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ABSTRACT	  
Albugo	   is	  a	  genus	  of	  biotrophic	  plant	  pathogens	  that	  can	  infect	  an	  extensive	  range	  

of	   hosts	   including	   many	   Brassicaceae	   crop	   species.	   Little	   is	   known	   about	   the	  

molecular	  mechanisms	   by	  which	  Albugo	   species	   can	   suppress	   host	   immunity	   and	  

the	  mechanisms	  by	  which	  plants	  can	  resist	  Albugo	  infection.	  

Albugo	   laibachii	   (Al)	   is	   a	   specialized	   pathogen	   of	  Arabidopsis	   thaliana	   (At).	   It	   can	  

colonize	  ~90%	  of	  At	  accessions	  and	  suppress	  effector-‐triggered-‐immunity	   to	  other	  

pathogens.	   It	   is	   postulated	   that	   Al	   secretes	   effector	   proteins.	   Analysis	   of	   the	   A.	  

laibachii	  genome	  by	  Kemen	  et	  al,	  (2011,	  PLoS	  Biology)	  revealed	  a	  potential	  class	  of	  

effectors	   with	   a	   ‘CHXC’	  motif	   in	   their	   N-‐terminus	   that	   can	  mediate	   translocation	  

into	   host	   cells.	   However,	   there	   are	   only	   ~35	   CHXC	   effectors	   in	   A.	   laibachii,	  

suggesting	  that	  they	  might	  not	  represent	  its	  entire	  effector	  complement.	  

I	  took	  a	  traditional	  method	  to	  identify	  Al	  effectors:	  clone	  “avirulence	  (Avr)	  genes”.	  

These	  typically	  encode	  effectors	  that	  are	  recognized	  and	  trigger	  a	  strong	  response	  

by	  the	  immune	  system	  of	  some	  host	  accessions.	  I	  identified	  and	  sequenced	  four	  Al	  

isolates	   from	   field	   samples.	   Using	   differential	   phenotype	   information	   to	   guide	   a	  

genome-‐wide	  analysis,	   and	  my	  expectations	  of	   the	  allelic	   diversity	  of	  Avr	  genes,	   I	  

identified	  two	  novel	  recognized	  effectors.	  These	  effectors,	  short	  secreted	  proteins	  

named	   “SSP16”	   and	   “SSP18”,	   are	   recognized	   by	   the	   Arabidopsis	   accessions	   HR-‐5	  

and	  Ksk-‐1	  respectively.	  	  

I	  used	  classical	  and	  Illumina-‐based	  genetic	  mapping	  to	  identify	  the	  locus	  conferring	  

SSP16	   recognition	   in	  HR-‐5,	  Resistance	   to	  A.	   laibachii	   4	   (RAL4).	   This	   locus	   contains	  

three	  putative	  CC-‐NB-‐LRR	  class	  Resistance	  protein-‐encoding	  genes	  with	  similarity	  to	  

Resistance	  to	  Peronospora	  parasitica	  7	  (RPP7).	  	  

I	  demonstrated	  the	  utility	  of	  combined	  genomics	  approaches	  to	  identify	  recognized	  

effectors	  without	  known	  motifs.	  The	   identification	  of	  the	  first	  Avr-‐Resistance	  gene	  

pair	  will	   pave	   the	  way	   for	   further	   dissection	   of	   the	  molecular	   interactions	   in	   this	  

pathosystem.	  
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MAJOR	  ABBREVIATIONS	  
Ac	   	   Albugo	  candida	  
Al	   	   Albugo	  laibachii	  
Arabidopsis;	  At	  Arabidopsis	  thaliana	  
Avr	   	   Avirulence	  (gene	  or	  protein)	  
BAK1	   	   Bri1-‐associated	  receptor	  kinase	  1	  
BEB	   	   Bayes-‐empirical-‐bayes	  
BIK1	   	   Botrytis-‐induced	  kinase	  1	  	  
BLAST	   	   Basic	  local	  alignment	  search	  tool	  
C-‐terminus	   Carboxyl-‐terminus	  
CC	   	   Coiled-‐coil	  
cDNA	   	   Complementary	  DNA	  
CDPK	   	   Calcium	  dependent	  protein	  kinase	  
CDS	   	   Coding	  sequence	  
CERK1	   	   Chitin	  Elicitor	  Receptor	  Kinase	  1	  	  
DNA	   	   Deoxyribonucleic	  acid	  
EDS1	   	   Enhanced	  disease	  susceptibility	  1	  
ETI	   	   Effector	  triggered	  immunity	  
EFR	   	   Ef-‐Tu	  Receptor	  
FLS2	   	   Flagellin	  sensing	  2	  
gDNA	   	   Genomic	  DNA	  
GUS	   	   β-‐glucuronidase	  
Hpa	   	   Hyaloperonospora	  arabidopsidis	  
LB	   	   Lysogeny	  broth	  
LRR	   	   Leucine	  Rich	  Repeat	  
MAPK	   	   Mitogen	  activated	  protein	  kinase	  
N-‐terminus	   Amino-‐terminus	  
NB	   	   Nucleotide-‐binding	  
NDR1	   	   Nonrace-‐specific	  disease	  resistance	  1	  
PAD4	   	   Phytoalexin	  deficient	  4	  
PAMP	   	   Pathogen	  associated	  molecular	  pattern	  
PCR	   	   Polymerase	  Chain	  Reaction	  
Pi	   	   Phytopthora	  infestans	  
PRR	   	   Pattern	  recognition	  receptor	  
Ps	   	   Pseudomonas	  syringae	  
PTI	   	   PAMP-‐triggered	  immunity	  
R	   	   Resistance	  
RAC	   	   Resistance	  to	  Albugo	  candida	  
RAL	   	   Resistance	  to	  Albugo	  laibachii	  
RLK	   	   Receptor	  like	  kinase	  
RNA	   	   Ribonucleic	  acid	  
RPP	   	   Resistance	  to	  Peronospora	  parasitica	  (Hpa)	  
SAG101	  	   Senescence	  Associated	  Gene	  101	  
SID2	   	   Salicylic	  acid	  biosynthesis	  deficient	  2	  
SM	   	   Sequencing	  marker	  
SSLP	   	   Simple	  sequence	  length	  polymorphism	  
SSP	   	   Short	  secreted	  protein	  
T3	   	   Type	  3	  
T3SS	   	   Type	  3	  secretion	  system	  
TIR	   	   Toll/	  interleukin	  receptor	  
VCF	   	   Variant	  call	  format	  
WRR	   	   White	  rust	  resistance	  
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CHAPTER	  1:	  GENERAL	  INTRODUCTION	  	  
Plants	  convert	  sunlight	  and	  CO2	  into	  the	  primary	  source	  of	  carbohydrate	  for	  life	  on	  

the	   earth.	   They	   encounter	   biotic	   stress,	   through	   parasites	   and	   pests,	   yet	   plant	  

populations	   in	   the	  wild	   are	   rarely	  wiped	   out.	   This	   is	   in	   part	   because	   plants	   have	  

evolved	  a	  surveillance	  system	  capable	  of	  detecting	  pathogens	  and	  mechanisms	  by	  

which	   detection	   can	   activate	   immunity.	   The	   evolution	   of	   these	   host	   resistance	  

mechanisms	   is	   in	   turn	   countered	   by	   the	   evolution	   of	   pathogen	   mechanisms	   to	  

overcome	  them.	  	  

In	  this	  thesis	  I	  will	  discuss	  the	  mechanisms	  by	  which	  the	  biotrophic	  pathogen	  Albugo	  

laibachii	   (Al)	   parasitizes	   and	   is	   detected	   by	   its	   host	  Arabidopsis	   thaliana	   (At).	   To	  

provide	   context	   for	   this	   discussion	   I	   will	   review	   the	   relevant	   literature	   on	   the	  

mechanisms	  of	  plant	  immunity	  and	  microbial	  pathogenesis.	  

1.1	  PATTERN-‐TRIGGERED	  IMMUNITY,	  THE	  FIRST	  LINE	  OF	  DEFENSE	  

Pattern	  Triggered	  Immunity	  (PTI)	  is	  the	  first	  line	  of	  active	  surveillance	  and	  defense	  

against	   pathogenic	   microbes	   of	   plants.	   	   Pathogen-‐associated	   molecular	   patterns	  

(PAMPs)	  are	  considered	  to	  be	  products	  produced	  by	  microbes	  that	  are	  essential	  to	  

their	  competitiveness.	  PAMPs	  are	  recognized	  by	  both	  animal	  and	  plant	  cells.	  Several	  

examples	   of	   plant-‐recognised	   PAMPs	   have	   been	   identified	   in	   plant	   pathogenic	  

microbes.	  From	  bacteria	  an	  epitope	  of	   the	   flagellum,	   flg22,	  and	  an	  epitope	  of	   the	  

elongation	   factor	   tu,	   elf18,	   are	   recognized	   by	   membrane	   bound	   receptors.	  

Collectively,	  the	  receptors	  that	  recognize	  PAMPs	  are	  known	  as	  pattern	  recognition	  

receptors	   (PRRs)	   (Jones	  and	  Dangl,	  2006).	   Flg22	  and	  elf18	  are	  both	   recognized	  by	  

plasma	   membrane-‐bound	   receptor-‐like	   kinases	   with	   extracellular	   leucine	   rich	  

repeat	   domains	   (LRR-‐RLKs):	   Flagellin	   sensing	   2	   (FLS2)	   (Felix	   et	   al.,	   1999;	   Gomez-‐

Gomez	  and	  Boller,	  2000)	  and	  Ef-‐Tu	  receptor	  (EFR)	  (Zipfel	  et	  al.,	  2006),	  respectively.	  

Upon	   ligand	   detection,	   these	   LRR-‐RLKs	   form	   a	   complex	   in	   the	   plasma	  membrane	  

with	  BRI1-‐associated	  receptor	  kinase	  1	  (BAK1)	  to	  initiate	  signalling	  (Sun	  et	  al.,	  2013;	  

Halter	  et	  al.,	  2014).	  On	  the	  other	  hand,	  the	  best-‐known	  eukaryotic	  PAMP,	  chitin,	  is	  

recognized	   through	   the	   chitin	   octamer-‐induced	   homo-‐dimerization	   at	   the	   plasma	  

membrane	   of	   chitin	   elicitor	   receptor	   kinase	   1	   (CERK1)	   proteins	   (Liu	   et	   al.,	   2012).	  
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CERK1	   contains	   an	   extracellular	   LysM	   domain	   that	  mediates	   the	   interaction	   with	  

chitin	   (Liu	   et	   al.,	   2012),	   and	   an	   intracellular	   kinase	   domain.	   Additionally,	   in	  Oryza	  

sativa	   (rice),	   parallel	   systems	   exist:	   OsCERK1	   and	   another	   LysM	   protein,	   chitin-‐

elicitor	   binding	   protein	   (CEBiP),	   recognise	   chitin	   through	   homo-‐	   and	   hetero-‐

dimerisation	  (Hayafune	  et	  al.,	  2014)	  and	  Xanthomonas	  resistance	  21	  (Xa21),	  though	  

its	   ligand	   is	   not	   known,	   encodes	   an	   LRR-‐RLK	   (Song	   et	   al.,	   1995).	   So	   far	   in	   plant	  

systems	   only	  membrane	   bound	   PRRs	   have	   been	   identified,	   in	   contrast	   to	   animal	  

systems,	   where	   both	   membrane	   localised	   and	   intra-‐cellular	   PRRs	   have	   been	  

identified	  (O'Neill,	  Golenbock	  and	  Bowie,	  2013;	  Franchi	  et	  al.,	  2009).	  

So	   far	   the	  mechanism	   of	   activation	   has	   been	  well	   defined	   in	   FLS2	   and	   CERK1.	   In	  

FLS2,	  the	  flg22	  peptide	  interacts	  with	  both	  FLS2	  and	  BAK1	  ectodomains	  (Sun	  et	  al.,	  

2013).	  The	  interaction	  of	  these	  3	  components	  results	  in	  the	  phosphorylation	  of	  both	  

FLS2	   and	   BAK1	   (Schwessinger	   et	   al.,	   2011).	   Botrytis	   Induced	   Kinase	   1	   (BIK1)	   also	  

interacts	  with	  and	  is	  phosphorylated	  following	  the	  recognition	  of	  flg22	  and	  seems	  to	  

be	  important	  for	  PTI	  signal	  transduction	  (Lu	  et	  al.,	  2010),	  and	  was	  indeed	  shown	  to	  

directly	  phosphorylate	  the	  NADPH	  oxidase	  RbohD	  and	  positively	  regulate	  its	  activity	  

to	  produce	  reactive	  oxygen	  species	  (Kadota	  et	  al.,	  2014).	  	  

The	   events	   directly	   downstream	   of	   chitin-‐induced	   CERK1	   homo-‐dimerization	   are	  

less	  clear,	  but	  recognition	  does	  trigger	  the	  phosphorylation	  of	  the	  receptor	  proteins	  

(Liu	  et	  al.,	  2012).	  	  

Downstream	  of	  PAMP	  perception,	  at	   least	   two	  separate	  MAPK	  (mitogen	  activated	  

protein	   kinase)	   cascades	   are	   activated	   which	  mediate	   immune	   responses	   via	   the	  

phosphorylation	  of	  WRKY	  transcription	  factors	  (Eulgem	  and	  Somssich,	  2007).	  PAMP	  

perception	   also	   triggers	   a	   calcium	   (Ca2+)	   burst	   that	   activates	   CDPKs	   (Calcium	  

dependent	   protein	   kinases)	   to	   also	   activate	   defence-‐related	   transcription	   factors	  

(Boudsocq	  et	  al.,	  2010)	  and	  a	  NADPH	  oxidase,	  AtRBOHD	  to	  produce	  reactive	  oxygen	  

species	   (Dubiella	   et	   al.,	   2013).	   The	   activation	   of	   a	   subset	   of	   WRKY	   transcription	  

factors	   (following	   flg22	   addition)	   results	   in	   the	   differential	   transcription	   of	   ~1100	  

genes	   in	  At	   (Asai	   et	   al.	   2002).	   PAMP	   perception	   also	   leads	   to	   callose	   deposition	  

(strengthening	  the	  cell	  wall	  and	  limiting	  availability	  of	  water	  and	  nutrients)	  (Gómez-‐
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Gómez	  et	  al.,	   1999),	   reactive-‐	  oxygen	   species	   (ROS)	   (Nurnberger	  et	   al.,	  2004)	  and	  

nitric	  oxide	  (NO)	  (Asai	  et	  al.,	  2008)	  generation.	  	  

The	   sum	   of	   these	   activities	   generally	   have	   the	   phenotype	   of	   quantitatively	  

restricting	  the	  growth	  of	  either	  biotrophic	  or	  hemibiotrophic	  pathogens	  (Roux	  et	  al.,	  

2011).	  However	   the	   inter-‐family	   transfer	  of	  EFR	   from	  At	   to	  Solanum	   lycopersicum	  

(tomato)	   gave	  a	  high	   level	   immunity	   against	  Ralstonia	   solanacearum	   (Lacombe	  et	  

al.,	   2010).	   For	   further	   information,	  Macho	   and	   Zipfel	   (2014)	   provide	   an	   in	   depth	  

review	  of	  the	  recognition	  and	  signaling	  aspects	  of	  PTI	  in	  plants.	  

