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identified	
  by	
  geographic	
  origin	
   (as	
   for	
   clade	
  designation).	
   I,	
   C	
   and	
  NZ	
  strains	
  were	
  
isolated	
   in	
   Italy,	
   China	
   and	
   New	
   Zealand,	
   respectively.	
   The	
   type	
   Psa	
   strain	
   from	
  
Figure1.1	
   (PanFTRS_L1)	
   is	
  Psa	
   J-­‐1	
   here	
   and	
   the	
   J	
   clade	
   (*)	
   is	
   considered	
   the	
   type	
  
clade	
  for	
  Psa.	
  Pto	
  DC3000	
  was	
  used	
  as	
  outgroup	
  and	
  strains	
  closely	
  related	
  to	
  Psa,	
  P.	
  
syringae	
   pv.	
   morsprunorum	
   (stone-­‐fruit	
   pathogen)	
   and	
   P.	
   syringae	
   pv.	
   theae	
   (tea	
  
pathogen)	
  are	
  included	
  for	
  reference.	
  The	
  key	
  strains	
  discussed	
  in	
  this	
  thesis	
  !"#!!"#$
!"#$!"#!!"#$%&'$ ()*(+%,'*$ -'&'$ .(,-$ /01'$ %&&2.3$ 4&'5&2*1+'*$ 6&27$8+9%))$ ',$ %0!"#
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Figure' 1.3:!Pseudomonas* syringae' pv.'ac0nidiae' V' clade.!Neighbour,joining!
phylogene:c!tree!of!Psa!V!strains!based!on!seven!highly!conserved!ICE!protein!
sequences!for!each!strain.!Grouping! indicates!relatedness!to!be!closer!to!the!
Chinese! isolates! rather! than! to! each! other! implica:ng! independent! origins!
from!China!for!each!strain!ICE!group.!(Adapted!from!Butler!et!al!2013)!

Figure	
  1.3:	
  Pseudomonas	
  syringae	
  pv.	
  actinidiae	
  V	
  strains	
  are	
  independently	
  
introduced.	
  Neighbour-­‐joining	
  phylogenetic	
   tree	
  of	
  Psa	
  V	
  strains	
  based	
  on	
   seven	
  
highly	
  conserved	
  ICE	
  protein	
  sequences	
  for	
  each	
  strain.	
  Phylogeny	
  indicated	
  three	
  
unique	
   ICEs	
   present	
   in	
   Psa	
   V	
   strains	
   (green	
   squares).	
   Grouping	
   indicates	
  
relatedness	
  to	
  be	
  closer	
  to	
  the	
  Chinese	
  isolates	
  (red	
  asterisks)	
  rather	
  than	
  to	
  each	
  
other	
   implicating	
   independent	
   origins	
   from	
  China	
   for	
   each	
   strain	
   ICE	
   group.	
  Psa	
  
V13	
   is	
   likely	
   to	
   be	
   part	
   of	
   ICE1	
   group	
   since	
   all	
   NZ	
   isolates	
   fall	
   into	
   this	
   group	
  
(reproduced	
  from	
  Butler	
  et	
  al.,	
  2013). 

*	
  

*	
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1.2 	
  Arabidopsis	
  thaliana	
  as	
  a	
  model	
  for	
  plant	
  defence	
  

The	
   fact	
   that	
   most	
   pathogens	
   do	
   not	
   infect	
   most	
   plants	
   indicates	
   that	
   plants	
  

possess	
  a	
  certain	
  level	
  of	
  defence	
  innately	
  that	
  must	
  be	
  specifically	
  overcome	
  by	
  

successful	
  pathogens.	
  Such	
  defences	
  should	
  thus	
  presumably	
  be	
  effective	
  against	
  

a	
  broad	
  variety	
  pathogens	
  and	
  recognize	
  conserved	
  molecular	
  signals,	
  effectively	
  

constituting	
  a	
  nonhost-­‐type	
  resistance,	
  rendering	
  all	
  strains	
  of	
  a	
  pathogen	
  unable	
  

to	
  cause	
  disease	
  on	
  the	
  plant	
  (hence	
  the	
  plant	
  is	
  a	
  nonhost)	
  (Katagiri	
  et	
  al.,	
  2002).	
  

The	
   evolutionary	
   battle	
   between	
   pathogens	
   and	
   hosts	
   would	
   then	
   drive	
  

pathogens	
  to	
  develop	
  mechanisms	
  of	
  resistance	
  evasion	
  that	
  would	
  then	
  need	
  to	
  

be	
   countered	
   by	
   plants	
   in	
   a	
   never-­‐ending	
   battle,	
   a	
   veritable	
   ‘arms-­‐race’	
   (Jones	
  

and	
  Dangl,	
  2006).	
  Early	
  studies	
   in	
   this	
  secondary	
   form	
  of	
  resistance	
   in	
   flax	
  has	
  

suggested	
   a	
   gene-­‐for-­‐gene	
   relationship	
   (Flor,	
   1971)	
   that	
   could	
   be	
   transferable	
  

between	
   plant	
   cultivars	
   using	
   breeding	
   techniques	
   –	
   a	
   system	
   already	
   well	
  

developed	
  for	
  a	
  wide	
  variety	
  of	
  plants	
  over	
  centuries.	
  

	
  

Arabidopsis	
   thaliana	
   (hereafter	
  Arabidopsis)	
   is	
   a	
   small	
   dicotyledonous	
   plant	
   of	
  

the	
  Brassicaceae	
  native	
  to	
  Eurasia	
  but	
  long	
  since	
  naturalized	
  around	
  the	
  world.	
  It	
  

often	
  grows	
  as	
  a	
  winter	
  annual	
  with	
  a	
  very	
  short	
  life	
  cycle	
  of	
  around	
  6	
  weeks	
  and	
  

possesses	
  the	
  considerable	
  virtue	
  of	
  being	
  the	
  first	
  plant	
  to	
  have	
  fully	
  sequenced	
  

genome	
   (Kaul	
   et	
   al.,	
   2000;	
  Mitchell-­‐Olds,	
   2001).	
   Being	
   a	
   typical	
   self-­‐pollinator,	
  

evolution	
  has	
  led	
  to	
  a	
  wide	
  variety	
  of	
  plant	
  accessions	
  (also	
  called	
  ecotypes,	
  akin	
  

to	
   races	
   or	
   cultivars),	
   which	
   have	
   genetically	
   distinct	
   phenotypes	
   including	
  

varied	
  disease	
  resistances.	
   In	
  fact,	
   the	
  use	
  of	
  Arabidopsis	
  has	
   led	
  to	
  many	
  early	
  

breakthroughs	
   in	
   understanding	
   how	
   plants	
   manifest	
   plant	
   disease	
   resistance	
  

(Bent	
  et	
  al.,	
  1993;	
  Dangl	
  et	
  al.,	
  1992;	
  Dong	
  et	
  al.,	
  1991;	
  Holub,	
  1994;	
  Holub	
  et	
  al.,	
  

1995;	
  Whalen	
  et	
  al.,	
  1991).	
  

	
  

1.2.1 	
  Pseudomonas	
  syringae	
  infection	
  of	
  Arabidopsis	
  	
  

Pseudomonas	
   syringae	
   is	
   a	
   Gram-­‐negative,	
   rod-­‐shaped	
   γ-­‐proteobacterium	
  with	
  

polar	
   flagella,	
   strains	
   of	
   which	
   possess	
   the	
   ability	
   to	
   infect	
   a	
   wide	
   variety	
   of	
  

plants,	
  as	
  mentioned	
  earlier	
  (Sarkar	
  and	
  Guttman,	
  2004).	
  Different	
  strains	
  of	
  P.	
  

syringae,	
  however,	
  are	
  remarkable	
  for	
  their	
  host-­‐specific	
  interactions	
  with	
  plants	
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(Hirano	
   and	
   Upper,	
   2000).	
   A	
   specific	
   strain	
   may	
   be	
   assigned	
   to	
   one	
   of	
  

approximately	
  50	
  pathovars	
  based	
  on	
  its	
  host-­‐range	
  (Gardan	
  et	
  al.,	
  1999;	
  Sarkar	
  

and	
  Guttman,	
  2004)	
  and	
  then	
  additionally	
  to	
  a	
  race	
  (which	
  can	
  be	
  grouped	
  into	
  

clades)	
   based	
   on	
   differential	
   interactions	
   between	
   cultivars	
   of	
   the	
   host	
   plant.	
  

Using	
  P.	
  syringae	
  as	
  a	
  model	
  for	
  the	
  study	
  of	
  host-­‐pathogen	
  interactions	
  has	
  been	
  

pivotal	
  to	
  elucidating	
  the	
  molecular	
  basis	
  of	
  such	
  host	
  specificity.	
  	
  

	
  

In	
  the	
  late	
  1980s,	
  several	
  P.	
  syringae	
  pathovars	
  (a	
  designation	
  of	
  their	
  ability	
  to	
  

infect	
   a	
   plant	
   species)	
   including	
   tomato,	
   maculicola	
   (cauliflower	
   and	
   other	
  

Brassicaceae),	
  and	
  pisi	
   (pea),	
  were	
  discovered	
   to	
   infect	
  Arabidopsis,	
   identifying	
  

two	
  very	
  virulent	
   type	
  pathogens	
  P.	
  syringae	
  pv.	
   tomato	
  DC3000	
  (Pto	
  DC3000)	
  

and	
   P.	
   syringae	
   pv.	
   maculicola	
   ES4326	
   (Pma	
   ES4326)	
   and	
   several	
   resistance	
  

genes	
  (R	
  genes)	
  (Dangl	
  et	
  al.,	
  1992;	
  Dong	
  et	
  al.,	
  1991;	
  Whalen	
  et	
  al.,	
  1991).	
  These	
  

studies	
   principally	
   identified	
   assay	
   mechanisms	
   for	
   rapidly	
   determining	
  

resistance	
   and	
   susceptibility	
   in	
   Arabidopsis.	
   Namely,	
   leaves	
   infected	
   with	
   P.	
  

syringae	
   showed	
   water-­‐soaked	
   patches,	
   which	
   eventually	
   become	
   chlorotic	
  

(Figure	
  1.4)	
  and	
  then	
  necrotic,	
  surrounded	
  by	
  diffuse	
  chlorosis	
  if	
  the	
  plants	
  were	
  

susceptible.	
   In	
   resistant	
  plants,	
   conversely,	
  P.	
  syringae	
   triggered	
  a	
  macroscopic	
  

hypersensitive	
   response	
   (HR)	
   –	
   a	
   rapid,	
   defence-­‐associated	
   programmed	
   cell	
  

death	
  of	
  large	
  sections	
  of	
  plant	
  leaf	
  tissue	
  in	
  contact	
  with	
  the	
  pathogen	
  when	
  the	
  

pathogen	
   is	
   delivered	
   at	
   a	
   high	
   titer	
   (Dong	
   et	
   al.,	
   1991;	
   Katagiri	
   et	
   al.,	
   2002).	
  

Apart	
   from	
  Pto	
  DC3000,	
  however,	
   few	
  P.	
  syringae	
   strains	
   isolated	
   from	
   tomato	
  

were	
  found	
  to	
  be	
  virulent	
  on	
  Arabidopsis,	
  indicating	
  that	
  Arabidopsis	
  is	
  largely	
  a	
  

nonhost	
  for	
  tomato-­‐infecting	
  strains	
  of	
  P.	
  syringae	
  (Sohn	
  et	
  al.,	
  2012b).	
  

	
  

	
   	
  

Figure' 1.4:! Arabidopsis* thaliana' Col:0' infected' with' Pto' DC3000.! (A)! A! five!
week!old! !plant!of!Arabidopsis!accession!Col,0.!(B)!Five!week!old!Col,0,!3!days!
aZer!being!dipped!in!a!concentrated!solu:on!containing!virulent!Pseudomonas*
syringae*pv.!tomato!DC3000!demonstrates!typical!chlorosis!!due!to!infec:on.!

A! B!

Figure	
  1.4:	
  Arabidopsis	
  thaliana	
  Col-­‐0	
  infected	
  with	
  Pto	
  DC3000.	
  (A)	
  A	
  
five	
  week	
  old	
  	
  plant	
  of	
  Arabidopsis	
  accession	
  Col-­‐0.	
  (B)	
  Five	
  week	
  old	
  Col-­‐0,	
  
3	
   days	
   after	
   being	
   dipped	
   in	
   a	
   concentrated	
   solution	
   containing	
   virulent	
  
Pseudomonas	
   syringae	
   pv.	
   tomato	
   DC3000	
   demonstrates	
   typical	
   chlorosis	
  	
  
due	
  to	
  infection	
  (reproduced	
  from	
  Katagiri	
  et	
  al.,	
  2002). 
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Interestingly,	
  a	
   screen	
  of	
  Pseudomonas	
   strains	
   that	
  naturally	
   infect	
  Arabidopsis	
  

in	
  the	
  American	
  wild	
  identified	
  several	
  virulent	
  and	
  avirulent	
  strains	
  that	
  helped	
  

highlight	
  the	
  role	
  played	
  by	
  effectors	
  in	
  this	
  dynamic	
  (Jakob	
  et	
  al.,	
  2002;	
  Karasov	
  

et	
   al.,	
   2014).	
   Several	
  P.	
  viridiflava	
   strains	
  and	
  a	
   few	
  P.	
  syringae	
   strains	
   isolated	
  

from	
  select	
  Arabidopsis	
  wild	
  accessions	
  were	
  found	
  to	
  trigger	
  accession-­‐specific	
  

HR	
  indicating	
  the	
  occurrence	
  of	
  a	
  type-­‐III	
  system	
  effector-­‐triggered	
  responses	
  in	
  

some	
  accessions	
  of	
  Arabidopsis	
  (Jakob	
  et	
  al.,	
  2002).	
  Many	
  investigations	
  of	
  host	
  

and	
   nonhost	
   resistance	
   in	
  Pseudomonas-­‐Arabidopsis	
   interactions	
   are	
   currently	
  

underway	
   and	
   are	
   expected	
   to	
   reveal	
   as	
   yet	
   unknown	
   mechanisms	
   about	
  

pathogen	
  defence	
  in	
  Arabidopsis.	
  

	
  

1.2.2 Hyaloperonospora	
  arabidopsidis	
  infection	
  of	
  Arabidopsis	
  	
  

Downy	
  mildew	
   infection	
   of	
   Arabidopsis,	
   first	
   identified	
   over	
   a	
   century	
   ago,	
   is	
  

caused	
   by	
   the	
   obligate	
   biotrophic	
   oomycete,	
   Hyaloperonospora	
   arabidopsidis	
  

(hereafter,	
  Hpa,	
   formerly	
  Hyaloperonospora	
   parasitica/Peronospora	
   parasitica)	
  

(Holub,	
  2008).	
  Oomycetes	
  are	
  closely	
  related	
  to	
  brown	
  algae	
  and	
  diatoms	
  but	
  are	
  

often	
  misclassified	
  as	
  true	
  fungi.	
  Oomycetes	
  may	
  appear	
  similar	
  to	
  some	
  fungal	
  

pathogens	
   through	
   their	
   production	
   of	
   similar	
   infection	
   structures,	
   such	
   as	
  

appressoria,	
   infection	
   hyphae,	
   and	
   haustoria	
   (Slusarenko	
   and	
   Schlaich,	
   2003).	
  

However,	
   several	
   features	
   separate	
   fungi	
   and	
   oomycetes:	
   oomycetal	
   cell	
   walls	
  

are	
   primarily	
   cellulose-­‐based	
   rather	
   than	
   fungal	
   chitin;	
   oomycetal	
   hyphae	
   are	
  

coenocytic	
  (not	
  separated	
  by	
  septa	
  as	
  they	
  are	
  in	
  fungi);	
  oomycetes	
  have	
  diploid	
  

vegetative	
  nuclei,	
  compared	
  to	
  the	
  haploid	
  or	
  dikaryotic	
  nuclei	
  of	
  fungi;	
  several	
  

differences	
   exist	
   between	
   the	
   two	
   groups’	
   biochemistry;	
   and	
  many	
   oomycetes	
  

produce	
  motile	
  biflagellate	
  zoospores	
  (Coates	
  and	
  Beynon,	
  2010).	
  	
  

	
  

Much	
   in	
   the	
  way	
   that	
  P.	
   syringae	
   has	
   pathovars	
   determined	
   by	
   their	
   ability	
   to	
  

infect	
   plant	
   hosts,	
   Hpa	
   demonstrates	
   extensive	
   levels	
   of	
   phenotypic	
   and	
  

genotypic	
   variation,	
   reflecting	
   the	
   natural	
   coevolution	
   that	
   has	
   taken	
   place	
  

between	
  it	
  and	
  Arabidopsis	
  (Figure	
  1.5)	
  (Holub,	
  1994).	
  Hpa	
  isolates	
  collected	
  are	
  

named	
  after	
   the	
   location	
  where	
   they	
  were	
   isolated,	
   abbreviated	
   to	
   two	
   letters,	
  

and	
   a	
   susceptible	
   Arabidopsis	
   accession,	
   again	
   abbreviated	
   to	
   two	
   letters.	
   For	
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instance,	
   the	
   isolate	
   Emoy	
   was	
   isolated	
   in	
   East	
   Malling,	
   Kent,	
   UK	
   =	
   Em	
   and	
  

results	
  in	
  a	
  compatible	
  interaction	
  with	
  the	
  Arabidopsis	
  accession	
  Oystese	
  =	
  Oy.	
  	
  

	
  

The	
  Arabidopsis-­‐Hpa	
   relationship	
  serves	
  as	
  a	
  case	
  study	
   for	
  understanding	
   the	
  

numerous	
   oomycetal	
   pathogens	
   of	
   a	
   large	
   number	
   of	
   economically	
   important	
  

crops:	
   Phytophthora	
   spp.,	
   Pythium	
   spp.,	
   and	
   Bremia	
   spp.	
   Another	
   model	
  

oomycete	
   pathogen	
   of	
   Arabidopsis,	
   Albugo	
   candida	
   –	
   the	
   causal	
   agent	
   of	
  

Arabidopsis	
  white	
  rust,	
   is	
  also	
  being	
  investigated	
  for	
  its	
  ability	
  to	
  reveal	
  details	
  

about	
   immunity	
   in	
   Arabidopsis	
   (Holub	
   et	
   al.,	
   1995).	
   In	
   fact,	
   several	
   resistance	
  

loci	
  against	
  Hpa	
  have	
  been	
  identified	
  as	
  conferring	
  resistance	
  to	
  Albugo	
  candida	
  

as	
   well,	
   implying	
   the	
   transferability	
   of	
   research	
   into	
   the	
   two	
   biotrophic	
  

pathogens	
  (Borhan	
  et	
  al.,	
  2001).	
  	
  

	
   	
  

Figure' 1.5:!Arabidopsis* thaliana' infected' with'Hpa.*Downy! mildew! infec:on! by! the! virulent! biotrophic!
pathogen! Hyaloperonospora* arabidopsidis* on! the! underside! of! a! suscep:ble! Arabidopsis! thaliana! plant!
(leZ).! !The!spectrum!of! interac:ons!between!Arabidopsis!and!Hpa!determines!whether!conidiophores!are!
produced!aZer!7!days!post! infec:on!in!suscep:ble!plants!(top!right)!or!pi]ng/flecking!resistance!restricts!
growth!of!Hpa!with!the!development!of!HR!in!resistant!plants!giving!the!appearance!of!flecks!or!pits!in!the!
leaf!:ssues!(boBom!right).!(Adapted!from!Coates!&!Beynon,!2010)!

Figure	
  1.5:	
  Arabidopsis	
  thaliana	
   infected	
  with	
  Hpa.	
  Downy	
  mildew	
  infection	
  by	
  the	
  virulent	
  
biotrophic	
   pathogen	
   Hyaloperonospora	
   arabidopsidis	
   on	
   the	
   underside	
   of	
   a	
   susceptible	
  
Arabidopsis	
  plant	
  (left).	
  	
  The	
  spectrum	
  of	
  interactions	
  between	
  Arabidopsis	
  and	
  Hpa	
  determines	
  
whether	
  conidiophores	
  are	
  produced	
  after	
  7	
  days	
  post	
  infection	
  in	
  susceptible	
  plants	
  (top	
  right)	
  
or	
   pitting/flecking	
   resistance	
   restricts	
   growth	
   of	
  Hpa	
  with	
   the	
   development	
   of	
  HR	
   in	
   resistant	
  
plants	
  giving	
  the	
  appearance	
  of	
  flecks	
  or	
  pits	
  in	
  the	
  leaf	
  tissues	
  (bottom	
  right)	
  (reproduced	
  from	
  
Coates	
  &	
  Beynon,	
  2010). 
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Further	
   study	
  using	
  Arabidopsis-­‐P.	
  syringae	
   and	
  Arabidopsis-­‐Hpa	
   plant	
  disease	
  

models	
   allowed	
   comprehensive	
   study	
   of	
   the	
   plant	
   disease	
   resistance	
   systems	
  

described	
  since	
  the	
  early	
  work	
  of	
  H.H.	
  Flor.	
  Such	
  work	
  has	
  identified	
  two	
  broad	
  

systems	
   of	
   defence	
   that	
   are	
   intricately	
   linked	
   but	
   essentially	
   resolvable:	
   a	
  

primary	
  cell	
  periphery-­‐associated	
  response	
  that	
  is	
  broad	
  and	
  robust	
  –	
  pathogen	
  

associated	
  molecular	
   pattern	
   (PAMP)-­‐triggered	
   immunity	
   (PTI)	
   –	
   and	
   a	
   highly	
  

specific	
   but	
   devastatingly	
   potent	
   secondary	
   response	
   –	
   effector	
   triggered	
  

immunity	
  (ETI)	
  (summarized	
  in	
  Figure	
  1.6).	
  The	
  plant	
  defence	
  models	
  that	
  have	
  

been	
  developed	
  over	
  the	
  past	
   few	
  decades	
  have	
  been	
  referred	
  to	
  as	
  the	
  central	
  

dogma	
   of	
   plant	
   defence	
   (Bent	
   and	
  Mackey,	
   2007)	
   or	
   the	
   zig-­‐zag	
  model	
   of	
   the	
  

pathogen-­‐plant	
   evolutionary	
   arms-­‐race	
   (Jones	
   and	
  Dangl,	
   2006)	
   tying	
   together	
  

the	
  dynamics	
  of	
  PTI	
  and	
  ETI	
  through	
  actions	
  of	
  and	
  evolutionary	
  drivers	
  acting	
  

on	
  pathogen	
  effectors.	
  More	
  recently,	
  however,	
  accumulated	
  evidence	
  of	
  nonhost	
  

resistance	
  and	
  HR	
   triggered	
  by	
   recognition	
  of	
   extracellular	
  effectors	
  at	
   the	
   cell	
  

membrane	
   as	
   well	
   as	
   lineage-­‐specificity	
   of	
   certain	
   PAMPs	
   has	
   led	
   to	
   the	
  

development	
   of	
   a	
   more	
   universal	
   invasion	
   model	
   that	
   blurs	
   the	
   delineation	
  

between	
  PTI	
  and	
  ETI	
  (Cook	
  et	
  al.,	
  2015).	
  This	
  new	
  model	
  retains	
  the	
  strengths	
  of	
  

the	
   zig-­‐zag	
   model,	
   vis-­‐à-­‐vis	
   the	
   parameters	
   of	
   pathogen-­‐host	
   interactions,	
   but	
  

allows	
   for	
   PAMPs	
   and	
   effectors	
   to	
   be	
   associated	
   together	
   as	
   a	
   spectrum	
   of	
  

invasion-­‐associated	
   signals	
   to	
   trigger	
   similar	
   (but	
   selectively	
   varied)	
   defence	
  

responses	
  as	
  well	
   as	
  accommodates	
   for	
   symbiotic	
   relationships	
   in	
   the	
   invasion	
  

model.	
  

	
  

Notably,	
   studies	
   of	
  P.	
   syringae	
   have	
   led	
   to	
   identification	
   of	
   numerous	
   bacterial	
  

avirulence	
  effectors	
  and	
  their	
  corresponding	
  R	
  genes,	
  examples	
  of	
  classical	
  gene-­‐

for-­‐gene	
   resistance:	
   AvrRpm1/AvrB	
   recognized	
   by	
   RPM1	
   (also	
   called	
   RPS1	
   or	
  

RPS3),	
   AvrRpt2	
   recognized	
   by	
   RPS2,	
   AvrRps4	
   recognized	
   by	
   RPS4,	
   AvrPphB	
  

recognized	
   by	
   RPS5,	
   HopA1	
   recognized	
   by	
   RPS6,	
   and	
   HopZ1a/HopF2a	
  

recognized	
  by	
  ZAR1	
  (and	
  unfortunately	
  not	
  called	
  RPS7)	
  (Bisgrove	
  et	
  al.,	
  1994;	
  

Debener	
  et	
  al.,	
  1991;	
  Gassmann	
  et	
  al.,	
  1999;	
  S.	
  H.	
  Kim	
  et	
  al.,	
  2009;	
  Kunkel	
  et	
  al.,	
  

1993;	
  Lewis	
  et	
  al.,	
  2010;	
  Seto	
  et	
  al.,	
  2017;	
  Simonich	
  and	
  Innes,	
  1995).	
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Figure'1.6:!Plant'primary'and'secondary'defence'systems.!Proteins!from!the!pathogens!within!the!
extracellular! spaces,! such! as! lipopolysaccharides,! flagellin! and! chi:n! (PAMPs)! are! detected! by!
membrane,bound!paBern!recogni:on!receptors! (PRRs)!and!elicit!PAMP,triggered! immunity! (PTI).!
PRRs! may! interact! with! Brassinosteroid! insensi:ve! 1,associated! kinase! 1! (BAK1)! to! ini:ate! PTI!
signalling.! Bacterial! pathogens! deliver! effector! proteins! into! the! host! cell! by! a! type! III! secre:on!
injec:some,! while! fungi! and! oomycetes! deliver! effectors! from! haustoria! or! other! intracellular!
structures! by! an! unknown! mechanism.! These! intracellular! effectors! oZen! act! to! suppress! PTI.!
However,! many! are! recognized! by! intracellular! nucleo:de,binding! (NB),LRR! receptors,! which!
induces!effector,triggered!immunity!(ETI).!(Adapted!from!Dodds!&!Rathjen,!2010)!

