of	  a	  mutation	  in	  a	  specific	  gene.	  

Genetically	   modified	   organism	   (GMO):	   any	   organism	   which	   has	   had	   its	   genetic	   material	   altered	   by	   genetic	  

modification	  techniques	  (i.e.	  not	  through	  mating	  and/or	  natural	  recombination).	  See	  Genetic	  modification.	  

Genetically	  modified	  microorganism	  (GMM):	  a	  micro-‐organism	  in	  which	  the	  genetic	  material	  has	  been	  altered	  in	  a	  

way	   that	   does	   not	   occur	   naturally	   by	   mating	   and/or	   natural	   recombination,	   but	   through	   the	   use	   of	   certain	  
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biotechnological	  techniques.	  

Genetically	   Recoded	   Organism	   (GRO):	   an	   organism	   which	   has	   been	   modified	   to	   be	   dependent	   on	   synthetic	  

metabolites,	  such	  as	  non-‐canonical	  amino	  acids,	  thereby	  losing	  the	  ability	  to	  survive	  outside	  of	  controlled	  conditions.	  

Genome/Genomic	   DNA:	   the	   total	   complement	   of	   genetic	   material	   (DNA	   or	   RNA)	   contained	   in	   a	   cell	   or	   virus,	  

including	  genes	  and	  non-‐coding	  sequences,	  but	  excluding	  other	  genetic	  elements	  such	  as	  plasmids.	  

Genomics:	   The	   study	   of	   an	   organism’s	   genome,	   including	   the	   organization	   of	   nucleotide	   sequences	   of	   the	   genes	  

contained	  in	  the	  genome.	  	  

Genomic	  plasticity:	  a	  change	  in	  genome	  structure	  or	  organization	  associated	  with	  environmental	  signal,	  possibly	  due	  

to	  the	  effects	  of	  mutational	  hotspots,	  genome	  expansion,	  transposable	  elements	  or	  somatic	  recombination.	  

Genotype:	  the	  precise	  genetic	  constitution	  of	  an	  organism.	  For	  a	  diploid	  organism,	  it	  refers	  to	  the	  particular	  pair	  of	  

alleles	  present	  for	  any	  given	  gene.	  

Growth	   hormone	   (GH):	   a	   growth-‐promoting	   protein	   hormone	   produced	   by	   the	   pituitary,	   also	   stimulates	   the	  

production	  of	  several	  other	  important	  hormones	  involved	  in	  a	  variety	  of	  processes.	  

	  

H	  

Habitat:	   the	   environment	  within	  which	   an	   organism	   is	   normally	   found.	   A	   habitat	   is	   characterized	   by	   the	   physical	  

characteristics	  of	  the	  environment	  and/or	  the	  dominant	  vegetation	  or	  other	  stable	  biotic	  characteristics.	  

Harmful	   Algal	   Blooms	   (HABs):	   an	   increase	   in	   the	   population	   of	   a	   single	   species	   of	   algae	   within	   a	   given	   area,	  

designated	  as	  harmful	  when	  they	  directly	  or	  indirectly	  detrimentally	  affect	  other	  organisms	  or	  ecosystem	  functions.	  

Herbicide:	  a	  toxic	  substance	  used	  to	  destroy	  unwanted	  vegetation	  (weeds).	  

Heterologous:	  (1)	  Of	  different	  origin;	  (2)	  Derived	  from	  different	  species;	  (3)	  Differing	  morphologically.	  

Homologous:	   (1)	  DNA	  or	  protein	   sequences	   that	  have	   some	  degree	  of	   similarity	   to	  each	  other	  because	   they	  have	  

been	   derived	   from	   a	   common	   ancestral	   sequence	   by	   divergent	   evolution;	   (2)	   Structures	   or	   other	   attributes	   in	  

different	   species	   that	   resemble	   each	   other	   because	   of	   origin	   by	   common	   descent;	   (3)	   Chromosomes	   in	   a	   diploid	  

organism	  which	   contain	   the	   same	   sequence	  of	   genes	  but	   are	  derived	   from	  different	  parents,	   and	  which	  pair	  with	  

each	  other	  at	  meiosis;	  (4)	  Structures	  having	  the	  same	  phylogenetic	  origin	  but	  not	  necessarily	  the	  same	  final	  structure	  

or	  function.	  