1.2	  PATHOGEN	  EVASION	  AND	  SUPPRESSION	  OF	  PTI	  

Once	   they	   have	   breached	   the	   epidermis,	   PTI	   represents	   the	   first	   hurdle	   for	  

pathogens	   to	   overcome.	   Perhaps	   the	   simplest	   way	   to	   overcome	   PTI	   is	   to	   avoid	  

recognition	  altogether.	  McCann	  et	  al	  (2012)	  showed,	  by	  examining	  several	  bacterial	  

genomes,	   that	   PAMP-‐encoding	   genes	   are	   under	   adaptive	   selection.	   Indeed	   it	   has	  

been	   shown	   that	   adaptive	   variation	   in	   flagellin	   has	   led	   to	   an	   allele	   that	   is	   not	  

recognized	  by	  the	  known	  At	  FLS2	  receptor,	  without	  any	  cost	   to	  motility	   (Clarke	  et	  

al.,	  2013).	  

In	   addition,	   plant	   pathogens	   have	   evolved	   many	   mechanisms	   that	   suppress	   PTI.	  

Specialized	   pathogens	   have	   evolved	   “effectors”.	   Effectors	   are	   generally	   proteins	  

that	  suppress	  a	  host’s	  defenses	  or	  reprogram	  its	  biochemistry	  to	  favor	  the	  pathogen	  

(Hogenhout	  et	  al.,	  2009).	  Several	  fungal	  pathogens	  have	  attenuate	  PTI	  activation	  in	  

the	  apoplast.	  Cladosporium	  fulvum,	  Magnaporthe	  oryzae	  and	  others	  have	  evolved	  

secreted	   proteins	   with	   LysM	   domains	   capable	   of	   binding	   chitin	   oligomers	   in	   the	  

apoplast,	   which	   are	   able	   to	   prevent	   the	   chitin	   based	   activation	   of	   PTI	   (Sánchez-‐

Vallet	  et	  al.,	  2013;	  Mentlak	  et	  al.,	  2012).	  	  

Pathogens	  have	   also	   evolved	  ways	   to	   inhibit	   PTI	   inside	  plant	   cells.	  Gram-‐negative	  

bacterial	   pathogens	   produce	   a	   type-‐3	   secretion	   system	   (T3SS)	   allowing	   them	   to	  

secrete	   effector	   proteins	   directly	   to	   the	   plant	   cell	   cytoplasm	   (Galan	   and	   Collmer,	  

1999;	  Alfano	  and	  Collmer,	  2004).	  Oomycetes	  and	  fungi	  produce	  structures	  in	  order	  

to	   create	  high-‐surface	  area	   contacts	  with	   their	  host	   cells	   to	  allow	  effector	  uptake	  

and	   nutrient	   acquisition.	   These	   include	   haustoria	   (rust	   fungi	   and	   oomycetes)	  
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(Kemen	  et	  al.,	  2005;	  Petre	  and	  Kamoun,	  2014)	  and	   invasive	  hyphae	  with	  so-‐called	  

biotrophic	   interfacial	   complex	   (BIC)	   in	   ascomycete	   fungi	   such	   as	   Magnaporthe	  

oryzae	  (Giraldo	  et	  al.,	  2013).	  	  

There	  are	  a	  multitude	  of	  effectors	  that	  interfere	  with	  PTI	  and	  other	  processes;	  I	  will	  

highlight	  a	  few	  examples.	  

AvrPto	  is	  an	  effector	  of	  Pseudomonas	  syringae	  (Ps),	  secreted	  via	  the	  T3SS.	  AvrPto	  is	  

a	   short	   hydrophilic	   protein	   that	   interferes	  with	   FLS2	   association	   to	   disrupt	   PTI	   by	  

preventing	   BIK1	   phosphorylation	   (Xiang	   et	   al.,	   2011).	   It	   also	   associates	   with	   EFR,	  

ostensibly	  for	  the	  same	  reason	  (Zong	  et	  al.,	  2008).	  Ps	  strains	  lacking	  AvrPto	  are	  less	  

virulent	  on	  wild	  type	  At	  (Zong	  et	  al.,	  2008).	  	  

Another	  Ps	  T3-‐secreted	   effector,	   HopAO1,	   can	   directly	   target	   EFR.	   It	   is	   a	   tyrosine	  

phosphatase	   and	   reduces	   the	   level	   of	   phosphorylation	   of	   EFR	   following	   elf18	  

perception,	  thus	  directly	  inhibiting	  the	  activation	  of	  PTI	  (Macho	  et	  al.,	  2014).	  

An	  RXLR	  effector	   (these	  will	  be	  defined	   later),	   secreted	  by	  Phytophthora	   infestans	  

(Pi),	   called	   PexRD2	   can	   also	   inhibit	   PTI.	   It	   works	   by	   interacting	   with	   a	   MAPK	  

(MAPKKKε)	   that	   is	   induced	   by	   Pi	   culture-‐filtrate	   treatment,	   and	   perturbs	   this	  

signaling	   pathway	   to	  make	   plants	  more	   susceptible	   (King	   et	   al.,	   2014).	   Pathogen	  

effectors	   can	   also	   act	   against	   PTI	   by	   targeting	   components	   of	   plant	   signaling	  

pathways	  and	  activating	   those	   that	   inhibit	  defense	   responses.	  For	  example	   the	  Ps	  

T3-‐secreted	  effector	  HopZ1a	  promotes	  the	  degradation	  of	  JAZ	  transcription	  factors	  

by	   acetylating	   them	   (Jiang	   et	   al.,	   2013).	   JAZ	   proteins	   are	   negative	   regulators	   of	  

jasmonate	   (JA)	   induced	   gene-‐expression,	   which	   is	   associated	   with	   defence	   to	  

necrotrophic	   pathogens	   and	   interferes	   with	   defences	   against	   biotroph	   and	  

hemibiotrophic	  pathogens	  (Glazebrook,	  2005).	  The	  Hyaloperonospora	  arabidopsidis	  

(Hpa)	   RXLR-‐like	   effector	   HaRxL44	   interacts	   with	  Mediator	   subunit	   19a	   (MED19a),	  

resulting	   in	   its	   degradation	   in	   a	   proteasome-‐dependent	   manner	   (Caillaud	   et	   al.,	  

2013).	  This	   interference	  with	   the	  mediator	  seems	  to	  shift	   transcription	   in	   favor	  of	  

JA-‐induced	  gene-‐expression.	  
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In	  addition	  to	  secreting	  effector	  proteins	  to	  suppress	  PTI,	  some	  pathogens	  can	  also	  

produce	   mimics	   of	   plant	   signaling	   molecules.	   The	   most	   notable	   example	   is	  

coronatine,	  which	   is	  a	  Ps	  produced	   JA-‐isoleucine	  mimic	   (Geng	  et	  al.,	  2014).	  Other	  

pathogens	   can	   hijack	   various	   hormone-‐signaling	   pathways	   (Robert-‐Seilaniantz,	  

Grant	  and	  Jones,	  2011).	  

1.3	  EFFECTOR	  TRIGGERED	  IMMUNITY	  BY	  RESISTANCE	  PROTEINS	  

To	   counter	   effectors,	   plants	   have	   evolved	   Resistance	   genes	   (R	   genes).	   R	   gene-‐

encoded	  proteins	  recognize	  pathogen	  effectors	  and/or	   their	  activity,	  and	   induce	  a	  

stronger	  defense	   response	  known	  as	  effector	   triggered	   immunity	   (ETI)	   (Jones	  and	  

Dangl,	   2006).	   Genes	   encoding	   recognized	   effectors	   are	   referred	   to	   as	   avirulence	  

genes	  (AVR	  genes),	  a	  term	  dating	  to	  before	  the	  molecular	  identification	  of	  the	  AVR	  

gene	  products	  as	  secreted	  effector	  proteins.	  The	  ETI	  elicited	  by	  avirulence	  protein	  

recognition	   is	   stronger	   than	   PTI	   and	   results	   in	   MAPK	   signaling,	   transcriptional	  

reprogramming,	   release	   of	   salicylic	   acid	   (SA)	   and	   the	   production	   of	   ROS	   and	   NO	  

(Jones	  and	  Dangl,	  2006).	   In	  many	  cases	   this	   leads	   to	  programmed	  cell	  death,	  also	  

known	  as	  the	  hypersensitive	  response	  (HR),	  but	  removing	  this	  component	  doesn’t	  

necessarily	  affect	  the	  capacity	  of	  ETI	  to	  halt	  pathogen	  growth	  (Coll	  et	  al.,	  2011).	  	  

This	   interaction	  between	  R	  genes	  and	  AVR	  genes	  was	   initially	  known	  as	   the	  gene-‐

for-‐gene	   relationship	   (Flor,	   1971),	   because	   it	   was	   possible	   to	   define	   single	  

segregating	   loci	   that	   conferred	   resistance	   and	   avirulence	   in	   plants	   (e.g.	   flax)	   and	  

pathogens	   (e.g.	   flax	   rust),	   respectively.	  Known	  R	   genes	  almost	  always	  encode	  NB-‐

LRR	  (Nucleotide	  binding	  site,	  Leucine-‐rich	  repeat)	  proteins	  (Eitas	  and	  Dangl,	  2010).	  

Arabidopsis	   NB-‐LRRs	   are	   split	   into	   two	   classes	   depending	   on	   their	   N-‐terminal	  

domain:	  the	  CC	  (Coiled-‐coil)	  or	  TIR	  (Toll/	  interleukin	  receptor/Resistance	  protein)	  –

NB-‐LRRs	  (Meyers	  et	  al.,	  2003).	  In	  the	  reference	  At	  accession,	  Col-‐0,	  there	  are	  53	  CC-‐

NB-‐LRRs	  and	  90	  TIR-‐NB-‐LRRs.	  There	  are	  also	  around	  42	  partial	  NB-‐LRRs,	  lacking	  one	  

or	  more	  domains	  (Meyers	  et	  al.,	  2003).	  Some	  NB-‐LRRs	  act	  as	  pairs,	  for	  example	  in	  

the	   well-‐studied	   RPS4/RRS1	   system	   (Williams	   et	   al.,	   2014),	   but	   most	   appear	   to	  

function	   genetically	   independent	   of	   other	   NB-‐LRRs.	   Downstream	   signaling	   of	   NB-‐

LRRs	  has	  been	  challenging	  to	  characterize	  (Eitas	  and	  Dangl,	  2010).	   In	  At,	  some	  CC-‐

NB-‐LRRs	   are	   dependent	   on	   NDR1	   (Non-‐race	   specific	   disease	   resistance-‐1),	   an	  
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integrin	   like	   protein	   involved	   in	   cell	   wall-‐	   plasma	   membrane	   adhesion	   (Knepper,	  

Sovory	  and	  Day,	  2011).	   TIR-‐NB-‐LRR	  based	  defense	  activation	   is	  dependent	  on	   the	  

EDS1	   (Enhanced	   Disease	   Susceptibility	   1),	   PAD4	   (Phytoalexin	   Deficient	   4)	   and	  

SAG101	   (Senescence	  Associated	  Gene	  101)	  which	  are	   structurally	   similar	   to	   lipase	  

proteins.	   These	   proteins	   can	   homo-‐	   and	   heterodimerise	   and	   potentially	   form	   a	  

ternary	  complex	  (Feys	  et	  al.,	  2005).	  They	  may	  also	  interact	  directly	  with	  TIR-‐NB-‐LRRs	  

(Heidrich	  et	  al.,	  2011).	  The	  mutation	  snc1-‐1	  in	  the	  linker	  of	  the	  NB	  and	  LRR	  domains	  

of	   a	   TIR-‐NB-‐LRR	   results	   in	   constitutive	   activation	   of	   defense.	   A	   mutant	   screen	  

searching	   for	   suppressors	   of	   this	   phenotype,	   led	   to	   the	   discovery	   of	   At	   protein	  

MOS7,	   which	   localizes	   to	   the	   nuclear	   envelope,	   and	   is	   required	   for	   NB-‐LRR	  

mediated	   immunity	   and	   the	   accumulation	   of	   other	   defense	   related	   proteins	  

(including	  EDS1)	  in	  the	  nucleus	  (Cheng	  et	  al.,	  2009).	  Interestingly,	  a	  double	  mutant	  

of	  sid2	  (Salicylic	  acid	  biosynthesis	  deficient)	  and	  eds1	  is	  impaired	  in	  signaling	  for	  two	  

of	   the	   CC-‐NB-‐LRRs	   that	   are	   not	   impaired	   by	   ndr1,	   sid2	   or	   eds1	   single	   mutants	  

suggesting	  that	  the	  pathways	  are	  redundant	  in	  this	  case	  (Venugopal	  et	  al.,	  2009).	  

A	   third	   type	   of	   R	   proteins	   has	   been	   defined	   in	   Solanum	   species.	   These	   are	  

structurally	  similar	  to	  the	  LRR-‐RLKs	  that	  are	  generally	  are	  associated	  with	  PTI	  in	  that	  

they	  encode	  a	  transmembrane	  domain	  and	  LRR,	  however	  they	   lack	  protein	  kinase	  

domains	  (Wang	  et	  al.,	  2010).	  Their	  function	  seems	  to	  be	  to	  monitor	  the	  apoplast	  for	  

effectors	  or	  their	  activities.	  Recent	  data	  have	  indicated	  that	  these	  proteins	  associate	  

with	   a	   kinase	   called	   SOBIR1	   in	   order	   to	   initiate	   defense	   signaling	   (Liebrand	  et	   al.,	  

2013).	  

In	   terms	   of	   the	   physical	   recognition	   of	   effectors,	   two	   general	   mechanisms	   have	  

emerged.	   The	   first	   is	   the	   direct	   interaction	   of	   R	   proteins	   with	   their	   cognate	  

avirulence	  proteins.	  	  Examples	  include	  the	  direct	  interaction	  of	  the	  Melampsora	  lini	  

AVR	   protein	   AvrL567	   and	   the	   flax	   TIR-‐NB-‐LRR	   L6	   (Dodds	   et	   al.,	   2006)	   and	   the	  

recognition	  of	   the	  AVR	  protein	  ATR1	  from	  Hpa	  by	  the	  TIR-‐NB-‐LRR	  R	  protein	  RPP1,	  

which	  occurs	  in	  the	  LRR	  domain	  (Krasileva,	  Dahlbeck	  and	  Staskawicz,	  2010).	  Due	  to	  

the	   parallels	  with	   animal	   systems	  where	   TIR-‐NB-‐LRR	   proteins	   function	   as	   PRRs,	   it	  

was	  hypothesized	  that	  effector	  recognition	  would	  occur	  in	  the	  LRR	  ‘sensor’	  domain,	  
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however	  in	  some	  cases	  the	  TIR-‐	  or	  CC-‐	  domain	  of	  NB-‐LRRs	  can	  be	  involved	  in	  direct	  

interaction	  with	  the	  AVR	  ligand	  (Burch-‐Smith	  et	  al.,	  2007;	  Chen	  et	  al.,	  2012).	  

To	   explain	   the	   observation	   of	   indirect	   recognition	   of	   effectors	   by	   R	   proteins,	   a	  

second	  model,	  the	  ‘guard	  model’	  emerged	  (van	  der	  Biezen	  and	  Jones,	  1998).	  In	  this	  

model	  it	  is	  proposed	  that	  R	  proteins	  can	  guard	  important	  cellular	  targets	  to	  detect	  

when	   they	   are	   targeted	   by	   pathogen	   effectors.	   	   It	   is	   best	   exemplified	   by	   RPM1	  

interacting	   protein	   4	   (RIN4)	   (Grant	   et	   al.,	   1995;	   Mackey	   et	   al.,	   2002).	   RIN4	   is	   a	  

protein	   involved	   in	   PTI	   that	   plays	   a	   role	   in	   the	   regulation	   of	   stomatal	   closure	   in	  

response	  to	  PAMPs	  (Liu	  et	  al.,	  2009).	  RIN4	  is	  the	  target	  of	  the	  activities	  of	  at	  least	  4	  

effectors	   and	   guarded	   by	   2	   R	   proteins.	   Two	   Ps	   effectors,	   AvrB	   and	   AvrRpm1	  

promote	  the	  phosphorylation	  of	  RIN4	  via	  an	  endogenous	  kinase	  called	  RIPK1	  (Liu	  et	  

al.,	   2011).	   This	   phosphorylation	   leads	   to	   the	   activation	   of	   the	   R	   protein	   RPM1,	  

(Grant	  et	  al.,	  Mackey	  et	  al.,	  2002).	  A	  further	  Ps	  effector,	  AvrRpt2,	  cleaves	  RIN4	  and	  

triggers	  ETI	  via	  RPS2	  (Kim	  et	  al.,	  2005).	  Both	  RPM1	  and	  RPS2	  function	   in	  an	  NDR1	  

dependent	  manner,	  and	  NDR1	  associates	  with	  RIN4	  (Day,	  Dahlbeck	  and	  Staskawicz,	  

2006).	   In	   addition,	   another	   effector,	   HopF2	   Pto,	   interacts	   with	   RIN4	   to	   enhance	  

susceptibility	   to	  Ps	   but	   doesn’t	   trigger	   an	   immune	   response	   (Wilton	   et	   al.,	   2010).	  