Figure	
  1.6:	
  Plant	
  primary	
   and	
   secondary	
  defence	
   systems.	
  Proteins	
   from	
  the	
  pathogens	
  
within	
  the	
  extracellular	
  spaces,	
  such	
  as	
  lipopolysaccharides,	
  flagellin	
  and	
  chitin	
  (PAMPs)	
  are	
  
detected	
   by	
   membrane-­‐bound	
   pattern	
   recognition	
   receptors	
   (PRRs)	
   and	
   elicit	
   PAMP-­‐
triggered	
   immunity	
   (PTI).	
   PRRs	
  may	
   interact	
   with	
   Brassinosteroid	
   insensitive	
   1-­‐associated	
  
kinase	
   1	
   (BAK1)	
   to	
   initiate	
   PTI	
   signalling.	
   Bacterial	
  pathogens	
  deliver	
  effector	
  proteins	
   into	
  
the	
  host	
  cell	
  by	
  a	
   type	
  III	
  secretion	
   injectisome,	
  while	
   fungi	
  and	
  oomycetes	
  deliver	
  effectors	
  
from	
   haustoria	
   or	
   other	
   intracellular	
   structures	
   by	
   an	
   unknown	
   mechanism.	
   These	
  
intracellular	
   effectors	
   often	
   act	
   to	
   suppress	
   PTI.	
   However,	
   many	
   are	
   recognized	
   by	
  
intracellular	
   nucleotide-­‐binding	
   (NB)-­‐LRR	
   receptors,	
   which	
   induces	
   effector-­‐triggered	
  
immunity	
  (ETI)	
  (reproduced	
  from	
  Dodds	
  &	
  Rathjen,	
  2010	
  –	
  Lic#4179571493826). 
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The	
   Hpa-­‐Arabidopsis	
   relationship	
   demonstrates	
   significant	
   complexities	
   for	
  

identification	
  of	
  both	
  the	
  effector	
   in	
  question	
  (due	
  to	
  difficulties	
   in	
  mapping	
  by	
  

crosses	
   between	
   Hpa	
   isolates)	
   as	
   well	
   as	
   the	
   R	
   gene	
   involved	
   (due	
   to	
   the	
  

presence	
   of	
   multiple	
   recognized	
   loci	
   in	
   each	
   isolate	
   and	
   allelism	
   in	
   the	
  

Arabidopsis	
  accessions)	
  (Bailey	
  et	
  al.,	
  2011;	
  Coates	
  and	
  Beynon,	
  2010;	
  Rehmany	
  

et	
   al.,	
   2005).	
   So	
   far	
   around	
   40	
   loci	
   in	
  Hpa	
   isolates	
   have	
   been	
   associated	
   with	
  

resistance	
   in	
  Arabidopsis	
   (Goritschnig	
   et	
   al.,	
   2012;	
  Holub,	
  1994),	
   but	
  only	
   four	
  

have	
   been	
   linked	
   to	
   an	
   actual	
   effector,	
   termed	
  Arabidopsis	
   thaliana	
   recognized	
  

(ATR):	
  ATR1	
   from	
  eight	
   isolates,	
   including	
  Emoy2,	
   differentially	
   recognized	
  by	
  

RPP1	
   from	
  Arabidopsis	
   accessions	
  Niederzenz	
   or	
  Wassilewskija	
   (Botella	
   et	
   al.,	
  

1998;	
   Rehmany	
   et	
   al.,	
   2005),	
   ATR13	
   from	
   isolate	
  Maks9	
   recognized	
   by	
  RPP13	
  

from	
   Arabidopsis	
   accession	
   Niederzenz	
   (also	
   called	
   RPP11	
   in	
   accession	
   RLD)	
  

(Allen	
  et	
  al.,	
  2004),	
  ATR5	
  (a	
  non-­‐canonical	
  effector	
  lacking	
  the	
  RxLR	
  motif)	
  from	
  

isolate	
  Emoy2	
  recognized	
  by	
  RPP5	
  from	
  Arabidopsis	
  accession	
  Landsberg	
  erecta	
  

(Bailey	
  et	
  al.,	
  2011),	
  and	
  ATR39-­‐1	
  from	
  isolate	
  Emoy2	
  recognized	
  by	
  Arabidopsis	
  

accession	
  Weiningen	
   (Goritschnig	
   et	
   al.,	
   2012).	
   Several	
   R	
   genes/proteins	
   have	
  

been	
   characterized	
   in	
   Arabidopsis	
   but	
   their	
   corresponding	
   ATRs	
   have	
   not	
   yet	
  

been	
   identified:	
   RPP2A	
   and	
   RPP2B	
   in	
   Col-­‐0	
   that	
   work	
   together	
   to	
   trigger	
  

resistance	
  to	
  isolate	
  Cala2	
  (Sinapidou	
  et	
  al.,	
  2004),	
  RPP4	
  (a	
  homolog	
  of	
  RPP5	
   in	
  

Landsberg	
  erecta)	
  in	
  Col-­‐0	
  that	
  triggers	
  resistance	
  against	
  Emoy2	
  but	
  not	
  against	
  

ATR5Emoy2	
   (Bailey	
   et	
   al.,	
   2011,	
   p.	
   5;	
   van	
   der	
   Biezen	
   et	
   al.,	
   2002),	
   and	
   RPP8	
   in	
  

Landsberg	
  erecta	
   that	
  recognizes	
  Emoy2	
  (McDowell	
  et	
  al.,	
  1998).	
  In	
  addition	
  to	
  

this,	
  RPP7	
   in	
   Col-­‐0	
   that	
   recognizes	
   isolate	
  Hiks1	
   has	
   been	
  mapped	
   to	
   a	
   region	
  

about	
  100kb	
  in	
  size,	
  carrying	
  the	
  largest	
  group	
  of	
  RPP	
  genes	
  yet	
  (~15	
  homologs)	
  

within	
  a	
  region	
  of	
  poor	
  sequence	
  quality	
  and	
  thus	
  still	
  remains	
  to	
  be	
   identified	
  

(Holub,	
   2001;	
   Tor,	
   1994).	
   RPP9	
   from	
   Arabidopsis	
   accession	
   Weiningen	
   is	
  

another	
  R	
  gene	
  of	
  note	
  with	
  an	
  unknown	
  corresponding	
  ATR	
  from	
  isolate	
  Hiks1,	
  

and	
  was	
  also	
   found	
   to	
   confer	
   resistance	
   to	
  Albugo	
  candida	
   (called	
  RESISTANCE	
  

TO	
   ALBUGO	
   CANDIDA1,	
   RAC1,	
   in	
   accession	
   Keswick-­‐1)	
   (Borhan	
   et	
   al.,	
   2001;	
  

Holub,	
   1994).	
   Interestingly,	
   two	
   other	
  R	
   genes	
   conferring	
   resistance	
   to	
  Albugo	
  

candida	
  were	
   identified	
   in	
  Arabidopsis	
  accession	
  Keswick,	
  RAC2	
   and	
  RAC3	
   that	
  

are	
  allelic	
  to	
  a	
  gene	
  in	
  the	
  RPP1/RPP13	
  locus	
  (Niederzenz)	
  and	
  RPP8	
  (Landsberg	
  

erecta),	
   respectively	
   (Borhan	
   et	
   al.,	
   2001),	
   indicating	
   the	
   interwoven	
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mechanisms	
   of	
   virulence	
   utilized	
   by	
   the	
   two	
   biotrophic	
   pathogens,	
   Albugo	
  

candida	
  and	
  Hpa.	
  

	
  

Apart	
   from	
   revealing	
   gene-­‐for-­‐gene	
   relationships	
   in	
   ETI	
   between	
   Arabidopsis	
  

and	
  P.	
  syringae	
  or	
  Hpa,	
  characterizing	
  effector	
  function	
  has	
  led	
  to	
  findings	
  in	
  PTI	
  

as	
  well	
  as	
  signaling	
  mechanisms	
  important	
  for	
  both	
  PTI	
  and	
  ETI	
  (Azevedo	
  et	
  al.,	
  

2002;	
   Büttner,	
   2016;	
   Century	
   et	
   al.,	
   1995;	
   Muskett	
   et	
   al.,	
   2002;	
   Parker	
   et	
   al.,	
  

1996;	
   Takahashi	
   et	
   al.,	
   2003).	
   It	
   seems	
   clear	
   that	
   study	
   of	
   these	
   two	
   key	
  

pathogens	
   of	
   Arabidopsis	
   have	
   contributed	
   greatly	
   to	
   the	
   understanding	
   of	
  

immunity	
   in	
  Arabidopsis	
  and,	
  by	
  application,	
   to	
  commercially	
   important	
  plants	
  

as	
  well.	
  

	
  

1.3 	
  PAMP-­‐triggered	
  immunity	
  

1.3.1 Pathogens,	
  PAMPs	
  &	
  perception	
  

When	
   a	
   potential	
   pathogen	
   can	
   overcome	
   primary	
   barriers	
   to	
   entry	
   into	
   the	
  

plant,	
  including	
  waxy	
  cell	
  layers	
  and	
  robust	
  cell	
  wall	
  structures,	
  they	
  are	
  subject	
  

to	
   a	
   primary	
   and	
   innate	
   form	
   of	
   defence	
  whereby	
   the	
   plant	
   detects	
  molecules	
  

that	
  are	
  typically	
  conserved	
  between	
  pathogens	
  and	
  therefore	
  termed	
  pathogen-­‐	
  

or	
  microbe-­‐associated	
  molecular	
  patterns	
  (PAMPs	
  or	
  MAMPs).	
  They	
  achieve	
  this	
  

through	
   cell-­‐membrane	
   localized	
   pattern-­‐recognition	
   receptors	
   (PRRs;	
   Figure	
  

1.7)	
  that	
  bind	
  to	
  a	
  specifically	
  recognized	
  PAMP,	
  thereby	
  triggering	
  a	
  cascade	
  of	
  

intracellular	
   responses	
   associated	
   with	
   defence	
   termed	
   PAMP-­‐triggered	
  

immunity	
  (PTI)	
  (Chisholm	
  et	
  al.,	
  2006;	
  Zipfel	
  and	
  Robatzek,	
  2010).	
  By	
  definition,	
  

PAMPs	
  would	
   be	
   extracellular	
   and	
   highly	
   conserved.	
   Bacterial	
   PAMPs	
   such	
   as	
  

flagellin	
   from	
  the	
  motility	
  and	
  adhesion	
  structure	
   flagellum	
  (Felix	
  et	
  al.,	
  1999),	
  

lipopolysaccharide	
  (LPS)	
  from	
  cell	
  walls	
  of	
  Gram-­‐negative	
  bacteria	
  (Newman	
  et	
  

al.,	
  2007),	
  peptidoglycan	
  (PGN)	
  from	
  the	
  cell	
  wall	
  (Gust,	
  2015),	
  cytoplasmic	
  cold-­‐

shock	
  protein	
   (CSP)	
   (Felix	
   and	
  Boller,	
   2003),	
   and	
  elongation	
   factor-­‐Tu	
   (EF-­‐Tu)	
  

(Kunze	
  et	
  al.,	
  2004)	
  have	
  all	
  been	
  reported	
  to	
  trigger	
  PTI.	
  	
  

	
  

Perhaps	
   the	
   best	
   characterized	
   bacterial	
   PAMP	
   is	
   flagellin,	
   used	
   in	
   the	
  

construction	
  of	
  bacterial	
  flagella.	
  Most	
  plant	
  species,	
  with	
  rice	
  being	
  the	
  only	
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Figure' 1.7:! Plant' PRRs.! PaBern! recogni:on! receptors! (PRRs)! recognize! mul:ple! PAMPs! from! bacteria!
(flagellin,!EF,Tu,!pep:doglycan,!LPS),! fungi! (chi:n,!SCFE1),!necrosis,inducing!pep:des! (NLPs),!or!damage,
associated!molecules!(AtPep1).!PRRs!work!in!conjunc:on!with!several!different!regulatory!receptor!kinases!
according!to!their!ectodomain.!In!addi:on,!RLCKs!are!specifically!recruited!to!different!PRR!complexes.!In!
Arabidopsis,!BAK1/SERK3,!related!SERKs!and!CERK1!are!recruited!upon!ligand!percep:on!by!LRR,receptor!
kinases! and! LysM,receptor! kinases! or! RLPs,! respec:vely.! Cons:tu:ve! bimolecular! LRR–RLP–SOBIR1!
complexes!recruit!BAK1!and!SERKs!upon!ligand!binding.!No!regulatory!receptor!kinases!interac:ng!with!the!
LPS,detec:ng!LORE!S-lec:n,receptor!kinase!have!yet!been!iden:fied.!BIK1!and!similarly!other!cytoplasmic!
kinases!are!a!convergent!point!for!mul:ple!PRR!pathways.!(Adapted!from!Couto!&!Zipfel,!2016)!

Figure	
   1.7:	
  Plant	
   PRRs.	
   Pattern	
   recognition	
   receptors	
   (PRRs)	
   recognize	
  multiple	
   PAMPs	
   from	
  
bacteria	
  (flagellin,	
  EF-­‐Tu,	
  peptidoglycan,	
  LPS),	
   fungi	
   (chitin,	
  SCFE1),	
  necrosis-­‐inducing	
  peptides	
  
(NLPs),	
   or	
   damage-­‐associated	
   molecules	
   (AtPep1).	
   PRRs	
   work	
   in	
   conjunction	
   with	
   several	
  
different	
   regulatory	
   receptor	
   kinases	
   according	
   to	
   their	
   ectodomain.	
   In	
   addition,	
   RLCKs	
   are	
  
specifically	
   recruited	
   to	
   different	
   PRR	
   complexes.	
   In	
   Arabidopsis,	
   BAK1/SERK3,	
   related	
   SERKs	
  
and	
   CERK1	
   are	
   recruited	
   upon	
   ligand	
   perception	
   by	
   LRR-­‐receptor	
   kinases	
   and	
   LysM-­‐receptor	
  
kinases	
   or	
   RLPs,	
   respectively.	
   Constitutive	
   bimolecular	
   LRR–RLP–SOBIR1	
   complexes	
   recruit	
  
BAK1	
  and	
  SERKs	
  upon	
   ligand	
  binding.	
  No	
  regulatory	
  receptor	
  kinases	
   interacting	
  with	
  the	
  LPS-­‐
detecting	
   LORE	
   S-­‐lectin-­‐receptor	
   kinase	
   have	
   yet	
   been	
   identified.	
   BIK1	
   and	
   similarly	
   other	
  
cytoplasmic	
  kinases	
  are	
  a	
  convergent	
  point	
  for	
  multiple	
  PRR	
  pathways	
  (reproduced	
  from	
  Couto	
  &	
  
Zipfel,	
  2016	
  –	
  Lic#4179580174160). 
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known	
   exception	
   (Fujiwara	
   et	
   al.,	
   2004),	
   recognize	
   a	
   specific	
   epitope	
   of	
   the	
  

flagellin	
   peptide	
   sequence	
   22	
   amino	
   acids	
   in	
   length	
   (flg22)	
   at	
   the	
   N-­‐terminus	
  

(Felix	
  et	
  al.,	
  1999),	
  binding	
  and	
   triggering	
  PTI	
  via	
   the	
  plant	
   leucine	
   rich	
   repeat	
  

receptor-­‐like	
  kinase	
  (LRR-­‐RLK)	
  PRR,	
  FLAGELLIN	
  SENSING	
  2	
  (FLS2)	
  (Chinchilla,	
  

2006).	
   The	
   corresponding	
   PRR	
   for	
   EF-­‐Tu	
   has	
   also	
   been	
   identified	
   as	
   a	
  

Brassicaceae	
   specific	
   LRR-­‐RLK,	
   ELONGATION	
   FACTOR-­‐TU	
   RECEPTOR	
   (EFR)	
  

(Kunze	
  et	
  al.,	
  2004;	
  Zipfel	
  et	
  al.,	
  2006).	
  PGN	
  is	
  detected	
  in	
  Arabidopsis	
  by	
  a	
  pair	
  

of	
   LysM-­‐domain	
   carrying	
   receptor-­‐like	
   proteins	
   (RLPs)	
   LYM1	
   and	
   LYM3,	
   in	
  

conjunction	
  with	
  the	
  LysM-­‐domain	
  carrying	
  RLK,	
  CERK1/LYK1	
  (Willmann	
  et	
  al.,	
  

2011),	
   a	
   scenario	
   mirrored	
   by	
   detection	
   of	
   PGN	
   in	
   rice	
   through	
   orthologous	
  

LysM-­‐RLPs,	
  OsLYP4	
  and	
  OsLYP6	
  (Liu	
  et	
  al.,	
  2012).	
  Recently,	
  the	
  PRRs	
  for	
  LPS	
  (a	
  

bulb-­‐type	
  lectin	
  S-­‐domain-­‐1	
  receptor-­‐like	
  kinase,	
  LORE)	
  and	
  cold-­‐shock	
  proteins	
  

(the	
  RLK-­‐type	
  COLD	
  SHOCK	
  PROTEIN	
  RECEPTOR,	
  CORE,	
  which	
  also	
  recognizes	
  

cold-­‐shock	
  protein	
  epitopes,	
   csp15	
  and	
  csp22)	
  have	
  been	
   found	
   in	
  Arabidopsis	
  

and	
  Nicotiana	
  benthamiana,	
   respectively	
   (Ranf	
   et	
   al.,	
   2015;	
  Wang	
   et	
   al.,	
   2016).	
  

Unlike	
  flagellin,	
  PGN	
  and	
  LPS,	
  EF-­‐Tu	
  and	
  cold-­‐shock	
  protein	
  are	
  intracellular	
  and	
  

are	
  proposed	
  to	
  have	
  a	
  extracellular	
  moonlighting	
  function	
  (in	
  bacteria)	
  and	
  thus	
  

are	
   detectable	
   in	
   planta	
   (Granado	
   et	
   al.,	
   1995;	
   reveiwed	
   in	
   Kainulainen	
   &	
  

Korhonen,	
  2014).	
  Plants	
  lacking	
  in	
  these	
  PRRs	
  are	
  more	
  amenable	
  to	
  infection	
  as	
  

in	
  the	
  case	
  of	
  Arabidopsis	
  fls2,	
  efr,	
  lore	
  or	
  lym1/lym3	
  plants	
  in	
  their	
  response	
  to	
  

various	
   pathogens	
   possessing	
   the	
   corresponding	
   PAMP	
   (Ranf	
   et	
   al.,	
   2015;	
  

Willmann	
  et	
  al.,	
  2011;	
  Zipfel,	
  2014;	
  Zipfel	
  et	
  al.,	
  2006,	
  2004).	
  

	
  

Fungal	
  PAMPs	
  include	
  ethylene-­‐inducing	
  xylanases	
  (EIX),	
  which	
  are	
  recognized	
  

by	
   the	
   tomato	
   receptor-­‐like	
   protein	
   PRRs	
   LeEIX1	
   and	
   LeEIX2	
   (Ron	
   and	
   Avni,	
  

2004),	
   and	
   chitin,	
   which	
   is	
   recognized	
   by	
   LysM-­‐domain	
   carrying	
   chitin	
  

oligosaccharide	
  elicitor	
  binding	
  protein	
  (CEBiP)	
  in	
  rice	
  and	
  Arabidopsis	
  (Kaku	
  et	
  

al.,	
  2006)	
  as	
  well	
  as	
  the	
  Arabidopsis	
  LysM-­‐RLK,	
  CERK1/LYK1	
  (Miya	
  et	
  al.,	
  2007)	
  

and	
  RLPs,	
  LYM1	
  and	
  LYM3	
  previously	
  associated	
  with	
  detection	
  of	
  bacterial	
  PGN,	
  

but	
   involving	
   other	
   Lys-­‐M-­‐RLKs,	
   LYK4	
   and	
   LYK5	
   as	
   well	
   (Wan	
   et	
   al.,	
   2012;	
  

Willmann	
  et	
  al.,	
  2011).	
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Oomycete	
  heptaglucans	
  have	
  also	
  been	
  reported	
  as	
  a	
  PAMP	
  (Sharp	
  et	
  al.,	
  1984)	
  

in	
   leguminous	
   crops	
   such	
   as	
   soybean,	
   and	
   are	
   bound	
   by	
   soluble	
   β–glucan-­‐

binding	
   protein	
   (GBP)	
   (Fliegmann	
   et	
   al.,	
   2004).	
   Transglutaminase-­‐derived	
  

epitope	
  Pep-­‐13	
  and	
  cellulose	
  binding	
  elicitor	
  lectin	
  (CBEL)	
  from	
  oomycetes	
  have	
  

also	
  been	
  implicated	
  as	
  PAMPs	
  but	
  knowledge	
  of	
  signaling	
  mechanisms	
  are	
  still	
  

lacking	
  (Brunner	
  et	
  al.,	
  2002;	
  Gaulin	
  et	
  al.,	
  2006).	
  It	
  is	
  unfortunate	
  that	
  as	
  yet	
  no	
  

PRRs	
   of	
   the	
   RLK	
   or	
   RLP	
   types	
   have	
   been	
   identified	
   to	
   recognize	
   any	
   of	
   the	
  

aforementioned	
  oomycetal	
  PAMPs	
   	
  (GBP,	
  Pep-­‐13	
  or	
  CBEL).	
  Future	
  work	
   in	
  this	
  

area	
  will	
  certainly	
  be	
  illuminating	
  for	
  perspectives	
  on	
  PTI	
  and	
  its	
  amenability	
  for	
  

application	
  against	
  oomycete	
  pathogens.	
  

	
  

1.3.2 PTI	
  signaling	
  &	
  defence	
  

Much	
  concerted	
  effort	
  has	
  been	
   focused	
  on	
  elucidating	
   the	
  mechanisms	
  behind	
  

PTI	
   signaling	
   with	
   little	
   reward.	
   The	
   best	
   understood	
   yet	
   is	
   the	
   flagellin-­‐FLS2	
  

signaling	
   model	
   (Chinchilla,	
   2006).	
   FLS2	
   associates	
   with	
   BAK1	
   (BRI1-­‐

ASSOCIATED	
   KINASE	
   1)	
   upon	
   flg22	
   treatment,	
   triggering	
   endocytosis	
   and	
  

recycling	
  of	
  FLS2	
  during	
  PTI	
  in	
  Arabidopsis	
  (Chinchilla	
  et	
  al.,	
  2007).	
  The	
  fact	
  that	
  

BAK1-­‐silenced	
  plants	
  are	
  lacking	
  in	
  a	
  diverse	
  range	
  of	
  PAMP	
  signaling	
  indicates	
  

an	
  evolutionarily	
  conserved	
  or	
  shared	
  mechanism	
  of	
  signaling	
   that	
   is	
  currently	
  

being	
  elucidated	
  (Heese	
  et	
  al.,	
  2007;	
  Liebrand	
  et	
  al.,	
  2014;	
  Zipfel,	
  2008).	
  	
  

	
  

What	
  is	
  apparent	
  from	
  the	
  burgeoning	
  body	
  of	
  research	
  on	
  PRRs	
  in	
  Arabidopsis	
  

is	
  that	
  the	
  perception	
  of	
  PAMPs	
  is	
  mediated	
  by	
  a	
  large	
  family	
  of	
  RLKs	
  and	
  RLPs	
  

that	
   physically	
   interact	
   with	
   the	
   PAMP	
   to	
   trigger	
   signaling	
   (Couto	
   and	
   Zipfel,	
  

2016).	
   With	
   the	
   identification	
   of	
   BAK1	
   as	
   a	
   co-­‐receptor	
   of	
   sorts	
   for	
   the	
  

perception	
  of	
  flg22,	
  several	
  subsequent	
  experiments	
  led	
  to	
  the	
  finding	
  that	
  BAK1	
  

is	
   required	
   for	
  signaling	
   in	
  many	
  RLP	
  and	
  RLK-­‐mediated	
  signaling	
  events.	
  This	
  

includes	
   EFR	
   and	
   PEPR1/PEPR2	
   that	
   senses	
   endogenous	
   damage-­‐signaling	
  

peptide	
   Pep1	
   (Postel	
   et	
   al.,	
   2010;	
   Yamaguchi	
   et	
   al.,	
   2010,	
   2006),	
   RLP23	
   that	
  

recognizes	
  necrosis	
   and	
  ethylene-­‐inducing	
  peptide	
  1-­‐like	
  proteins	
   (NLPs)	
   from	
  

multiple	
  bacterial,	
   fungal	
  and	
  oomycetal	
  pathogens	
  (Albert	
  et	
  al.,	
  2015),	
  RLP30	
  

that	
   recognizes	
   Sclerotinia	
   sclerotiorum	
   PAMP	
   SsE1	
   (Zhang	
   et	
   al.,	
   2013),	
   and	
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CORE	
  that	
  recognizes	
  bacterial	
  cold-­‐shock	
  protein	
  (Wang	
  et	
  al.,	
  2016).	
  Notably,	
  

BAK1	
  was	
  not	
  required	
  for	
  perception	
  of	
  several	
  notable	
  PAMPs	
  including	
  chitin	
  

(via	
   CERK1)	
   or	
   LPS	
   (via	
   LOREs)	
   indicating	
   that	
   it	
   is	
   not	
   a	
   universal	
   PAMP	
  

signaling	
   regulator	
   and	
   further	
   work	
   is	
   required	
   to	
   address	
   whether	
   other	
  

regulators	
  are	
  involved.	
  

	
  

The	
   issue	
   of	
   signal	
   transduction	
   for	
   RLPs,	
   in	
   particular,	
   remained	
   shrouded	
   in	
  

mystery	
  due	
  to	
  their	
  lack	
  of	
  a	
  signaling	
  kinase	
  function	
  (Wang	
  and	
  Fiers,	
  2010).	
  

Recently,	
   investigations	
   of	
   tomato	
   RLPs	
   Cf-­‐4	
   (considered	
   a	
   component	
   of	
   ETI	
  

against	
   fungal	
   pathogen	
   Cladosporium	
   fulvum	
   extracellular	
   effector	
   Avr4)	
   and	
  

Ve1	
   (another	
   ETI	
   component	
   RLP	
   against	
   fungal	
   pathogen	
  Verticillium	
  dahliae	
  

effector	
  Ave1)	
   found	
   that	
   they	
   required	
  a	
  homolog	
  of	
  Arabidopsis	
  RLK	
  protein	
  

SUPPRESSOR	
   OF	
   BIR1,1/EVERSHED	
   (SOBIR1/EVR)	
   (Liebrand	
   et	
   al.,	
   2013).	
  