Horizontal	  Gene	  Transfer	  (HGT):	  all	  forms	  of	  gene	  transfer	  which	  do	  not	  involve	  parent-‐to-‐offspring	  transfer.	  

Hybrid:	  progeny	  of	  a	  cross	  between	  parents	  of	  different	  genotype.	  

Hybridization:	  (1)	  Formation	  of	  a	  hybrid.	  (2)	  The	  specific	  re-‐association	  of	  complementary	  strands	  of	  nucleic	  acids.	  



	  
	  

161	  

	  

I	  

Immunogenic/immune	   response:	   how	   the	   body	   recognizes	   and	   defends	   itself	   against	   bacteria,	   viruses	   and	  

substances	  that	  are	  foreign	  and	  identified	  as	  harmful	  to	  it.	  Intracellular:	  inside	  the	  cell.	  

Introgression:	   the	  gradual	  diffusion	  of	   genes	   from	   the	  gene	  pool	  of	  one	   species	   into	  another	  when	   there	   is	   some	  

hybridization	  between	  the	  two	  species	  as	  a	  result	  of	  incomplete	  genetic	  isolation.	  

Invasive	  species:	  an	  organism	  that	  is	  not	  indigenous	  to	  a	  given	  habitat,	  which	  has	  been	  accidentally	  or	  deliberately	  

introduced	  by	  human	  activity.	  	  

Iridoviruses:	  A	  family	  of	  viruses	  all	  with	  dsDNA	  genomes.	  

Isogenic	   control:	   the	   parental	   line	   of	   organisms	   used	   to	   develop	   GMOs,	   which	   thus	   have	   the	   same	   genetic	  

background	  as	  the	  GMO	  and	  can	  be	  used	  to	  assess	  changes	  brought	  about	  due	  to	  genetic	  modification.	  

	  

L	  

Living	  modified	  organism:	  see	  GMO.	  

Locus	  (pl.	  loci):	  the	  location	  of	  a	  gene	  on	  a	  chromosome.	  

	  

M	  

Marine	  fatty	  acids:	  long	  chained	  organic	  acids	  of	  the	  general	  formula	  CH3(CnHx)COOH,	  of	  marine	  origin.	  

Marker	   genes:	   a	   marker	   gene	   is	   used	   to	   determine	   whether	   a	   transgene	   has	   been	   successfully	   inserted	   into	   a	  

recipient	  organism.	  	  

Maturation:	   (1)	   ripening;	   (2)	   the	  process	  of	  becoming	  mature	  and	   fully	   functional;	   (3)automatic	  development	  of	  a	  

behavior	   pattern	  which	   becomes	   progressively	  more	   complex	   as	   the	   animal	  matures	   and	  which	   does	   not	   involve	  

learning.	  

Metabolic	   rate:	   the	  rate	  at	  which	  an	  organism	  uses	  energy	  to	  sustain	  essential	   life	  processes	  such	  has	  respiration,	  

growth,	  reproduction,	   	  and	   in	  animals,	  processes	  such	  as	  blood	  circulation,	  muscle	  tone	  and	  activity.	  A	  measure	  of	  

the	  rate	  of	  metabolic	  activity	  in	  a	  living	  organism.	  

Metagenomics:	  the	  direct	  genetic	  analysis	  of	  genomes	  contained	  with	  an	  environmental	  sample,	  usually	  applying	  to	  

microorganisms.	   Metagenomics	   applies	   a	   suite	   of	   genomic	   technologies	   and	   bioinformatics	   tools	   to	   access	   the	  

genetic	  content	  of	  entire	  communities	  of	  organisms.	  

Microbiome:	   the	   collective	   genomes	   of	   the	  microbes	   (composed	   of	   bacteria,	   bacteriophage,	   fungi,	   protozoa	   and	  
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viruses)	  that	  live	  in/on	  a	  particular	  environment,	  such	  as	  the	  human	  body.	  

Migration:	   (1)	   the	   seasonal	   journey	   to	   a	   different	   location	  made	   by	  many	   animal	   species,	   usually	   in	   response	   to	  

changes	  in	  seasonal	  climate	  and	  food	  supply,	  often	  traveling	  very	  long	  distances	  along	  predetermined	  routes;	  (2)	  the	  

movement	  of	  plants	  into	  new	  areas.	  

Micro-‐competition:	   a	   hypothesis	   suggesting	   that	   regulatory	   disturbances	   can	   arise	   from	   competition	   among	  

endogenous	  promotors	  and	  foreign	  DNA	  for	  a	  limited	  pool	  of	  transcriptional	  regulators.	  	  