The	  guard	  model	  elegantly	  explains	  how	  a	  plant	  with	  a	  relatively	  small	  repertoire	  of	  

NB-‐LRR	   encoding	   genes	   can	   defend	   itself	   against	   a	   broad	   range	   of	   different	  

pathogens	  (Dangl	  and	  Jones,	  2001).	  	  

A	   further	  conceptual	  development	  of	   this	  model	   is	   the	  decoy	   theory	  proposed	  by	  

van	   der	   Hoorn	   and	   Kamoun	   (2008).	   Probably	   the	  most	   clear	   cut	   example	   of	   the	  

decoy	  model	   is	   the	  Bs3	   R	   gene	   in	   pepper.	  Xanthomonas	   species	   plant	   pathogens	  

have	   evolved	   effectors	   capable	   of	   binding	   to	   host	   DNA	   and	   promoting	   the	  

transcription	  of	  genes	  that	  favor	  their	  life-‐styles	  (Boch	  and	  Bonas,	  2010).	  In	  order	  to	  

recognize	  one	  of	  these	  effectors,	  the	  Bs3	  R	  gene	  is	  effectively	  a	  promoter	  that	  the	  

effector	   (AvrBs3)	  can	  bind,	  coupled	  to	  a	  gene	  encoding	  a	   flavin	  dependent	  mono-‐

oxygenase	  (FMO1),	  that	  when	  transcriptionally	  activated	  triggers	  a	  HR	  (Romer	  et	  al.,	  

2007).	  The	  plant	  therefore	  sets	  a	  trap,	  or	  ‘decoy’,	  for	  the	  pathogen	  to	  target.	  There	  

are	  other	  more	  ambiguous	  cases	  for	  the	  decoy	  model,	  for	  example	  the	  TIR-‐NB-‐LRR	  

encoding	  gene	  RRS1	  that	  encodes	  a	  WRKY	  DNA	  binding	  domain	  at	  its	  C-‐terminus.	  A	  
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Ralstonia	  solanacearum	  T3	  effector	  PopP2	  interacts	  with	  this	  C-‐terminal	  domain	  to	  

trigger	   resistance	   (Deslandes	   et	   al.,	   2003).	   RRS1	   is	   encoded	   in	   the	   genome	   in	   a	  

head-‐to-‐head	  configuration	  with	  RPS4,	  which	  encodes	  another	  TIR-‐NB-‐LRR	  required	  

for	  RRS1	  activation.	   This	   raises	   the	  question	  of	  whether	  RRS1	  acquired	   the	  WRKY	  

motif	  as	  a	  decoy	  against	  interference	  with	  other	  WRKY	  transcription	  factors	  that	  are	  

involved	   in	   defense	   (Eulgem	   and	   Somssich,	   2007)	   (with	   RPS4	   as	   a	   guard	   of	   this	  

decoy).	   Alternatively,	   it	   may	   be	   the	   case	   that	   RPS4/RRS1	   represents	   a	   protein	  

complex	   that	  has	   the	   capability	   to	   recognize,	   signal	   and	  activate	  defense	   through	  

the	  binding	  of	  its	  WRKY	  domain	  to	  DNA	  (Narusaka	  et	  al.,	  2009)	  

The	  recognition	  of	  an	  effector	  causes	  a	  NB-‐LRR	  protein	  to	  switch	  from	  an	  inactive	  to	  

an	   active	   signaling	   state.	   In	   many	   cases	   the	   ATPase	   domain	   of	   the	   NB-‐LRR	   is	  

required	  for	  its	  function	  (Takken	  and	  Goverse,	  2012).	  In	  the	  off	  state,	  the	  protein	  NB	  

domain	   is	   proposed	   to	   be	   bound	   to	   ADP.	   The	   recognition	   of	   an	   effector	   is	   then	  

hypothesized	  to	  bring	  about	  a	  conformational	  change	  resulting	  in	  the	  availability	  of	  

the	  NB	  domain	  and	  the	  exchange	  of	  the	  ADP	  for	  ATP.	  This	  could	  bring	  the	  protein	  

into	  an	   ‘open’	   signaling	   conformation.	  The	  ATP	   is	  hydrolyzed	  and	   the	  R	  protein	   is	  

returned	  to	  the	  ADP	  bound	  state	  (Takken	  and	  Goverse,	  2012).	  The	  oligomerisation	  

of	  multiple	  NB-‐LRRs	  via	  the	  homo-‐dimerisation	  of	  the	  CC	  or	  TIR	  domains	  may	  also	  

be	  important	  for	  the	  activation	  of	  signaling	  (Maekawa	  et	  al.,	  2011;	  Williams	  et	  al.,	  

2014).	  

1.4	  POPULATION	  GENETICS	  OF	  GENE-‐FOR-‐GENE	  INTERACTIONS	  	  

Even	   before	   the	   discovery	   of	   the	   first	   R	   and	   AVR	   genes	   in	   the	   early	   1990s,	  

population	  biologists	  have	  attempted	  to	  build	  models	  of	  their	  population	  dynamics	  

(Leonard,	   1994).	   It	   is	   clear	   that	   the	   evolution	   of	   an	   R	   gene	   that	   is	   capable	   of	  

conferring	   recognition	   and	   complete	   resistance	   to	   a	   pathogen	   strain	   carrying	   a	  

specific	  effector	  will	  bring	  a	  strong	  selective	  pressure	  against	  the	  effector,	  as	  the	  R	  

gene	  proliferates	  within	   the	  plant	  population.	  On	  the	  other	  hand,	  useful	  effectors	  

will	  have	  fitness	  benefits,	  leading	  to	  their	  proliferation	  and	  maintenance	  within	  the	  

pathogen	  population.	  	  
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It	   is	   useful	   to	   define	   the	   various	   terms	   used	   when	   discussing	   genetic	   selection.	  

Adaptive	  or	  positive	  selection,	  though	  a	  possible	  tautology,	  refers	  specifically	  to	  an	  

enrichment	  of	  polymorphisms	  that	  confer	  changes	  that	  encode	  amino-‐acid	  changes	  

(McDonald	   and	   Kreitman,	   1991).	   Purifying	   or	   negative	   selection	   refers	   to	   the	  

opposite,	  when	  a	  higher	  proportion	  of	  accumulated	  polymorphisms	  do	  not	  confer	  

any	  amino	  acid	  changes	  (Terauchi	  and	  Yoshida,	  2010).	  Balancing	  selection	  refers	  to	  

genes	  where	  a	  limited	  number	  of	  diverse	  alleles	  appear	  to	  be	  maintained	  within	  a	  

population.	  Balancing	  selection	   is	  an	   indicator	  of	   the	  action	  of	  negative	   frequency	  

dependent	  selection	  (NFDS),	  whereby	  the	  frequency	  of	  the	  occurrence	  of	  an	  allele	  

will	  determine	  its	  relative	  fitness	  benefit	  or	  cost	  (Brown	  and	  Tellier,	  2011).	  Linkage	  

disequilibrium,	   or	   the	   non-‐random	   distribution	   of	   allele	   frequency	   in	   natural	  

populations,	  is	  also	  a	  signature	  of	  balancing	  selection.	  

There	  are	  two	  models	  proposed	  for	  population	  level	  interactions	  between	  R-‐genes,	  

Avr	   genes	   and	   the	   targets	   of	  Avr	   gene	   products:	   the	   “arms	   race”	  model	   and	   the	  

“trench	   warfare”	   model	   (Stahl	   et	   al.,	   1999,	   Stukenbrock	   and	   McDonald,	   2009;	  

Terauchi	   and	   Yoshida,	   2010).	   The	   arms	   race	  model,	   proposes	   that	   novel	   adaptive	  

mutation	  in	  any	  of	  the	  interactors	  (i.e.	  a	  gain	  of	  recognition	  mutation	  in	  an	  R	  gene)	  

causes	   the	   corresponding	   interactor	   to	   be	   swept	   from	   the	   population	   and	   be	  

replaced	  by	  a	  new	  allele	   that	  can	  evade	  the	  new	  recognition	   (Dawkins	  and	  Krebs,	  

1979;	  Stahl	  et	  al.,	  1999;	  Anderson	  et	  al.,	  2010).	  This	  model	  is	  problematic	  in	  that	  it	  

seems	  to	  assume	  there	  will	  be	  no	  fitness	  cost	  to	  evolve	  a	  certain	  adaptive	  mutation.	  

The	   trench	   warfare	   model	   is	   similar	   except	   it	   takes	   into	   account	   that	   adaptive	  

changes	  to	  gain	  or	  loss	  of	  recognition	  may	  have	  a	  cost	  in	  terms	  of	  fitness.	  This	  leads	  

to	   NFDS	   (Brown	   and	   Tellier,	   2011).	   In	   this	   scenario	   there	   remains	   a	   selective	  

advantage	  for	  those	  individuals	  who	  possess	  the	  AVR	  allele	  so	  long	  as	  they	  do	  not	  

encounter	   their	   cognate	  R-‐gene,	   and	   in	   the	   case	  of	  non-‐functional	  R-‐gene	  alleles,	  

the	  avirulent	  pathogen.	  This	  model	   incorporates	  previously	  made	  predictions	   that	  

there	  will	   be	   cyclical	   oscillation	  of	   allele	   frequency	  within	   the	  population	   and	   the	  

maintenance	   of	   higher	   than	   average	   diversity	   and	   number	   of	   alleles	   within	   the	  

cognate	   loci	   (Frank,	   1992).	   In	   both	   models,	   proteins	   involved	   in	   host-‐parasite	  

interaction	  phenotype	  are	  expected	  to	  show	  signatures	  of	  adaptive	  selection.	  At	  the	  
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DNA	   sequence	   level,	   genes	   undergoing	   some	   form	   of	   selection	   should	   display	  

deviation	   from	   the	   neutral	   theory	   of	   molecular	   evolution	   (Kimura,	   1968).	   Genes	  

undergoing	  NFDS/balancing	  selection	  or	  involved	  in	  population	  bottlenecks	  (eg	  Avr	  

or	  R	   genes)	  will	   have	  high	   genetic	   diversity	   but	   a	   lower	  number	  of	   unique	   alleles	  

than	  projected	  based	  on	  the	  neutral	  theory	  due	  to	  the	  balancing	  effect	  of	  NFDS	  and	  

selection	   against	   alleles	   intermediate	   between	   recognition	   and	   evasion.	   The	  

likelihood	   is	   that	   in	   reality	   a	   mix	   of	   “trench	   warfare”	   and	   “arms	   race”	   occurs,	  

depending	  on	   the	   specific	   fitness	   costs	  and	  circumstances	   such	  as	  population	   size	  

and	  rate	  of	  dispersal	  (Frank,	  1992;	  Holub,	  2001;	  Tellier	  and	  Brown,	  2011).	  	  

Data	  from	  the	  sequencing	  of	  large	  populations	  of	  At	  genomes	  suggest	  that	  there	  is	  

elevated	  diversity	  in	  the	  NB-‐LRR	  complement,	  supporting	  these	  theories	  (Cao	  et	  al.,	  

2011;	  Bakker	  et	  al.,	  2006).	  However,	  the	  difficulty	  of	  resolving	  the	  full	  sequences	  of	  

NB-‐LRRs	   using	   current	   short-‐read	   sequencing	   means	   that	   a	   true	   measure	   of	  

selection	   has	   not	   yet	   been	   reliably	   reported.	   There	   is	   also	   evidence	   from	   the	  

pathogen	  side.	  Hall	  et	  al	  (2009)	  examined	  47	  sequences	  of	  the	  Hpa	  Avr	  gene	  ATR13	  

and	   found	   15	   different	   alleles,	   suggesting	   a	   high	   level	   of	   diversity	   and	   balancing	  

selection.	   In	  a	   study	  of	   genome-‐wide	  polymorphism	   in	  8	   strains	  of	  Colletotrichum	  

graminicola,	   signatures	   of	   adaptive	   and	   balancing	   selection	   were	   found	   in	   the	  

predicted	   effector	   complement,	   including	   the	   5’	   regulatory	   sequences	   of	   these	  

genes	   (Rech	   et	   al.,	   2014).	   There	   is	   evidence	   of	   a	   useful	   effector	   undergoing	   a	  

transfer	  via	  interspecific	  hybridization	  and	  then	  becoming	  fixed	  within	  the	  pathogen	  

population	  (McDonald	  et	  al.,	  2013).	  Recent	  evidence	  suggests	  that	  At	  genes	  under	  

balancing	  selection	  are	  more	  likely	  to	  interact	  with	  pathogen	  effectors	  (Weßling	  et	  

al.,	   2014).	   Stukenbrock	   and	   McDonald	   (2009)	   and	   Terauchi	   and	   Yoshida	   (2010)	  

provide	   many	   examples	   of	   the	   different	   types	   of	   selection	   operating	   on	   genes	  

involved	  in	  host-‐	  pathogen	  interactions.	  

1.6	  OOMYCETES,	  EFFECTORS	  AND	  GENOMICS	  

The	   oomycetes	   (or	   oomycota)	   are	   a	   diverse	   group	   of	   eukaryotic	  microorganisms.	  

They	  have	  colonized	  a	  wide	  variety	  of	  host	  species	  as	  parasites:	  mammals	  (including	  

humans)	  (Botton	  et	  al.,	  2011),	  fish	  (Ke	  et	  al.,	  2009)	  true	  fungi	  (Le	  Floch	  et	  al.,	  2003).	  

~60%	   of	   identified	   oomycete	   species,	   however,	   colonize	   plants	   (Thines	   and	  
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Kamoun,	  2010).	  Many	  poorly	  studied	  oomycetes	  also	  exist	  in	  nature	  as	  saprotrophs,	  

feeding	  from	  dead	  and	  decaying	  matter	  (Thines	  and	  Kamoun,	  2009).	  	  

Oomycetes	  have	  evolved	  from	  algae	  in	  a	  marine	  environment:	  many	  basal	  lineages	  

are	  parasites	  of	  marine	  organisms	  (Thines	  and	  Kamoun,	  2009).	  They	  are	  part	  of	  the	  

supergroup	  Chromalveolata,	  within	  which	  they	  belong	  to	  the	  phylum	  heterokonta,	  

which	  includes	  mostly	  diatoms	  and	  red/brown/golden	  algae	  (Adl	  et	  al.,	  2005).	  The	  

oomycota	  are	  a	  class	  within	  the	  heterokonta,	  containing	  six	  orders:	  the	  lagenidiales	  

which	   includes	   species	   that	   are	   pathogens	   of	   mosquitoes	   and	   dogs	   (Grooters,	  

2003),	   the	   leptomitales,	   the	   peronosporales,	   which	   includes	   some	   of	   the	   major	  

plant	   pathogenic	   genera,	   including	   Phytophthora	   and	   Hyaloperonospora,	   the	  

rhipidiales	   and	   the	   saprolegniales,	   which	   includes	   the	   fish	   pathogenic	   genera	  

Saprolegnia	   (van	   West	   et	   al.,	   2010)	   and	   finally	   the	   albuginales,	   which	   includes	  

Albugo	  spp.,	  the	  white	  rust	  pathogens	  (Thines	  and	  Spring,	  2005).	  