Subsequent	
  research	
  found	
  that	
  SOBIR1	
  was	
  required	
  for	
  immunity	
  triggered	
  by	
  

many	
   RLPs	
   including	
   aforementioned	
   RLP30	
   and	
   RLP23	
   also	
   dependent	
   on	
  

BAK1	
   (Albert	
   et	
   al.,	
   2015;	
   Zhang	
   et	
   al.,	
   2013),	
   and	
   RESPONSIVENESS	
   TO	
  

BOTRYTIS	
  POLYGALACTURONASE-­‐1	
  (RBPG1)	
  that	
  specifically	
  recognizes	
  fungal	
  

endopolygalacturonases	
   (Zhang	
   et	
   al.,	
   2014).	
   Collectively,	
   these	
   studies	
   led	
   to	
  

SOBIR1	
  identification	
  as	
  a	
  regulatory	
  RLK	
  specifically	
  involved	
  in	
  RLP	
  complexes.	
  

The	
   SOBIR1	
   gene	
   was	
   identified	
   as	
   a	
   suppressor	
   mutation	
   of	
   the	
  mutant	
   RLK	
  

bir1-­‐1	
  (for	
  BAK1-­‐INTERACTING	
  RECEPTOR1)	
  that	
  triggered	
  autoimmunity	
  when	
  

lost	
  (Gao	
  et	
  al.,	
  2009).	
  This	
  led	
  to	
  work	
  revealing	
  a	
  family	
  of	
  BIR1	
  homologs	
  that	
  

are	
  currently	
  thought	
  to	
  act	
  as	
  signaling	
  suppressors	
  of	
  BAK1	
  and	
  SOBIR1	
  that,	
  

in	
   the	
  event	
  of	
   activation	
  or	
   loss	
  of	
  BIR1-­‐mediated	
   suppression,	
   associate	
  with	
  

each	
   other	
   and	
   act	
   together	
   to	
   trigger	
   immunity	
   (Domínguez-­‐Ferreras	
   et	
   al.,	
  

2015;	
  Liu	
  et	
  al.,	
  2016).	
  

	
  

In	
  addition	
  to	
   the	
  dynamics	
  with	
  BAK1/SOBIR1,	
  FLS2,	
  EFR	
  and	
  CERK1	
  interact	
  

with	
  receptor	
  like	
  cytoplasmic	
  kinase	
  BOTRYTIS-­‐INDUCED	
  KINASE1	
  (BIK1)	
  that	
  

has	
  been	
   found	
  to	
  be	
  phosphorylated	
  by	
  BAK1	
  and	
   is	
   involved	
   in	
  PTI	
  signaling	
  

(Lu	
  et	
  al.,	
  2010).	
  This	
  phosphorylation	
  step	
   is	
   followed	
  by	
   rapid	
  calcium	
   influx	
  

and	
   calcium-­‐dependent	
   kinase	
   activation	
   (Boudsocq	
   et	
   al.,	
   2010),	
   reactive	
  

oxygen	
  species	
  accumulation	
  (ROS	
  burst)	
  through	
  NADPH	
  oxidases	
  like	
  RBOHD	
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(Smith	
  and	
  Heese,	
  2014),	
  and	
  mitogen-­‐activated	
  protein	
  kinase	
  (MAPK)	
  cascades	
  

(Pitzschke	
  et	
  al.,	
  2009).	
  In	
  fact,	
   it	
  been	
  found	
  that	
  BIK1	
  directly	
  phosphorylates	
  

and	
   activates	
   RBOHD	
   to	
   trigger	
   the	
   ROS	
   burst	
   believed	
   to	
   be	
   critical	
   to	
   PTI	
  

defence	
  in	
  a	
  BAK1-­‐dependent	
  manner	
  (L.	
  Li	
  et	
  al.,	
  2014).	
  

	
  

PTI	
  involves	
  a	
  myriad	
  of	
  chemical	
  and	
  biological	
  responses,	
  which	
  include	
  cross-­‐

membrane	
   ion	
   fluxes,	
   MAPK	
   activation,	
   ROS	
   production,	
   rapid	
   defence	
   gene	
  

expression	
  and	
  cell	
  wall	
  reinforcement	
  (including	
  callose	
  deposition)	
  (Bigeard	
  et	
  

al.,	
  2015;	
  Zhang	
  and	
  Klessig,	
  2001;	
  Zipfel,	
  2008).	
  Following	
  activation	
  of	
  the	
  PRR	
  

(e.g.	
  FLS2	
  and	
  BAK1	
  by	
  flg22,	
  or	
  CERK1	
  and	
  LYK4/5	
  by	
  chitin),	
  the	
  subsequent	
  

steps	
  leading	
  to	
  activation	
  of	
  MAPK	
  cascades	
  that	
  activate	
  transcription	
  factors,	
  

such	
   as	
   those	
   from	
   the	
   WRKY,	
   TGA	
   and	
   NAC	
   families,	
   is	
   currently	
   of	
   great	
  

interest	
  (Couto	
  and	
  Zipfel,	
  2016).	
  The	
  current	
  consensus	
  dictates	
  that	
  following	
  

PRR	
   activation,	
   the	
   direct	
   transphosphorylation	
   of	
   receptor	
   like	
   cytoplasmic	
  

kinases	
   (RLCKs),	
   like	
   BIK1	
   and	
   other	
   PBS1-­‐like	
   (PBLs)	
   RLCKs,	
   leads	
   to	
  

phosphorylation	
   of	
   MAPKKKs/MEKKs	
   (like	
   MEKK1	
   or	
   MAPKKK5)	
   that	
  

subsequently	
   phosphorylate	
  MAPKKs	
   (like	
  MKK4/MKK5	
  or	
  MKK1/MKK2)	
   that	
  

then	
  phosphorylate	
  and	
  activate	
  MAPKs	
  (MPK3/MPK6	
  or	
  MPK4/MPK11)	
  to	
  then	
  

similarly	
   activate	
   transcription	
   factors	
   (Bigeard	
   et	
   al.,	
   2015;	
   Couto	
   and	
   Zipfel,	
  

2016;	
   Yamada	
   et	
   al.,	
   2016).	
   The	
   Arabidopsis	
   genome	
   encodes	
   around	
   60	
  

MAPKKKs,	
  10	
  MAPKKs	
  and	
  20	
  MAPKs	
   involved	
   in	
   stress	
   responses	
   (biotic	
  and	
  

abiotic),	
   hormone	
   responses,	
   cell	
   division,	
   and	
   development	
   (MAPK	
   Group,	
  

2002).	
  The	
  Arabidopsis	
  immunity-­‐associated	
  MAPK	
  cascade	
  is	
  arranged	
  as	
  a	
  pair	
  

of	
   independent	
   pathways:	
   an	
   unknown-­‐MAPKKKK/MEKK-­‐MKK4/MKK5-­‐

MPK3/MPK6	
  pathway	
  and	
  a	
  MEKK1-­‐MKK1/MKK2-­‐MPK4/MPK11	
  pathway	
  (Asai	
  

et	
  al.,	
  2002;	
  Bethke	
  et	
  al.,	
  2012;	
  Huang	
  et	
  al.,	
  2000;	
  Nühse	
  et	
  al.,	
  2000).	
  Recently,	
  

the	
   discovery	
   of	
   CERK1-­‐associated	
   activation	
   of	
   PBL27	
   was	
   found	
   to	
   activate	
  

MAPKKK5	
   upon	
   chitin	
   perception	
   that	
   led	
   to	
   activation	
   of	
   both	
   pathways	
   via	
  

MKK4/5	
   and	
  MKK2,	
   validating	
   this	
   model	
   (Yamada	
   et	
   al.,	
   2016).	
   Yamada	
   and	
  

colleagues	
   also	
   found	
   that	
  mapkkk5	
  mutants	
   allowed	
   increased	
   flg22-­‐mediated	
  

activation	
   of	
   MAPKs	
   suggesting	
   an	
   inhibitory	
   response	
   of	
   MAPKKK5	
   on	
   the	
  

MAPK	
  pathways	
  in	
  response	
  to	
  flg22.	
  This	
  finding	
  is	
  interesting	
  as	
  it	
  suggests	
  a	
  

more	
   complex	
  pattern	
  of	
   activation	
  beyond	
  MAPK	
  activation	
   is	
   responsible	
   for	
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the	
  differential	
  defence	
  outputs	
  seen	
  for	
  responses	
  to	
  bacterial	
  (flg22-­‐triggered)	
  

versus	
  fungal	
  (chitin-­‐triggered)	
  pathogens.	
  

	
  

The	
   calcium	
   burst,	
   seen	
   as	
   one	
   of	
   the	
   earliest	
   plant	
   responses	
   to	
   pathogen	
  

recognition,	
  also	
  plays	
  a	
  role	
  in	
  PTI	
  signaling.	
  The	
  calcium	
  burst	
  cooperates	
  with	
  

PRR-­‐mediated	
   phosphorylation	
   to	
   activate	
   calcium	
   dependent	
   protein	
   kinases	
  

(CDPKs)	
  that	
  participate	
  in	
  activation	
  of	
  RBOHs	
  (thus	
  leading	
  to	
  the	
  ROS	
  burst)	
  

and	
  are	
  key	
  regulators	
  of	
  transcriptional	
  reprogramming	
  during	
  PTI	
  (Ranf	
  et	
  al.,	
  

2011).	
  Multiple	
  Arabidopsis	
  CDPKs	
  including	
  CPK4,	
  CPK5,	
  CPK6	
  and	
  CPK11	
  are	
  

involved	
   in	
   coregulating	
   defence	
   gene	
   expression	
   through	
   activation	
   of	
  

immunity-­‐related	
   transcription	
   factors	
   through	
   both	
   MAPK-­‐dependent	
  

(cooperatively)	
   and	
   independent	
   activity	
   (Boudsocq	
   et	
   al.,	
   2010).	
   Intriguingly,	
  

Gao	
  and	
  colleagues	
  found	
  CDPK	
  activation	
  of	
  several	
  WRKY	
  transcription	
  factors	
  

during	
   ETI	
   (Gao	
   et	
   al.,	
   2013).	
   This	
   overlap	
   of	
   activities	
   between	
   CDPKs	
   and	
  

MAPKs	
   coupled	
   to	
   their	
   activation	
  of	
   differential	
   responses	
   to	
  differing	
  PAMPs	
  

and	
  NLR-­‐mediated	
  recognition	
  events	
  suggests	
  a	
  possible	
  point	
  of	
  convergence	
  

between	
  PTI	
  and	
  ETI	
  signaling	
  (Couto	
  and	
  Zipfel,	
  2016).	
  

	
  

The	
  nuanced	
  activation	
  of	
  a	
  network	
  of	
  immunity-­‐related	
  transcription	
  factors	
  is	
  

believed	
  to	
  be	
  a	
  major	
  function	
  of	
  the	
  CDPKs	
  and	
  MAPK	
  cascades	
  in	
  response	
  to	
  

pathogen	
  perception	
  (Bigeard	
  et	
  al.,	
  2015).	
  For	
  example	
  MPK3,	
  MPK6	
  and	
  MPK4	
  

coordinately	
   phosphorylate	
   Arabidopsis	
   transcription	
   factor	
   WRKY33	
  

(AtWRKY33)	
   to	
   trigger	
   camalexin	
   biosynthesis	
   upon	
   detection	
   of	
   multiple	
  

pathogens,	
   both	
   biotrophic	
   and	
   necrotrophic	
   (Mao	
   et	
   al.,	
   2011).	
   The	
   WRKY	
  

family	
   of	
   transcription	
   factors,	
   in	
   particular,	
   has	
   been	
   studied	
   extensively	
   for	
  

their	
  MAPK-­‐dependent	
  activation	
  by	
  phosphorylation	
  on	
  selected	
  sites	
  (so-­‐called	
  

proline-­‐directed	
  serine	
  residues,	
  or	
  SPs)	
  that	
  facilitate	
  their	
  binding	
  to	
  their	
  DNA	
  

targets	
   (Adachi	
   et	
   al.,	
   2015;	
   Ishihama	
   et	
   al.,	
   2011).	
  MPK3	
   also	
   phosphorylates	
  

bZIP	
  transcription	
   factor	
  VIP1,	
  allowing	
   it	
   to	
  specifically	
   localize	
   to	
   the	
  nucleus	
  

and	
  trigger	
  transcription	
  of	
  the	
  immunity-­‐related	
  PR1	
  gene	
  (Djamei	
  et	
  al.,	
  2007).	
  

PR1,	
  long	
  used	
  as	
  a	
  marker	
  of	
  defence	
  activation	
  in	
  plants,	
  was	
  recently	
  found	
  to	
  

encode	
   a	
   sterol-­‐binding	
   protein	
   particularly	
   potent	
   as	
   an	
   antimicrobial	
   agent	
  

against	
  biotrophic	
  sterol-­‐auxotrophic	
  oomycete	
  pathogens	
  like	
  Phytophthora	
  and	
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Hyaloperonospora	
   spp.	
   (Gamir	
   et	
   al.,	
   2017).	
   MAPK	
   cascades/CDPKs	
   play	
   other	
  

roles	
   not	
   related	
   to	
   transcription	
   activation	
   that	
   include	
   activation	
   of	
   proteins	
  

involved	
   in	
   hormone	
   synthesis	
   and	
   regulation	
   of	
   the	
   plant	
   proteasome,	
   all	
   of	
  

which	
   additively	
   contribute	
   to	
   the	
   complex	
   dynamics	
   behind	
   robust	
   PTI	
  

signaling	
  (Bigeard	
  et	
  al.,	
  2015;	
  Couto	
  and	
  Zipfel,	
  2016).	
  

	
  

1.4 	
  Effectors	
  of	
  plant	
  pathogenic	
  microbes	
  

Many	
  fungal,	
  oomycete	
  and	
  bacterial	
  pathogens	
  secrete	
  proteins	
  called	
  effectors	
  

into	
  plant	
  cells	
  to	
  be	
  able	
  to	
  overcome	
  PTI	
  and	
  trigger	
  disease.	
  To	
  initiate	
  entry	
  

into	
  their	
  plant	
  hosts,	
  fungi	
  and	
  oomycetes	
  are	
  either	
  able	
  to	
  utilize	
  the	
  stomata	
  

of	
   leaf	
   and	
   stem	
   tissues	
   to	
   passively	
   invade	
   or	
   more	
   often	
   develop	
   special	
  

structures	
   called	
   appresoria	
   that	
   forcefully	
   penetrate	
   waxy	
   cuticle	
   layers	
   on	
  

plants	
   to	
   allow	
  access	
   to	
   apoplastic	
   spaces	
  beneath	
   (Stergiopoulos	
   and	
  de	
  Wit,	
  

2009).	
   Fungal	
   and	
   oomycete	
   effectors	
   are	
   largely	
   delivered	
   either	
   through	
   in	
  

planta	
   cellular	
   fungal	
   invaginations	
   called	
   haustoria	
   that	
   serve	
   as	
   feeding	
  

structures	
  and	
  plant/fungal	
   interface	
  for	
  protein	
  secretion	
  (e.g.	
  Melampsora	
  lini	
  

and	
   Phytophthora	
   infestans)	
   or	
   through	
   development	
   of	
   many	
   filamentous	
  

hyphae	
   within	
   the	
   plant	
   structure	
   that	
   directly	
   act	
   as	
   secretory	
   structures	
  

themselves	
   (eg.	
  Cladosporium	
  fulvum)	
   (Dou	
  and	
  Zhou,	
  2012;	
   Stergiopoulos	
  and	
  

de	
  Wit,	
  2009).	
  While	
  it	
  has	
  long	
  been	
  observed	
  that	
  these	
  structures	
  are	
  formed	
  

within	
  plant	
  cells/tissues,	
  it	
  is	
  still	
  unclear	
  how	
  effector	
  proteins	
  are	
  directed	
  to	
  

and	
   secreted	
   from	
  such	
   structures	
   and	
   is	
  under	
  active	
   investigation.	
  Oomycete	
  

effectors	
  may	
  have	
  an	
  RXLR-­‐dEER	
  motif	
  or	
  FLAK	
  motif,	
  predicted	
  to	
  be	
  involved	
  

in	
   effector	
   translocation	
   into	
   the	
   host	
   cell,	
   while	
   fungal	
   effectors	
   in	
   plant	
  

pathogens	
  Magnporthe	
   oryzae	
   and	
   Colletotrichum	
   higginsianum	
   accumulate	
   in	
  

haustoria	
   biotrophic	
   interfacial	
   complexes	
   (BICs)	
   for	
   delivery	
   (Khang	
   et	
   al.,	
  

2010;	
  reviewed	
  in	
  Dou	
  and	
  Zhou,	
  2012).	
  

	
  

Bacterial	
  diseases	
  include	
  speck,	
  spot	
  and	
  blotch	
  diseases	
  of	
  various	
  plant	
  tissues	
  

and	
  are	
  primarily	
  successful	
  due	
  to	
  the	
  ability	
  of	
  bacteria	
  to	
  inject	
  effectors	
  into	
  

healthy	
   plant	
   cells.	
   Bacterial	
   plant	
   pathogens	
   often	
   use	
   a	
   type	
   III	
   secretion	
  

system	
   (T3SS)	
   to	
   inject	
   effector	
   proteins	
   directly	
   from	
   the	
   bacterial	
   cytoplasm	
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into	
  plant	
  cells	
  (Feng	
  and	
  Zhou,	
  2012).	
  Such	
  structures	
  are	
  of	
  ancient	
  origin	
  and	
  

while	
   the	
   T3SS	
   remains	
   perhaps	
   the	
   best	
   studied,	
   as	
   the	
   name	
   implies,	
   there	
  

remain	
  other	
  secretion	
  systems	
  developed	
  by	
  bacteria	
   that	
  could	
  be	
  of	
   interest	
  

as	
  well.	
  	
  

	
  

1.4.1 Bacterial	
  effector	
  delivery	
  systems	
  

Bacterial	
   pathogens	
   do	
   not	
   have	
   a	
   particularly	
   specialized	
   mechanism	
   for	
  

entering	
  plant	
  tissues	
  themselves	
  but	
  rather	
  utilize	
  stomatal	
  openings	
  of	
  leaves,	
  

wounds	
  and	
  well	
  as	
  feeding	
  tissues	
  of	
  insect	
  carriers	
  (Jin	
  et	
  al.,	
  2003;	
  Katagiri	
  et	
  

al.,	
  2002).	
  Pseudomonads,	
  however,	
  are	
  notorious	
  for	
  expressing	
   ice	
  nucleating	
  

proteins	
   that	
   facilitate	
   ice	
   crystal	
   formation	
   thereby	
   utilizing	
   this	
   process	
   to	
  

indirectly	
  wound	
  the	
  plant	
  and	
  gain	
  entry	
  (Hirano	
  and	
  Upper,	
  2000).	
  

	
  

Regardless,	
   once	
   within	
   the	
   apoplastic	
   space	
   of	
   the	
   plant,	
   conditions	
   within	
  

trigger	
   drastic	
   changes,	
   including	
   bacterial	
   transcriptional	
   reprogramming,	
  

which	
   allows	
   for	
   the	
   construction	
   of	
   specialized	
   structures	
   that	
   facilitate	
   the	
  

delivery	
   of	
   protein	
   effectors	
   to	
   establish	
   disease	
   (Tang	
   et	
   al.,	
   2006).	
   Although	
  

many	
  bacterial	
  protein	
  delivery	
  systems	
  have	
  been	
  identified	
  to	
  date,	
  the	
  type	
  III	
  

and	
  type	
  IV	
  delivery	
  systems	
  remain	
  the	
  best	
  studied	
  (reviewed	
  in	
  Fronzes	
  et	
  al.,	
  

2009).	
   However,	
   other	
   systems	
  may	
   function	
   in	
   concert	
   with	
   or	
   additional	
   to	
  

these	
  and	
  are	
  of	
  interest	
  in	
  studying	
  novel	
  systems	
  of	
  effector	
  delivery.	
  	
  

	
  

1.4.1.1 	
  Type	
  I,	
  II	
  and	
  V	
  secretion	
  systems	
  

Bacterial	
   type	
   I	
   secretion	
   systems	
   (T1SS),	
   typified	
  by	
   the	
  haemolysin	
   secretion	
  

system	
   in	
   Escherichia	
   coli	
   (Figure	
   1.8)	
   (Koronakis	
   et	
   al.,	
   1991),	
   are	
   basic,	
  

tripartite	
  systems	
  facilitating	
  the	
  passage	
  of	
  proteins	
  of	
  various	
  sizes	
  across	
  the	
  

cell	
   membranes	
   of	
   largely	
   Gram-­‐negative	
   mammalian	
   pathogens.	
   The	
   T1SS	
   is	
  

made	
  up	
  of	
  an	
  ATP-­‐binding	
  cassette	
  (ABC)	
  transporter	
  or	
  a	
  proton-­‐antiporter,	
  an	
  

adaptor	
   protein	
   that	
   bridges	
   the	
   inner	
   membrane	
   (IM)	
   and	
   outer	
   membrane	
  

(OM),	
  and	
  an	
  outer	
  membrane	
  pore.	
  The	
  T1SS	
  secretes	
  substrates	
  in	
  a	
  single	
  step	
  

without	
  a	
  stable	
  periplasmic	
  intermediate.	
  T1SSs	
  are	
  involved	
  in	
  the	
  secretion	
  of	
  

cytotoxins	
   belonging	
   to	
   the	
   RTX	
   (repeats-­‐in-­‐toxin)	
   protein	
   family,	
   cell	
   surface	
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layer	
   proteins,	
   proteases,	
   lipases,	
   bacteriocins	
   and	
   haem-­‐acquisition	
   proteins	
  

(Fronzes	
   et	
   al.,	
   2009;	
   Omori	
   and	
   Idei,	
   2003).	
   For	
   plants,	
   the	
   rice	
   pathogen	
  

Xanthomonas	
   oryzae	
   pv.	
   oryzae	
   avirulent	
   effector	
   called	
   AvrXa21/RaxX	
   is	
   the	
  

sole	
   characterized	
   plant	
   effector	
   that	
   appears	
   to	
   be	
   secreted	
   by	
   a	
   T1SS	
   during	
  

infection	
  (Lee	
  et	
  al.,	
  2006;	
  Pruitt	
  et	
  al.,	
  2015)	
  along	
  with	
  the	
  cell	
  adhesion	
  protein	
  

LapA	
  from	
  P.	
  fluorescens	
  (Boyd	
  et	
  al.,	
  2014).	
  

	
   	
  

Figure'1.8:!Bacterial' secreJon' systems.! Sec,dependent! and! Sec,independent!machinery!
involved! in! bacterial! secre:on! systems! involves! a! large! number! of! components! and!
con:nues!to!be!studied!today.!(Adapted!from!Fronzes!et!al.!2009)!

Figure	
   1.8:	
   Bacterial	
   secretion	
   systems.	
   Sec	
   translocon-­‐dependent	
   and	
   Sec-­‐
independent	
   machinery	
   involved	
   in	
   bacterial	
   secretion	
   systems	
   involves	
   a	
   large	
  
number	
  of	
  components	
  and	
  continues	
  to	
  be	
  studied	
  today.	
  Of	
  particular	
  note	
  to	
  this	
  
thesis	
   are	
   the	
   type	
   III	
   (Pseudomonas)	
   and	
   type	
   IV	
   (Agrobacterium)	
   secretion	
  
systems	
  of	
  effector	
  proteins	
  and	
  T-­‐DNA,	
  respectively	
  (Reproduced	
  from	
  Fronzes	
  et	
  
al.	
  2009–	
  Lic#4179580649540) 
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Type	
  II	
  secretion	
  systems	
  (T2SS)	
  are	
  built	
  with	
  many	
  components	
  and	
  use	
  a	
  two-­‐

step	
   mechanism	
   for	
   protein	
   translocation	
   (Figure	
   1.8).	
   First,	
   the	
   unprocessed	
  

pre-­‐effector	
   protein	
   is	
   delivered	
   through	
   the	
   inner	
   membrane	
   by	
   the	
   Sec	
  

translocon	
   (Sec-­‐dependent)	
   or	
   the	
   twin-­‐arginine	
   translocation	
   (TAT)	
   pathway.	
  

Then	
  from	
  the	
  periplasm,	
   the	
  effector	
  protein	
   is	
  delivered	
  by	
  the	
  T2SS	
  through	
  

the	
   outer	
   membrane.	
   The	
   T2SS	
   translocon	
   is	
   built	
   with	
   12–14	
   protein	
  

components	
   called	
   secretins	
   (Filloux,	
   2004)	
   that	
   are	
   found	
   in	
   both	
   bacterial	
  

membranes,	
   the	
  cytoplasm	
  and	
  the	
  periplasm	
  that	
   function	
  in	
  conjunction	
  with	
  

10-­‐15	
   other	
   poorly	
   characterized	
   protein	
   components	
   to	
   achieve	
   protein	
  

delivery	
   (Tosi	
   et	
   al.,	
   2014).	
   A	
   typical	
   example	
   of	
   a	
   T2SS,	
   the	
   general	
   secretion	
  

pathway	
  (Gsp)	
  system,	
   is	
   shown	
  (Figure	
  1.8).	
  The	
  T2SS	
  shares	
  an	
  evolutionary	
  

link	
  with	
  the	
  type	
  IV	
  pilus	
  delivery	
  mechanism,	
  which	
  is	
  Sec-­‐independent	
  as	
  well	
  

as	
   some	
   evolutionarily	
   conserved	
   similarity	
   to	
   archaeal	
   flagella	
   construction	
  

(Peabody	
  et	
  al.,	
  2003).	
  To	
  date,	
  there	
  no	
  known	
  effectors	
  of	
  plant	
  pathogens	
  that	
  

are	
   secreted	
   using	
   T2SS,	
   but	
   its	
   evolutionary	
   link	
   to	
   type	
   IV	
   pili	
   make	
   it	
  

noteworthy	
  nonetheless.	
  

	
  

Finally,	
  the	
  bacterial	
  two-­‐step	
  type	
  V	
  secretion	
  system	
  (T5SS)	
  was	
  discovered	
  in	
  

recent	
  studies	
  to	
  consist	
  of	
  either	
  autotransporters	
  or	
  two-­‐partner	
  systems	
  that	
  

facilitate	
   protein	
   delivery	
   in	
   two	
   resolvable	
   steps	
   (Henderson	
   et	
   al.,	
   2004).	
  