Monitoring:	  regular	  data	  collection,	  often	  over	  long	  time	  intervals,	  to	  look	  for	  changes	  in	  selected	  variables	  such	  as	  

environmental	  status,	  the	  amount	  of	  GM	  material	  in	  food	  or	  feed	  products,	  etc.	  MON810:	  a	  type	  of	  Bt	  maize	  which	  

expresses	  the	  cry1Ab	  gene,	  conferring	  resistance	  to	  Lepidopteran	  insects	  to	  the	  plant.	  	  As	  one	  of	  the	  first	  generation	  

of	  GM	  crops,	  MON810	  is	  the	  best	  characterized	  and	  one	  of	  the	  very	  few	  GM	  crops	  for	  which	  the	  transgene	  sequence	  

is	  publicly	  known.	  

Morphology:	  (1)	  The	  form	  and	  structure	  of	  an	  organism;	  (2)	  The	  study	  of	  form	  and	  structure.	  

mRNA:	  Messenger	  Ribonucleic	  Acid	  (mRNA)	   is	  transcribed	  from	  a	  DNA	  template,	  and	  carries	  coding	   information	  to	  

the	  ribosomes,	  where	  it	  is	  translated	  into	  a	  polypeptide	  chain	  (protein).	  

Mutagenesis:	  The	  process	  by	  which	  a	  gene	  undergoes	  a	  heritable	  alteration;	  also,	  the	  treatment	  of	  a	  cell	  or	  organism	  

with	  a	  known	  mutagen.	  

Mutation:	  A	  change	  in	  the	  sequence	  of	  the	  base	  pairs	  in	  a	  DNA	  molecule.	  

	  

N	  

Next-‐Generation	   Sequencing	   (NGS):	   non-‐Sanger-‐based	   high-‐throughput	   DNA	   sequencing	   technologies	   in	   which	  

millions	  or	  billions	  of	  DNA	  strands	  can	  be	  sequenced	  in	  parallel.	  

	  

O	  

Oncogenic:	  any	  tumour-‐forming	  process.	  

	  

P	  

Parr:	  juvenile	  salmon	  after	  the	  fry	  stage,	  named	  for	  the	  characteristic	  black	  ‘parr’	  marks	  which	  develop	  at	  this	  time	  

on	  the	  sides	  of	  their	  bodies.	  

PCR:	   polymerase	   chain	   reaction.	   	  A	   technique	   in	  which	  a	   specific	   section	  of	  DNA	   is	   copied	   (amplified)	  many	   times	  

using	  DNA	  polymerase.	  
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Phenotype:	  the	  sum	  of	  characteristics	  (physical,	  not	  genetic	  characteristics)	  of	  an	  organism	  (see	  Genotype).	  

Phenotypic	  plasticity:	  the	  range	  of	  phenotypes	  a	  single	  genotype	  can	  express	  as	  a	  function	  of	  its	  environment.	  

Plasmids:	  a	  type	  of	  circular	  mobile	  genetic	  element	  common	  in	  bacteria.	  	  

Piscine:	  adjective	  used	  to	  describe	  something	  originating	  from/pertaining	  to	  fish	  (pisces).	  

Pituitary:	  in	  vertebrates,	  an	  endocrine	  gland	  attached	  to	  the	  undersurface	  of	  the	  brain	  below	  the	  hypothalamus	  by	  a	  

short	  stalk.	  It	  secretes	  a	  number	  of	  important	  hormones.	  

Plasticity:	  the	  capacity	  for	  change	  under	  the	  influence	  of	  stimuli.	  

Pleiotropy:	  the	  capacity	  which	  certain	  genes	  have,	  whereby	  they	  are	  able	  to	  influence	  multiple	  phenotypic	  traits.	  

Polyploidy:	  the	  situation	  in	  which	  the	  organism	  has	  more	  than	  two	  (2n)	  sets	  of	  chromosomes.	  	  

Post-‐translational	  modification:	  modifications	  that	  occur	  on	  a	  protein,	  catalysed	  by	  enzymes,	  after	  its	  translation	  by	  

ribosomes	  is	  complete.	  

Primers:	   short	   oligonucleotide	   sequences	   used	   during	   PCR,	   which,	   when	   annealed	   to	   a	   complementary	   template	  

strand,	  provides	  a	  starting	  point	  for	  replication	  of	  the	  region	  of	  DNA	  between	  the	  annealed	  primers.	  