Pathogenesis	   of	   plants	   has	   evolved	   three	   times	   among	   the	   oomycetes;	   in	   the	  

saprolegniales	   Aphanomyces	   euteiches	   is	   a	   legume	   pathogen	   of	   increasing	  

prominence	   (Gaulin	   et	   al.,	   2008),	   in	   the	   peronsporales	   there	   are	   the	  

Peronosporaceae/	  Pythiaceae	  and	  in	  the	  albuginales	  three	  plant	  pathogenic	  genera	  

(including	  Albugo	  spp.)	  (Thines	  and	  Kamoun,	  2009).	  	  

The	   genus	   Phytophthora	   is	   the	   most	   intensively	   studied	   genus	   of	   oomycetes.	  

Phytophthora	  infestans	  (Pi)	  is	  the	  most	  economically	  important	  oomycete	  pathogen	  

(infecting	   numerous	   Solanaceaeous	   plants	   including	   potatoes	   and	   tomatoes)	  

(Kamoun	  et	  al.,	  2014).	  Other	  Phytophthora	  species	  P.	  ramorum	  and	  P.	  sojae	  cause	  

important	   diseases	   of	   many	   woody	   tree	   species	   (Mascheretti	   et	   al.,	   2009)	   and	  

soybean	   (Tyler	   et	   al.,	   2006),	   respectively.	   Phytophthora	   spp.	   are	   hemibiotrophs,	  

killing	   their	   hosts	   during	   the	   later	   stages	   of	   infection.	   Despite	   growing	   on	  

Solanaceae,	   Pi	   has	   become	   a	   model	   pathogen	   for	   effector	   studies	   of	   eukaryotic	  

plant-‐	  pathogenic	  microorganisms.	  	  

13	   CC-‐NB-‐LRR	   encoding	   genes	   have	   been	   identified	   as	   R	   genes	   against	   Pi	   from	  

Solanum	   species	   (Rodewald	  and	  Trognitz,	   2013).	  Corresponding	   to	   these	  R	   genes,	  
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several	  AVR	  genes	  have	   also	  been	   cloned.	   These	   include	  Avr3a	   (Armstrong	  et	   al.,	  

2005),	  AVR2	  (Gilroy	  et	  al.,	  2011),	  Avr-‐blb1	  and	  Avr-‐blb2	  (Oh	  et	  al.,	  2009).	  	  

Arabidopsis	  Downy	  Mildew	  or	  Hpa	  is	  a	  model	  oomycete	  plant	  pathogen	  (Coates	  et	  

al.,	   2010).	  Hpa	   grows	   on	   Arabidopsis	   in	   the	  wild,	   as	   an	   obligate	   biotroph	   (Holub,	  

Beynon	  and	  Crute,	  1994).	  Hpa	  is	  a	  member	  of	  the	  peronosporalean	  lineage,	  like	  Pi.	  

However,	  Hpa	  has	  become	  adapted	  to	   the	   lifestyle	  of	  an	  obligate	  biotroph,	   losing	  

several	   critical	  metabolic	   enzymes	  making	   it	   dependent	   on	   its	   host	   (Baxter	   et	   al.,	  

2010).	  	  

In	   contrast	   to	   Pi,	   R	   genes	   of	   both	   the	   CC-‐	   and	   TIR-‐NB-‐LRR	   classes	   have	   been	  

identified	  in	  At	  against	  Hpa	  (Coates	  et	  al.,	  2010).	  Again,	  multiple	  corresponding	  AVR	  

genes	  have	  been	  identified.	  These	  are	  ATR13	  (Allen	  et	  al.,	  2004),	  ATR1	  (Rehmany	  et	  

al.,	  2005)	  and	  ATR5	  (Bailey	  et	  al.,	  2011).	  The	  key	  to	  the	  discovery	  of	  these	  Avr	  genes	  

was	   the	   development	   of	   a	   protocol	   to	   make	   crosses	   in	   Hpa,	   which	   led	   to	   their	  

genetic	  mapping.	  

Excepting	  ATR5,	   all	   of	   the	  AVR	  genes	   cloned	   from	  either	  Phytophthora	   species	  or	  

Hpa	   contain	   an	   RXLR	   motif	   (Arginine,	   any	   amino	   acid,	   Leucine,	   Arginine)	   in	   the	  

region	   following	   secretion	   signal	   cleavage.	   This	  was	   first	  noted	  by	  Rehmany	  et	   al,	  

(2005),	   following	   the	  discoveries	   of	  ATR13,	  ATR1	   and	  Avr3a.	   	   Bhattacharjee	   et	   al,	  

(2006)	   noticed	   a	   similar	   motif	   in	   the	   effector	   proteins	   of	   the	   malaria	   parasite	  

Plasmodium	   falciparum	   (known	   as	   PEXEL	   effectors).	   They	   showed	   that	   the	   RXLR	  

motif	   could	   translocate	   GFP	   from	   Plasmodium	   into	   human	   erythrocyte	   cells,	   and	  

suggested	  that	  the	  motif	   is	  either	  an	  ancient	  and	  conserved	  effector	  translocation	  

mechanism,	  or	  an	  example	  of	  convergent	  evolution.	  Whisson	  et	  al	   (2007)	  showed	  

that	  by	  mutating	  the	  Avr3a	  RXLR	  motif	   (RXLR	  –EER)	  to	  either	  alanines	  or	  to	  KMIK-‐

DDK,	  the	  protein	  was	  no	  longer	  translocated	  into	  the	  host	  cell,	  nor	  able	  to	  activate	  

resistance	  via	  R3a,	  its	  corresponding	  cytoplasmic	  resistance	  protein.	  Since	  that	  time	  

a	  number	  of	  studies	  have	  tried	  to	  address	  the	  mechanistic	  process	  by	  which	  these	  

effectors	  move	  from	  the	  extra-‐haustorial	  matrix	  to	  the	  cytoplasm	  of	  host	  cells.	  The	  

mechanism	   remains	   unclear.	   Petre	   and	   Kamoun,	   (2014)	   provide	   an	   up	   to	   date	  
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account	  of	   these	   studies.	  Note	   that	   Tian	  et	   al,	   (2011)	   identified	   a	   variant	  RXLR	   (a	  

QXLR	  motif)	  effector	  class	  in	  the	  Pseudoperonospora	  cubensis	  genome.	  

Analyses	  of	  the	  Phytophthora	  genomes	  revealed	  563	  RXLR	  effector	  candidates	  in	  Pi	  

race	  T30-‐4,	  and	  335	  and	  309	  in	  P.	  sojae	  and	  P.	  ramorum,	  respectively	  (Haas	  et	  al.,	  

2009;	  Tyler	  et	  al.,	  2006).	  One	  of	  the	  most	  striking	  features	  of	  the	  Pi	  genome	  is	  the	  

clear	   differential	   between	   the	   core	   genes	   and	   the	   effector	   complement.	   Pi	   core	  

(conserved)	  genes	  are	   located	   in	   stable,	  gene	  dense	   regions.	   In	   contrast	   the	  RXLR	  

effector-‐encoding	   genes	   reside	   in	   gene	   sparse,	   repeat	   rich	   regions	   (Haas	   et	   al.,	  

2009).	   Raffaele	   et	   al	   (2010a)	   reported	   sequence	   data	   for	   several	   further	   species,	  

and	  were	  able	  to	  identify	  genomic	  regions	  under	  differential	  selection	  pressure:	  “a	  

two	   speed	   genome”.	   Regions	   rich	   in	   RXLR	   effectors	   showed	   an	   enhanced	   rate	   of	  

adaptive	   selection.	   Pi	   RXLR	   encoding	   genes	   were	   also	   shown	   to	   be	   undergoing	  

strong	   adaptive	   selection	   in	   their	   C-‐terminal	   “effector	   domain”	   encoding	   region	  

(Win	  et	  al.,	  2007).	  

Analyses	  of	  the	  Hpa	  genome	  revealed	  that	  it	  has	  a	  complement	  of	  at	  least	  134	  RXLR	  

effectors	  (Baxter	  et	  al.,	  2010).	  Functional	  analyses	  of	  64	  of	  these	  effectors	  revealed	  

that	  many	  can	  enhance	  virulence	  of	  Ps	  when	  delivered	  via	   the	  T3SS	   (Fabro	  et	  al.,	  

2011).	  	  

In	  addition	  to	  hundreds	  of	  RXLR	  effectors,	  the	  Pi	  and	  Hpa	  genomes	  revealed	  a	  class	  

of	  putative	  effectors	  called	  “crinklers”	  (CRN)	  due	  to	  several	  members	  causing	  a	  cell	  

death	   response	   in	   N.	   benthamiana	   (Torto	   et	   al.,	   2003).	   CRN	   effectors	   have	   a	  

conserved	  LXLFLAK	  motif	  in	  the	  N-‐terminus	  and	  a	  wide	  array	  of	  different	  C-‐termini	  

(Haas	  et	  al.,	  2009).	  Schornack	  et	  al	   (2010)	   showed	   that	  an	  N-‐	   terminus	  “LXLFLAK”	  

domain	  is	  required	  and	  for	  translocation	  of	  CRNs,	  as	  well	  as	  other	  chimeric	  reporter	  

C-‐termini	  to	  the	  host	  cell.	  

1.7	  ALBUGO	  SPECIES	  

White	   blister	   rust	   is	   a	   disease	   of	   many	   dicotyledonous	   plant	   species,	   caused	   by	  

obligate	   biotrophic	   parasites.	   	   For	   example,	   Albugo	   candida	   (Ac)	   infection	   of	  

Brassica	   juncea	   (Indian	   mustard)	   can	   result	   in	   significant	   crop	   losses	   in	   India	  

(Awasthi	  et	  al.,	  2012),	  Canada	  (Rimmer	  et	  al.,	  2000)	  and	  Australia	  (Kaur	  et	  al.,	  2008).	  
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The	  white	  rusts,	  order	  Albuginales,	  are	  oomycetes	  but	  phylogenetically	  distant	  from	  

the	   Peronosporales	   and	   probably	   represent	   an	   independent	   acquisition	   of	  

biotrophy	   (Thines	  and	  Spring,	  2005;	  Thines	  and	  Kamoun	  2010).	  All	  Albugo	   species	  

infecting	  the	  Brassicaceae	  were	  thought	  to	  be	  races	  of	  Ac,	  but	  molecular	  studies	  of	  

isolates	   from	   various	   hosts	   and	   locations	   led	   to	   the	   description	   of	   specialists,	   for	  

example	  A.	   laibachii	   (Al)	   on	  Arabidopsis	   thaliana	   (Figure	   1.1;	   Thines	   et	   al.,	   2009;	  

Thines	  2014).	  Al	  can	  only	  grow	  on	  At,	  and	  around	  15%	  of	  accessions	  are	  resistant	  to	  

the	   two	   isolates	   characterised	   by	   Kemen	   et	   al	   (2011).	   Figure	   1.1	   shows	   typical	  

susceptibility	  and	  resistant	  phenotypes.	  Specific	  Ac	  races	  can	  grow	  on	  diverse	  plant	  

hosts,	  including	  Brassicaceae,	  Cleomaceae	  and	  Capparaceae	  (Thines,	  2014).	  	  

Albugo	  spp.	  reproduce	  asexually	  via	  zoosporangia,	  which	  release	  flagellated	  motile	  

zoospores	  upon	  incubation	  in	  water.	  On	  the	  surface	  of	  a	  plant	  leaf,	  zoospores	  settle	  

in	  stomata,	  and	  each	  extends	  a	  germ	  tube	  into	  the	  sub-‐stomatal	  chamber	  (Holub	  et	  

al.,	   1995).	   Coenocytic	   hyphae	   then	   grow	   intercellularly	   through	   the	   plant.	   Small	  

globose	  haustoria	   penetrate	   into	  plant	   cells	   (Soylu	   et	   al.,	   2003).	  When	   an	  Albugo	  

infection	   is	   mature,	   zoosporangia	   rupture	   the	   plant	   epidermis	   with	   force	   and	  

enzymatic	  digestion	   (Heller	  and	  Thines,	  2009).	  This	   results	   in	  characteristic	  “white	  

blister”	  pustules.	  Albugo	  also	  has	  a	  sexual	  cycle,	  producing	  tough	  oospores	  that	  can	  

survive	  difficult	  environmental	  conditions	   (Petrie,	  1975).	  During	   systemic	   infection	  

of	   Brassicaceae	   hosts,	   the	   inflorescences	   become	   misshapen,	   forming	   so-‐called	  

‘stagheads’.	   In	   addition	   to	   the	  white	  blister	  phenotype,	   the	  observations	  of	   Ploch	  

and	  Thines,	  (2011)	  suggested	  that	  Albugo	  could	  be	  widespread	  as	  an	  asymptomatic	  

endophyte.	  

Albugo	   infection	   has	   long	   been	   associated	   with	   “green	   islands”	   where	   infected	  

tissue	  appears	  healthy	  and	  senescence	  is	  delayed.	  Infection	  by	  Albugo	  also	  greatly	  

enhances	   susceptibility	   to	   co-‐infections	   with	   downy	   mildews	   (Bains	   and	   Jhooty,	  

1985;	  Crute	  et	  al.,	  1994).	  Cooper	  et	  al	  (2008)	  investigated	  the	  ability	  of	  Al	  and	  Ac	  to	  

suppress	   host	   immunity.	   They	   showed	   that	   Al	   can	   suppress	   the	   “runaway	   cell	  

death”	   of	   Arabidopsis	   lsd1	   mutants	   after	   inoculation	   with	   avirulent	   Hpa.	  

Furthermore,	  when	   pre-‐infected	  with	   virulent	  Al,	   resistant	   Arabidopsis	   accessions	  

were	   no	   longer	   resistant	   to	   avirulent	   Hpa	   isolates,	   lettuce	   downy	   mildew	   or	  
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powdery	  mildew.	  Suppression	  was	  also	  observed	  on	  B.	  juncea	  with	  Ac	  and	  Brassica	  

downy	  mildew	  (Cooper	  et	  al.,	  2008).	  These	  results	  suggest	  that	  Albugo	   is	  effective	  

at	   broad	   suppression	   of	   plant	   immunity,	   including	   effector-‐triggered-‐immunity	  

activated	  via	  several	  well-‐defined	  TIR-‐	  and	  CC-‐NB-‐LRR	  R	  proteins.	  	   	  

The	   first	   step	   to	   understanding	   how	  Albugo	   spp.	   impose	   such	   susceptibility	   is	   to	  

examine	   their	   genomes.	   Links	  et	   al	   (2011)	  and	  Kemen	  et	   al,	   (2011)	   sequenced	  Ac	  

and	  Al	  genomes,	  respectively.	  The	  genomes	  are	  around	  40	  Mb	  and	  compact;	  about	  

50%	  of	  the	  assemblies	  consist	  of	  coding	  sequences.	  Both	  genomes	  show	  adaptions	  

to	   obligate	   biotrophy;	   they	   are	   missing	   sulfite	   oxidases,	   nitrate	   and	   nitrite	  

reductases	   and	   in	   the	   case	   of	  Al	   the	  whole	  molybdopterin	   biosynthesis	   pathway.	  