Autotransporter	
   systems	
   such	
   as	
   the	
   NalP	
   delivery	
   system	
   from	
   Neisseria	
  

meningitides,	
   uses	
   a	
   Sec-­‐dependent	
   delivery	
   of	
   proteins	
   into	
   the	
   periplasmic	
  

space	
  followed	
  by	
  a	
  self-­‐contained	
  translocator	
  domain-­‐mediated	
  delivery	
  across	
  

the	
  OM.	
  Conversely,	
  the	
  second	
  step	
  of	
  secretion	
  could	
  be	
  facilitated	
  by	
  a	
  second	
  

protein	
  such	
  as	
  in	
  the	
  case	
  of	
  TspA	
  delivery	
  system	
  whereby	
  TspB	
  facilitates	
  its	
  

delivery	
  across	
  the	
  OM	
  (Mazar	
  and	
  Cotter,	
  2007).	
  So	
  far,	
  this	
  system	
  has	
  not	
  been	
  

described	
  for	
  plant	
  pathogens.	
  

	
  

1.4.1.2 Type	
  III	
  secretion	
  

Arguably	
  the	
  best	
  characterized	
  protein	
  delivery	
  system	
  in	
  bacteria,	
  the	
  bacterial	
  

type	
   III	
   secretion	
   system	
   (T3SS),	
   forms	
   a	
   complex	
   injectisome	
   that	
   delivers	
  

proteins	
   from	
  Gram-­‐negative	
  pathogens	
   in	
  a	
  single	
  step	
  directly	
   into	
  host	
  cells,	
  

both	
   plants	
   (particularly	
   Pseudomonas	
   spp.,	
   Ralstonia	
   spp.	
   and	
   Xanthomonas	
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spp.)	
   and	
   mammals	
   (including	
   Salmonella,	
   Shigella,	
   Yersinia,	
   Vibrio	
   and	
  

pathogenic	
   E.	
   coli)	
   (Cornelis	
   and	
   Van	
   Gijsegem,	
   2000;	
   Galan	
   and	
   Wolf-­‐Watz,	
  

2006;	
  Hueck,	
   1998).	
  While	
   being	
   termed	
   Sec-­‐independent	
   due	
   to	
   a	
   lack	
   of	
   Sec	
  

involvement	
   during	
   secretion,	
   assembly	
   of	
   the	
   T3SS	
   does	
   require	
   Sec	
  

involvement	
  (Cambronne	
  and	
  Roy,	
  2006).	
  	
  

	
  

To	
  date,	
  T3SS-­‐delivered	
  effectors	
  remain	
  the	
  chief	
  pathogenicity	
  determinant	
  in	
  

bacterial-­‐plant	
   interactions	
  with	
   a	
   loss	
   of	
   the	
  T3SS	
  often	
   resulting	
   in	
   complete	
  

failure	
   of	
   the	
   pathogen	
   to	
   infect	
   the	
   host	
   (He	
   et	
   al.,	
   2004).	
   The	
   T3SS	
   shares	
  

evolutionary	
  links	
  with	
  bacterial	
  flagella	
  assembly	
  systems	
  and	
  T3SS	
  injectisome	
  

construction	
   involves	
   ordered	
   secretion	
   and	
   assembly	
   much	
   like	
   flagella	
  

assembly	
   (Kubori	
   et	
   al.,	
   2000;	
   van	
   Gijsegem	
   et	
   al.,	
   1995)	
   suggesting	
   a	
   shared	
  

evolutionary	
  history	
  for	
  the	
  two	
  systems.	
  

	
  

The	
  T3SS	
  of	
  plant	
  pathogenic	
  bacteria	
  is	
  encoded	
  by	
  hrp	
  (hypersensitive	
  response	
  

and	
   pathogenicity)	
   and	
   hrc	
   (hr	
   and	
   conserved)	
   genes	
   carried	
   in	
   the	
   hrp/hrc	
  

pathogenicity	
  island	
  (Buell	
  et	
  al.,	
  2003;	
  Diepold	
  and	
  Wagner,	
  2014).	
  Pto	
  DC3000	
  

genome	
  sequence	
  availability	
  facilitated	
  the	
  identification	
  of	
  a	
  conserved	
  hrp/hrc	
  

locus	
  with	
  at	
   least	
  27	
  open	
  reading	
   frames	
  (ORFs)	
   that	
  could	
  be	
  divided	
   into	
  3	
  

groups:	
  ~3-­‐5	
  transcriptional	
  regulator	
  genes,	
  ~15	
  structural	
  components,	
  and	
  a	
  

suite	
   of	
   putative	
   secreted	
   effectors,	
   the	
   last	
   of	
   which	
   are	
   the	
   most	
   varied	
   in	
  

sequence	
  (Büttner,	
  2012;	
  Galan	
  and	
  Wolf-­‐Watz,	
  2006;	
  Jin	
  et	
  al.,	
  2003).	
  

	
  

The	
   T3SS	
   mechanism	
   is	
   underpinned	
   by	
   the	
   needle	
   complex	
   formed	
   from	
   its	
  

numerous	
  parts	
  collectively	
  called	
  the	
  ‘injectisome’,	
  first	
  identified	
  in	
  Salmonella	
  

typhimurium	
   (Kubori	
   et	
   al.,	
   1998).	
   This	
   needle	
   complex	
   is	
   built	
   by	
   proteins	
  

encoded	
   by	
   hrp/hrc	
   genes	
   under	
   control	
   of	
   a	
   cis-­‐acting	
   hrp-­‐box	
   promoter	
  

element	
  that	
  specifically	
  triggers	
  expression	
  under	
  controlled	
  conditions	
  of	
   low	
  

nutrition,	
   low	
  osmotic	
  strength	
  and	
  low	
  pH	
  proposed	
  to	
  mimic	
  plant	
  apoplastic	
  

conditions	
   (Jin	
   et	
   al.,	
   2003;	
   Tang	
   et	
   al.,	
   2006).	
   HrpR,	
   HrpS	
   and	
   HrpL	
   are	
   key	
  

proteins	
   involved	
   in	
   regulation	
   in	
   P.	
   syringae	
   (Innes	
   et	
   al.,	
   1993;	
   Xiao	
   et	
   al.,	
  

1994).	
   HrpL,	
   an	
   alternative	
   RNA	
   polymerase	
   sigma	
   factor	
   regulated	
   through	
  

HrpR	
   and	
   HrpS,	
   binds	
   to	
   the	
   hrp-­‐box	
   (with	
   consensus:	
   GGAACC–n15-­‐17-­‐
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C/ACACNCA),	
   present	
   upstream	
   of	
   injectisome	
   genes	
   as	
  well	
   as	
   effectors,	
   that	
  

acts	
  as	
  a	
  promoter	
  that	
  gene	
  transcription	
  is	
  initiated	
  from	
  (Ferreira	
  et	
  al.,	
  2006;	
  

He	
  et	
  al.,	
  2004).	
  While	
  structural	
  and	
  transcriptional	
  regulator	
  genes	
  within	
  the	
  

hrp/hrc	
   complex	
   are	
   largely	
   conserved,	
   there	
   appears	
   to	
   be	
   considerable	
  

variation	
   between	
   the	
   putative	
   secreted	
   protein	
   effectors,	
   strongly	
   suggesting	
  

that	
   this	
   underlies	
   the	
  mechanism	
   behind	
   host	
   diversity	
   between	
   very	
   similar	
  

strains	
   (Alfano	
   and	
   Collmer,	
   2004).	
   Studies	
   on	
   assembly	
   components	
   of	
   the	
  

needle	
   complex	
   itself	
   have	
   identified	
   intracellular	
   (ATPase	
   HrcN,	
   and	
   export	
  

proteins	
  HrcR,	
  HrcS,	
  HrcT,	
  HrcU,	
  and	
  HrcV)	
  and	
  periplasmic	
  (Secretin	
  HrcC	
  and	
  

structural	
  ring	
  protein	
  HrcJ)	
  components	
   to	
  be	
  highly	
  conserved	
  and	
  critical	
   to	
  

function	
  between	
  both	
  mammalian	
  and	
  plant	
  pathogens	
  (Büttner,	
  2012;	
  Diepold	
  

and	
  Wagner,	
  2014).	
  	
  

	
  

While	
  expression	
  control	
  has	
  been	
  well	
  studied	
  for	
  the	
  hrp/hrc	
  system,	
  the	
  exact	
  

mechanism	
   of	
   assembly	
   has	
   only	
   been	
   revealed	
   recently	
   (reviewed	
   in	
   Diepold	
  

and	
  Wagner,	
  2014)	
  with	
   limited	
  knowledge	
  on	
  regulation	
  of	
  effector	
  specificity	
  

and	
  recognition	
  for	
  delivery.	
  Investigation	
  of	
  the	
  T3SS	
  in	
  mammalian	
  pathogens	
  

suggest	
  a	
  substrate	
  specificity	
  switch	
  from	
  secretion	
  of	
  the	
  injectisome	
  proteins	
  

to	
  secretion	
  of	
  translocators	
  and	
  effector	
  proteins,	
  efficiently	
  delivering	
  proteins	
  

only	
   when	
   the	
   injectisome	
   is	
   fully	
   assembled	
   with	
   the	
   needle	
   having	
   a	
   fixed	
  

length	
   (Ferris	
   and	
  Minamino,	
  2006;	
  Galan	
  and	
  Wolf-­‐Watz,	
  2006).	
  There	
   is	
   also	
  

more	
  recent	
  evidence	
  to	
  suggest	
  that	
  calcium	
  ion	
  concentrations	
  further	
  assist	
  in	
  

gating	
  mechanisms	
  to	
  facilitate	
  timed	
  delivery	
  of	
  effectors	
  in	
  planta	
  (Tang	
  et	
  al.,	
  

2006).	
  	
  

	
  

While	
   most,	
   if	
   not	
   all,	
   T3SS	
   proteins	
   possess	
   non-­‐cleavable	
   ‘secretion	
   signals’	
  

identifiable	
   from	
   location	
   at	
   the	
   N-­‐terminus	
   and	
   their	
   requirement	
   for	
   T3SS	
  

delivery,	
  no	
  clear	
  peptide	
  consensus	
  can	
  be	
  found	
  as	
  yet	
  (Samudrala	
  et	
  al.,	
  2009).	
  

Furthermore,	
  certain	
  T3SS	
  effectors	
  require	
  chaperone	
  proteins	
  often	
  encoded	
  in	
  

the	
   same	
   operon	
   as	
   the	
   effector	
   protein	
   itself	
   and	
   are	
   required	
   not	
   just	
   for	
  

delivery	
  (due	
  to	
  size	
  constraints	
  within	
  the	
  injectisome	
  needle)	
  but	
  also	
  possibly	
  

for	
  correct	
  folding	
  for	
  biochemical	
  function	
  and	
  also	
  targeting	
  to	
  the	
  T3SS	
  itself	
  

(Lohou	
  et	
  al.,	
  2013).	
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1.4.1.3 Type	
  IV	
  secretion	
  

While	
  not	
  nearly	
  as	
  well	
  characterized	
  as	
  the	
  T3SS,	
  the	
  type	
  IV	
  secretion	
  system	
  

(T4SS)	
   of	
   pathogenic	
   bacteria	
   was	
   identified	
   to	
   be	
   involved	
   in	
   plant	
   disease	
  

through	
  study	
  of	
  the	
  crown	
  gall	
  pathogen	
  Agrobacterium	
  tumefaciens.	
  The	
  T4SS	
  

is	
   considered	
   to	
   be	
   linked	
   to	
   bacterial	
   twitching	
  motility	
   and	
   ancient	
   bacterial	
  

conjugation	
  processes	
  much	
  like	
  the	
  relationship	
  between	
  the	
  T3SS	
  and	
  flagella	
  

(Christie	
  et	
  al.,	
  2005;	
  Mattick,	
  2002).	
  The	
  T4SS	
  is	
  orthologous	
  to	
  the	
  conjugation	
  

machinery	
  of	
  bacteria,	
  being	
  capable	
  of	
  translocating	
  both	
  DNA	
  and	
  proteins.	
  In	
  

A.	
  tumefaciens,	
  which	
  uses	
  T4SS	
   to	
  deliver	
   its	
   single-­‐stranded	
  T-­‐DNA	
  coated	
   in	
  

Vir	
   proteins	
   into	
   the	
   plant	
   host,	
   the	
   translocated	
  DNA	
   then	
   integrates	
   into	
   the	
  

host	
  genome	
  and	
  its	
  subsequent	
  expression	
  causes	
  the	
  affected	
  area	
  to	
  develop	
  

into	
  a	
  crown	
  gall	
  (tumor).	
  Most	
  T4SSs	
  identified	
  so	
  far	
  are	
  closely	
  related	
  to	
  the	
  

A.	
   tumefaciens	
   virB/virD4	
   system	
   (Figure	
   1.8)	
   comprising	
   around	
   12	
   proteins	
  

that	
  deliver	
  a	
  wide	
  variety	
  of	
  substrate	
  proteins	
  for	
  many	
  functions	
  (Fronzes	
  et	
  

al.,	
  2009).	
  In	
  Agrobacterium,	
  these	
  components	
  are	
  often	
  encoded	
  by	
  a	
  so-­‐called	
  

Ti	
   (tumor-­‐inducing)	
   plasmid	
   possessing	
  Vir	
   genes	
   that	
   encode	
   both	
   structural	
  

proteins	
   to	
   form	
   the	
   delivery	
   apparatus	
   as	
   well	
   as	
   DNA-­‐binding	
   proteins	
  

(Vergunst	
  et	
  al.,	
  2000;	
  reviewed	
  in	
  Fronzes	
  et	
  al.,	
  2009).	
  

	
  

1.4.2 Effector	
  delivery	
  by	
  filamentous	
  pathogens	
  

To	
   initiate	
   entry	
   into	
   their	
   plant	
   hosts,	
   fungi	
   and	
   oomycetes	
   are	
   either	
   able	
   to	
  

utilize	
   the	
   stomata	
   of	
   leaf	
   and	
   stem	
   tissues	
   to	
   passively	
   invade	
   or	
  more	
   often	
  

develop	
   special	
   structures	
   called	
   appressoria	
   that	
   forcefully	
   penetrate	
   waxy	
  

cuticle	
   layers	
   on	
   plants	
   to	
   allow	
   access	
   to	
   apoplastic	
   spaces	
   beneath	
  

(Stergiopoulos	
   and	
   de	
   Wit,	
   2009).	
   Once	
   within	
   the	
   plant	
   tissues,	
   fungal	
   and	
  

oomycete	
  effectors	
  are	
   largely	
  either	
  delivered	
  directly	
   into	
  plant	
  cells	
   through	
  

cellular	
   invaginations	
  called	
  haustoria	
  or	
   invasive	
  hyphae	
   that	
  serve	
  as	
   feeding	
  

structures	
   and	
   plant/pathogen	
   interface	
   for	
   protein	
   secretion	
   (e.g.	
  

Hyaloperonospora,	
  Albugo,	
  Phytophthora,	
  Colletotrichum,	
  Melampsora,	
  Blumeria,	
  

and	
   Magnaporthe)	
   or	
   simply	
   secreted	
   into	
   the	
   plant	
   apoplast	
   by	
   the	
   many	
  

filamentous	
   hyphae	
   that	
   act	
   as	
   secretory	
   structures	
   themselves	
   (eg.	
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Cladosporium,	
   Botrytis,	
   Sclerotinia,	
   Leptosphaeria,	
   and	
   Fusarium)	
   (reviewed	
   in	
  

Dou	
  and	
  Zhou,	
  2012;	
  Petre	
  and	
  Kamoun,	
  2014;	
  Selin	
  et	
  al.,	
  2016;	
  Stergiopoulos	
  

and	
   de	
  Wit,	
   2009).	
  While	
   it	
   has	
   long	
   been	
   observed	
   that	
   these	
   structures	
   are	
  

formed	
   within	
   plant	
   cells/tissues,	
   how	
   effector	
   proteins	
   are	
   directed	
   to	
   and	
  

secreted	
  from	
  such	
  structures	
  is	
  under	
  active	
  investigation.	
  	
  

	
  

Stemming	
  from	
  studies	
  on	
  effectors	
  from	
  Hpa	
  and	
  Phytophthora	
  spp.,	
  oomycete	
  

effectors	
   often	
   have	
   one	
   of	
   three	
   possible	
   amino	
   acid	
   stretches	
   that	
   direct	
  

secretion	
  into	
  plant	
  cells:	
  an	
  RxLR	
  (sometimes	
  with	
  a	
  downstream	
  dEER)	
  motif,	
  

LxLFLAK	
   (or	
   crinkler/CRN)	
  motif,	
   or	
  CHxC	
  motif	
   at	
   their	
  N-­‐terminus	
   following	
  

the	
  signal	
  peptide	
  (Jiang	
  et	
  al.,	
  2008;	
  Petre	
  and	
  Kamoun,	
  2014;	
  Rehmany	
  et	
  al.,	
  

2005).	
  The	
  RxLR-­‐dEER	
  dual	
  motifs	
  are	
  perhaps	
  the	
  best-­‐studied	
  with	
  the	
  dEER	
  

motif	
   being	
   present	
   in	
   only	
   some	
   examples	
   (Jiang	
   et	
   al.,	
   2008;	
   Tyler,	
   2006).	
  

Examination	
   of	
   the	
   role	
   of	
   these	
  RxLR	
  motifs	
   has	
   led	
   to	
   the	
   finding	
   that	
   these	
  

motifs	
   are	
   involved	
   in	
   binding	
   the	
   plant-­‐derived	
   phospholipid	
   PI3P	
   that	
   is	
  

abundant	
   at	
   the	
   haustoria/plant	
   interface	
   and	
   such	
   binding	
   facilitates	
   transfer	
  

into	
   the	
   plant	
   cell	
   via	
   lipid	
   raft-­‐mediated	
   endocytosis	
   (Kale	
   et	
   al.,	
   2010).	
  

However,	
   due	
   to	
   several	
   experiments	
   disagreeing	
   with	
   this	
   paradigm,	
   there	
  

currently	
  no	
  clear	
  consesnsus	
  on	
  how	
  RxLR-­‐dEER	
  effectors	
  are	
  transmitted	
  into	
  

the	
  plant	
  host	
  cytoplasm	
  with	
  a	
  possible	
   role	
  played	
  by	
  both	
   the	
  plant	
  and	
   the	
  

pathogen	
  itself	
  (Petre	
  and	
  Kamoun,	
  2014;	
  Yaeno	
  and	
  Shirasu,	
  2013).	
  In	
  addition,	
  

a	
  bioinformatics	
  analysis	
  of	
  Phytophthora	
  RxLR	
  effectors	
  led	
  to	
  the	
  identification	
  

of	
   a	
   secondary	
   C-­‐terminal	
   three-­‐α-­‐helix	
   bundle	
   fold	
   termed	
   the	
  WY	
  motif	
   that	
  

has	
   recently	
   been	
   implicated	
   in	
   PI3P	
   binding	
   as	
   well,	
   but	
   is	
   restricted	
   to	
  

Phytophthora	
  and	
  downy	
  mildew	
  lineages	
  (R.	
  H.	
  Y.	
   Jiang	
  et	
  al.,	
  2013;	
  Win	
  et	
  al.,	
  

2012;	
  Yaeno	
  and	
  Shirasu,	
  2013).	
  

	
  

Meanwhile,	
   fungal	
   effectors	
   in	
   plant	
   pathogens	
   Magnporthe	
   oryzae	
   and	
  

Colletotrichum	
  higginsianum	
  that	
  form	
  invasive	
  hyphae	
  accumulate	
  in	
  biotrophic	
  

interfacial	
   complexes	
   (BICs)	
   formed	
   for	
   delivery	
   (reviewed	
   in	
   Dou	
   and	
   Zhou,	
  

2012;	
  Khang	
  et	
  al.,	
  2010;	
  Kleemann	
  et	
  al.,	
  2012).	
  Recently,	
  several	
  studies	
  have	
  

identified	
   RxLR-­‐like	
  motifs	
   (without	
   an	
   analogous	
   dEER	
  motif)	
   in	
   some	
   fungal	
  

secreted	
   effectors	
   from	
   these	
   BICs	
   with	
   the	
   implication	
   that	
   such	
   presumably	
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convergently	
  evolved	
  motifs	
  allow	
  for	
  uptake	
  into	
  the	
  plant	
  cell	
  through	
  binding	
  

of	
  PI3P	
  (Kale	
  et	
  al.,	
  2010;	
  Rafiqi	
  et	
  al.,	
  2010;	
  Tyler	
  et	
  al.,	
  2013).	
  

	
  

	
  

1.4.3 Effectors	
  &	
  avirulence	
  proteins	
  

Pathogen-­‐delivered	
   effectors	
   were	
   originally	
   understood	
   in	
   the	
   context	
   of	
   the	
  

detection	
   of	
   resistance	
   against	
   these	
   effectors	
   (phenotypically	
   presenting	
   as	
   a	
  

hypersensitive	
   response,	
   details	
   in	
   ETI	
   section),	
   making	
   them,	
   in	
   effect,	
  

avirulence	
  proteins	
  (encoded	
  by	
  avr	
  genes)	
  (Bent	
  et	
  al.,	
  1993;	
  Dong	
  et	
  al.,	
  1991;	
  

Staskawicz	
  et	
  al.,	
  1984).	
  Particularly	
   in	
  bacterial	
   systems,	
   this	
  ability	
   to	
   render	
  

pathogens	
  avirulent	
  was	
  of	
  interest	
  as	
  they	
  provided	
  an	
  easy	
  and	
  rapid	
  method	
  

of	
   screening	
   for	
   plant	
   genes	
   against	
   an	
   otherwise	
   virulent	
   pathogen	
   and	
  

capitalizing	
   on	
   bacterial-­‐delivery	
   systems	
   allowed	
   for	
   the	
   same	
   for	
   eukaryotic	
  

pathogen	
  effectors	
  (Fabro	
  et	
  al.,	
  2011;	
  Guttman	
  et	
  al.,	
  2002;	
  Roden	
  et	
  al.,	
  2004;	
  

Sohn	
   et	
   al.,	
   2007;	
  Upadhyaya	
   et	
   al.,	
   2014).	
  The	
  detection	
  of	
   these	
  proteins	
  has	
  

long	
  been	
  ascribed	
  to	
  a	
   ‘secondary’	
  defence	
  system	
  in	
  plants	
  (Flor,	
  1971;	
   Jones	
  

and	
  Dangl,	
  2006;	
  van	
  der	
  Planck,	
  1968).	
  

	
  

The	
   first	
   plant	
   pathogen	
   avr	
   gene	
   cloned	
   was	
   Pseudomonas	
   syringae	
   effector	
  

AvrA,	
   which	
   triggered	
   avirulence	
   in	
   soybean	
   plants	
   carrying	
   the	
   R	
  gene	
  RPG2	
  

(Staskawicz	
   et	
   al.,	
   1984).	
   This	
   and	
   similar	
   early	
   studies	
   utilized	
   screening	
   of	
   a	
  

large	
   cosmid	
   library	
   (consisting	
   of	
   fragments	
   of	
   the	
   pathogen’s	
   genome)	
   on	
  

resistant	
   and	
   susceptible	
   plant	
   lines	
   to	
   determine	
   the	
   bacterial	
   genomic	
  

component(s)	
   responsible	
   for	
   avirulence,	
   thus	
   laboriously	
   locating	
   and	
  

identifying	
  the	
  avr	
  gene.	
  Since	
  then,	
  bacterial	
  genome	
  sequencing	
  tools	
  coupled	
  

to	
   transposon-­‐mediated	
   reporter	
   fusions	
   to	
   previously	
   characterized	
   Avr	
  

proteins,	
   AvrRpt2	
   from	
   P.	
   syringae	
   or	
   AvrBs2	
   from	
   Xanthomonas	
   campestris,	
  

have	
   allowed	
   for	
   rapid	
   identification	
   of	
   avirulence	
   effectors	
   (Guttman	
   et	
   al.,	
  

2002;	
  Roden	
  et	
  al.,	
  2004).	
  Furthermore,	
  genome	
  sequences	
  of	
  plant	
  pathogens,	
  

particularly	
   of	
   P.	
   syringae	
   coupled	
   to	
   bioinformatics	
   analysis	
   such	
   as	
   hrp-­‐box	
  

prediction,	
   ORF-­‐prediction,	
   and	
   use	
   of	
   the	
   basic	
   local	
   alignment	
   search	
   tool	
  

(BLAST)	
   to	
  rapidly	
  predict	
  effectors	
   (by	
   identifying	
   local	
  alignments	
   to	
  peptide	
  



	
   42	
  

stretches	
   from	
   proteins	
   of	
   known	
   function),	
   allow	
   sequential	
   cloning	
   and	
  

screening	
   of	
   large	
   numbers	
   of	
   effectors	
   (Altschul	
   et	
   al.,	
   1990;	
   Vinatzer	
   et	
   al.,	
  

2005).	
  To	
  date,	
  well	
  in	
  excess	
  of	
  40	
  avirulence	
  effectors	
  have	
  been	
  identified	
  in	
  a	
  

wide	
   variety	
   of	
   plant	
   hosts	
   including	
   soybean,	
   tomato,	
   flax,	
   wheat,	
   and	
  

Arabidopsis	
  (Rouxel	
  and	
  Balesdent,	
  2010).	
  