Prokaryote:	  an	  organism	  that	  lacks	  a	  nucleus	  (Bacteria,	  Archaea).	  	  

Promoter:	  initial	  binding	  site	  for	  RNA	  polymerase	  in	  the	  process	  of	  gene	  expression.	  First	  transcription	  factors	  bind	  to	  

the	   promoter	   which	   is	   located	   5'	   to	   the	   transcription	   initiation	   site	   in	   a	   gene.	   General	   and	   tissue/cell-‐specific	  

promoters	  stimulate	  the	  expression	  of	  a	  gene	  under	  the	  control	  of	  enhancers.	  

Promoter:	  a	  DNA	  sequence	  at	  which	  RNA	  polymerase	  binds	  and	  initiates	  transcription.	  

Protein:	  a	  biomolecule	  composed	  of	  one	  or	  more	  polypeptide	  chains.	  

Proteome:	  the	  entire	  complement	  of	  proteins	  in	  a	  given	  organism.	  

R	  

Receptor:	  in	  the	  context	  of	  this	  report,	  receptor	  refers	  to	  a	  protein	  molecule	  which	  is	  located	  in	  the	  cell	  membrane,	  

which	  interacts	  with	  stimuli	  outside	  of	  the	  cell	  (such	  as	  the	  protein-‐binding	  receptors	  on	  the	  midgut	  epithelial	  cells	  of	  

Lepidopteran	  insects	  which	  render	  them	  susceptible	  to	  cry	  toxins).	  	  	  

Recombinant	  DNA	   techniques:	   techniques	   involving	   the	   formation	  of	   genetic	   constructs	   by	   combining	   sections	  of	  

DNA	  produced	  outside	  an	  organism,	  which	  is	  then	  inserted	  (usually	  via	  a	  vector	  such	  as	  a	  plasmid	  or	  virus)	  into	  the	  

genome	  of	  a	  recipient	  organism.	  

Recombination:	  exchange	  of	  sections	  of	  DNA	  between	  different	  DNA	  molecules.	  	  Examples	  include	  rearrangement	  of	  

a	   transgenic	   construct	   as	   a	   result	   of	   its	   insertion	   into	   the	   genome	  of	   a	   recipient	   organism;	   or	   viral	   recombination	  

between	  two	  or	  more	  viruses	  co-‐infect	  the	  same	  cell.	  
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Regulatory	  genes/elements:	  genes	  that	  direct	  the	  production	  of	  proteins	  that	  regulate	  the	  activity	  of	  other	  genes,	  or	  

which	  represent	  control	  sites	  in	  DNA	  at	  which	  gene	  expression	  is	  regulated.	  

Resilience:	  ability	  of	  a	  living	  system	  to	  restore	  itself	  to	  its	  original	  condition	  after	  being	  disturbed.	  

Retrovirus:	   any	   virus	   belonging	   to	   the	   viral	   family	   Retroviridae.	   They	   are	   enveloped	   viruses	   possessing	   a	   RNA	  

genome,	  and	  replicate	  via	  a	  DNA	  intermediate.	  	  

Ribosome:	  a	  small	  cytoplasmic	  organelle	  that	  is	  the	  site	  of	  mRNA	  translation,	  thus	  protein	  synthesis.	  

RNA:	  Ribonucleic	  acid.	  A	  type	  of	  nucleic	  acid	  in	  which	  ribose	  is	  the	  sugar	  constituent	  (in	  contrast	  to	  DNA,	  in	  which	  the	  

sugar	  component	  is	  deoxyribose).	  	  In	  some	  viruses,	  RNA	  and	  not	  DNA	  is	  the	  repository	  of	  hereditary	  information.	  	  In	  

most	   organisms,	   where	   DNA	   contains	   the	   hereditary	   information,	   RNA	   has	   several	   other	   functions,	   including	  

involvement	   in	   transcription	   and	   translation	   of	   genetic	   material.	   	   Messenger	   RNA	   (mRNA),	   for	   example,	   has	   a	  

sequence	  complementary	  to	  DNA,	  and	  is	  synthesized	  during	  transcription	  in	  order	  to	  convey	  this	  information	  to	  the	  

ribosomes,	  where	  it	  is	  used	  to	  specify	  the	  amino	  acid	  sequence	  needed	  to	  build	  polypeptide	  chains.	  	  	  