This	   implies	   a	   long	   evolved	   dependence	   on	   host	   metabolism.	   The	   Ac	   secretome	  

consists	  of	  929	  proteins	  (without	  transmembrane	  domains)	  compared	  to	  672	  in	  Al,	  

perhaps	   reflecting	   its	   wider	   host	   range.	   Within	   the	   secretomes	   there	   is	   no	  

enrichment	   of	   putative	   RXLR	   effectors.	   Kemen	   et	   al,	   (2011)	   discovered	   the	   CHXC	  

(cysteine,	  histidine,	  any	  amino	  acid,	  cysteine)	  motif	  at	  the	  N-‐terminus	  of	  a	  class	  of	  

candidate	  effectors.	  The	  CHXC-‐containing	  N-‐terminus	  is	  sufficient	  to	  translocate	  the	  

C-‐terminus	   of	   Pi	   AVR3a	   into	   host	   cells	   (Kemen	   et	   al.,	   2011).	   Studies	   of	   CHXC	  

effectors	  using	  the	  effector	  detector	  vector	  (EDV)	  system	  developed	  by	  Sohn	  et	  al	  

(2007)	  provided	  further	  evidence	  that	  these	  might	  be	  effector	  proteins,	  suggesting	  

in	  some	  cases	  a	  small	  but	  significant	  increase	  in	  the	  virulence	  of	  Ps	  strains	  delivering	  

them	  via	  the	  T3SS	  (Kemen	  et	  al.,	  2011).	  

Several	  Ac	  races	  can	  infect	  some	  but	  not	  all	  At	  accessions	  and	  from	  crosses	  between	  

resistant	   and	   susceptible	   accessions,	   an	   R	   gene	   against	   four	   Ac	   races,	   WRR4	  

(encoding	  a	  TIR-‐NB-‐LRR	  R	  protein),	  was	   identified	  (Borhan	  et	  al.,	  2008).	  WRR4	  can	  

also	   provide	   resistance	   to	   Ac	   when	   transformed	   into	   susceptible	   cultivars	   of	   B.	  

napus	  and	  B.	  juncea	  (Borhan	  et	  al.,	  2010).	  In	  At,	  RAC1	  (also	  encoding	  a	  TIR-‐NB-‐LRR	  R	  

protein)	  confers	  resistance	  to	  Al	  (Borhan	  et	  al.,	  2004).	  The	  inheritance	  of	  avirulence	  

of	  a	  B.	   juncea	   isolate	  (Ac2V)	  was	  studied	  through	  a	  cross	  between	  two	  A.	  candida	  

isolates;	   this	   work	   predicted	   a	   single	   avirulence	   gene	   for	   the	   incompatibility	  

between	  Ac2V	  and	  B.	  rapa	  (Adhikari	  et	  al.,	  2003).	  
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There	   are	  open	  questions	   about	  Albugo	   from	  both	   fundamental	   and	   translational	  

perspectives.	  Thines	   (2014)	   speculated	   that	   the	  broad	  host	   range	  of	   the	  Ac	  meta-‐

population	  is	  maintained	  through	  frequent	  genetic	  exchange	  where	  the	  host	  range	  

of	   individual	   isolates	   overlap.	   Comparing	   the	   genomes	   of	   multiple	   isolates	   from	  

different	  hosts	  would	  test	  this	  hypothesis	  and	  build	  up	  a	  clear	  picture	  of	  population	  

variation.	  This	  would	  also	  aid	  the	  discovery	  of	  new	  effector	  candidates	  through	  the	  

identification	  of	  secreted	  proteins	  under	  strong	  selective	  pressure.	  More	  extensive	  

phylogenetic	  and	  functional	  analysis	  of	  Albugo	  effectors	  should	  be	  carried	  out,	  for	  

example	  the	  presence	  of	  the	  CHXC	  effectors	  inside	  host	  cells	  needs	  to	  be	  confirmed	  

and	   the	   translocation	   mechanism	   elucidated.	   It	   is	   unclear	   which	   Albugo	   effector	  

proteins	   are	   recognised	   by	   the	   few	   known	  R-‐proteins.	  At	   cannot	   be	   colonised	   by	  

most	   Ac	   isolates.	   The	   molecular	   basis	   for	   this	   resistance	   could	   be	   exploited	   to	  

introduce	  durable	  resistance	  to	  Brassica	  crops.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	   1.1.	   Susceptible	   and	   resistant	   Albugo	   laibachii	   infection	  
phenotypes.	   Al	   isolate	   Nc14	   was	   spray	   inoculated	   onto	   At	   accessions	  
Col-‐0	  (panels	  a	  and	  c)	  and	  HR-‐5	  (panels	  b	  and	  d).	  Leaves	  were	  taken	  and	  
photographed	   at	   15	   dpi	   (panels	   a	   and	   b)	   and	   Trypan	   blue	   stained	   to	  
visualize	  pathogen	  growth	  (panels	  c	  and	  d).	  
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1.8	  AIMS	  OF	  THIS	  STUDY	  

The	  major	  aim	  of	  my	  thesis	  is	  to	  build	  up	  knowledge	  about	  Al.	  So	  far	  little	  is	  known	  

about	  the	  effectors	  or	  R	  proteins	  that	  condition	  susceptibility	  and	  resistance	  in	  the	  

Al-‐At	  patho-‐system.	  This	  work	   leverages	  natural	  diversity	  as	  a	   tool	   to	  reveal	   these	  

components.	  Although	  Kemen	  et	  al,	  (2011)	  discovered	  the	  CHXC	  class	  of	  candidate	  

effectors,	   the	   low	   number	   of	   these,	   and	   the	   weak	   evidence	   of	   their	   virulence	  

activity	   suggests	   that	   they	  might	   not	   be	   the	   only	  Al	  effectors.	   Therefore	   I	   took	   a	  

tried	  and	  tested	  approach	  to	  identify	  key	  effectors;	  find	  pathogen	  Avr	  genes/genes	  

encoding	  recognized	  effectors.	  To	  do	  this	  in	  a	  system	  where	  genetics	  isn’t	  practical,	  

I	   hypothesized	   that	   I	  would	   be	   able	   to	   generate	   candidates	   based	   on	   patterns	   of	  

polymorphism	  both	   in	   terms	  of	  association	  with	  pathogen	  phenotype,	  and	  by	   the	  

signatures	   of	   strong	   adaptive	   and	   balancing	   selection	   that	   these	   genes	   are	  

predicted	  to	  be	  under.	  

The	  scope	  of	  this	  work	  encompasses:	  surveying	  natural	  variation	  in	  Al	  host	  range	  (in	  

chapter	   3),	   genetic	   diversity	   (chapter	   4),	   using	   this	   genetic	   diversity	   to	   identify	  

recognized	  effectors	  (chapters	  4	  and	  5)	  and	  finally	  developing	  our	  understanding	  of	  

host	  resistance	  to	  Al	  (chapter	  6).	  
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CHAPTER	  2A:	  STANDARD	  MATERIALS	  AND	  METHODS	  

2A.1	  MOLECULAR	  METHODS	  

ISOLATION	  OF	  DNA	  FOR	  PCR	  

Isolation	   of	   plant	   and	   Albugo	   DNA	   for	   general	   purposes	   such	   as	   diagnostic	  

sequencing	  and	  cloning	  was	  achieved	  using	  the	  so-‐called	  Shorty	  method.	  Briefly,	  1	  

leaf	  or	  1	  infected	  leaf	  was	  flash	  frozen	  in	  a	  1.5ml	  Eppendorf	  tube	  and	  crushed	  using	  

a	  plastic	  pestle.	  The	  slurry	  was	  resuspended	  in	  0.5	  μl	  of	  Shorty	  buffer	  (20%	  1M	  Tris	  

HCl	   pH	   9,	   20%	   2M	   LiCl,	   5%	   0.5M	   EDTA,	   10%	   SDS,	   45%	   dH2O).	   0.5	   μl	  

Phenol/chloroform	   isoamyl	   alcohol	   was	   added	   and	   mixed	   briefly	   by	   vortex.	   The	  

tube	  was	  spun	  at	  13000	  g	  for	  5	  minutes	  and	  the	  upper	  aqueous	  phase	  pipetted	  into	  

a	  fresh	  1.5	  ml	  Eppendorf.	  Adding	  0.5	  μl	  100%	  isopropanol	  and	  spinning	  at	  13000G	  

for	  10	  minutes	  then	  precipitated	  the	  DNA.	  The	  pellet	  was	  washed	  with	  70%	  ethanol	  

before	  resuspension	  in	  pH	  8	  Tris-‐EDTA	  (TE)	  buffer.	  

RAPID	  ISOLATION	  OF	  ARABIDOPSIS	  DNA	  FOR	  SCREENING	  

A	   rapid	   DNA	   extraction	   technique	  was	   used	   to	   extract	   DNA	   for	  mapping.	   Briefly,	  

0.1cm2	   leaf	   samples	  were	   crushed	  using	   tips	   in	  PCR	   tubes	  with	  a	  10%	  w/v	   chelex	  

100	  solution	  (Bio-‐Rad).	  The	  samples	  were	  then	  boiled	  for	  5	  minutes,	  pelleted,	  and	  2	  

μl	  used	  for	  PCR.	  

ISOLATION	  OF	  ALBUGO	  LAIBACHII	  DNA	  FOR	  NEXT	  GENERATION	  SEQUENCING	  

To	   isolate	   pure	   Al	  DNA,	   a	   homemade	   vacuum	   device	   was	   built	   for	   each	   isolate.	  

These	   devices	   were	   attached	   to	   a	   vacuum	   generating	   pump	   and	   used	   to	   draw	  

conidiospores	  from	  the	  air	  around	  gently	  agitated	  Al	  infected	  At	  plants.	  	  

Conidiospores	   were	   crushed	   in	   liquid	   N2	   and	   resuspended	   by	   inversion	   in	   an	  

extraction	  buffer	  (50mM	  Tris	  pH	  8,	  200	  mM	  NaCl,	  0.2	  mM	  EDTA,	  0.5%	  w/v	  SDS,	  100	  

mg/ml	   Proteinase	   K)	   in	   a	   1:2	   ratio.	   An	   equal	   volume	   of	   phenol:chloroform	   was	  

added	  and	  the	  tube	  was	  mixed	  by	   inversion.	  After	  centrifugation	  the	  top	  aqueous	  

layer	  was	   transferred	   to	  a	   fresh	   tube	  and	  1	  volume	  of	  chloroform:isoamyl	  alcohol	  

(24:1)	  was	  added.	  After	  centrifugation	  the	  top	  aqueous	  layer	  was	  then	  transferred	  

to	  a	   fresh	   tube	  and	  DNA	  precipitated	  using	  sodium	  acetate	  and	   isopropanol.	  DNA	  
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was	   washed	   twice	   in	   70%	   ethanol,	   and	   the	   dried	   pellet	   suspended	   in	   TE	   buffer.	  

RNase	   One	   (Promega)	   was	   used	   at	   this	   point	   to	   remove	   RNA	   from	   the	   sample,	  

according	   to	   the	   manufacturer’s	   instructions	   (~2	   hours	   incubation	   at	   37°C).	  

Following	  RNase	   treatment,	  DNA	  was	  again	  precipitated	  with	   sodium	  acetate	  and	  

isopropanol.	  

POLYMERASE	  CHAIN	  REACTION	  (PCR)	  

PCR	   for	   cloning	   or	   for	   diagnostic	   sequencing	   purposes	   was	   carried	   out	   with	  

proofreading	  Phusion	  taq	  (NEB).	  	  25	  μL	  reactions	  contained:	  1	  X	  Phusion	  HF	  buffer,	  

0.2	  mM	  dNTPs,	  0.002	  U	  Phusion	  polymerase	  (NEB),	  and	  0.5	  μM	  of	  each	  primer.	  PCR	  

cycles	  were	  optimised	  for	  primers	  and	  the	  projected	  length	  of	  amplicons.	  Generally,	  

an	  annealing	  temperature	  of	  58°C	  and	  extension	  of	  30	  sec	  per	  kb	  was	  used.	  PCR	  was	  

performed	  in	  a	  thermal	  cycler	  (Peltier	  Thermal	  Cycler	  225,	  MJ	  Research).	  	  

PCRs	   for	   mapping	   and	   colony	   PCR	   were	   performed	   with	   NEB	   standard	   Taq	  

polymerase	  and	  buffer.	  Colony	  PCR	  was	  performed	  as	  above	  except	   that	   the	  DNA	  

template	  was	   substituted	  with	   bacterial	   cells	   suspended	   in	   50	   μl	  water.	   PCRs	   for	  

mapping	  were	  typically	  carried	  out	  in	  10	  μl	  reaction	  volume.	  

PCR	  of	  amplicons	  for	  USER	  cloning	  were	  performed	  using	  PfuTurbo	  Cx	  Hotstart	  DNA	  

polymerase	  (compatible	  with	  amplification	  of	  Uracils)	  (Stratagene).	  

GEL	  ELECTROPHORESIS	  AND	  GEL	  EXTRACTION	  

To	   estimate	   PCR	   product	   or	   genomic	   DNA	   prep	   size	   and	   quantity,	   gel	  

electrophoresis	   was	   used.	   Typically,	   gels	   of	   1%	   agarose	   were	   made	   in	   1	   %	   TAE	  

buffer	   and	   0.5	   μg/ml	   ethidium	   bromide.	   Gels	   were	   run	   at	   100-‐150V	   and	   were	  

visualized	   using	   UV	   light	   on	   a	   Geldoc.	   Gel	   extractions	   were	   performed	   using	   the	  

Machery-‐Nagel	  PCR	  clean	  up	  kit,	  following	  the	  manufacturer’s	  instructions.	  

DNA	  QUANTIFICATION	  

Rough	  DNA	  quantification	  was	  performed	  with	  a	  Nanodrop	  (Thermo	  scientific).	  To	  

measure	   accurately	   the	   DNA	   concentration	   PicoGreen	   dye	   (Invitrogen)	  was	   used.	  

Briefly,	   Picogreen	   dye	   was	   added	   to	   DNA	   samples	   of	   known	   and	   unknown	  

concentration.	   The	   520	   nm	   fluorescence	   of	   these	   samples	   was	   measured	   after	  
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excitation	  at	  480	  nm,	  using	  a	  Varioskan	  Flash	  plate	  reader	  (Thermo	  Scientific).	  The	  

readings	   for	   samples	   of	   known	   concentration	   were	   used	   to	   produce	   standard	  

curves,	  which	  were	  used	  to	  estimate	  DNA	  concentrations	  of	  the	  unknown	  samples.	  

ISOLATION	  OF	  ALBUGO	  RNA	  

Infected	   leaf	   tissue	   was	   ground	   in	   liquid	   N2	   and	   the	   powder	   transferred	   to	   an	  

Eppendorf	   tube	   (pre-‐cooled	   with	   dry	   ice).	   1	   ml	   Tri	   Reagent	   (Sigma	   Aldrich)	   was	  

added	  and	   the	   solution	   incubated	   for	  10	  minutes	  at	   room	  temperature.	  The	   tube	  

was	   centrifuged	   for	   20	   minutes	   at	   4oC	   at	   12000g.	   The	   supernatant	   was	   then	  

transferred	   to	  a	   fresh	   tube	  and	  1	  volume	  of	   isopropanol	  was	  added.	  After	  a	  brief	  

incubation	  on	   ice	   the	   tube	  was	  centrifuged	   for	  15	  minutes	  at	  4oC	  at	  12000G.	  The	  

pellet	  was	  then	  washed	  with	  70%	  ethanol	  and	  resuspended	  in	  RNAse	  free	  water.	  

RAPID	  AMPLIFICATION	  OF	  CDNA	  ENDS-‐PCR	  

RACE-‐PCR	  was	  carried	  out	  as	  recommended	  by	  the	  manufacturer	  of	  the	  GeneRacer	  

kit	   (Invitrogen).	   Specific	   5’	   and	   3’	   nested	   primers	  were	   designed	   to	   facilitate	   this	  

process	  (primers	  listed	  in	  appendices).	  