	
  

The	
   tomato	
   pathogenic	
   P.	
   syringae	
   pv.	
   tomato	
   strains	
   carry	
   several	
   avirulent	
  

effectors	
   that	
   were	
   identified	
   during	
   initial	
   forays	
   into	
   understanding	
   plant	
  

resistance.	
   Due	
   to	
   the	
   availability	
   of	
   genome	
   sequence	
   information	
   for	
   these	
  

pathogens	
  coupled	
  to	
  well-­‐developed	
  methods	
  of	
  screening	
  plant	
  lines	
  as	
  well	
  as	
  

the	
   pathogens’	
   versatility	
   for	
   use	
   on	
   Arabidopsis,	
   identification	
   of	
   avr-­‐R	
  

relationships	
  could	
  be	
  accelerated	
  (Katagiri	
  et	
  al.,	
  2002).	
  These	
  avr	
  genes	
  include	
  

avrRpt2,	
   encoding	
   a	
   cysteine	
   protease,	
   which	
   triggers	
   defence	
   in	
   soybean	
   and	
  

Arabidopsis	
   dependent	
   on	
   their	
   allele	
   of	
   the	
   R	
   gene	
   RPS2	
   (Mindrinos	
   et	
   al.,	
  

1994),	
  as	
  well	
  as	
  avrPto	
  that	
  triggers	
  resistance	
  dependent	
  on	
  a	
  specific	
  allele	
  of	
  

the	
  R	
  gene	
  kinase	
  Pto	
   in	
  tomato	
  (Ronald	
  et	
  al.,	
  1992).	
  The	
  discovery	
  of	
  avrRpt2	
  

avirulence	
  added	
  to	
  earlier	
  studies	
  on	
  bean	
  pathogen	
  P.	
  syringae	
  pv.	
  maculicola	
  

and	
  its	
  avirulence	
  gene	
  avrRpm1	
  in	
  both	
  bean	
  and	
  Arabidopsis	
  due	
  to	
  the	
  RPM1	
  

gene	
  (Dangl	
  et	
  al.,	
  1992)	
  and	
  P.	
  syringae	
  pv.	
  glycinea	
  race	
  4	
  avirulence	
  gene	
  avrB	
  

on	
   soybean	
   possessing	
   the	
  RPG1	
   gene	
   (a	
   homolog	
   of	
   Arabidopsis	
  RPM1	
  which	
  

also	
  detects	
  avrB)	
  (Innes	
  et	
  al.,	
  1993).	
  These	
  three	
  bacterial	
  avr	
  genes	
  and	
  their	
  

associated	
   plant	
   R	
   genes	
   allowed	
   for	
   the	
   development	
   of	
   perhaps	
   the	
   best-­‐

studied	
   model	
   of	
   indirect	
   R	
   gene	
   recognition	
   (see	
   below),	
   namely	
   the	
  

RPM1/RPS2/RIN4	
  system	
  in	
  Arabidopsis	
  (Mackey	
  et	
  al.,	
  2003).	
  Conversely,	
   the	
  

avrPto	
   discovery	
   coupled	
   with	
   another	
   avr	
   gene	
   avrPtoB	
   from	
   a	
   different	
   P.	
  

syringae	
   pv.	
   tomato	
   strain	
   (Pto	
   DC3000)	
   (Kim	
   et	
   al.,	
   2002)	
   was	
   subsequently	
  

developed	
   into	
   the	
   best	
   characterized	
   direct	
   interaction	
   R	
   gene	
   model	
   (see	
  

below),	
   namely	
   the	
   Pto/Fen/Prf	
   system	
   (Balmuth	
   and	
   Rathjen,	
   2007).	
   Both	
  

models	
  above	
  are	
  far	
  from	
  resolved,	
  however,	
  and	
  research	
  into	
  the	
  mechanisms	
  

involved	
  in	
  triggering	
  defence	
  is	
  still	
  revelatory	
  (Hou	
  et	
  al.,	
  2011;	
  Mathieu	
  et	
  al.,	
  

2014).	
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Interestingly,	
   of	
   known	
   bacterial	
   avr	
   genes,	
   none	
   appear	
   to	
   be	
   evolutionarily	
  

closely	
   related	
   apart	
   from	
   the	
   avrBs3	
   family	
   from	
   X.	
   campestris	
   and	
   the	
   pan-­‐

species	
   yopJ/avrRxv/hopZ	
   superfamily	
   (Bonas	
   and	
   Lahaye,	
   2002;	
   Lewis	
   et	
   al.,	
  

2008;	
   Ma	
   et	
   al.,	
   2006).	
   AvrBs3	
   from	
   X.	
   campestris	
   pv.	
   vesicatoria	
   is	
   a	
  

transcriptional	
  activator-­‐like	
  (TAL)	
  effector,	
  recognized	
  by	
  the	
  pepper	
  executor	
  

R	
   gene	
   Bs3	
   (Roemer	
   et	
   al.,	
   2009).	
   AvrBs3	
   and	
   its	
   homolog	
   TALs	
   activate	
  

transcription	
   of	
   susceptibility	
   targets	
   in	
   the	
   plant,	
   but	
   through	
   its	
   promoter	
  

specifically	
   designed	
   to	
   exploit	
   this	
   function	
   of	
   AvrBs3,	
   the	
   Bs3	
   gene	
   instead	
  

triggers	
  defence	
   (Roemer	
   et	
   al.,	
   2009).	
   From	
   the	
   same	
   family	
   of	
  TALs	
   is	
   the	
  X.	
  

campestris	
   pv.	
   vesicatoria	
   avr	
   gene	
   avrBs4,	
   which	
   triggers	
   defence	
   on	
   tomato	
  

plants	
  carrying	
  the	
  Bs4	
  R	
  gene.	
  Bs4	
  also	
  detects	
  the	
  TALs	
  Hax3	
  and	
  Hax4	
  from	
  X.	
  

campestris	
  pv.	
  armoraciae,	
  as	
  well	
  as	
  several	
  TALs	
  of	
  X.	
  oryzae	
  pv.	
  oryzae:	
  avrXa3,	
  

avrXa4	
  and	
  avrXa5,	
  which	
  each	
  trigger	
  defence	
  in	
  rice	
  dependent	
  on	
  R	
  genes	
  Xa3,	
  

Xa4	
   and	
   Xa5,	
   respectively	
   (Chisholm	
   et	
   al.,	
   2006).	
   The	
   identification	
   and	
  

characterization	
  of	
  avrBs3	
  due	
  to	
  its	
  avirulence	
  status	
  in	
  pepper	
  plants	
  facilitated	
  

swift	
  functional	
  characterization	
  of	
  other	
  family	
  members.	
  

	
  

Members	
   of	
   the	
   yopJ	
   family	
   includes	
   cysteine	
   proteases	
   (XopJ/AvrRxv	
   from	
  X.	
  

campestris	
  pv.	
  vesicatoria	
  and	
  AvrXv4	
   from	
  X.	
  campestris	
  pv.	
  euvesicatoria)	
  and	
  

acetyltransferases	
   (PopP2	
   from	
   Ralstonia	
   solanacearum,	
   HopZ1/HopZ2/	
  

HopZ3/HopZ4	
   from	
  P.	
  syringae,	
   and	
  AvrBsT	
   from	
  X.	
  campestris	
   pv.	
  vesicatoria)	
  

each	
  demonstrating	
  a	
  unique	
  preference	
  for	
  plant	
  targets	
  and	
  are	
  recognized	
  by	
  

different	
  R	
  genes	
  (Bonshtien	
  et	
  al.,	
  2005;	
  Cheong	
  et	
  al.,	
  2014;	
  Lewis	
  et	
  al.,	
  2008;	
  

Üstün	
  et	
  al.,	
  2014,	
  2013).	
  An	
  example	
  of	
  this	
  diversity	
  is	
  the	
  HopZ1	
  cluster,	
  made	
  

up	
   by	
   HopZ1a,	
   HopZ1b,	
   and	
   HopZ1c.	
   The	
   Arabidopsis	
   R	
   protein	
   ZAR1,	
   in	
  

conjunction	
  with	
   putative	
   pseudokinase	
   decoy	
   ZED1,	
   recognizes	
  HopZ1a	
   alone	
  

out	
  of	
  the	
  three	
  due	
  to	
  retention	
  of	
  catalytic	
  core	
  residues	
  and	
  enzymatic	
  activity	
  

(Lewis	
  et	
  al.,	
  2013;	
  Morgan	
  et	
  al.,	
  2010;	
  Zhou	
  et	
  al.,	
  2009).	
  Interestingly,	
  HopZ2	
  

(triggers	
   immunity	
   in	
   bean	
   plants;	
   targets	
   Arabidopsis	
   negative	
   regulator	
   of	
  

resistance	
   to	
   oomycete	
   pathogens	
   MLO2),	
   HopZ3	
   (triggers	
   immunity	
   in	
   N.	
  

benthamiana	
  and	
  bean	
  plants;	
  targets	
  Arabidopsis	
  immune	
  regulator	
  MPK4	
  and	
  

immune-­‐related	
   protein	
   RIN4)	
   and	
   HopZ4	
   (not	
   known	
   to	
   trigger	
   immunity;	
  

targets	
  Arabidopsis	
  proteasomal	
  component	
  RPT6)	
  of	
  the	
  same	
  family	
  appear	
  to	
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have	
  varied	
  in	
  planta	
  targets	
  and	
  therefore	
  likely	
  different	
  cognate	
  R	
  genes	
  (Lee	
  

et	
  al.,	
  2015;	
  Lewis	
  et	
  al.,	
  2012,	
  2011;	
  Üstün	
  et	
  al.,	
  2014).	
  

	
  

Despite	
   the	
   large	
   number	
   of	
   fungal	
   diseases	
   currently	
   being	
   battled,	
   avirulent	
  

effectors	
  from	
  ascomycetes	
  barley	
  and	
  corn	
  powdery	
  mildew	
  pathogen	
  Blumeria	
  

graminis,	
   barley	
   and	
   rye	
   scald	
   pathogen	
   Rhynchosporium	
   secalis,	
   tomato	
   leaf	
  

mold	
   causing	
   Cladosporium	
   fulvum,	
   Fusarium	
   wilt	
   pathogen	
   Fusarium	
  

oxysporum,	
   rice	
   blast	
   pathogen	
  Magnaporthe	
   grisea	
   and	
   Brassicaceae	
   blackleg	
  

disease	
  causal	
  agent	
  Leptosphaeria	
  maculans	
   represent	
   the	
   largest	
   share	
  of	
   the	
  

total	
  fungal	
  effectors	
  cloned	
  (Stergiopoulos	
  and	
  de	
  Wit,	
  2009).	
  The	
  clear	
  majority	
  

of	
   these	
   cloned	
   avirulence	
   effectors	
   represent	
   small	
   cysteine-­‐rich	
   secreted	
  

proteins	
   with	
   little	
   to	
   no	
   homology	
   shared	
   between	
   them.	
   Perhaps	
   the	
   best	
  

studied	
  of	
  these	
  are	
  the	
  small	
  secreted	
  effectors	
  of	
  C.	
  fulvum	
  that	
  were	
  identified	
  

by	
   laboriously	
   mapping	
   the	
   dominant	
   avr	
   locus	
   in	
   segregating	
   C.	
   fulvum	
  

populations	
  or	
  through	
  extensive	
  investigations	
  of	
  pathogen	
  ‘secreted’	
  peptides	
  

(possessing	
   characterized	
   signal	
   peptides	
   for	
   secretion)	
   identified	
   from	
   RNA	
  

sequencing	
  data:	
  Avr2	
  –	
  an	
   inhibitor	
  of	
  plant	
  cysteine	
  protease	
  Rcr3	
  activating	
  

Cladosporium	
   fulvum	
   2	
   (Cf-­‐2)	
   (Dixon	
   et	
   al.,	
   1996),	
   Avr4	
   –	
   a	
   chitin	
   binding	
  

protein	
  protecting	
  fungal	
  cell	
  walls	
   from	
  plant	
  chitinases	
  and	
  triggering	
  tomato	
  

Cf-­‐4-­‐dependent	
   resistance	
   (Thomas	
  et	
   al.,	
   1997),	
  Avr4E	
  –	
   a	
   small	
   cysteine-­‐rich	
  

avirulence	
   protein	
   that	
   is	
   independently	
   recognized	
   by	
   a	
   Cf-­‐4	
   homolog,	
   Cf-­‐4E	
  

(Takken	
  et	
  al.,	
  1999;	
  Westerink	
  et	
  al.,	
  2004),	
  Avr5	
  -­‐	
  	
  a	
  small	
  cysteine-­‐rich	
  protein	
  

of	
  unknown	
  virulence	
  function	
  recognized	
  by	
  Cf-­‐5	
  (Dixon	
  et	
  al.,	
  1998;	
  Mesarich	
  

et	
  al.,	
  2014),	
  and	
  Avr9	
  –	
  a	
  carboxypeptidase	
  inhibitor	
  recognized	
  by	
  Cf-­‐9	
  (Jones	
  

et	
   al.,	
   1994).	
   The	
   identification	
   of	
   these	
   avirulent	
   effectors	
   in	
   C.	
   fulvum	
   and	
  

consequently	
   their	
   matching	
   R	
   proteins	
   in	
   wild	
   resistant	
   tomato	
   relatives	
  

(Boukema,	
   1981;	
   de	
   Wit	
   and	
   Spikman,	
   1982;	
   de	
   Wit	
   et	
   al.,	
   1985)	
   allowed	
  

introgression	
   of	
   the	
   leucine-­‐rich	
   repeat	
   (LRR)-­‐type	
   Cf-­‐2,	
   Cf-­‐4,	
   Cf-­‐5	
   and	
   Cf-­‐9	
   R	
  

genes	
  into	
  commercially	
  cultivated	
  tomato	
  lines,	
  generating	
  a	
  superior	
  C.	
  fulvum	
  

resistant	
  line	
  but	
  also	
  to	
  understand	
  the	
  mechanism	
  behind	
  said	
  resistances.	
  	
  

	
  

Of	
  particular	
   interest,	
  due	
   to	
   the	
  economic	
   impact	
  of	
   rice	
  blast	
  disease,	
  are	
   the	
  

various	
   recently	
   identified	
   rice	
   blast	
   avirulent	
   effectors,	
   the	
   metalloprotease	
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effector	
  AVR-­‐Pita	
  with	
  the	
  rice	
  R	
  gene	
  Pi-­‐ta	
  conferring	
  resistance,	
  AvrPiz-­‐t	
  and	
  its	
  

corresponding	
  rice	
  R	
  gene	
  Piz-­‐t,	
  as	
  well	
  as	
  AvrPia	
  recognized	
  by	
  rice	
  Pia;	
   these	
  

three	
   effectors	
   are	
   cysteine-­‐rich	
   putatively	
   secreted	
   effectors	
   unlike	
   the	
   sole	
  

non-­‐small	
  avirulent	
  protein,	
  Ace1,	
  recognized	
  by	
  the	
  R	
  protein	
  Pi33	
  (reviewed	
  in	
  

Rouxel	
   and	
   Balesdent,	
   2010).	
   Fungal	
   avirulent	
   effectors	
   are	
   significantly	
  more	
  

difficult	
   to	
   identify	
   compared	
   to	
   their	
   bacterial	
   counterparts	
   as	
   their	
  

manipulation	
   and	
   delivery	
   is	
   considerably	
  more	
   complex.	
   Additionally,	
   due	
   to	
  

limited	
   sequence	
   information	
   availability	
   for	
   these	
   fungal	
   pathogens	
   until	
  

recently,	
  and	
  the	
  issue	
  of	
  multiple	
  homologous	
  effectors	
  being	
  present,	
  the	
  issue	
  

of	
  resolving	
  the	
  avirulent	
  allele	
  may	
  be	
  complicated.	
  

	
  

Like	
  fungal	
  effectors,	
  oomycete	
  avirulence	
  effectors	
  from	
  potato	
  and	
  tomato	
  late-­‐

blight	
  pathogen	
  Phytophthora	
  infestans,	
  soybean	
  stem	
  and	
  root	
  rot	
  causal	
  agent	
  

Phytophthora	
  sojae	
   and	
   cruciferous	
  downy	
  mildew	
  pathogen	
  Hyaloperonospora	
  

arabidopsidis,	
   are	
   similarly	
   difficult	
   to	
   identify	
   (Kamoun,	
   2006).	
   The	
  

identification	
  of	
  RXLR	
  domains	
  in	
  putative	
  effectors	
  coupled	
  to	
  new	
  methods	
  of	
  

screening	
  using	
  bacterial	
  delivery	
  systems	
  are	
  making	
  identification	
  of	
  avirulent	
  

effectors	
  from	
  fungal	
  and	
  oomycete	
  pathogens	
  easier	
  (Fabro	
  et	
  al.,	
  2011;	
  Roden	
  

et	
   al.,	
   2004;	
   Sohn	
   et	
   al.,	
   2007).	
   Recently,	
   using	
   a	
   bacterial	
   promoter	
   and	
   an	
   in	
  

planta	
   cleaved	
   N-­‐terminus	
   fragment	
   of	
   bacterial	
   avrRps4	
   (an	
   effector	
   from	
   P.	
  

syringae	
  pv.	
  pisi),	
  H.	
  arabidopsidis	
  effectors	
  ATR1	
  and	
  ATR13	
  were	
  examined	
  for	
  

their	
  ability	
  to	
  promote	
  growth	
  of	
  bacterial	
  pathogens	
  in	
  susceptible	
  plants	
  while	
  

restricting	
   growth	
   in	
   resistant	
   ones	
   (Fabro	
   et	
   al.,	
   2011;	
   Sohn	
   et	
   al.,	
   2007).	
  

Coupling	
   such	
   systems	
   to	
   a	
   resistant	
   versus	
   susceptible	
   plant	
   screening	
   can	
  

allow	
  processing	
   of	
   large	
  numbers	
   of	
   fungal	
   and	
  oomycete	
   effectors	
   to	
   rapidly	
  

identify	
  avirulent	
  effectors.	
  

	
  

1.4.4 Biochemical	
  functions	
  of	
  effectors	
  as	
  virulence	
  agents	
  

Due	
  to	
  their	
  ability	
  to	
  trigger	
  a	
  secondary	
  defence	
  system	
  (ETI)	
  in	
  plants,	
  thereby	
  

rendering	
   pathogens	
   avirulent,	
   it	
   may	
   seem	
   counterintuitive	
   for	
   pathogens	
   to	
  

carry	
  effectors.	
  However,	
  as	
  mentioned	
  earlier,	
  animal	
  and	
  plant	
  pathogens	
  need	
  

to	
  manipulate	
  host	
   processes	
   to	
   overcome	
   innate	
  primary	
  defence	
   systems	
   for	
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successful	
   disease	
   establishment	
   (Cambronne	
   and	
  Roy,	
   2006;	
   Jones	
   and	
  Dangl,	
  

2006).	
  With	
   this	
   regard,	
   effectors	
   from	
   plant	
   pathogens	
   act	
   as	
   ‘weapons’	
   that,	
  

when	
   delivered	
   into	
   host	
   cells,	
   abrogate	
   PTI	
   in	
   plants	
   thereby	
   allowing	
   for	
  

growth	
   and	
   spread	
   of	
   the	
   pathogen.	
   With	
   focus	
   on	
   bacterial	
   T3SS	
   delivered	
  

effectors	
   (T3Es),	
   there	
   have	
   been	
   a	
   large	
   number	
   of	
   studies	
   in	
   the	
   past	
   few	
  

decades	
   that	
   have	
   demonstrated	
   the	
   effectiveness	
   of	
   T3Es	
   in	
   facilitating	
  

pathogen	
   spread	
   in	
   otherwise	
   non-­‐hosts	
   (Alfano	
   and	
   Collmer,	
   2004;	
   Dou	
   and	
  

Zhou,	
  2012).	
  This	
  delicate	
  balance	
  of	
  risk	
  and	
  reward	
  typifies	
  why	
  effectors	
  are	
  

so	
   diverse	
   and	
   widespread	
   among	
   pathogens	
   despite	
   the	
   chance	
   of	
   reduced	
  

viability	
  if	
  detected	
  in	
  the	
  occasional	
  resistant	
  host.	
  

	
  

1.4.4.1 	
  Extracellular	
  effectors	
  

Many	
   pathogens,	
   particularly	
   fungal	
   and	
   oomycetal,	
   secrete	
   plant	
   cell	
   wall	
  

degrading	
   enzymes,	
   toxins	
   and	
   cysteine-­‐rich	
  peptides	
   into	
   the	
  plant	
   apoplastic	
  

space.	
   Cell	
   wall	
   enzymes	
   break	
   down	
   plant	
   walls	
   and	
   facilitate	
   nutrient	
  

acquisition	
  by	
  the	
  pathogen	
  while	
  toxins	
  allow	
  for	
  cellular	
  pore	
  formation	
  or	
  cell	
  

death	
  to	
  release	
  nutrients	
   into	
  the	
  apoplast	
  –	
  a	
  mechanism	
  more	
   important	
   for	
  

necrotrophic	
   pathogens	
   that	
   kill	
   their	
   host	
   for	
   nutrients	
   (Cantu	
   et	
   al.,	
   2008).	
  

Small	
   cysteine-­‐rich	
   proteins	
   have	
   been	
   postulated	
   to	
   be	
   inhibitors	
   of	
   a	
   wide	
  

variety	
   of	
   plant	
   defence	
   enzymes	
   in	
   the	
   apoplast	
   including	
   hydrolases	
   and	
  

chitinases	
   and	
   other	
   proteins,	
   with	
   LysM	
   motifs,	
   act	
   complementarily	
   to	
  

suppress	
   chitinase-­‐assisted	
   PTI	
   triggering	
   (CERK	
   and	
   CEBiP-­‐mediated)	
   by	
  

binding	
  to	
  chitin	
  and	
  blocking	
  chitinases	
  or	
  mopping	
  up	
  chitin	
  fragments	
  in	
  the	
  

apoplast	
   (de	
   Jonge	
   et	
   al.,	
   2011;	
   Stergiopoulos	
   and	
   de	
  Wit,	
   2009).	
  While	
   these	
  

cysteine-­‐rich	
   effectors	
   can	
   be	
   detected	
   by	
   plants	
   to	
   trigger	
   defence	
   responses	
  

(see	
  ETI	
  below),	
  certain	
  necrotrophic	
  pathogens	
  are	
  believed	
  to	
  utilize	
  this	
  very	
  

process	
   to	
   facilitate	
   their	
   growth,	
   such	
   as	
   those	
   that	
   utilize	
   the	
   necrosis	
   and	
  

ethylene	
  inducing	
  peptide	
  (NEP)	
  family	
  of	
  proteins.	
  Another	
  example	
  is	
  the	
  ToxA	
  

effector	
   from	
  wheat	
   pathogens	
   Stagonospora	
  nodorum	
   and	
  Pyrenophora	
   tritici-­‐

repentis	
   that	
  co-­‐opts	
  defence-­‐related	
  cell	
  death	
   in	
   ‘susceptible’	
  plants	
   ironically	
  

carrying	
  the	
  classical	
  R	
  gene	
  Tsn1	
  (Faris	
  et	
  al.,	
  2010;	
  Lu	
  et	
  al.,	
  2014).	
  

	
  

1.4.4.2 Suppression	
  of	
  PTI	
  signaling	
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Screens	
   to	
   identify	
   effectors	
   that	
   directly	
   affect	
   PTI	
   signaling	
   have	
   found	
   that	
  

many	
  successful	
  pathogens	
  effectively	
  target	
  PTI.	
  Several	
  different	
  effectors	
  from	
  

varied	
   pathogens	
   target	
   the	
   same	
   conserved	
   FLS2/BAK1/BIK1	
   or	
  

EFR/BAK1/BIK1	
   complexes	
   involved	
   in	
   detecting	
   PAMPs	
   and	
   triggering	
   PTI.	
  	
  

AvrPto	
   from	
   P.	
   syringae	
   pv.	
   tomato	
   JL1065	
   is	
   a	
   kinase	
   inhibitor	
   that	
   directly	
  

targets	
   FLS2	
   and	
   EFR	
   (but	
   not	
   BAK1)	
   to	
   suppress	
   signaling	
   and	
   abrogate	
   PTI	
  

(Xiang	
   et	
   al.,	
   2011,	
   2008).	
   AvrPtoB	
   from	
   Pto	
   DC3000	
   also	
   targets	
   the	
   same	
  

complex	
  by	
  inhibiting	
  kinase	
  activity	
  of	
  FLS2	
  as	
  well	
  as	
  BAK1	
  and	
  CERK1	
  (Cheng	
  

et	
  al.,	
  2011;	
  Goehre	
  et	
  al.,	
  2008;	
  Zeng	
  et	
  al.,	
  2012).	
  These	
  two	
  effectors	
  play	
  such	
  

an	
   important	
   role	
   in	
   P.	
   syringae	
   infections	
   that	
   knocking	
   them	
   out	
  

simultaneously	
   results	
   in	
   a	
   radically	
   decreased	
   virulence	
   suggesting	
   that	
   they	
  

facilitate	
   the	
   activity	
   of	
   other	
   effectors	
   by	
   targeting	
   a	
   vital	
   component	
   of	
   PTI	
  

(Cunnac	
  et	
  al.,	
  2011).	
  HopF2	
   from	
  Pto	
  DC3000,	
  an	
  ADP-­‐ribosyltransferase,	
  also	
  

targets	
   BAK1	
   (Zhou	
   et	
   al.,	
   2014)	
   and	
   a	
   key	
   suppressor	
   of	
   PTI,	
   RIN4,	
   that	
   is	
  

phosphorylated	
  during	
  early	
  stages	
  of	
  PTI	
  activation	
  to	
  derepress	
  PTI	
  (Chung	
  et	
  

al.,	
   2014;	
  Wilton	
   et	
   al.,	
   2010),	
   as	
  well	
   as	
   interfering	
  with	
  MAP	
  kinase	
   cascades	
  

triggered	
  during	
  PTI	
  activation	
  (Wu	
  et	
  al.,	
  2011),	
  all	
  suggesting	
  a	
  kinase	
  inhibitor	
  

role.	
  BIK1	
  is	
  targeted	
  by	
  two	
  known	
  effectors,	
  AvrPphB	
  a	
  cysteine	
  protease	
  from	
  

P.	
  syringae	
   pv.	
  phaseolicola	
   that	
   targets	
  and	
  cleaves	
  both	
  BIK1	
  and	
  other	
  RLCK	
  

family	
  members,	
   including	
   PBS1,	
   in	
   Arabidopsis	
   plants	
   (J.	
   Zhang	
   et	
   al.,	
   2010).	
  