RNA	  editing:	  changes	  made	  to	  an	  RNA	  molecule	  which	  render	   it	  no	   longer	  complementary	  to	  the	  DNA	  molecule	   it	  

was	  modelled	  from.	  

RNA-‐mediated	   interference	   (RNAi):	   a	   post-‐transcriptional	  modification	  mechanism	   in	  which	   double-‐stranded	  RNA	  

identical	  to	  a	  section	  of	  a	  given	  gene	  interferes	  with	  gene	  expression.	  	  

Roundup:	  glyphosate-‐based	  herbicide	  produced	  by	  Monsanto	  Company.	  

Roundup	  Ready:	  crops	  which	  are	  genetically	  modified	  to	  be	  tolerant	  to	  the	  herbicide	  Roundup.	  The	  active	  ingredient	  

in	   Roundup	   is	   glyphosate.	   	   This	   modification	   allows	   farmers	   to	   spray	   Roundup	   on	   fields	   to	   kill	   weeds,	   without	  

harming	  the	  crop	  plants.	  

	  

S	  

Secondary	  pest	  development:	  the	  subsequent	  outbreak	  of	  a	  different	  pest	  species,	  following	  the	  reduction	  in	  target	  

pest	  densities	  due	  to	  the	  action	  of	  a	  pesticide.	  

Site	  of	  integration:	  the	  position	  into	  which	  the	  introduced	  transgenes	  settles	  on	  the	  genome.	  

Shedding:	  the	  release	  of	  newly-‐synthesized	  virus	  particles	  from	  a	  cell.	  	  My	  also	  refer	  to	  release	  from	  one	  body	  part	  

into	  another,	  or	  from	  the	  body	  into	  the	  environment.	  

Smoltification:	  The	  physiological	  and	  behavioral	  adaptation	  to	  sea	  water	  by	  juvenile	  salmon.	  

Specificity:	   in	   the	   context	   of	   this	   report,	   specificity	   refers	   to	   the	   property	   that	   a	   toxin	   or	   GMO	   affect	   only	   target	  

organisms	   (or	   those	   very	   closely	   related	   to	   them),	   and	   to	   leave	  other	  organisms	  unaffected.	   	   For	   example,	   the	  Bt	  

toxin	  Cry1Ab	  is	  referred	  to	  as	  being	  specific	  because	  it	  activity	  is	  mostly	  restricted	  to	  insects	  of	  the	  order	  Lepidoptera.	  
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Stacked	  events:	  crops	  which	  contain	  more	  than	  one	  transgene	  are	  known	  as	  stacked	  or	  pyramided	  crops.	  	  Presently,	  

this	  usually	  refers	  to	  a	  crop	  which	  contains	  more	  than	  one	  Bt	  gene,	  and/or	  one	  or	  more	  herbicide	  tolerance	  genes.	  

Susceptibility:	   the	   property	   which	   an	   organism	   has,	   which	   causes	   it	   to	   be	   vulnerable	   to	   a	   substance	   (Bt	   toxin,	  

herbicide,	  antibiotic	  etc.)	  

Sympatric:	  Species	  inhabiting	  the	  same	  or	  overlapping	  geographical	  areas.	  

Smolt:	  Fully	  silvered	  juvenile	  salmon	  migrating	  or	  about	  to	  migrate	  to	  sea.	  

Synthetic	  biology	   (SynBio):	   the	  application	  of	   science,	   technology	  and	  engineering	   to	   facilitate	   and	  accelerate	   the	  

design,	  manufacture	  and/or	  modification	  of	  genetic	  materials	  in	  living	  organisms	  (European	  Commission	  Opinion	  on	  

Synthetic	  Biology).	  

	  

T	  

Teleost:	   Group	   of	   fish	   including	   all	  modern	   bony	   fishes	   except	   lungfishes,	   holosteans	   and	   crossopterygians.	   They	  

have	  thin	  bony	  scales	  covered	  by	  an	  epidermis,	  a	  homocercal	  tail,	  a	  hydrostatic	  air	  bladder	  (swinbladder),	  no	  spiracle	  

and	  no	  spiral	  valve	  in	  the	  gut.	  