GATEWAY	  CLONING	  

Initially	  genes	  were	  cloned	  into	  the	  Gateway	  entry	  vector	  pENTR-‐D-‐TOPO,	  according	  

to	  the	  manufacturer’s	  instructions	  (Invitrogen).	  Sequences	  were	  then	  shuttled	  into	  

Gateway	   compatible	   destination	   vectors	   using	   the	   LR	   clonase	   II	  mix,	   according	   to	  

the	  manufacturer’s	  instructions	  (Invitrogen).	  

GOLDENGATE	  CLONING	  

GoldenGate	  cloning	  is	  a	  system	  that	  allows	  the	  assembly	  of	  DNA	  modules	  based	  on	  

the	  custom	  4bp	  overhangs	  generated	  by	  restriction	  of	  DNA	  by	  type	  II	  endonucleases	  

(BsaI	  and	  BbsI)	  and	  the	  specific	  ligations	  that	  this	  can	  entail	  (Engler	  et	  al.,	  2009).	  On	  

the	   negative	   side,	   in	   order	   to	   use	   GoldenGate	   cloning	   one	   must	   remove	  

endogenous	   BsaI	   and	   BbsI	   sites	   from	   the	   gene	   of	   interest.	   NEBcutter	  

(tools.neb.com/NEBcutter2)	  was	  used	  to	  identify	  such	  sites	  and	  primers	  designed	  to	  

induce	   synonymous	   mutations	   to	   remove	   them.	   This	   is	   a	   process	   known	   as	  

domestication	  (primers	  used	  for	  this	  purpose	  are	  marked	  as	  such	  in	  the	  appenices).	  

GoldenGate	   reactions	   can	   be	   carried	   out	   as	   a	   simultaneous	   digestion-‐ligation	  
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reaction	   (diglig).	   Digligs	  were	   done	   in	   the	   following	   conditions:	   the	   PCR	   products	  

(gel-‐purified)	  and	  destination	  vector	  were	  mixed	  at	  equal	  molar	  amount	  and	  added	  

in	  a	  mix	  of	  0.2	  μl	  BSA,	  1x	  T4	  DNA	  ligase	  buffer,	  1	  μl	  BsaI/BbsI	  and	  1	  μl	  T4	  DNA	  ligase	  

(enzymes	  NEB).	  Digligs	  were	  carried	  out	  in	  a	  thermocycler	  with	  the	  following	  steps:	  

25	  x	  (37	  oC	  for	  30	  s,	  37	  oC	  for	  3	  min,	  16	  oC	  for	  4	  min),	  50oC	  for	  5	  min,	  80	  oC	  for	  5	  min.	  

2-‐3	  μl	  of	  the	  reaction	  was	  used	  directly	  to	  transform	  electro-‐competent	  E.	  coli	  cells.	  

USER	  CLONING	  

USER-‐compatible	   pICH86966	   was	   pre-‐digested	   with	   PacI	   and	   Nt.BbvCI.	   USER	  

overhang	  oligos	  were	  used	  to	  amplify	  products	  for	  USER	  cloning.	  USER	  ligation	  was	  

carried	  out	  by	  mixing	  direct	  PCR	  product	  and	  vector	  in	  a	  1:5	  molar	  ratio	  and	  mixing	  

with	  0.75U	  USER	  mix	  (NEB).	  The	  mix	  was	  incubated	  for	  15	  minutes	  at	  37oC	  followed	  

by	   15	   minutes	   at	   25oC	   and	   5	   μl	   used	   directly	   for	   transformation	   of	   chemically	  

competent	  E.	  coli.	  

QUANTITATIVE	  PCR	  (QPCR)	  

qPCR	  was	   carried	   out	   using	   20	   μl	   reactions	   including	   10	   μl	   of	   SYBR	   green	   (Sigma	  

Aldrich),	   and	  10	  μl	   of	   a	  mix	  of	  DNA	  and	  primers.	   Reactions	  were	   carried	  out	   in	   a	  

CFX96	  Real-‐Time	  System	  C1000	  thermal	  cycler	  (Biorad).	  An	  annealing	  temperature	  

of	  55OC	  was	  used.	  Quantitative	  data	  were	  analysed	  in	  MS	  Excel.	  

PLASMID	  EXTRACTION	  

E.	   coli	   cultures	   were	   grown	   for	   12-‐14	   hours	   at	   37oC	   in	   a	   shaking	   incubator	   (200	  

rpm).	   The	   plasmids	   were	   mini-‐prepped	   using	   the	   NucleoSpin®	   Plasmid	   kit	  

(Macherey-‐Nagel)	   following	   manufacturer’s	   instructions.	   Table	   2a.1	   shows	   the	  

various	  plasmids	  used.	  

SEQUENCING	  OF	  PCR	  PRODUCTS	  AND	  PLASMIDS	  

In	  order	  to	  verify	  clones	  and	  PCR	  sequences	  I	  checked	  them	  by	  Sanger	  sequencing.	  

This	  was	  carried	  out	  by	  sending	  a	  mix	  of	  DNA	  and	  primer	  to	  the	  GATC	  biotechnology	  

company	   (www.gatc-‐biotech.com).	   Sequencing	   analysis	   was	   conducted	   using	   the	  

LASERGENE	  suite	  (DNAStar).	  

NEXT-‐GENERATION	  SEQUENCING	  
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The	  sequencing	  of	  the	  5	  Al	  isolates	  was	  carried	  out	  using	  the	  in-‐house	  Illumina	  GAIIx	  

sequencer.	   Libraries	   were	   prepared	   according	   to	   the	   Illumina	   TruSeq	   kit	  

specifications.	  

LIST	  OF	  OLIGONUCLEOTIDE	  PRIMERS	  
Primers	   were	   synthesized	   by	   Sigma	   Aldrich	   (UK)	   See	   the	   appendices	   for	   a	   list	   of	  

primers	  used	  in	  this	  thesis.	  

	  

2A.2	  MICROBIAL	  METHODS	  

ISOLATION,	  PURIFICATION,	  PROPAGATION	  AND	  SCREENING	  OF	  ALBUGO	  LAIBACHII	  

Field	  isolates	  of	  Albugo	  were	  collected	  using	  dry	  folded	  paper.	  These	  samples	  were	  

immersed	   in	   20	   ml	   chilled	   dH2O	   to	   release	   conidiospores.	   After	   1	   hour	   the	  

suspension	  was	  sprayed	  onto	  four	  At	  Col-‐THO	  plants,	  which	  were	  kept	  in	  the	  dark	  at	  

4oC	  overnight,	  then	  transferred	  to	  a	  plant	  growth	  chamber.	  To	  purify	  isolates,	  three	  

generations	   of	   single	   pustule	   infections	   were	   carried	   out.	   Single	   pustule	   leaf	  

infections	   were	   sampled	   and	   immersed	   in	   20	   ml	   chilled	   dH2O.	   Using	   a	  

haemocytometer,	  conidiospore	  concentration	  was	  adjusted	  to	  1x103	  /	  ml,	  and	  this	  

suspension	  was	   sprayed	  onto	  Col-‐THO	  plants.	  Col-‐THO	   is	  a	  Col-‐5	   line	   transformed	  

with	  RPW8	  making	  it	  resistant	  to	  co-‐infections	  with	  powdery	  mildews	  (Eric	  Kemen,	  

personal	   communication).	   Sprayed	   plants	   were	   again	   kept	   in	   the	   dark	   at	   4oC	  

overnight,	   and	   transferred	   to	  a	  plant	   growth	   chamber.	  After	   three	  generations	  of	  

single	   spore	   infections,	   the	   isolate	   can	   be	   considered	   pure	   (Kemen	   et	   al.,	   2011).	  

Using	   the	   isolate	   differentiating	   molecular	   marker	   discussed	   in	   chapter	   3,	   the	  

isolates	   were	   checked	   regularly	   for	   purity.	   To	   screen	   At	   accessions	   for	  

Name	   Purpose	   Selectable	  marker	  
pENTR-‐D-‐TOPO	   Entry	  vector	   Kanamycin	  
pK2GW7	   35S	  binary	  vector	   Spectinomycin/Kanamycin	  
pEDV6	   Effector	  detector	  vector	   Gentamycin	  
pICH86988	   35S	  binary	  vector	   Kanamycin,	  blue/white	  

pICH86966_user	  
own	  promoter	  binary	  
vector	   Kanamycin,	  blue/white	  

pRK2013	  
Pseudomonas	  mating	  
helper	  plasmid	   Kanamycin	  

Table	  2a.1.	  List	  of	  plasmids	  used.	  	  
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resistance/susceptibility	  to	  different	  Al	  isolates,	  four	  plants	  of	  each	  accession	  were	  

sprayed	   with	   a	   suspension	   of	   spore	   concentration	   1x105	   /	   ml	   and	   checked	  

periodically	  for	  3	  weeks	  for	  signs	  of	   infection.	  This	  was	  repeated	  at	   least	  twice	  for	  

each	  isolate/accession	  combination.	  

TRANSFORMATION	  AND	  GROWTH	  OF	  ESCHERICHIA	  COLI	  

Plasmids	  were	   transformed	   into	   electro-‐competent	  E.	   coli	  DH10B	   cells	   using	   ~5	   x	  

108	   cfu	   cells	   in	   0.1	   cm	   cuvettes	   and	   a	   Biorad	  Micropulser	   on	   the	   standard	  E.	   coli	  

setting.	   Following	   electroporation,	   strains	   were	   cultured	   in	   liquid	   lysogeny	   broth	  

(LB)	  medium	  for	  1	  hour	  at	  37oC.	  Subsequently,	  the	  culture	  was	  spread	  onto	  L	  plates	  

with	  the	  appropriate	  antibiotic	  selection.	  

Antibiotics	   were	   added	   to	   liquid	   LB	   or	   L	   media	   or	   solid	   L	   plates	   as	   required,	  

kanamycin	   (50	   μg	   /	   ml),	   ampicillin	   (100	   μg	   /	   ml),	   spectinomycin	   (50	   μg	   /	   ml),	  

gentamycin	  (10	  μg	  /	  ml)	  and	  chloramphenicol	  (25	  μg	  /	  ml).	  

TOP10	   competent	   cells	   (Invitrogen)	   were	   used	   for	   the	   transformation	   of	   USER	  

plasmids	  (not	  compatible	  with	  electroporation).	  

TRANSFORMATION	  OF	  AGROBACTERIUM	  TUMEFACIENS	  

Plasmids	   were	   transformed	   into	   electro-‐competent	   A.	   tumefaciens	   GV3101	   cells	  

using	  ~5	  x	  106	  cfu	  cells	  in	  0.1	  cm	  cuvettes	  and	  a	  Biorad	  Micropulser	  on	  the	  standard	  

A.	  tumefaciens	  setting.	  Following	  electroporation,	  strains	  were	  cultured	  in	  liquid	  LB	  

medium	   for	   2	   hours	   at	   28oC.	   Subsequently,	   the	   culture	  was	   spread	   onto	   L	   plates	  

with	  the	  appropriate	  antibiotic	  selection	  and	  grown	  at	  28oC.	  

TRIPARENTAL	  MATING	  

In	   order	   to	   transfer	   the	   pEDV6	   plasmid	   from	   the	   E.	   coli	   strains	   to	   recipient	   P	  

syringae	   lux	  strain,	  triparental	  mating	  was	  used.	  This	   form	  of	  conjugation	  requires	  

the	   assistance	   of	   a	   third	   strain,	   an	   E.	   coli	   ‘helper’	   strain	   carrying	   the	   pRK2013	  

plasmid	   designated	   as	   strain	   HB101.	   24	   hour	   liquid	   cultures	   were	   mixed	   3:3:1	  

(donor:recipient:helper).	  The	  mixes	  were	  spotted	  on	  non-‐selective	  L	  medium	  for	  10	  

hours	   at	   28oC,	   and	   then	   streaked	   onto	   selective	   media	   for	   ~48	   hours	   at	   28oC.	  

Positive	  colonies	  were	  checked	  using	  colony	  PCR.	  

Figure	  2B.1.	  Detailed	  outline	  of	  the	  association	  genomics	  pipeline.	  AVR	  gene	  candidates	  are	  
predicted	  using	  association	  genomics	  with	  Illumina	  sequencing	  data.	  
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ESTIMATION	  OF	  COLONY	  FORMING	  UNITS	  /	  ML	  

The	  optical	  density	  at	  600	  nm	  (OD600)	  was	  used	  to	  estimate	  the	  number	  of	  colony	  

forming	   units	   (cfu)	   /	   ml	   of	   liquid	   bacterial	   cultures.	   To	   calculate	   the	   OD600	   a	   Bio	  

Photometer	  plus	  spectrophotometer	  (Eppendorf)	  was	  used.	  

2A.3	  PLANT	  METHODS	  

ARABIDOPSIS	  THALIANA	  GROWTH	  

At	   seeds	  were	   sown	   onto	   Levington	   F2	   compost	   and	   stratified	   for	   7	   days	   at	   5oC.	  

They	  were	  then	  transferred	  to	  controlled	  growth	  chambers	  with	  8	  hours	  per	  day	  of	  

light	   and	   temperature	   maintained	   at	   23-‐24oC.	   After	   approximately	   2	   weeks,	  

seedlings	  were	  transferred	  to	  pots	  with	  Levington	  F2	  compost	  supplemented	  with	  

grit	   and	   INTERCEPT	   insecticide,	   and	  maintained	   at	   the	   same	   conditions	   as	   above.	  

For	  seed	  production,	  plants	  were	  transferred	  to	  growth	  facilities	  with	  12	  hours	  per	  

day	  of	  light.	  

NICOTIANA	  SPP.	  GROWTH	  

Nicotiana	   	  benthamiana	   and	  N.	   tabacum	  were	   treated	   as	   the	   Arabidopsis	   plants,	  

but	  individual	  pots	  contained	  only	  F2	  compost	  and	  they	  were	  grown	  under	  10	  hours	  

per	  day	  of	  light.	  

AGROBACTERIUM	  TRANSFORMATION	  OF	  ARABIDOPSIS	  

Agrobacterium	   mediated	   transformation	   was	   carried	   out	   using	   the	   floral	   dip	  

method	  as	  described	  by	  Clough	  and	  Bent	  (1998).	  Briefly,	  6	  to	  8	  week	  old	  At	  plants	  

were	  dipped	  in	  a	  solution	  of	  A.	  tumefaciens	  GV3101	  at	  OD600	  of	  0.5	  (2.5x108cfu	  /ml).	  

Recovered	   T1	   seeds	   were	   sterilized	   and	   selected	   on	   GM	   medium	   with	   the	  

appropriate	  antibiotic.	  GM	  medium	  had	  the	  following	  composition	  for	  1	  l:	  4.3	  g	  MS	  

salts,	  0.1	  g	  myoinositol,	  0.59	  g	  MES,	  1	  ml	  1000X	  GM	  vitamin	  stock,	  8	  g	  Bacto	  agar,	  

pH	   5.7.	   100	   ml	   of	   1000X	   GM	   contains	   0.1	   g	   thiamine,	   0.05	   g	   pyridoxine,	   0.05	   g	  

nicotinic	  acid).	  

SEED	  STERILIZATION	  
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At	   seeds	  were	   sterilized	  by	   chlorine	   gas.	   100	  ml	  of	   10%	   sodium	  hypochlorite	  was	  

mixed	  with	  3	  ml	  of	  36%	  hydrochloric	  acid	  and	  left	  with	  seeds	  for	  3-‐6	  hours	  inside	  of	  

a	  sealed	  container.	  