AvrAC	
  a	
  uridylyltransferase	
  from	
  Xanthomonas	
  campestris	
  that	
  putatively	
  blocks	
  

BIK1	
  kinase	
  activity	
  along	
  with	
  that	
  of	
  RIPK	
  –	
  another	
  BIK1	
  RLCK	
  family	
  member	
  

that	
  acts	
  as	
  a	
  signal	
  transducer	
  for	
  defence	
  (Feng	
  et	
  al.,	
  2012).	
  Interestingly,	
  AvrB	
  

from	
  P.	
  syringae	
  pv.	
  glycinea	
   also	
   targets	
  RIPK	
  but	
  rather	
   than	
   inhibiting	
   it,	
   co-­‐

opts	
   its	
   function	
   to	
  hyperphosphorylate	
  RIN4	
   and	
   as	
   a	
   result	
   suppresses	
  basal	
  

defence	
   (Chung	
  et	
   al.,	
   2014;	
  Liu	
  et	
   al.,	
   2011).	
  HopAO1	
   is	
   another	
  effector	
   from	
  

Pto	
   DC3000	
   that	
   was	
   recently	
   implicated	
   in	
   targeting	
   EFR-­‐mediated	
   PTI	
  

signaling	
   through	
   its	
   tyrosine	
   phosphatase	
   activity	
   to	
   dampen	
   the	
   immune	
  

response	
   (Macho	
   et	
   al.,	
   2014).	
   Much	
   like	
   HopF2,	
   HopAI1	
   also	
   targets	
   MAP	
  

kinases,	
  albeit	
  through	
  a	
  phosphothreonine	
  lyase	
  activity	
  that	
  targets	
  the	
  MAPK,	
  

MPK4	
  (Zhang	
  et	
  al.,	
  2007).	
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Finally,	
   a	
   trio	
   of	
   fungal	
   effectors	
   ECP6	
   from	
   tomato	
   pathogen	
   Cladosporium	
  

fulvum	
  (de	
  Jonge	
  et	
  al.,	
  2010;	
  Sánchez-­‐Vallet	
  et	
  al.,	
  2015),	
  Mg3LysM	
  from	
  wheat	
  

pathogen	
  Mycosphaerella	
  graminicola	
   (Marshall	
  et	
  al.,	
  2011)	
  and	
  Slp1	
  from	
  rice	
  

pathogen	
   Magnaporthe	
   oryzae	
   (Mentlak	
   et	
   al.,	
   2012)	
   are	
   LysM	
   containing	
  

proteins	
  that	
  are	
  predicted	
  to	
  bind	
  chitin	
  to	
  competitively	
  inhibit	
  plant	
  receptor-­‐

mediated	
   fungal	
   detection.	
   Knocking	
   out	
   these	
   effectors	
   from	
   their	
   respective	
  

fungal	
   strains	
   severely	
   restricts	
   the	
   pathogens'	
   ability	
   to	
   avoid	
   detection	
   and	
  

reduces	
  disease	
  symptoms	
  and,	
  in	
  the	
  case	
  of	
  Mg3LysM,	
  only	
  wheat	
  CERK1	
  and	
  

CEBiP	
  knockout	
  plants	
  were	
  infected	
  by	
  M.	
  graminicola	
  lacking	
  this	
  effector	
  (Lee	
  

et	
  al.,	
  2014;	
  Mentlak	
  et	
  al.,	
  2012).	
  

	
  

1.4.4.3 Phytohormone	
  manipulation	
  

Plant	
   hormones	
   play	
   a	
   critical	
   role	
   in	
   plant-­‐pathogen	
   interactions	
   (Kazan	
   and	
  

Lyons,	
  2014).	
  The	
  classical	
  defence	
  hormones	
  salicylic	
  acid	
   (SA),	
   jasmonic	
  acid	
  

(JA)	
   and	
   ethylene	
   (ET)	
   take	
   center	
   stage	
   in	
   these	
   interactions	
   often	
   acting	
  

antagonistically	
   or	
   synergistically	
   (Figure	
   1.9).	
   SA	
   is	
   generally	
   required	
   for	
  

biotrophic	
   pathogens	
   (that	
   acquire	
   nutrients	
   from	
   a	
   living	
   host)	
   and	
   JA/ET	
  

against	
   necrotrophic	
   pathogens	
   (that	
   acquire	
   nutrients	
   from	
   non-­‐living	
   host	
  

tissues).	
   Important	
   crosstalk	
   between	
   these	
   three	
   primary	
   defence	
   hormones	
  

and	
   other	
   classically	
   developmental	
   hormones	
   are	
   pivotal	
   in	
   the	
   process	
   of	
  

successfully	
   defending	
   against	
   pathogens.	
   An	
   example	
   of	
   this	
   network	
   is	
   the	
  

modulation	
   of	
   PTI	
   signaling	
   by	
   brassinosteroid	
   (BR)	
   treatments	
   that	
   act	
   to	
  

upregulate	
  (BAK1-­‐dependent)	
  and	
  simultaneously	
  repress	
  (BAK1-­‐independent)	
  

defence	
  that	
  is	
  mediated	
  by	
  SA	
  (Albrecht	
  et	
  al.,	
  2012;	
  Belkhadir	
  et	
  al.,	
  2012).	
  	
  

	
  

Pathogens	
  have	
  sought	
  to	
  exploit	
  either	
  mechanisms	
  of	
  defence	
  suppression	
  or	
  

defence	
   hyperactivity	
   depending	
   on	
   their	
  mode	
   of	
   nutrition	
   (biotrophy	
   versus	
  

necrotrophy).	
   The	
   classic	
   example	
   of	
   a	
   pathogen	
   utilizing	
   a	
   plant	
   hormone	
  

system	
  to	
  bypass	
  defence	
  is	
  the	
  use	
  of	
  coronatine,	
  a	
  degradation-­‐resistant	
  mimic	
  

of	
  jasmonyl-­‐L-­‐isoleucine	
  (JA-­‐Ile),	
  carried	
  by	
  many	
  Pseudomonas	
  syringae	
  strains	
  

to	
   activate	
   the	
   JA	
   pathway	
   signaling	
   through	
   the	
   SCF-­‐box	
   mediated	
  

ubiquitination	
   and	
   degradation	
   of	
   ZIM-­‐domain-­‐containing	
   JAZ	
   repressors	
  

(Demianski	
  et	
  al.,	
  2012).	
  This	
  allows	
  JA	
  pathway	
  activation	
  to	
  antagonize	
  the	
  SA	
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pathway	
  critical	
  for	
  defence	
  against	
  the	
  hemi-­‐biotroph	
  P.	
  syringae.	
  Additionally,	
  

crosstalk	
  between	
  JA	
  and	
  abscisic	
  acid	
  (ABA)	
  pathways	
  allows	
  these	
  pathogens	
  

to	
  keep	
  stomata	
  open	
  through	
  dampening	
  of	
  PAMP-­‐induced	
  ROS	
  burst	
  (Melotto	
  

et	
  al.,	
  2006).	
  

	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

AvrPto	
  and	
  AvrPtoB	
   from	
  P.	
  syringae	
  pv.	
   tomato	
   strains	
   induce	
  ET	
  synthesis	
   to	
  

trigger	
   cell	
   death	
   and	
   suppress	
   defence	
   (Cohn	
   and	
  Martin,	
   2005)	
   and	
  AvrPtoB	
  

also	
   carries	
   the	
   ability	
   to	
   hijack	
   the	
   Arabidopsis	
   ABA	
   pathway	
   to	
   suppress	
  

defence	
  (de	
  Torres-­‐Zabala	
  et	
  al.,	
  2007).	
  	
  Both	
  P.	
  syringae	
  pv.	
  tomato	
  AvrRpt2	
  and	
  

X.	
  campestris	
  pv.	
  vesicatoria	
  effector	
  AvrBs3	
  activate	
  auxin-­‐mediated	
  signaling	
  by	
  

Figure' 1.9:! Phytohormone' networks' in' plants' the' parJcipate' in' defence' against'
pathogens.! The! plant! defence! hormones! JA,! SA,! and! ET! are! centrally! involved! in! plant!
defense,!with!abscisic!acid!ABA,!auxin!IAA,!cytokinins!CK,!brassinosteroids!BR,!gibberellins!
GA,! and! strigolactones! STR! assis:ng,! oZen! in! conjunc:on! with! the! primary! defense!
hormones! to! trigger! non,self! resistance.! Pathogens! have! developed! strategies! to! either!
interfere! with! or! hijack! phytohormone! pathways! to! induce! suscep:bility.! Forward! and!
blunt! arrows! indicate! posi:ve! and! nega:ve! interac:ons,! respec:vely.! (Adapted! from!
Kazan!&!Lyons!2014)!

Figure	
   1.9:	
   Phytohormone	
   networks	
   in	
   plants	
   the	
   participate	
   in	
   defence	
  
against	
   pathogens.	
   The	
   plant	
   defence	
   hormones	
   JA,	
   SA,	
   and	
   ET	
   are	
   centrally	
  
involved	
   in	
   plant	
   defence,	
   with	
   abscisic	
   acid	
   ABA,	
   auxin	
   IAA,	
   cytokinins	
   CK,	
  
brassinosteroids	
   BR,	
   gibberellins	
   GA,	
   and	
   strigolactones	
   STR	
   assisting,	
   often	
   in	
  
conjunction	
  with	
   the	
   primary	
   defence	
   hormones	
   to	
   trigger	
   non-­‐self	
   resistance.	
  
Pathogens	
   have	
   developed	
   strategies	
   to	
   either	
   interfere	
   with	
   or	
   hijack	
  
phytohormone	
   pathways	
   to	
   induce	
   susceptibility.	
   Forward	
   and	
   blunt	
   arrows	
  
indicate	
  positive	
  and	
  negative	
  interactions,	
  respectively	
  (reproduced	
  from	
  Kazan	
  
&	
  Lyons	
  2014). 
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degradation	
   of	
   the	
   auxin	
   pathway	
   repressor,	
   Aux/IAA,	
   or	
   transcriptional	
  

activation	
   of	
   the	
   auxin	
   pathway,	
   respectively,	
   to	
   similarly	
   suppress	
   plant	
  

defences	
  (Cui	
  et	
  al.,	
  2013;	
  Kay	
  et	
  al.,	
  2007).	
  The	
  conserved	
  effector	
  locus	
  (CEL)	
  of	
  

P.	
   syringae,	
   Erwinia	
   amylovora	
   and	
   Pantoea	
   stewartii	
   all	
   act	
   to	
   suppress	
   SA-­‐

dependent	
  callose	
  deposition	
  and	
  cell-­‐wall	
  based	
  defence	
  responses	
  (DebRoy	
  et	
  

al.,	
   2004).	
   Furthermore,	
   X.	
   oryzae	
   pv.	
   oryzae	
   effectors	
   XopN,	
   XopQ,	
   XopX,	
   and	
  

XopZ	
   all	
   appear	
   to	
   suppress	
   rice	
   PTI	
   induced	
   by	
   cell	
   wall-­‐degrading	
   enzymes,	
  

albeit	
  with	
  undiscovered	
  mechanisms	
  (Sinha	
  et	
  al.,	
  2013).	
  

	
  

Mechanistically,	
   the	
   exact	
   dynamics	
   of	
   how	
   pathogens	
   hijack	
   these	
   hormone	
  

systems	
   remains	
   limited.	
   AvrB	
   from	
   P.	
   syringae	
   pv.	
   glycinea	
   can	
   co-­‐opt	
   JA-­‐

mediated	
   suppression	
   of	
   defence	
   by	
   binding	
   and	
   altering	
   MPK4	
   activity	
  

supported	
   by	
   plant	
   chaperone	
   HSP90	
   (part	
   of	
   the	
   HSP90/SGT1	
   chaperone	
  

complex)	
  in	
  a	
  RIN4-­‐dependent	
  manner,	
  possibly	
  with	
  the	
  assistance	
  of	
  RIPK	
  (Cui	
  

et	
   al.,	
   2010).	
   This	
   ability	
   of	
   AvrB	
   at	
   least	
   partially	
   phenocopies	
   coronatine-­‐

mediated	
   mechanisms.	
   Cysteine	
   protease	
   HopX1	
   from	
   P.	
   syringae	
   pv.	
   tabaci	
  

11528	
   similarly	
   suppresses	
   defence	
   including	
   callose	
   deposition	
   via	
   the	
   JA	
  

pathway	
  through	
  targeted	
  degradation	
  of	
  JAZ	
  repressors	
  (Gimenez-­‐Ibanez	
  et	
  al.,	
  

2014),	
  a	
  mechanism	
  shared	
  by	
  the	
  acetyltransferase	
  HopZ1a	
  from	
  P.	
  syringae	
  pv.	
  

syringae	
   A2	
   (Jiang	
   et	
   al.,	
   2013).	
   HopI1	
   from	
  P.	
   syringae	
   pv.	
  maculicola	
   ES4326	
  

utilizes	
   its	
   J-­‐domain	
   to	
   bind	
   the	
   plant	
   HSP70	
   ubiquitin	
   ligase	
   from	
   the	
  

HSP90/SGT1	
  chaperone	
  complex,	
  and	
  targets	
   it	
   to	
  chloroplasts	
  where	
  HopI1	
   is	
  

purported	
   to	
   hijack	
   the	
   degradation	
   activity	
   of	
   HSP70	
   to	
   target	
   components	
  

important	
   for	
   SA	
   accumulation	
   (Jelenska	
   et	
   al.,	
   2010).	
   The	
   putative	
   nucleoside	
  

hydrolase	
  HopQ1	
  from	
  Pto	
  DC3000	
  can	
  bind	
  14-­‐3-­‐3	
  proteins	
  in	
  vivo	
  and	
  activate	
  

cytokinin	
   (CK)	
   signaling,	
   which	
   in	
   turn	
   downregulates	
   FLS2	
   levels	
   and	
   thus	
  

defence	
   (Hann	
   et	
   al.,	
   2014;	
   Li	
   et	
   al.,	
   2013).	
   Interestingly,	
   previous	
   studies	
   in	
  

Arabidopsis	
   have	
   shown	
   that	
   yeast	
   cdc25,	
   a	
   potent	
   mediator	
   of	
   cell	
   cycle	
  

progression,	
   binds	
   14-­‐3-­‐3	
   proteins.	
   Furthermore,	
   yeast	
   cdc25	
   expression	
   in	
  

planta	
  was	
  found	
  to	
  upregulate	
  CK	
  and	
  downregulate	
  ET	
  pathways,	
  thus	
  possibly	
  

resulting	
   in	
   low	
   FLS2	
   due	
   to	
   FLS2	
   expression	
   reliance	
   on	
   ET	
   signaling	
  

(Mersmann	
  et	
   al.,	
   2010;	
   Spadafora	
   et	
   al.,	
   2012).	
   XopN,	
   a	
  HEAT-­‐repeat	
   carrying	
  

effector	
  also	
  interacts	
  with	
  two	
  different	
  tomato	
  14-­‐3-­‐3	
  proteins	
  including	
  TFT1	
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and	
  an	
  LRR-­‐receptor	
  like	
  kinase	
  R	
  protein	
  TARK1	
  to	
  functionally	
  interfere	
  with	
  

PTI	
  signaling	
  (J.	
  G.	
  Kim	
  et	
  al.,	
  2009;	
  Mudgett,	
  2006).	
  

	
  

The	
  fungal	
  pathogen	
  Ustilago	
  maydis	
  effector	
  Cmu1	
  is	
  a	
  chorismate	
  mutase	
  that	
  

is	
  able	
  to	
  inhibit	
  SA	
  biosynthesis	
  through	
  redirecting	
  chorismate	
  away	
  from	
  the	
  

SA	
  biosynthetic	
  pathway	
  in	
  plant	
  chloroplasts	
  (Djamei	
  et	
  al.,	
  2011).	
  The	
  relative	
  

abundance	
   of	
   putative	
   chorismate	
  mutases	
   in	
   the	
   various	
   hemi-­‐biotrophic	
   and	
  

biotrophic	
   plant	
   pathogens	
   suggests	
   an	
   important	
  mechanism	
  herein	
   that	
  may	
  

be	
   conserved	
   throughout.	
   Another	
   conserved	
   virulence	
   mechanism	
   includes	
  

fungal,	
   oomycetal,	
   or	
   bacterial	
   targeting	
   of	
   JAZ	
   repressors	
   in	
   their	
   plant	
   host.	
  

This	
  was	
  determined	
  by	
  protein	
  interactome	
  studies	
  looking	
  at	
  oomycete	
  downy	
  

mildew	
  H.	
   arabidopsidis,	
   powdery	
  mildew	
   fungus	
  Golovinomyces	
   orontii	
   and	
   P.	
  

syringae	
  effectors	
  against	
  Arabidopsis	
  that	
  suggests	
  that	
  manipulation	
  of	
  the	
  JA	
  

pathway	
  may	
  be	
  conserved	
  between	
  kingdoms	
  (Mukhtar	
  et	
  al.,	
  2011;	
  Wessling	
  et	
  

al.,	
  2014).	
  

	
  

1.4.4.4 Targeting	
  pathogen	
  entry	
  barriers	
  and	
  secretion	
  

Once	
   the	
   pathogen	
   is	
   detected,	
   mobilization	
   of	
   barriers-­‐to-­‐entry	
   are	
   often	
  

implemented	
  during	
   PTI	
   to	
   prevent	
   disease	
   establishment.	
   Entry	
   restriction	
   of	
  

pathogens	
  has	
  been	
  studied	
  in	
  terms	
  of	
  resistance	
  to	
  penetration	
  through	
  several	
  

genetic	
   studies	
   identifying	
   PEN1,	
   PEN2	
   and	
   PEN3	
   genes,	
   important	
   in	
  

maintaining	
  resistance	
  at	
  the	
  cell	
  margin	
  in	
  non-­‐adapted	
  barley	
  fungal	
  pathogen	
  

Blumeria	
  graminis	
  fsp.	
  hordei	
  infection	
  of	
  Arabidopsis	
  (Collins	
  et	
  al.,	
  2003).	
  PEN1	
  

encodes	
   a	
   secretory	
   pathway	
   associated	
   syntaxin	
   that	
   interacts	
   with	
  

VAMP721/722	
   and	
   SNAP33	
   (making	
   up	
   the	
   SNARE	
   complex),	
   to	
   mediate	
  

secretion	
  during	
  the	
  formation	
  of	
  penetration-­‐resistant	
  structures	
  called	
  papillae	
  

(Collins	
  et	
  al.,	
  2003).	
  PEN2	
  encodes	
  a	
  peroxisome-­‐localized	
  myrosinase	
  involved	
  

in	
  hydrolyzing	
  indole	
  glucosinolates,	
  important	
  antimicrobial	
  compounds	
  (Lipka	
  

et	
   al.,	
   2005).	
  PEN3	
   encodes	
   a	
   plasma	
  membrane-­‐localized	
  ABC	
   transporter	
   for	
  

putative	
   antimicrobial	
   compounds	
   (Stein	
   et	
   al.,	
   2006).	
   While	
   having	
   other	
  

functions	
   as	
   well,	
   losses	
   of	
   these	
   three	
   critical	
   genes	
   result	
   in	
   maximal	
  

penetration	
   by	
   pathogens	
   into	
   the	
   plant	
   despite	
   carrying	
   detectable	
   PAMPs.	
  

Knowledge	
   of	
   the	
   functions	
   of	
   these	
   critical	
   plant	
   processes	
   lends	
   clues	
   to	
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mechanisms	
   that	
   could	
   be	
   exploited	
   by	
   pathogens	
   to	
   overcome	
   PTI-­‐instigated	
  

barriers.	
  For	
  example,	
   the	
  previously	
  mentioned	
  tyrosine	
  phosphatase	
  HopAO1	
  

from	
   Pto	
   DC3000	
   either	
   targets	
   secretory	
   pathways	
   downstream	
   of	
   MAPK	
  

signaling	
  cascades	
  or	
  MAPK-­‐independent	
  pathways	
  to	
  effectively	
  restrict	
  callose	
  

deposition	
  (critical	
   for	
  papillae	
  development)	
  thereby	
  limiting	
  the	
  effectiveness	
  

of	
  PTI	
  (Underwood	
  et	
  al.,	
  2007).	
  	
  

	
  

HopZ1a	
   from	
  P.	
   syringae	
   pv.	
   syringae	
   A2,	
   from	
   the	
   yopJ/avrRxv/hopZ	
   family	
   of	
  

serine/threonine	
  acetyltransferases,	
  targets	
  soybean	
  HID1	
  that	
  is	
  involved	
  in	
  the	
  

production	
   of	
   a	
   critical	
   antimicrobial	
   compound,	
   diazedin,	
   secreted	
   during	
   PTI	
  

(H.	
  Zhou	
  et	
  al.,	
  2011).	
  Another	
  function	
  ascribed	
  to	
  HopZ1a	
  is	
  its	
  ability	
  to	
  target	
  

and	
   disrupt	
   the	
   plant	
   microtubule	
   network	
   that	
   participates	
   in	
   secretory	
  

pathways	
  during	
  PTI	
  (A.	
  H.-­‐Y.	
  Lee	
  et	
  al.,	
  2012).	
  P.	
  syringae	
  pv.	
  pisi	
  895A	
  HopZ2,	
  a	
  

family	
   member	
   of	
   the	
   same	
   superfamily,	
   also	
   putatively	
   targets	
   a	
   pathway	
  

mediated	
  by	
  Arabidopsis	
  MLO2	
   (Lewis	
  et	
   al.,	
   2012).	
  This	
  homolog	
  of	
  pea	
  MLO,	
  

the	
  gene	
  identified	
  during	
  studies	
  of	
  resistance	
  to	
  downy	
  mildew	
  in	
  mutant	
  peas,	
  

has	
   been	
   shown	
   to	
   facilitate	
   defence,	
   when	
   mutated,	
   in	
   a	
   PEN1-­‐,	
   PEN2-­‐	
   and	
  

PEN3-­‐dependent	
   manner	
   (Consonni	
   et	
   al.,	
   2010).	
   AvrBsT	
   from	
   Xanthomonas	
  

campestris	
  pv.	
  vesicatoria	
  is	
  another	
  member	
  of	
  the	
  YopJ	
  family	
  that	
  also	
  targets	
  

callose	
   deposition	
   as	
   well	
   as	
   repressing	
   defence	
   gene	
   expression	
   (Kim	
   et	
   al.,	
  

2010)	
   and	
   was	
   recently	
   found	
   to	
   acetylate	
   microtubule-­‐associated	
   protein	
  

ACIP1,	
   a	
   member	
   of	
   a	
   family	
   of	
   proteins	
   critical	
   for	
   immunity	
   (Cheong	
   et	
   al.,	
  

2014).	
  

	
  

HopM1	
  from	
  Pto	
  DC3000	
  was	
  possibly	
  one	
  of	
  the	
  first	
  effectors	
  found	
  to	
  target	
  

secretion	
   of	
   callose	
   deposition	
   and	
   vesicle	
   trafficking	
   of	
   antimicrobial	
  

compounds	
   through	
   an	
   as	
   yet	
   unknown	
   mechanism	
   of	
   targeting	
   Arabidopsis	
  

MIN7	
  via	
  proteasomal	
  degradation	
  (Nomura	
  et	
  al.,	
  2006),	
  a	
  process	
  prevented	
  by	
  

ETI	
   if	
   present	
   (Nomura	
   et	
   al.,	
   2011).	
   Additionally,	
   HopM1	
   has	
   recently	
   been	
  

found	
   to	
   further	
   target	
   MIN10,	
   a	
   14-­‐3-­‐3	
   protein	
   associated	
   with	
   proteasomal	
  

degradation	
  thereby	
  suppressing	
  PAMP	
  triggered	
  ROS	
  burst	
  thus	
  compromising	
  

further	
   stomatal	
   immunity	
   (Lozano-­‐Duran	
   et	
   al.,	
   2014).	
   While	
   HopM1	
  

mechanism	
   of	
   action	
   is	
   unknown,	
   it	
   has	
   been	
   shown	
   to	
   act	
   redundantly	
   with	
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AvrE1	
   in	
   the	
   CEL	
   along	
   with	
   HopAA1	
   that,	
   when	
   deleted,	
   severely	
   restricts	
  

pathogenicity	
   (Badel	
   et	
   al.,	
   2006;	
  Kvitko	
  et	
   al.,	
   2009).	
  HopM1	
  and	
  AvrE1	
  along	
  

with	
  HopR1	
   act	
   in	
   a	
   redundant	
   effector	
   group	
   (REG)	
   to	
   facilitate	
   restriction	
   of	
  

antimicrobial	
   delivery	
   following	
   AvrPto	
   or	
   AvrPtoB	
   action	
   implying	
   a	
   highly	
  

important	
   role	
   in	
   allowing	
   disease	
   establishment	
   that	
   is	
   conserved	
   in	
   many	
  

studied	
   virulent	
   Pseudomonads	
   (Cunnac	
   et	
   al.,	
   2011).	
   AvrE	
   was	
   recently	
  

localized	
   to	
   the	
   plant	
   cell	
   plasma	
  membrane	
  where	
   it	
   decreased	
   expression	
   of	
  

NHL13,	
   a	
  membrane	
   associated	
   protein	
   required	
   for	
   Arabidopsis	
   antibacterial	
  

immunity	
   (Xin	
   et	
   al.,	
   2015).	
   However,	
   the	
   most	
   striking	
   finding	
   was	
   the	
   role	
  

played	
   by	
   members	
   of	
   the	
   CEL,	
   HopM1	
   and	
   AvrE1,	
   in	
   providing	
   an	
   aqueous	
  

apoplast	
   following	
   infection	
   that	
   in	
   PTI-­‐compromised	
   plants	
   was	
   sufficient	
   to	
  

allow	
   for	
   full	
   disease	
   establishment	
   (Xin	
   et	
   al.,	
   2016).	
   Taken	
   together,	
   these	
  

pivotal	
  findings	
  explained	
  the	
  series	
  of	
  events	
  necessary	
  for	
  successful	
  infection	
  

of	
  Arabidopsis	
  plants	
  –	
  a	
  high	
  humidity	
  situation	
   to	
   facilitate	
   infection	
   through	
  

leaf	
  stomata,	
  suppression	
  of	
  PTI	
  by	
  early-­‐acting	
  T3Es	
  (including	
  critical	
  activity	
  

of	
   AvrPto/AvrPtoB),	
   followed	
   by	
   maintenance	
   of	
   an	
   aqueous	
   apoplast	
  

independent	
   of	
   humidity	
   (particularly	
   by	
   HopM1/AvrE)	
   to	
   enable	
   full	
   disease	
  

progression.	
  

	
  

In	
  the	
  case	
  of	
  non-­‐bacterial	
  effectors,	
  the	
  oomycete	
  Phytophthora	
  infestans	
  RxLR	
  

effector	
   AVRblb2	
   that	
   triggers	
   Rpi-­‐blb2	
   mediated	
   defence	
   has	
   been	
   shown	
   to	
  

restrict	
  export	
  of	
  papain-­‐like	
  cysteine	
  protease	
  C14	
  (Bozkurt	
  et	
  al.,	
  2011;	
  Oh	
  et	
  

al.,	
   2014).	
  Although	
   still	
   unknown,	
   this	
  may	
   function	
   in	
   a	
  manner	
   similar	
   to	
  R.	
  

solanacearum	
   effector	
   PopP2-­‐mediated	
   restriction	
   of	
   Arabidopsis	
   apoplastic	
  

cysteine	
   protease	
   RD19	
   (Bernoux	
   et	
   al.,	
   2008).	
   Additionally,	
   several	
   effectors	
  

from	
  fungi	
  and	
  oomycetes	
  have	
  been	
  shown	
  to	
  have	
  cysteine	
  protease	
  inhibitor-­‐

like	
   roles	
   including	
   C.	
   fulvum	
   Avr2	
   and	
   P.	
   infestans	
   EPIC1	
   and	
   EPIC2B	
   against	
  

tomato	
   apoplastic	
   proteases	
   RCR3	
   and	
   PIP1	
   that	
   participate	
   in	
   enabling	
  

pathogen	
  detection	
  and	
  resistance	
  (Song	
  et	
  al.,	
  2009;	
  Tian	
  et	
  al.,	
  2007).	
  