Transcription:	  The	  process	  through	  which	  a	  DNA	  sequence	  is	  enzymatically	  copied	  by	  an	  RNA	  polymerase	  to	  produce	  

a	  complementary	  RNA.	  In	  other	  words,	  transcription	  is	  the	  transfer	  of	  genetic	  information	  from	  DNA	  into	  RNA.	  

Transduction:	  the	  process	  by	  which	  DNA	  is	  transferred	  between	  prokaryote	  cells	  due	  to	  the	  action	  of	  viruses	  known	  

as	  bacteriophages.	  	  Transduction	  may	  also	  refer	  to	  the	  introduction	  of	  genetic	  material	  into	  a	  cell,	  through	  the	  action	  

of	  a	  virus	  vector.	  

Transformation:	  may	  refer	   to	   (1)	  a	   type	  of	  horizontal	  gene	  transfer	   in	  which	  cells	   (usually	  bacteria)	   take	  up	  naked	  

DNA	  from	  their	  surroundings;	  or	  (2)	  techniques	  used	  to	  introduce	  DNA	  (transgenic	  constructs)	   into	  cells.	   	  The	  most	  

common	  of	  these	  techniques	  used	  in	  making	  transgenic	  organisms	  are	  particle	  bombardment	  (a	  particle	  accelerator	  

(gene	   gun),	   that	   delivers	   DNA-‐coated	   micro	   particles	   into	   cells),	   and	   Agrobacterium-‐mediated	   transformation	  

(insertion	  of	  DNA	  into	  cells	  is	  facilitated	  by	  the	  bacterium	  Agrobacterium).	  

Transgenic:	  an	  organism	  into	  which	  novel	  or	  recombinant	  DNA	  has	  been	  incorporated.	  	  

Transgene:	   any	   genetic	   construct	   which	   is	   transferred	   into	   a	   recipient	   organism	   via	   the	   techniques	   of	   genetic	  

engineering.	  See	  GMO.	  	  

Translation:	   the	   process	   through	   which	   amino	   acids	   are	   assembled	   into	   a	   polypeptide	   chain	   according	   to	   the	  

sequence	  of	  an	  mRNA	  molecule.	  

Triploidy:	  having	  three	  sets	  of	  chromosomes	  in	  the	  somatic	  cells.	  
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Trophic	  interactions:	  interactions	  between	  the	  different	  trophic	  levels	  of	  a	  food	  web.	  The	  trophic	  level	  is	  a	  step	  in	  the	  

transfer	   of	   food	   or	   energy	  within	   a	   food	   chain.	   There	  may	   be	   several	   trophic	   levels	  within	   a	   system,	   for	   example	  

producers	   (e.g.	   plants),	   primary	   consumers	   (e.g.	   herbivores),	   secondary	   consumers	   (e.g.	   predators),	   tertiary	   and	  

quaternary	  consumers	  (also	  predators).	  

Trophic	  level:	  the	  position	  that	  an	  organism	  occupies	  in	  a	  food	  chain	  –	  what	  it	  eats	  and	  what	  eats	  it.	  

Type	  I	  error:	  a	  ‘false	  positive’:	  the	  error	  of	  rejecting	  a	  null	  hypothesis	  when	  it	  is	  actually	  true.	  	  

Type	  II	  error:	  a	  ‘false	  negative’:	  the	  error	  of	  not	  rejecting	  a	  null	  hypothesis	  when	  the	  alternative	  hypothesis	  is	  true.	  

	  

U/V/W	  

Vector:	  in	  the	  context	  of	  this	  report,	  a	  vector	  is	  a	  vehicle	  which	  is	  used	  to	  introduce	  DNA	  into	  the	  cells	  of	  a	  recipient	  

organism.	  	  Such	  vectors	  may	  be	  viruses,	  plasmids	  etc.	  

Viability:	  capability	  of	  living,	  developing	  and	  surviving	  to	  parturition	  (delivering	  offspring).	  

Virus	  vaccine:	  a	  preparation	  containing	  dead,	  inactivated	  or	  attenuated	  virus	  particles,	  administered	  for	  the	  purpose	  

of	  developing	  an	  immune	  response	  (antibody	  production)	  against	  such	  agents.	  

Western	   Blot:	   a	   technique	   which	   is	   used	   to	   detect	   specific	   proteins	   within	   a	   sample	   containing	   many	   proteins.	  	  
Characterization	  of	  the	  protein	  in	  terms	  of	  size,	  as	  well	  as	  amount	  expressed,	  can	  also	  be	  done	  with	  Western	  blots.	  