AGROBACTERIUM	  TUMEFACIENS	  TRANSIENT	  ASSAYS	  IN	  NICOTIANA	  SPP.	  

A.	  tumefaciens	  strains	  were	  streaked	  on	  selective	  media	  and	  incubated	  at	  28oC	  for	  

1-‐2	   days.	   Single	   colonies	   were	   transferred	   to	   liquid	   L	   media	   with	   appropriate	  

antibiotics,	  and	  were	  cultured	  for	  1-‐2	  days	  at	  28oC	  in	  a	  shaking	  incubator	  (200	  rpm).	  

The	  resulting	  cultures	  were	  spun	  at	  3000	  rpm	  for	  10	  minutes	  and	  resuspended	  in	  10	  

mM	  MgCl2,	  10	  mM	  MES	  with	  20	  μM	  acetosyringone.	  The	  OD600	  was	  adjusted	  to	  0.5	  

(2.5x108	   cfu/ml)	   for	   each	   strain	   or	   mixture	   of	   strains.	   The	   abaxial	   surface	   of	  

Nicotiana	   benthamiana	   or	   Nicotiana	   tabacum	   leaves	   were	   infiltrated	   with	   a	  

needleless	  1	  ml	  syringe.	  Leaves	  were	  checked	  for	  HR	  and	  imaged	  3	  or	  4	  dpi.	  

PSEUDOMONAS	  SYRINGAE	  INFILTRATION	  AND	  GROWTH	  ASSAYS	  

P.	  syringae	  strains	  were	  streaked	  onto	  selective	  media	  and	  incubated	  at	  28oC	  for	  1-‐

2	  days.	  The	  resulting	  mass	  of	  colonies	  was	  scraped	  from	  the	  plate	  and	  resuspended	  

in	  10	  mM	  MgCl2.	  The	  OD600	  was	  adjusted	  to	  0.2	  (2x108	  cfu	  /	  ml).	  0.02%	  v/v	  Silwet-‐77	  

was	   added	   to	   the	   solution	   and	   4	   4-‐5	   week	   old	   At	   plants	   were	   sprayed	   per	  

experimental	  group.	  The	  plants	  were	  covered	  with	  a	  transparent	  lid.	  3-‐4	  dpi,	  a	  cork	  

borer	  was	   used	   to	   take	   3	   punches	   (total	   1cm2)	   from	   six	   leaves	   per	   group	   of	   four	  

plants.	  The	  punches	  were	  added	  to	  an	  Eppendorf	  tube	  and	  crushed	  with	  a	  pestle	  in	  

1	  ml	  dH2O.	  Serial	  dilutions	   (10-‐2,	  10-‐3,	  10-‐4,	  10-‐5)	  were	  spotted	  on	  selective	  media,	  

and	  bacterial	  colonies	  counted	  after	  2	  days	  of	  incubation	  at	  28oC.	  	  

TRANSIENT	  EXPRESSION	  WITH	  BIOLISTICS	  

Plasmids	  were	  prepared	  to	  at	   least	  500	  ng/μl	  using	  the	  Qiagen	  Plasmid	  Midi	  kit.	  1	  

μm	   gold	  microcarriers	   (particles)	  were	   prepared	   at	   30	  mg/ml	   in	   50%	   glycerol.	   To	  

prepare	   for	   bombardment,	   50	   μl	   aliquots	   of	   microcarriers	   were	   made.	   1ug	   of	  

pK2GW7:GUS	  (encoding	  β-‐glucuronidase)	  and	  1ug	  of	  the	  experimental	  plasmid	  were	  

mixed	   to	   a	   volume	  of	   5	   μl.	   This	  DNA,	   50	  μl	   of	   CaCl2	  (2.5M)	   and	   20	  μl	   spermidine	  

(0.1M)	   were	   added	   in	   succession	   as	   the	   mixture	   was	   gently	   vortexed.	   The	   DNA	  

coated	  microcarriers	  were	   pelleted	   and	  washed	   3	   times	  with	   ethanol.	   They	  were	  
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then	  resuspended	  in	  50	  μl	  ethanol	  and	  coated	  onto	  6	  macrocarriers	  (plastic	  disks).	  

Bombardment	  was	   carried	  out	   using	   a	  BioRad	  PDS-‐1000	   (He)	   delivery	   system	  per	  

the	  manufacturer’s	  instructions.	  During	  the	  bombardment,	  two	  At	  leaves	  were	  laid	  

side	  by	  side	  (one	  experimental,	  one	  control)	  on	  a	  Petrie	  dish	  with	  1%	  agarose	  and	  

sterile	   filter	   paper.	   6	   repeats	   were	   carried	   out	   per	   group.	   Afterwards,	   the	   petrie	  

dishes	  were	  sealed	  with	  parafilm	  and	  incubated	  for	  24	  hours	  at	  25oC.	  	  

GUS	  STAINING	  AND	  QUANTIFICATION	  

Bombarded	  leaves	  were	  individually	  stained	  for	  four	  hours	  at	  37oC	  with	  5-‐bromo-‐4-‐

chloro-‐3-‐indolyl	   glucuronide.	   They	  were	   then	   cleared	  with	   100%	  propanol	   for	   3-‐4	  

days.	  GUS	  expression	  was	  measured	  by	   imaging	  the	   leaves	  with	  a	  Leica	  DMR.	  The	  

number	  of	  GUS	  spots	  was	  counted	  by	  eye	  using	  the	  cell	  counter	  plugin	  for	  ImageJ.	  

The	   author	   was	   unaware	   of	   which	   leaves	   he	   was	   counting	   to	   make	   the	   process	  

unbiased.	  The	  non-‐parametric	  Wilcoxon	  Rank-‐sum	  test	  (Mann	  and	  Whitney,	  1947)	  

was	  used	  in	  MS	  Excel	  to	  establish	  the	  statistical	  significance	  of	  results.	  

TRYPAN	  BLUE	  STAINING	  OF	  ALBUGO	  STRUCTURES	  

Albugo	   infected	   leaves	  were	  transferred	  to	  10	  ml	  universal	   tubes	  and	  ~4	  ml	  of	  1%	  trypan	  

blue	  w/v	   in	   lactophenol	  (NBS	  Biological	  Limited)	  mixed	  1:1	  with	  100%	  ethanol.	  The	   leaves	  

were	   boiled	   for	   4	   minutes,	   the	   trypan	   blue	   discarded	   and	   the	   leaves	   destained	   in	  

chloralhydrate	   (2.5	   g/ml;	   Sigma	   Aldrich).	   The	   chloralhydrate	   solution	   was	   changed	   twice	  

over	  a	  period	  of	  3-‐10	  days.	  To	  visualise,	  the	  leaves	  were	  mounted	  in	  60%	  glycerol.	  

CONFOCAL	  MICROSCOPY	  

Confocal	  microscopy	  was	  used	  to	  determine	  the	  sub-‐cellular	  localization	  of	  several	  

GFP-‐tagged	   proteins.	  N.	   benthamiana	   leaves	  were	   infiltrated	  with	  A.	   tumefaciens	  

strains	   as	   described	   above.	   2-‐3	   dpi,	   sections	   of	   the	   infiltrated	   zone	   of	   the	   leaves	  

were	   fixed	   on	   glass	  microscopy	   slides	  with	  water.	   The	   GFP-‐tagged	   proteins	  were	  

visualized	  using	   a	   Leica	  DM6000B/TCS	   SP5	   (Leica	  Microsystems).	  GFP	  was	   excited	  

using	  a	  wavelength	  of	  488	  nm.	  

LIST	  OF	  PLANT	  ACCESSIONS	  AND	  MUTANTS	  

The	  following	  accessions	  were	  obtained	  from	  lab	  stocks:	  Col-‐0,	  Col-‐THO,	  Ws-‐2,	  As-‐

77,	  BAT1,	  CIBC-‐5,	  Ei-‐2,	  EkN	  3,	  Fly2-‐1,	  Fly2-‐2,	  Fri2,	  Ge-‐0,	  GrA-‐5,	  Hov1-‐7,	  HR-‐10,	  HR-‐5,	  
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Kin-‐0,	  Kni-‐1,	  Knox-‐18,	  Ksk-‐1,	  NFA-‐10,	  Pna-‐17,	  Ren-‐11,	  Rev-‐3,	  RRS-‐7,	  S294BeL4,	  San-‐

2,	   Sf-‐2,	   Sq-‐1,	   T1010,	   T1160,	   T450,	   T800,	   T860,	   TDr9,	   Ts-‐1,	   Ts-‐5,	   UduI	   1-‐34,	   Uk-‐1,	  

UllA-‐1	   and	  UllA-‐2.	   The	  mutants:	  Ws-‐eds1-‐1	   (Parker	   et	   al.,	   1996)	   and	   Col-‐0-‐ndr1-‐1	  

(Century	  et	  al.,	  1997)	  were	  also	  obtained	  from	  within	  the	  lab.	  

2A.4	  BIOINFORMATICS	  METHODS	  

QUALITY	  ASSESMENT	  OF	  ILLUMINA	  READS	  

Read	   quality	   was	   assessed	   using	   the	   FASTX	   toolkit	  

(http://hannonlab.cshl.edu/fastx_toolkit/).	  

READ	  ALIGNMENT	  

Reads	   were	   aligned	   to	   reference	   genomes	   using	   the	   Burrows	   Wheeler	   Aligner	  

(BWA)	   version	  0.6.1	  using	   the	  default	   settings	   (including	  minimum	  seed	   length	  of	  

19)	   (Li	   and	   Durbin,	   2010).	   I	   also	   included	   the	   soft	   trim	   option,	   -‐q	   20	   on	   the	   aln	  

command	  step.	  This	  trims	  any	  bases	  with	  quality	  of	  less	  than	  20	  from	  the	  end	  of	  the	  

aligned	  reads.	  

VARIANT	  CALLING	  

Variants	   were	   called	   using	   the	   SAMTools	   version	   0.1.8	   package,	   using	   default	  

parameters	  (Li	  et	  al.,	  2009).	  

GENOME	  ALIGNMENT	  VISUALIZATION	  

Genome	   alignments	   were	   visualized	   using	   the	   Integrated	   Genome	   Viewer	  

(Thorvaldsdóttir,	  Robinson	  and	  Mesirov,	  2013).	  

PREDICTION	  OF	  THE	  EFFECTS	  OF	  POLYMORPHISMS	  

SNPEff	   version	  3.2	  was	  used	   to	  predict	   the	  effects	  of	  polymorphisms	  detected	  by	  

the	  above	  methods	  (Cingolani	  et	  al.,	  2012).	  

THE	  VARITALE	  PIPELINE	  

The	  Varitale	  pipeline	  was	  principally	  designed	  by	  Naveed	  Ishaque.	  The	  pipeline	  is	  an	  

integrated	   suite	   of	   3	   Perl	   scripts	  which	   are	   integrated	  with	   PAML	  4	   (Yang,	   2007),	  

PHASE	   (Stevens	   and	   Scheet,	   2005),	   and	   DNAsp	   (Librado	   et	   al.,	   2009)	   to	   calculate	  

population	   genetic	   statistics	   as	   reported	   in	   chapter	   4	   for	   populations	   of	   genome-‐
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sequencing	   data.	   These	   scripts	  were	   utilized	   using	   the	   default	   parameters.	  Under	  

default	  parameters	  alleles	  with	  less	  than	  0.5x	  average	  coverage	  and	  greater	  than	  2x	  

average	  coverage	  are	  excluded.	  	  

IDENTIFICATION	  OF	  RECOMBINATION	  EVENTS	  

A	  custom	  Perl	  script	  was	  written	  to	  produce	  contigs	  “corrected”	  with	  the	  SNPs	  from	  

each	   sequenced	   Al	   isolate.	   Contigs	   longer	   than	   10	   kb	   were	   analysed	   using	  

recombination	   detection	   program	   (RDP)	   version	   3	   (Martin	   and	   Ribicki,	   2000).	   To	  

map	   the	   distance	   from	   each	   gene	   to	   its	   nearest	   recombination	   events,	   a	   custom	  

Perl	  script	  in	  combination	  with	  SNPEff	  was	  used.	  

BAYES-‐EMPIRICAL-‐BAYES	  ANALYSIS	  

Bayes-‐empirical-‐bayes	  analysis	  was	  performed	  at	  http://selecton.tau.ac.il	  using	  the	  

M8	  beta	  +	  w	  >=	  1	  model	  (Stern	  et	  al.,	  2007).	  Plots	  were	  produced	  in	  MS	  Excel.	  

GENE-‐DENSITY	  PLOTTING	  IN	  R	  

Gene	  density	  plots	  were	  generated	  using	  the	  protocol	  described	  by	  Saunders	  et	  al,	  

(2014).	  

GENOME	  ASSEMBLY	  

Genome	   assembly	   using	   Illumina	   76	   bp	   and	   100	   bp	   paired	   end	   data	   were	  made	  

using	  Velvet	  version	  1.2.08	   (Zerbino	  and	  Birney,	  2008).	  For	  each	  assembly	   several	  

logical	  kmer	  lengths	  were	  used	  to	  produce	  an	  optimum	  assembly.	  Assemblies	  using	  

Illumina	  300	  bp	  paired	  end	  data	  were	  made	  using	  SPADes	  version	  3.1.0	  (Bankevich	  

et	   al.,	   2012)	   in	   the	   careful	   mode.	   SPADes	   incorporates	   a	   kmer	   scanning	   feature	  

allowing	  the	  optimum	  assemblies	  from	  multiple	  kmers	  to	  be	  found	  automatically.	  

BLAST	  

BLAST	  searches	   (blastn,	  megablast,	   tblastn,	   tblastx,	  blastp	  etc)	  were	  either	  carried	  

out	  at	  blast.ncbi.nlm.nih.gov,	  or	  locally	  using	  BLAST+	  verson	  2.2.29+.	  

GENOME	  COVERAGE	  STATISTICS	  

BEDtools	  version	  2.11.2	  (Quinlan	  and	  Hall,	  2010)	  was	  used	  to	  compute	  the	  per	  base	  

coverage	  values	  in	  Illumina	  based	  genome	  alignments.	  
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ALIGNMENTS	  AND	  PHYLOGENETIC	  TREES	  

Nucleotide	  and	  protein	  alignments	  were	  made	  using	  Clustal	  Omega	  (Sievers	  et	  al.,	  

2011).	   Neighbour-‐joining	   phylogenetic	   trees	   were	   generated	   using	   either	   Clustal	  

Omega	  (Sievers	  et	  al.,	  2011)	  or	  the	  CLC	  Main	  Workbench	  version	  5.7.2	  from	  CLC	  Bio.	  

Radial	   trees	   were	   manipulated	   using	   Figtree	  

(http://tree.bio.ed.ac.uk/software/figtree/).	  
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CHAPTER	  2B:	  DEVELOPMENT	  OF	  NOVEL	  GENOMICS	  TECHNIQUES	  

2B.1	  ASSOCIATION	  GENOMICS	  IN	  PLANT	  PATHOGENS	  

INTRODUCTION	  
The	   improvement	   of	   DNA	   sequencing	   technologies	   in	   the	   past	   decade	   has	  made	  

whole	   genome	   sequencing	   of	  multiple	   individuals	   a	   practicality	   (Ong	   et	   al.,	   2013;	  

Thudi	   et	   al.,	   2012).	   In	   the	   human	   disease	   and	   cancer	   fields,	   genome-‐wide	  

association	   studies	   involving	   hundreds	   of	   individual	   genomes	   are	   commonplace	  

(Mooney	  et	  al.,	  2014;	  van	  der	  Sijde,	  Ng	  and	  Fu,	  2014).	  These	  studies	  have	  resulted	  

in	  a	  wide	  range	  of	  success,	  mainly	  dependent	  on	  whether	  the	  genetics	  underlying	  a	  

particular	   trait	   is	   polygenic.	   These	   studies	   are	  mainly	   hampered	   by	   the	   fact	   that	  

most	   human	   disorders	   can	   be	   linked	   to	   multiple	   possible	   allelic	   variations	   at	  

multiple	   loci.	   This	   combined	   with	   a	   high	   degree	   of	   background	  mutation,	   means	  

that	  even	  large	  populations	  can	  only	  give	  results	  that	  often	  only	  partially	  explain	  the	  

observed	  phenotypic	  variation.	  (Stranger,	  Stahl	  and	  Raj,	  2011;	  van	  der	  Sijde,	  Ng	  and	  

Fu,	  2014).	  