	
  

Perhaps	
  the	
  most	
  unusual	
  effector	
  mode	
  of	
  action	
  proposed	
  yet	
   is	
  the	
  bacterial	
  

cysteine	
   protease	
   HopN1	
   from	
   Pto	
   DC3000	
   which	
   targets	
   tomato	
   PsbQ,	
   a	
  

member	
   of	
   the	
   oxygen	
   evolving	
   complex	
   of	
   photosystem	
   II	
   (PSII),	
   effectively	
  



	
   54	
  

restricting	
  callose	
  deposition	
  and	
  ROS	
  burst	
  but	
  also	
  inhibiting	
  effector-­‐triggered	
  

immunity	
   (discussed	
   later,	
   herein)	
   (Rodriguez-­‐Herva	
   et	
   al.,	
   2012).	
   In	
   fact,	
   this	
  

underlines	
   the	
   difficulty	
   in	
   separating	
   PTI-­‐abrogation	
   from	
   ETI-­‐abrogation	
  

mediated	
   by	
   effectors	
   as	
   they	
   often	
   appear	
   to	
   share	
   pathways,	
   signaling	
  

mechanisms	
  and,	
  indeed,	
  purposes.	
  

	
  

1.4.4.5 Modulation	
  of	
  effector-­‐triggered	
  immunity	
  and	
  susceptibility	
  

Effector	
  triggered	
  immunity,	
  ETI	
  (discussed	
  in	
  detail	
   later,	
  herein)	
  often	
  results	
  

in	
  a	
  sacrificial	
  programmed	
  cell	
  death	
  of	
  infected	
  cells	
  (a	
  macroscopic	
  phenotype	
  

termed	
   hypersensitive	
   response,	
   HR,	
   develops	
   when	
   a	
   large	
   dose	
   of	
   bacterial	
  

cells	
   are	
   delivered)	
   upon	
   detection	
   of	
   pathogen	
   effectors	
   in	
   planta,	
   thereby	
  

restricting	
   pathogen	
   growth	
   to	
   a	
   limited	
   area	
   (Bent	
   and	
  Mackey,	
   2007).	
   If	
   the	
  

pathogen	
  is	
  present	
  in	
  small	
  quantities	
  (as	
  is	
  common	
  in	
  natural	
  infections),	
  this	
  

programmed	
   cell	
   death	
   is	
   microscopic	
   and	
   limited	
   to	
   a	
   few	
   leaf	
   cells	
   and	
   the	
  

majority	
   of	
   the	
   plant’s	
   leaves	
   remain	
   healthy.	
   Therefore,	
   biotrophic	
   pathogens	
  

would	
  best	
  be	
  served	
  by	
  effectors	
  that	
  actively	
  restrict	
  HR	
  while	
  hemi-­‐biotrophic	
  

pathogens	
  would	
  benefit	
   from	
  a	
   similar	
  process	
   at	
   least	
   early	
  during	
   infection.	
  

Necrotrophic	
   pathogens,	
   however,	
   would	
   not	
   be	
   affected	
   as	
   cell	
   death	
   is	
   a	
  

requirement	
   for	
   their	
   success	
   and,	
   as	
   in	
   the	
   case	
   of	
   ToxA	
   action	
   in	
   wheat,	
  

pathogens	
  may	
  be	
  best	
  served	
  by	
  promoting	
  innate	
  plant	
  HR-­‐type	
  defence	
  (Coll	
  

et	
  al.,	
  2011;	
  Faris	
  et	
  al.,	
  2010).	
  

	
  

Pathogen	
  effectors	
  can	
  target	
  plant	
  proteins	
  required	
  during	
  ETI	
  signaling.	
  While	
  

P.	
  syringae	
   effectors	
  AvrB	
  and	
  AvrRpm1	
  can	
   facilitate	
  hyperphosphorylation	
  of	
  

RIN4	
   to	
   suppress	
  basal	
  defence,	
   this	
   triggers	
  RPM1-­‐mediated	
  ETI	
   (Dangl	
  et	
   al.,	
  

1992;	
  Innes	
  et	
  al.,	
  1993).	
  AvrRpt2,	
  a	
  cysteine	
  protease	
  cleaves	
  RIN4,	
  allowing	
  P.	
  

syringae	
   strains	
   carrying	
   avrRpt2	
   to	
   escape	
   RPM1-­‐mediated	
   ETI	
   (Kim	
   et	
   al.,	
  

2005).	
   Certain	
   plant	
   lines	
   carry	
   RPS2	
   to	
   detect	
   the	
   AvrRpt2	
   effect	
   on	
   RIN4,	
  

restoring	
   ETI,	
   but	
   the	
   effect	
   of	
   RPM1-­‐mediated	
   resistance	
   is	
   lost	
   and	
   is	
   a	
  

mechanism	
   of	
   virulence	
   contribution	
   by	
   AvrRpt2	
   in	
   non-­‐RPS2	
   plants.	
  

Interestingly,	
  HopF2	
  from	
  certain	
  P.	
  syringae	
  strains	
  appears	
  to	
  partially	
  repress	
  

the	
   cleavage	
   of	
   RIN4	
   by	
   AvrRpt2	
   allowing	
   escape	
   from	
   RPS2-­‐mediated	
  

surveillance	
   (Wilton	
   et	
   al.,	
   2010).	
   While	
   as	
   yet	
   there	
   are	
   no	
   identified	
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Arabidopsis	
  R	
  genes	
  that	
  recognize	
  HopF2,	
  tobacco	
  appears	
  to	
  carry	
  such	
  a	
  gene	
  

that	
  makes	
  P.	
   syringae	
   strains	
   carrying	
  HopF2	
   avirulent	
   (Robert-­‐Seilaniantz	
   et	
  

al.,	
   2006).	
   This	
  model	
   clearly	
   suggests	
   a	
   struggle	
   between	
   plant	
   and	
   pathogen	
  

that	
   has	
   been	
   driven	
   by	
   the	
   pathogen	
   successfully	
   evading	
   ETI	
   using	
   effectors	
  

targeting	
  components	
  of	
  ETI	
  in	
  planta.	
  

	
  

P.	
  syringae	
  pv.	
  syringae	
  61	
  effector	
  HopA1	
  and	
  P.	
  syringae	
  pv.	
  pisi	
  895A	
  effector	
  

AvrRps4	
  are	
  believed	
  to	
  target	
  a	
  conserved	
  ETI-­‐signaling	
  component	
  EDS1	
  if	
  the	
  

plants	
   lack	
  the	
  putative	
  EDS1-­‐guarding	
  R	
  proteins	
  RPS6	
  and	
  RPS4,	
  respectively	
  

(Bhattacharjee	
  et	
  al.,	
  2011).	
  HopA1	
  triggers	
  HR	
   in	
  Arabidopsis	
  due	
  to	
   the	
  RPS6	
  

gene	
   (S.	
   H.	
   Kim	
   et	
   al.,	
   2009)	
   but	
   using	
   this	
   as	
   a	
   tool,	
   several	
   ETI-­‐suppressing	
  

effectors	
  have	
  been	
   found	
  within	
   the	
   commonly	
  used	
  Pto	
  DC3000	
   strain	
   alone	
  

that	
  were	
  also	
  able	
  to	
  suppress	
  RPM1-­‐mediated	
  ETI	
  (Guo	
  et	
  al.,	
  2009).	
  A	
  novel,	
  as	
  

yet	
  uncharacterized,	
  effector	
  HopS2	
  was	
  found	
  in	
  this	
  study	
  to	
  strongly	
  suppress	
  

ETI	
  and,	
   interestingly,	
  PTI	
  suppressors	
  AvrPtoB,	
  HopAO1	
  and	
  HopF2	
  were	
  also	
  

identified	
  as	
  ETI	
  suppressors.	
  

	
  

HopD1,	
   from	
   P.	
   syringae	
   pv.	
   phaseolicola	
   1302A,	
   can	
   interact	
   with	
   defence-­‐

promoting	
  transcription	
  factor	
  NTL9	
  at	
  the	
  endoplasmic	
  reticulum	
  and	
  suppress	
  

ETI-­‐specific	
   immunity	
   (Block	
   et	
   al.,	
   2014).	
   Interestingly,	
  while	
   direct	
   effects	
   of	
  

transcription	
   factor	
   like	
   (TAL)	
   effectors	
   from	
   Xanthomonas	
   spp.	
   and	
   Pantoea	
  

agglomerans	
   is	
   unknown,	
   these	
   appear	
   to	
   target	
   host	
   systems	
   to	
   increase	
  

susceptibility.	
  An	
  example	
  of	
  this	
  includes	
  X.	
  oryzae	
  pv.	
  oryzae	
  TALs	
  PthXo6	
  and	
  

PthXo1	
  that	
  induce	
  rice	
  genes	
  TFX1	
  and	
  8N3	
  that	
  have	
  been	
  linked	
  to	
  decreased	
  

or	
   increased	
   pathogen	
   virulence	
   when	
   overexpressed	
   or	
   knocked	
   down,	
  

respectively	
  (Sugio	
  et	
  al.,	
  2007;	
  Yang	
  et	
  al.,	
  2006).	
  

	
  

The	
  selection	
  between	
  necrotrophic	
  versus	
  biotrophic	
  defence	
  is	
  best	
  typified	
  by	
  

the	
   study	
   of	
   RxLR	
   effectors	
   from	
   biotrophic	
   H.	
   arabidopsidis,	
   hemi-­‐biotrophic	
  

Phytophthora	
   spp.	
   and	
   necrotrophic	
   Pythium	
   ultimum.	
   H.	
   arabidopsidis	
   and	
   P.	
  

sojae	
  RxLR	
  effectors	
  (such	
  as	
  Avr1b	
  from	
  P.	
  sojae)	
  carry	
  a	
  conserved	
  WY	
  domain	
  

that	
   acts	
   to	
   suppress	
   cell	
   death	
   by	
   ETI	
   while	
   cell	
   death	
   preferring	
   P.	
   ultimum	
  

RxLR	
  effectors	
   lack	
   this	
  WY	
  domain	
   (Bozkurt	
   et	
   al.,	
   2012).	
  P.	
   infestans	
   effector	
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Avr3a	
   stabilizes	
   host	
   E3	
   ubiquitin	
   ligase	
   CMPG1	
   that	
   has	
   been	
   linked	
   to	
   HR	
  

related	
   activity	
   and	
   appears	
   to	
   be	
   otherwise	
   degraded	
   by	
   the	
   26S	
   proteasome	
  

(Bos	
   et	
   al.,	
   2010).	
   Interestingly,	
   bacterial	
   effectors	
   HopZ4	
   from	
  P.	
   syringae	
   pv.	
  

lachrymans	
   and	
   XopJ	
   from	
   X.	
   campestris	
   pv.	
   vesicatoria	
   has	
   been	
   shown	
   to	
  

interact	
  with	
  proteasomal	
  subunit	
  RPT6	
  and	
  thus	
  could	
  alleviate	
  SA-­‐dependent	
  

immunity	
  (ETI)	
  in	
  a	
  similar	
  manner	
  in	
  their	
  respective	
  hosts	
  (Üstün	
  et	
  al.,	
  2014,	
  

2013).	
  Meanwhile,	
  necrotrophic	
  pathogens	
  have	
  been	
  known	
  to	
  carry	
  NEP-­‐like	
  

proteins	
   (NLPs	
   that	
   include	
  bacterial	
   toxin,	
  ToxA)	
   that	
   facilitate	
  host	
  cell	
  death	
  

such	
   as	
  NLPs	
   from	
  Pectobacterium	
  carotovorum	
   that	
   are	
   critical	
   for	
   aggressive	
  

growth	
  (Ottmann	
  et	
  al.,	
  2009).	
  Much	
  like	
  in	
  the	
  ToxA-­‐Tsn1	
  system,	
  Cochliobolus	
  

victoriae	
   toxin	
  Victorin	
   requires	
  Arabidopsis	
  R	
   gene	
  LOV1	
   that	
   it	
   subverts	
   into	
  

triggering	
   ETI-­‐like	
   cell	
   death	
   allowing	
   for	
   necrotrophic	
   growth	
   (Gilbert	
   and	
  

Wolpert,	
  2013).	
  

	
  

Finally,	
   several	
   studies	
   of	
   P.	
   syringae	
   effectors	
   such	
   as	
   HopM1,	
   AvrPto	
   and	
  

AvrPtoB,	
   as	
   well	
   as	
   X.	
   campestris	
   effector	
   XopN	
   are	
   involved	
   in	
   early	
  

establishment	
  of	
  the	
  disease	
  while	
  in	
  the	
  late	
  stages	
  contributing	
  heavily	
  to	
  host	
  

tissue	
  necrosis	
  (Cohn	
  and	
  Martin,	
  2005;	
  Taylor	
  et	
  al.,	
  2012).	
  This	
  implies	
  that	
  a	
  

single	
   effector	
  may	
   carry	
  myriad	
   roles	
   in	
   the	
   process	
   of	
   disease	
   establishment	
  

and	
  proliferation.	
  

	
  

1.5 	
  Effector-­‐triggered	
  immunity	
  

The	
  fact	
   that	
  pathogens	
  can	
  and	
  do	
  secrete	
  effectors	
  to	
  suppress	
  primary	
  plant	
  

defence	
   using	
   some	
   myriad	
   mechanisms	
   implies	
   that	
   plants	
   had	
   to	
   have	
  

coevolved	
  a	
   secondary	
  defence	
   system	
   to	
   combat	
   such	
  effectiveness,	
   or	
  perish.	
  

This	
  takes	
  the	
  form	
  of	
  a	
  substantial	
  suite	
  of	
  R	
  genes	
  that	
  encode	
  intra-­‐	
  and	
  extra-­‐

cellular	
  proteins	
   to	
  screen	
   for	
   the	
  presence	
  of	
   interfering	
  pathogen	
  effectors	
   in	
  

planta	
  to	
  trigger	
  a	
  powerful,	
  sacrificial	
  form	
  of	
  defence	
  termed	
  effector-­‐triggered	
  

immunity	
  (ETI)	
  (DeYoung	
  and	
  Innes,	
  2006).	
  These	
  R	
  genes	
  come	
  in	
  a	
  variety	
  of	
  

forms	
  and	
  are	
  subdivided	
  into	
  classes	
  based	
  on	
  their	
  structure	
  and	
  mechanism	
  of	
  

function	
   and	
   arguably	
   only	
   differ	
   from	
  PRRs	
   involved	
   in	
   PTI	
   (extracellular)	
   by	
  

their	
  recognition	
  of	
  proteins	
  within	
  the	
  cell	
  itself	
  (Bent	
  and	
  Mackey,	
  2007;	
  Spoel	
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and	
  Dong,	
  2012).	
  The	
  four	
  broad	
  classes	
  of	
  non-­‐PTI	
  R	
  genes	
  thus	
  are:	
  Nucleotide-­‐

binding	
   Leucine-­‐rich	
   repeat	
   (NB-­‐LRRs)	
   representing	
   by	
   far	
   the	
   largest	
   group,	
  

serine/threonine	
   kinases	
   that	
   have	
   been	
   found	
   to	
   act	
   in	
   conjunction	
  with	
   NB-­‐

LRRs,	
   receptor-­‐like	
   proteins	
   (RLPs),	
   and	
   receptor-­‐like	
   kinases	
   (RLKs)	
   both	
  

arginine-­‐aspartate	
  (RD)	
  and	
  non-­‐RD.	
  	
  

	
  

Detection	
   of	
   an	
   effector	
   presence	
   in	
   planta,	
   achieved	
   through	
   either	
   direct	
  

interaction	
  with	
  the	
  effector	
  in	
  some	
  cases	
  or	
  through	
  effector	
  targets	
  or	
  decoys	
  

in	
   others,	
   triggers	
   a	
   cascade	
  of	
  R	
   gene-­‐dependent	
  downstream	
  events	
   that	
   can	
  

culminate	
  in	
  a	
  localized	
  hypersensitive	
  response	
  (HR),	
  eventually	
  leading	
  a	
  long-­‐

term	
  resistance	
  against	
  a	
  broad	
  swathe	
  of	
  pathogens	
   in	
  a	
  phenomenon	
   termed	
  

systemic	
  acquired	
  resistance	
  (SAR)	
  (Jones	
  and	
  Dangl,	
  2006;	
  Ross,	
  1961).	
  The	
  HR	
  

is	
  primarily	
  understood	
  to	
  be	
  a	
  programmed	
  cell	
  death	
  response	
  of	
  infected	
  cells	
  

that	
  rapidly	
  acts	
  to	
  restrict	
  the	
  spread	
  of	
  the	
  pathogen	
  beyond	
  the	
  infection	
  site	
  

and	
   that	
   can	
   be	
   extremely	
   taxing	
   on	
   the	
   plant	
   but	
   beneficial	
   in	
   terms	
   of	
   the	
  

plant’s	
   longevity	
   and	
   success	
   (Burdon	
   and	
   Thrall,	
   2003;	
   Dong	
   et	
   al.,	
   1991;	
  

Johansson	
  et	
  al.,	
  2015).	
  

	
  

1.5.1 NB-­‐LRRs	
  

Nucleotide-­‐binding	
   leucine-­‐rich	
  repeat	
  (NB-­‐LRR)	
  proteins	
  represent	
   the	
   largest	
  

group	
   of	
   plant	
  R	
   genes,	
  with	
   greater	
   than	
   150	
   in	
  A.	
   thaliana	
   identified	
   to	
   date	
  

(Meyers	
  et	
  al.,	
  2003).	
  NB-­‐LRRs	
  typically	
  consist	
  of	
  a	
  variable	
  amino	
  terminus	
  (N-­‐

terminus),	
   a	
   nucleotide-­‐binding	
   site	
   and	
   two	
   ARC	
   subdomains	
   (due	
   to	
  

resemblance	
   to	
   Apoptotic	
   protease	
   activating	
   factor-­‐1,	
   R	
   protein	
   and	
  

Caenorhabiditis	
   elegans	
   death-­‐4	
   protein	
   domains)	
   forming	
   an	
   NB-­‐ARC	
   (NB	
  

domain)	
  in	
  the	
  middle	
  and	
  an	
  LRR	
  domain	
  at	
  the	
  carboxyl	
  terminus	
  (Van	
  Ooijen	
  

et	
   al.,	
   2008).	
   Remarkably,	
   NB-­‐LRR	
   proteins	
   show	
   similarity	
   to	
   NLR	
   proteins	
  

(nucleotide-­‐binding	
   oligomerization	
   domain	
   (NOD)-­‐	
   and	
   LRR-­‐containing	
  

proteins),	
  which	
  serve,	
  perhaps	
  analogously,	
  as	
   intracellular	
   immune	
  receptors	
  

in	
   animals.	
   Work	
   on	
   the	
   well-­‐studied	
   potato	
   NB-­‐LRR	
   protein	
   Rx	
   has	
   led	
   to	
   a	
  

mechanistic	
  model	
   for	
   R	
   protein	
   activation	
   (Moffett	
   et	
   al.,	
   2002;	
   Takken	
   et	
   al.,	
  

2006).	
   In	
   the	
   absence	
   of	
   effectors,	
   intramolecular	
   interactions	
   often	
   occur	
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between	
   the	
   N-­‐terminus,	
   NB	
   and	
   LRR	
   domains	
   of	
   NB-­‐LRRs.	
   Such	
   interaction	
  

restricts	
   nucleotide	
   hydrolysis	
   of	
   the	
   NB	
   domain,	
   effectively	
   inhibiting	
   the	
  

activity	
  of	
  the	
  receptor	
  (Qi	
  and	
  Innes,	
  2013;	
  Takken	
  et	
  al.,	
  2006).	
  Upon	
  detection	
  

of	
   either	
   the	
   effector	
   or	
   effector-­‐activated	
   ligand,	
   intramolecular	
   inhibition	
   is	
  

released,	
   resulting	
   in	
   receptor	
   activation,	
   activating	
   nucleotide	
   turnover	
   and	
  

downstream	
  signaling.	
  Furthermore,	
   it	
   is	
   likely	
   that	
  NB-­‐LRR	
  activation	
   leads	
   to	
  

protein	
   conformational	
   changes,	
   potentially	
   facilitated	
   by	
   the	
   plant	
   chaperone	
  

complex	
  consisting	
  of	
  HEAT	
  SHOCK	
  PROTEIN	
  90	
  (HSP90)	
  and	
  SUPPRESSOR	
  OF	
  

G2	
   ALLELE	
   OF	
   SKP1	
   (SGT1)	
   as	
   well	
   as	
   REQUIRED	
   FOR	
  MLA12	
   RESISTANCE	
  

(RAR1)	
  (Shirasu,	
  2009).	
  

	
  

Building	
   on	
   seminal	
   work	
   by	
   H.	
   H.	
   Flor	
   (Flor,	
   1971)	
   on	
   the	
   flax	
   rust	
   fungal	
  

pathogen	
  Melampsora	
  lini,	
   researchers	
   could	
   isolate	
   the	
   first	
   set	
  of	
   identified	
  R	
  

genes	
   in	
   plants	
   at	
   the	
   flax	
  L	
   locus,	
   a	
   collection	
   of	
   11	
   alleles	
   (L1-­‐11)	
   conferring	
  

resistance	
   to	
   a	
   variety	
   of	
  M.	
   lini	
   effectors	
   (Ellis	
   et	
   al.,	
   1999).	
   These	
   R	
   genes	
  

encode	
   NB-­‐LRR	
   type	
   resistance	
   proteins	
   with	
   a	
   Drosophila	
   Toll-­‐like	
   and	
  

mammalian	
   interleukin1	
   receptor-­‐like	
   domain	
   (TIR)	
   at	
   the	
   N-­‐terminal	
   end	
  

making	
   it	
   a	
   TIR-­‐NB-­‐LRR	
   (TNL)	
   subclass	
   of	
   the	
   NB-­‐LRR	
   family	
   (Radons	
   et	
   al.,	
  

2003).	
   Arabidopsis	
   R	
   genes	
   RPP5	
   and	
   RPP2A/B	
   conferring	
   resistance	
   against	
  

downy	
  mildew	
  pathogen	
  H.	
  arabidopsidis	
  Emoy2	
  and	
  Cala2,	
   respectively,	
  TAO1	
  

involved	
   in	
   Pseudomonas	
   syringae	
   pv.	
   glycinea	
   race	
   4	
   AvrB	
   detection	
   and	
  

signaling,	
  as	
  well	
  as	
  RRS1	
  and	
  RPS4	
  conferring	
  resistance	
  against	
  both	
  P.	
  syringae	
  

pv.	
   pisi	
   151	
   effector	
   AvrRps4	
   and	
   Ralstonia	
   solanacearum	
   GMI1000	
   effector	
  

PopP2	
   are	
   also	
   well	
   studied	
   members	
   of	
   this	
   TNL	
   subclass	
   (Deslandes	
   et	
   al.,	
  

2003;	
  Eitas	
  et	
  al.,	
  2008;	
  Holub	
  et	
  al.,	
  1995;	
  Narusaka	
  et	
  al.,	
  2009;	
  Sinapidou	
  et	
  al.,	
  

2004).	
  

	
  

Research	
   in	
   Arabidopsis	
   working	
   with	
   P.	
   syringae	
   pv.	
   tomato	
   JL1065	
   and	
   P.	
  

syringae	
  pv.	
  maculicola	
  M2	
  identified	
  a	
  pair	
  of	
  NB-­‐LRR	
  resistance	
  proteins:	
  RPS2	
  

recognizing	
   AvrRpt2	
   and	
   RPM1	
   recognizing	
   AvrRpm1,	
   from	
   respective	
  

pathogens	
  (Dangl	
  et	
  al.,	
  1992;	
  Mindrinos	
  et	
  al.,	
  1994;	
  Whalen	
  et	
  al.,	
  1991).	
  RPS2	
  

and	
  RPM1	
  belong	
   to	
  a	
  different	
  subclass	
  of	
  NB-­‐LRRs,	
  with	
  a	
  coiled-­‐coil	
  domain	
  

(CC)	
  at	
  their	
  N-­‐terminal	
  end	
  making	
  them	
  CC-­‐NB-­‐LRRs	
  (CNLs)	
  (Pan	
  et	
  al.,	
  2000).	
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The	
  well-­‐characterized	
  potato	
  Rx	
  protein	
  is	
  another	
  example	
  of	
  a	
  CNL	
  (Moffett	
  et	
  

al.,	
  2002).	
  Included	
  in	
  this	
  R	
  gene	
  subclass	
  are	
  the	
  pepper	
  Bs2	
  gene	
  for	
  resistance	
  

against	
  AvrBs2	
  from	
  Xanthomonas	
  campestris	
  pv.	
  euvesicatoria,	
  tomato	
  Prf	
  gene	
  

conferring	
   resistance	
   against	
   AvrPto	
   and	
  AvrPtoB	
   from	
  P.	
   syringae	
   pv.	
  Tomato	
  

strains,	
   Arabidopsis	
   RPS5	
   conferring	
   resistance	
   to	
   P.	
   syringae	
   pv.	
   phaseolicola	
  

race	
   3	
   AvrPphB,	
   as	
   well	
   as	
   rice	
   paired	
   R	
   genes	
   RGA4	
   and	
   RGA5	
   conferring	
  

resistance	
   to	
   both	
   Magnaporthe	
   oryzae	
   effectors	
   Avr1-­‐CO39	
   and	
   Avr-­‐Pia	
  

(Belkhadir	
   et	
   al.,	
   2004;	
   Cesari	
   et	
   al.,	
   2013;	
   Ronald	
   et	
   al.,	
   1992;	
  Warren	
   et	
   al.,	
  

1998).	
  

	
  

The	
  presence	
  of	
  either	
  an	
  N-­‐terminus	
  CC	
  or	
  TIR	
  domain	
  in	
  the	
  triggered	
  NB-­‐LRR	
  

typically	
   determines	
   whether	
   the	
   resistance	
   response	
   requires	
   either	
   NON-­‐

RACE-­‐SPECIFIC	
   DISEASE	
   RESISTANCE	
   1	
   (NDR1)	
   or	
   the	
   ENHANCED	
   DISEASE	
  

SUSCEPTIBILITY1	
   (EDS1)/	
  PHYTOALEXIN	
  DEFICIENT	
  4	
   (PAD4)/	
  SENESCENCE	
  

ASSOCIATED	
   GENE	
   101	
   (SAG101)	
   complex,	
   respectively,	
   for	
   signaling	
   during	
  

defence	
  activation	
  (see	
  Mechanisms	
  of	
  signaling	
  section).	
  	
  

	
  

1.5.2 Cytoplasmic	
  serine/threonine	
  kinases	
  

Serine/threonine	
   kinases,	
   specifically	
   cytoplasmic	
   kinases	
   and	
   pseudokinases,	
  

represent	
  a	
  small	
  group	
  of	
  important	
  R	
  genes	
  with	
  several	
  currently	
  known	
  and	
  

characterized	
  (including	
  Pto	
  and	
  Fen	
   in	
  tomato,	
  ZED1,	
  PBS1,	
  CRCK3	
  and	
  PBL2	
   in	
  

Arabidopsis,	
  and	
  a	
  novel	
  Rpg5	
  gene	
  in	
  barley)	
  that	
  recognize	
  and	
  participate	
  in	
  

triggering	
   defence	
   against	
   pathogens,	
   particularly	
   Pseudomonas	
   syringae	
  

(Brueggeman	
  et	
  al.,	
  2008;	
  Chang	
  et	
  al.,	
  2002;	
  Lewis	
  et	
  al.,	
  2013;	
  Swiderski	
  and	
  

Innes,	
   2001;	
   G.	
   Wang	
   et	
   al.,	
   2015;	
   Z.	
   Zhang	
   et	
   al.,	
   2017).	
   Cytoplasmic	
  

serine/threonine	
  kinases	
  are	
  not	
  believed	
  to	
  function	
  independently	
  as	
  R	
  genes	
  

per	
  se	
  but	
  through	
  association	
  with	
  NB-­‐LRR	
  proteins	
  that	
  act	
  as	
  a	
  sort	
  of	
  guard,	
  

screening	
  for	
  the	
  presence	
  of	
  an	
  effector	
  without	
  directly	
  interacting	
  with	
  it	
  (see	
  

Guardee/Decoy	
   hypothesis	
   below)	
   (Spoel	
   and	
   Dong,	
   2012).	
   The	
   barley	
   Rpg5	
  

protein,	
   notably,	
   has	
   NB	
   and	
   LRR	
   domains,	
   but	
   also	
   carries	
   a	
   C-­‐terminal	
  

serine/threonine	
  kinase	
  domain	
  reminiscent	
  of	
  an	
  integrated	
  decoy	
  NB-­‐LRR	
  (see	
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Integrated	
   decoy	
   section	
   below)	
   that	
   has	
   the	
   serine/threonine	
   kinase	
   fused	
   to	
  

the	
  NB-­‐LRR	
  gene	
  itself	
  (Brueggeman	
  et	
  al.,	
  2008).	
  

	
  

Pto	
   and	
   Fen	
   were	
   initially	
   identified	
   in	
   wild	
   tomato	
   species	
   (Solanum	
  

pimpinellifolium)	
  with	
   the	
   former	
  conferring	
  resistance	
   to	
  strains	
  of	
  P.	
  syringae	
  

pv.	
   tomato,	
   the	
   causal	
   agent	
   of	
   bacterial	
   speck	
   disease,	
   and	
   subsequently	
   bred	
  

into	
   commercial	
   tomato	
   cultivars	
   (Pitblado	
   and	
   MacNeill,	
   1983).	
   Later	
   work	
  

discovered	
   that	
   this	
   resistance	
   was	
   specific	
   to	
   avrPto-­‐	
   and	
   avrPtoB-­‐carrying	
  

strains	
   (Kim	
   et	
   al.,	
   2002;	
   Ronald	
   et	
   al.,	
   1992)	
   and	
   genetic	
   studies	
   into	
   the	
  Pto	
  

locus	
   identified	
   a	
   multi-­‐gene	
   cluster	
   of	
   serine/threonine	
   kinase	
   homologs	
  

(including	
   Fen)	
   that	
   resulted	
   in	
   this	
   resistance,	
   dependent	
   on	
   the	
   NB-­‐LRR	
   Prf	
  

from	
   the	
   same	
   genetic	
   locus	
   (Chang	
   et	
   al.,	
   2002;	
   Martin	
   et	
   al.,	
   1993).	
  

Interestingly,	
   while	
   cultivated	
   and	
   wild	
   tomatoes	
   carried	
   PtoA/B/C/D/F,	
   wild	
  

tomato	
   varieties	
   carried	
   ‘pseudogene’	
   versions	
   of	
   cultivated	
   tomato	
   PtoA	
   and	
  

PtoF	
   as	
  well	
   as	
   a	
  novel	
   functional	
   allele	
  Pto	
   (PtoE),	
  which	
   conferred	
   resistance	
  

against	
  effectors	
  AvrPto	
  and	
  AvrPtoB	
  (Chang	
  et	
  al.,	
  2002).	
  Interestingly,	
  AvrPtoB,	
  

while	
   not	
   being	
   evolutionarily	
   related	
   to	
  AvrPto,	
   is	
   still	
   recognized	
  by	
  Pto	
   and	
  

possesses	
  an	
  E3-­‐ligase-­‐like	
  domain	
  that,	
  when	
  removed	
  or	
  deactivated,	
  allowed	
  

for	
   detection	
   by	
   Fen	
   (so-­‐called	
   because	
   plants	
   carrying	
   Fen	
   demonstrate	
   a	
  

sensitivity	
   to	
   the	
   fungicide	
   fenthion).	
   Fen	
   plants,	
   however,	
   did	
   not	
   mount	
  

resistance	
  against	
  AvrPto	
  (Chang	
  et	
  al.,	
  2002;	
  Rosebrock	
  et	
  al.,	
  2007).	
  Both	
  Pto	
  

and	
   Fen	
   required	
   the	
   NB-­‐LRR	
   gene	
   Prf	
   to	
   be	
   able	
   to	
   confer	
   this	
   specificity	
  

(Salmeron	
  et	
  al.,	
  1994).	
  Later	
  studies	
  revealed	
  Pto/Prf	
  and	
  Fen/Prf	
  associate	
  to	
  

form	
  multimeric	
  transphosphorylated	
  (P+1)	
  molecular	
  traps	
  facilitated	
  by	
  Prf	
  for	
  

kinase	
   inhibitor	
   effectors	
   like	
   AvrPto/AvrPtoB	
   (Ntoukakis	
   et	
   al.,	
   2013).	
  

Interestingly,	
  maladapted	
  forms	
  of	
  AvrPtoB	
  such	
  as	
  that	
  from	
  bean	
  pathogen	
  P.	
  

syringae	
  pv.	
  syringae	
  B728a	
  (also	
  called	
  VirPphA)	
  are	
  still	
  able	
  to	
  trigger	
  defence	
  

in	
   tomato	
   lines	
   that	
   lack	
  Pto	
   due	
   to	
   their	
   inability	
   to	
   degrade	
   Fen	
   or	
   its	
   close	
  

homologs	
  (Chien	
  et	
  al.,	
  2013).	
  While	
  Pto	
  and	
  Fen	
  have	
  been	
  demonstrated	
  to	
  be	
  

able	
  to	
  trigger	
  defence,	
  tomato	
  PtoF	
  remains	
  a	
  mystery	
  as	
  previous	
  studies	
  have	
  

shown	
   its	
   ability	
   to	
   facilitate	
   Prf-­‐dependent	
   cell	
   death	
   against	
   AvrPto	
   in	
  

heterologous	
  plant	
  systems	
  but	
  does	
  not	
  appear	
  to	
  confer	
  significant	
  resistance	
  

in	
  cultivated	
  tomato	
  (Chang	
  et	
  al.,	
  2002).	
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AVRPPHB	
   SUSCEPTIBLE1	
   (PBS1),	
   a	
   cytoplasmic	
   serine/threonine	
   kinase	
   from	
  

Arabidopsis,	
  was	
  identified	
  during	
  studies	
  of	
  loss	
  of	
  resistance	
  against	
  P.	
  syringae	
  

pv.	
  phaseolicola	
   race	
  3	
  avirulent	
  effector	
  AvrPphB	
  (Shao	
  et	
  al.,	
  2003;	
  Swiderski	
  

and	
   Innes,	
  2001).	
  AvrPphB	
   is	
   a	
   cysteine	
  protease	
   that	
   cleaves	
  PBS1,	
   leading	
   to	
  

phosphorylation	
   and	
   activation	
   of	
   the	
   NB-­‐LRR,	
   RPS5,	
   triggering	
   defence.	
   The	
  

PBS1-­‐unique	
  sequence	
  that	
  RPS5	
  binds	
  as	
  part	
  of	
  a	
  pre-­‐activation	
  complex	
   is	
  a	
  

SEMPH	
   loop	
   that	
   is	
   located	
   opposite	
   the	
   AvrPphB	
   cleavage	
   site	
   and	
   therefore,	
  

while	
   AvrPphB	
   can	
   cleave	
   the	
   kinase,	
   it	
   simultaneously	
   allows	
   for	
  

conformational	
  change	
  of	
  phosphorylated	
  RPS5	
  at	
   the	
  other	
  end	
  of	
  PBS1	
  (Qi	
  et	
  

al.,	
   2014).	
   AvrPphB	
   has	
   been	
   shown	
   to	
   target	
   and	
   cleave	
   other	
   cytoplasmic	
  

kinases	
  important	
  for	
  PTI	
  including	
  BIK1,	
  and	
  as	
  such	
  PBS1	
  is	
  therefore	
  believed	
  

to	
  serve	
  as	
  a	
  decoy	
  for	
  this	
  activity	
  (J.	
  Zhang	
  et	
  al.,	
  2010).	
  Similar	
  to	
  the	
  AvrPphB-­‐

PBS1-­‐RPS5	
  relationship,	
  Arabidopsis	
  serine/threonine	
  kinases	
  CRCK3	
  and	
  PBL2	
  

act	
  to	
  trigger	
  NB-­‐LRRs	
  SUMM2-­‐	
  and	
  ZAR1-­‐mediated	
  immunities	
  for	
  activities	
  of	
  

their	
   corresponding	
   effectors	
   HopAI1	
   (a	
   phosphothreonine	
   lyase	
   targeting	
  

MPK4)	
  and	
  AvrAC	
  (a	
  uridylyltransferase	
  targeting	
  multiple	
  cytoplasmic	
  kinases),	
  

respectively	
   (G.	
   Wang	
   et	
   al.,	
   2015;	
   Z.	
   Zhang	
   et	
   al.,	
   2017).	
   Recently,	
   Seto	
   and	
  

colleagues	
  found	
  that	
  ZAR1	
  is	
  able	
  to	
  recognize	
  and	
  confer	
  resistance	
  against	
  an	
  

allele	
   of	
   HopF2	
   from	
   P.	
   syrinage	
   pv.	
   aceris	
   M302273PT	
   through	
   its	
   action	
   on	
  

another	
   serine/threonine	
   kinase,	
   ZRK3	
   (Seto	
   et	
   al.,	
   2017).	
   Another	
   notable	
  

example,	
   a	
   nonfunctional	
   serine/threonine	
   kinase	
   (pseudokinase),	
   is	
  

ZED1/ZRK1	
  that	
  triggers	
  ZAR1-­‐mediated	
  immunity	
  against	
  HopZ1a	
  (Lewis	
  et	
  al.,	
  

2013),	
   making	
   ZAR1	
   a	
   guard	
   NB-­‐LRR	
   for	
   multiple	
   cytoplasmic	
   kinases	
   and	
  

pseudokinases	
   via	
   different	
   effector-­‐triggered	
  modifications,	
   reliant	
   on	
   several	
  

serine/threonine	
  kinases.	
  

	
  

1.5.3 Receptor-­‐like	
  proteins	
  

Fungal	
  PRRs	
  such	
  as	
  CEBiP	
  (see	
  PTI	
  section)	
  are	
  classic	
  examples	
  of	
  receptor	
  like	
  

proteins	
   (RLPs)	
   with	
   LRR	
   or	
   Lysine	
   motif	
   (LysM)	
   domains	
   fused	
   to	
   a	
  

transmembrane	
  domain	
  that	
  allows	
  the	
  protein	
  to	
  bind	
  to	
  and	
   interact	
  with	
  an	
  

extracellular	
   target	
   and	
   other	
   host	
   proteins	
   to	
   facilitate	
   signaling.	
   The	
   earliest	
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RLPs	
  were	
  identified	
  in	
  seminal	
  work	
  on	
  tomato,	
  the	
  transmembrane	
  LRR	
  (TM-­‐

LRR)	
  type	
  RLP	
  alleles	
  Cf-­‐4/Cf-­‐9,	
  Cf-­‐2	
  and	
  Cf-­‐5	
  genes	
  that	
  confer	
  resistance	
  against	
  

Cladosporium	
  fulvum	
  effectors,	
  discussed	
  earlier	
  (Thomas	
  et	
  al.,	
  1997).	
  Typical	
  of	
  

extracellular	
   RLPs,	
   they	
   contain	
   LxxLxxLxxLx(N/C/T)x(x)LxxIPxx	
   type	
   motifs	
  

that	
   allow	
   for	
   interaction	
  with	
   their	
   small	
   cysteine-­‐rich	
   effector	
   targets	
   (Jones	
  

and	
   Jones,	
   1997).	
   Interestingly,	
  while	
   these	
  R	
   genes	
   retain	
   a	
   distinct	
   ability	
   to	
  

interact	
   with	
   effector	
   targets	
   directly,	
   they	
   lack	
   a	
   direct	
   signaling	
   component.	
  

Recently,	
  BAK1	
  and	
  SOBIR1	
  were	
   implicated	
   in	
  defence	
   triggered	
  by	
  Avr4	
   and	
  

Avr9,	
  two	
  effectors	
  that	
  require	
  the	
  RLPs	
  Cf-­‐4	
  and	
  Cf-­‐9,	
  respectively	
  (Postma	
  et	
  

al.,	
   2016).	
   However,	
   investigations	
   of	
   other	
   genetic	
   requirements	
   of	
   Cf-­‐4-­‐

mediated	
  immunity	
  for	
  example,	
  identified	
  the	
  CNL	
  NRC1	
  (and	
  other	
  similar	
  NB-­‐

LRR-­‐type	
   family	
  members	
  NRC2	
  or	
  NRC3)	
   that	
   could	
  also	
   interact	
  with	
  a	
  wide	
  

variety	
  of	
  RLP-­‐type	
  proteins	
  upstream	
  including	
  Cf-­‐9,	
  as	
  well	
  as	
  being	
  required	
  

for	
   immunity	
  mediated	
  by	
  Pto/Prf,	
  and	
  the	
  NB-­‐LRRs	
  Rx	
  and	
  Mi	
  (Gabriels	
  et	
  al.,	
  

2007;	
  Wu	
  et	
  al.,	
  2016).	
  

	
  

1.5.4 Receptor-­‐like	
  kinases	
  

Like	
  RLPs,	
  receptor-­‐like	
  kinases	
  (RLKs)	
  also	
  contain	
  LRR	
  or	
  LysM	
  type	
  domains	
  

as	
  a	
  transmembrane	
  domain	
  to	
  facilitate	
  membrane	
  localization,	
  but	
  additionally	
  

have	
   a	
   signaling	
   component	
   as	
   well	
   in	
   the	
   form	
   of	
   a	
   kinase	
   –	
   typically	
   a	
  

serine/threonine	
   kinase	
   (Afzal	
   et	
   al.,	
   2008).	
   While	
   RLKs	
   with	
   a	
   conserved	
  

arginine	
  (R)	
  and	
  a	
  highly	
  conserved	
  catalytic	
  aspartate	
  (D)	
  in	
  the	
  activation	
  loop	
  

of	
   sub-­‐domain	
   VI	
   represent	
   a	
   very	
   large	
   group	
   of	
   genes	
   in	
   plants,	
   it	
   has	
   been	
  

noted	
  that	
  a	
  subgroup	
  lacking	
  these	
  two	
  residues	
  (non-­‐RD	
  RLKs)	
  are	
  particularly	
  

associated	
  in	
  a	
  pathogen	
  defence	
  role.	
  

	
  

FLS2,	
  EFR	
  and	
  GBP	
  (see	
  PTI	
  section)	
  are	
  good	
  examples	
  of	
  PTI-­‐associated	
  non-­‐RD	
  

RLKs	
  (Spoel	
  and	
  Dong,	
  2012).	
  This	
  class	
  of	
  R	
  proteins	
  include	
  the	
  first	
  identified	
  

PRR	
   gene	
   from	
   rice,	
   Xa21,	
   that	
   confers	
   resistance	
   against	
   rice	
   bacterial	
   blight	
  

pathogen	
  Xanthomonas	
  oryzae	
  pv.	
  oryzae	
   carrying	
   the	
   tyrosine	
  sulfated	
  protein	
  

RaxX	
  (Pruitt	
  et	
  al.,	
  2015;	
  Song	
  et	
  al.,	
  1995).	
  A	
  second	
  non-­‐RD	
  RLK	
  identified	
  more	
  

recently,	
  Xa3/Xa26,	
  also	
  functions	
  against	
  X.	
  oryzae	
  pv.	
  oryzae,	
  albeit	
  possessing	
  



	
   63	
  

a	
  different	
  avirulent	
  effector	
  (Li	
  et	
  al.,	
  2012).	
  While	
  structurally	
  similar	
  to	
  FLS2,	
  

one	
  of	
   the	
   few	
  known	
   interactors	
  and	
  a	
  putative	
  signaling	
  component	
  of	
  Xa21-­‐	
  

and	
  Xa3-­‐mediated	
  resistance,	
  is	
  rice	
  kinase	
  SERK2	
  but	
  the	
  overall	
  mode	
  of	
  action	
  

for	
  the	
  two	
  RLKs	
  remains	
  largely	
  elusive	
  and	
  under	
  study	
  (Chen	
  et	
  al.,	
  2014).	
  	
  

	
  

1.5.5 Mechanism	
  of	
  signaling	
  during	
  ETI	
  

While	
   NB-­‐LRRs	
   are	
   critical	
   mediators	
   of	
   defence,	
   they	
   are	
   not	
   the	
   sole	
  

components	
   of	
   the	
   defence	
   response	
   during	
   ETI.	
   Signaling	
   cascades	
   that	
   stem	
  

from	
   R	
   gene	
   triggers	
   being	
   activated	
   are	
   critical	
   to	
   the	
   development	
   and	
  

maintenance	
  of	
   conditions	
   that	
   constitute	
  a	
  defence	
   response	
   including	
   the	
  HR	
  

and	
   eventually	
   SAR	
   (Dodds	
   and	
  Rathjen,	
   2010).	
  One	
   of	
   the	
   largest	
   gaps	
   in	
   our	
  

knowledge	
  of	
  ETI	
  signaling	
  lies	
  in	
  processes	
  immediately	
  following	
  triggering	
  of	
  

the	
  NB-­‐LRR	
  protein.	
  However,	
  as	
  mentioned	
  earlier,	
  based	
  on	
  the	
  subclass	
  of	
  NB-­‐

LRR	
   triggered,	
   several	
   different	
   key	
   ETI	
   signaling	
   components	
   have	
   been	
  

identified	
  (Aarts	
  et	
  al.,	
  1998).	
  

	
  

Most	
  genes	
  identified	
  through	
  ETI	
  suppressor	
  screens	
  are	
  either	
  genes	
  specific	
  to	
  

the	
  R	
  gene	
  signaling	
  pathway	
  itself	
  or	
  members	
  of	
  the	
  chaperone	
  complex	
  (SGT1-­‐

HSP90	
   complex)	
   required	
  by	
  many	
  NB-­‐LRRs.	
  One	
  of	
   the	
   first	
   identified	
   shared	
  

component	
  was	
  ENHANCED	
  DISEASE	
  SUSCEPTIBILITY	
  1	
  (EDS1)	
  that	
  is	
  required	
  

for	
  signaling	
  for	
  most	
  known	
  TIR-­‐NB-­‐LRRs	
  (TNLs),	
  first	
  identified	
  for	
  RPP	
  genes	
  

conferring	
   resistance	
   to	
   H.	
   arabidopsidis	
   (Parker	
   et	
   al.,	
   1996).	
   Despite	
   the	
  

indication	
   that	
   the	
   TIR	
   domain	
   of	
   TNLs	
   are	
   involved,	
   the	
   direct	
   connection	
   to	
  

EDS1	
   remains	
   elusive	
   (Buscaill	
   and	
   Rivas,	
   2014).	
   Interestingly,	
  EDS1	
   homolog,	
  

PHYTOALEXIN	
  DEFICIENT	
   4	
   (PAD4)	
   is	
   involved	
   in	
   phytoalexin	
   production	
   and	
  

PATHOGENESIS	
   RELATED	
   (PR)	
   gene	
   expression,	
   markers	
   of	
   ETI	
   (Feys	
   et	
   al.,	
  

2001;	
   Jirage	
   et	
   al.,	
   1999).	
   EDS1	
   directly	
   binds	
   either	
   PAD4	
   or	
   SENESCENCE	
  

ASSOCIATED	
  GENE	
  101	
  (SAG101)	
  in	
  a	
  complex	
  in	
  planta,	
  the	
  former	
  of	
  which	
  is	
  

required	
   for	
   salicylic	
   acid	
   and	
   TNL-­‐dependent	
   defence	
   signaling	
   (Feys	
   et	
   al.,	
  

2005;	
  Rietz	
   et	
   al.,	
   2011).	
  Not	
  unlike	
  EDS1	
  and	
  TNLs,	
  plasma	
  membrane-­‐bound	
  

NON-­‐RACE-­‐SPECIFIC	
  DISEASE	
  RESISTANCE	
  1	
   (NDR1)	
   is	
   required	
   for	
   signaling	
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from	
   some	
   CC-­‐NB-­‐LRRs	
   (CNLs)	
   all	
   of	
   which	
   are	
   similarly	
   membrane-­‐bound	
  

(Aarts	
  et	
  al.,	
  1998;	
  Day	
  et	
  al.,	
  2006).	
  	
  

	
  

While	
  the	
  exact	
  mechanism	
  of	
  activation	
  from	
  NB-­‐LRR	
  to	
  EDS1/NDR1	
  to	
  defence	
  

responses	
   including	
   ROS	
   bursts	
   and	
   PR	
   gene	
   expression	
   is	
   unclear,	
   what	
   is	
  

known	
  is	
  that	
  kinase	
  signaling	
  cascades	
  are	
  inherently	
  tied	
  to	
  ETI.	
  Of	
  particular	
  

interest	
   are	
   the	
   MAPK	
   pathways	
   (see	
   PTI	
   signaling	
   section,	
   above)	
   that	
   are	
  

involved	
  in	
  eukaryotic	
  signal	
  transduction	
  cascades	
  (Dodds	
  and	
  Rathjen,	
  2010).	
  

Critically,	
   both	
   PTI	
   and	
   ETI	
   involve	
  MAPK	
   cascades,	
   albeit	
   to	
   different	
   extents	
  

(Pitzschke	
  et	
  al.,	
  2009).	
  As	
  mentioned	
  earlier,	
  CALCIUM-­‐DEPENDENT	
  PROTEIN	
  

KINASE	
   (CPK)	
   pathways	
   involved	
   in	
   PTI	
   have	
   also	
   been	
   implicated	
   in	
   ETI	
  

downstream	
  signaling	
  (Boudsocq	
  et	
  al.,	
  2010).	
  

	
  

1.5.5.1 Direct	
  Avr-­‐R	
  interaction	
  

With	
  very	
  limited	
  exceptions,	
  most	
  R	
  proteins	
  interact	
  only	
  indirectly	
  with	
  their	
  

Avr	
  targets	
  (Figure	
  1.10)	
  (Spoel	
  and	
  Dong,	
  2012).	
  Perhaps	
  the	
  best-­‐characterized	
  

direct	
   interaction	
   is	
   the	
  rice	
  blast	
  disease	
  Magnapothe	
  oryzae	
  effector	
  AVR-­‐Pita	
  

interaction	
  with	
  rice	
  R	
  protein	
  Pi-­‐ta	
  (Jia	
  et	
  al.,	
  2000).	
  Pi-­‐ta	
  is	
  an	
  NB-­‐LRR	
  protein	
  

with	
   a	
   novel	
   leucine-­‐rich	
   domain	
   (LRD)	
   at	
   the	
   C-­‐terminus	
   that	
   binds	
   the	
  

metalloprotease	
   AVR-­‐Pita	
   via	
   this	
   domain.	
   The	
   flax	
   rust	
   M.	
   lini	
   effector	
  

AvrL5/6/7	
  and	
  the	
  products	
  of	
  their	
  cognate	
  R	
  genes	
  in	
  flax,	
  L5,	
  L6	
  and	
  L7	
  also	
  

bind	
   each	
   other	
   through	
   R	
   protein	
   polymorphic	
   LRR	
   domains	
   (Dodds	
   et	
   al.,	
  

2006).	
  The	
  sole	
  bacterial	
  avirulent	
  effector	
  to	
  have	
  known	
  direct	
  interaction	
  with	
  

its	
   R	
   protein	
   is	
   PopP2	
   from	
   Ralstonia	
   solanacearum,	
   which	
   interacts	
   with	
   its	
  

corresponding	
  NB-­‐LRR	
  protein	
  RRS1-­‐R	
  in	
  Arabidopsis,	
  albeit	
  through	
  the	
  WRKY	
  

domain	
  that	
  is	
  proposed	
  to	
  be	
  an	
  integrated	
  decoy	
  (Deslandes	
  et	
  al.,	
  2003).	
  

	
  

1.5.5.2 Guard-­‐guardee/decoy	
  hypothesis	
  

The	
  lack	
  of	
  evidence	
  of	
  direct	
  interactions	
  between	
  R	
  proteins	
  and	
  their	
  avirulent	
  

effectors	
   led	
   to	
   the	
  proposal	
   of	
   the	
   guard	
  hypothesis,	
  whereby	
  NB-­‐LRR	
   type	
  R	
  

proteins	
   monitor	
   for	
   the	
   presence	
   of	
   an	
   effector	
   through	
   the	
   latter’s	
  

interaction/action	
   on	
   a	
   secondary	
   plant	
   protein:	
   the	
   guardee	
   (Figure	
   1.10)	
  