Plant	   pathogens	   potentially	   present	   an	   opportunity	   for	   association	   genomics	   to	  

work	  well.	   It	   is	  well	   established,	   and	  described	   in	   chapter	  1,	   that	   the	  outcome	  of	  

interactions	  between	  specialised	  pathogens	  and	  their	  plant	  hosts	  can	  come	  down	  to	  

the	  interaction	  of	  a	  single	  AVR-‐R-‐gene	  pair	  or	  host-‐specific	  toxin/	  receptor	  pair.	  This	  

leads	   to	  excess	   variation	   relative	   to	   the	   rest	  of	   the	   genome	  at	   these	   loci,	   as	   they	  

under	   strong	   selective	   pressures	   to	   avoid/gain	   recognition	   (Stuckenbrock	   and	  

McDonald,	  2009).	  

One	  study	  has	  already	  proven	  the	  efficacy	  of	  “association	  genomics”	  to	  identify	  an	  

AVR-‐gene.	  de	  Jonge	  et	  al	  (2012)	  sequenced	  the	  genomes	  of	  10	  strains	  of	  Verticillium	  

dahliae	  and	  discovered	  a	  50	  kb	  region	  of	  sequence	  specific	   to	  strains	  avirulent	  on	  

Ve1	   plants.	   Within	   this	   50	   kb	   region,	   a	   secreted	   protein	   recognised	   by	   Ve1	   was	  

identified.	  

Other	  studies	  have	  sequenced	  inferred	  effector	  repertoires	  using	  lower-‐throughput	  

technologies	   and	   associated	   polymorphisms,	   thus	   identifying	   AVR-‐genes	   with	  

associated	  polymorphisms	  (Armstrong	  et	  al.,	  2005;	  Yoshida	  et	  al.,	  2009).	  
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My	   objective	   for	   this	   section	   was	   to	   develop	   a	   bioinformatics	   pipeline	   that	   can	  

utilise	   high-‐throughput	   sequencing	   data	   from	  multiple	   pathogen	   strains	   to	   make	  

predictions	   of	   potential	   causal	   gene	   alleles	   associated	   with	   specific	   phenotypes.	  

Although	   multiple	   programs	   exist	   for	   this	   kind	   of	   analysis,	   for	   example	  

GENECLUSTER	  (Su	  et	  al.,	  2009),	  SNPTEST	  (Marchini	  et	  al.,	  2007)	  and	  PLINK	  (Ferreira	  

and	   Purcell,	   2009)	   these	   programs	   are	   primarily	   designed	   for	   large	   SNP-‐only	  

datasets	  and	  do	  not	  compute	  amino-‐acid	  level	  changes	  (Galesloot	  et	  al.,	  2014).	  For	  

practical	  reasons	  I	  needed	  to	  develop	  a	  system	  that	  could	  take	  advantage	  of	  a	  small	  

number	   of	   samples	   to	   the	   maximum	   effect,	   examining	   non-‐synonymous	  

polymorphisms.	  	  

METHODOLOGY	  
I	  developed	  this	  method	  over	  several	  iterations	  and	  much	  trial	  and	  error.	  	  

As	  described	  in	  chapter	  2a,	  I	  used	  a	  method	  for	  analysing	  Illumina	  data	  that	  involves	  

alignment	   of	   short	   read	   sequences	   to	   a	   reference	   genome	   using	   BWA	   (Li	   and	  

Durbin,	   2010)	   and	   then	   Samtools	   (Li	   et	   al.,	   2009)	   to	   predict	   SNPs	   and	   Indels	  

compared	  to	  the	  reference	  genome.	  The	  standard	  output	  of	  polymorphisms	  is	  the	  

variant-‐call-‐format	   (VCF).	   A	   VCF	   file	   is	   a	   tab-‐delimited-‐text	   file	   containing	   the	  

following	   information	   at	   each	   location	  where	   a	   polymorphism	  has	   been	   detected	  

(an	  abbreviated	  example	  below):	  

Chromosome/Contig	   Genomic	  coordinate	   Ref	  base	   New	  base	   Read	  

depth	   …	  

500	   	   561467	   	   T	   G	   25	   	   …	  

There	   are	   multiple	   further	   fields	   containing	   information	   such	   as	   the	   mapping	  

quality,	   and	   the	   bases	   encoded	   by	   each	   of	   the	   reads	   aligning	   at	   this	   coordinate.	  

These	   allow	   the	   polymorphisms	   to	   be	   filtered	   based	   on	   quality	   and	   depth.	   Indel	  

polymorphisms	   are	   also	   represented,	   using	   characters	   such	   as	   –A	   to	   signify	   a	  

deletion	  or	  +A	  for	  an	  insertion.	  

The	  program	  PileLine	  developed	  by	  Glez-‐Peña	  et	  al	  (2011)	  is	  designed	  to	  work	  with	  

this	  format	  of	  data,	  and	  I	  used	  the	  ‘nsmc’	  command	  to	  compile	  data	  from	  multiple	  



	   40	  

sequenced	  samples	  into	  a	  single	  table,	  with	  simple	  YES	  and	  NO	  to	  indicate	  whether	  

each	  sample	  has	  the	  mutation,	  for	  example:	  

Chromosome/Contig	   Genomic	  coordinate	   Ref	  base	   New	  base	   Sample	   1

	   Sample	  2	   Sample	  3	   Sample	  4	   Samples	   #	  YES	  

500	   	   61467	   	   T	   G	   YES	   YES	   NO	   YES	   4	   3	  

Where	  there	  are	  multiple	  different	  polymorphisms	  at	  the	  same	  site,	  additional	  lines	  

are	  created.	  Thus	  such	  a	   table,	  although	  generally	  very	   large,	  can	  be	  searched	   for	  

specific	   patterns	   of	   polymorphisms.	   For	   this	   purpose	   I	  wrote	   custom	   Perl	   scripts,	  

splitting	  the	  lines	  within	  the	  file	  based	  on	  tabs	  and	  conditionally	  printing	  lines	  based	  

on	  the	  pattern	  of	  YES	  and	  NO.	  An	  example	  of	  this	  code	  is	  pasted	  below:	  

my	  $table	  =	  $ARGV[0];	  

open(IN,	  "<$table")	  or	  die	  "error	  opening	  $table	  for	  reading";	  

while	  (my	  $line	  =	  <IN>)	  {	  

	  	  	  	  	  	  	  	  my	  @cells	  =	  split(/\t/,	  $line);	  

	  	  	  	  	  if	  ($cells[4]	  eq	  "NO"	  &&	  $cells[5]	  eq	  "NO"	  &&	  $cells[6]	  eq	  "NO"	  &&	  $cells[7]	  eq	  

"YES"	  &&	  $cells[8]	  eq	  "NO"){	  

	  	  	  	  	  	  	  	  print	  $line;}	  

}	  

close	  IN;	  

Therefore,	  polymorphisms	  associated	  with	  a	   specific	  phenotype	   can	  be	  extracted.	  

However,	   I	   wanted	   to	   find	   non-‐synonymous	   polymorphisms	   within	   secreted	  

proteins.	   To	   do	   this,	   my	   pipeline	   uses	   a	   program	   called	   SNPEff	   (Cingolani	   et	   al.,	  

2012).	  SNPEff	  can	  accept	  VCF	  files	  as	  input	  and,	  provided	  with	  a	  set	  of	  gene	  models,	  

make	  predictions	  of	  the	  effects	  of	  SNPs	  and	  Indels.	  It	  also	  annotates	  the	  gene	  within	  

which	   each	   polymorphism	   occurs	   and	   has	   a	   detailed	   description	   of	   the	   effect	   of	  

each	  polymorphism.	  
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I	  then	  use	  two	  further	  Perl	  scripts	  to	  extract	  i)	  non-‐synonymous	  polymorphisms	  and	  

ii)	   those	   within	   the	   list	   of	   predicted	   secreted	   proteins.	   It’s	   then	   possible	   to	   sort	  

potential	   candidates	   by	   the	   number	   of	   associated	   non-‐synonymous	   changes	   that	  

they	  have.	  This	  can	  then	  provide	  the	  basis	  for	  a	  prediction	  of	  candidate	  genes.	  Once	  

predictions	   are	   made,	   and	   a	   limited	   number	   of	   candidates	   are	   identified,	   the	  

manual	  verification	  of	  the	  polymorphisms	  within	  a	  gene	  is	  advised,	  using	  a	  genome	  

browser	  such	  as	  the	  integrated	  genome	  viewer	  (IGV)	  (Thorvaldsdóttir	  et	  al.,	  2013).	  

Additional	  statistics,	  such	  as	  the	  non-‐synonymous/synonymous	  polymorphism	  ratio	  

and	   those	   based	   on	   linkage	   disequilibrium	   should	   be	   used	   to	   help	   remove	   false-‐

positives	  and	  narrow	  down	  candidates.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

HYALOPERONOSPORA	  ARABIDOPSIDIS	  AS	  A	  TEST	  CASE	  
In	  order	  to	  test	  my	  association	  genomics	  method,	  I	  used	  Hpa	  genome	  data	  from	  the	  

Jones	   lab.	   Within	   the	   lab,	   we	   previously	   obtained	   Illumina	   sequencing	   data	   for	  

Figure	  2b.1.	  Detailed	  outline	  of	  the	  association	  genomics	  pipeline.	  AVR	  gene	  candidates	  are	  
predicted	  using	  association	  genomics	  with	  Illumina	  sequencing	  data.	  
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seven	   Hpa	   races	   (Ishaque,	   Furzer	   et	   al.,	   in	   preparation).	   There	   are	   several	  

characterised	  AVR-‐genes	   in	   the	  Hpa	   system,	   known	   as	  ATR	   (Arabidopsis	   thaliana	  

recognised)	   genes	   (Allen	   et	   al.,	   2004;	   Rehmany	   et	   al.,	   2005;	   Bailey	   et	   al.,	   2011;	  

Goritschnig	  et	  al.,	  2012).	  Some	  Arabidopsis	  accessions	  that	  recognise	  these	  genes’	  

products	   are	   known.	   However,	   there	   are	   other	   accessions	   where	   it	   is	   unknown	  

which	   specific	   ATR-‐genes	   are	   recognised,	   as	   described	   in	   Krasileva	   et	   al	   (2011).	  

Indeed	  Krasileva	   et	   al	   (2011)	   tested	  83	  At	   accessions	   at	   adult	   leaf	   stage	  with	   five	  

Hpa	  races	  (Emoy2,	  Maks9,	  Emco5,	  Cala2	  and	  Emwa1)	  (Table	  2b.1).	  Out	  of	  those	  83	  

accessions,	  53	  had	  unambiguous	  phenotypes.	  Therefore	   it	   is	  possible	  to	  use	  these	  

data	   as	   a	   test	   set	   for	   the	   association	   genomics	   pipeline.	   From	   this	   collection	   six	  

accessions	   that	   recognise	   ATR1Emoy2	   are	   known	   (Nd-‐1,	   Zdr-‐1,	  Ws-‐0,	   Pu2-‐23,	   Est-‐1	  

and	  Ws-‐2)	  and	  three	  that	  recognise	  ATR13Emoy2	  (Nd-‐1,	  Nok-‐3,	  N13)	  (Krasileva	  et	  al.,	  

2011).	  Additionally	  Ler-‐1	  can	  recognise	  ATR5	  (Bailey	  et	  al.,	  2011)	  and	  Wei-‐0	  ATR39	  

(Goritschnig	  et	  al.,	  2012).	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

I	   applied	   the	   pipeline	   to	   predict	   candidates	   for	   AVR-‐genes	   for	   each	   of	   the	   17	  

phenotypic	  groups.	  The	   results	   for	   selected	  groups	  are	   shown	   in	   table	  2b.2.	  ATR1	  

was	   the	   clear	   top	   candidate	   for	   group	   14,	   containing	   Nd-‐1,	   which	   is	   known	   to	  

Table	   2b.1.	   Interpolated	   phenotyping	   data	   from	   5	   Hpa	   races	   on	   53	   At	   accessions.	   The	  
accessions	   have	  been	   grouped	  depending	  on	   their	   phenotype;	   the	   colours	   signify	   resistant	  
and	  susceptible	  (Red	  =	  resistant,	  yellow	  =	  susceptible).	  The	  YES	  and	  NO	  indicate	  the	  presence	  
of	  the	  hypothetical	  (+/-‐)	  AVR	  mutations,	  which	  must	  be	  different	  from	  Emoy2,	  the	  reference	  
race.	  Phenotyping	  data	  from	  Krasileva	  et	  al,	  (2012).	  
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recognise	   it.	  ATR5	  was	   one	   of	   the	   top	   three	   candidates	   for	   recognition	   by	   Ler-‐1,	  

where	   it	   is	   recognised.	  No	  significant	  candidates	  were	   identified	   for	   the	  Ws-‐0	  and	  

Ws-‐2	  avirulence	  however.	  There	  are	  several	  strong	  candidates	  in	  accessions	  where	  

no	  AVR-‐genes	  have	  been	  previously	  identified,	  for	  example	  HpRXLR121	  in	  accession	  

group	  1	  and	  HaRxLL38	  in	  accession	  group	  10.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

CONCLUSIONS	  
Results	   from	  testing	  of	   the	  association	  genomics	  pipeline	  were	  consistent	  with	   its	  

efficacy;	  ATR1	  was	  predicted	  as	  the	  strongest	  candidate	  for	  recognition	  by	  Nd-‐1	  and	  

ATR5	  was	  one	  of	  the	  best	  candidates	  for	  recognition	  by	  Ler-‐1.	  Nevertheless,	  the	  test	  

also	   exposed	   some	   weaknesses	   of	   the	   system.	   ATR1	   was	   not	   predicted	   for	  

recognition	   by	  Ws-‐0	   or	  Ws-‐2,	   even	   though	   these	   accessions	   recognise	   ATR1Emoy2.	  

However,	  they	  are	  resistant	  to	  Cala2	  but	  do	  not	  recognise	  the	  Cala2	  allele	  of	  ATR1,	  

suggesting	   that	   they	   could	   recognise	   another	   effector	   from	   Cala2	   (Volkan	   Cevik,	  

Table	  2b.2.	  Selected	  Hpa	  avirulence	  gene	  candidates.	  AVR	  gene	  candidates	  were	  predicted	  
using	   association	   genomics	   with	   Illumina	   sequencing	   data	   and	   disease	   phenotype	   data.	  
Known	  AVRs	  ATR1	  and	  ATR5	  are	  highlighted.	  
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personal	  communication).	  Such	  complex	  genetics	  is	  a	  weakness	  of	  this	  association-‐

based	   system;	   with	   such	   a	   low	   number	   of	   samples,	   absolute	   association	   is	   a	  

necessity,	   but	   the	   underlying	   genetics	   may	   be	   more	   complicated.	   This	   kind	   of	  

complication	   is	  also	  probably	  behind	  the	  failure	  to	  predict	  ATR13:	   in	  Nd-‐1	  ATR1	   is	  

also	   recognised	  meaning	   again	   that	   the	   association	   breaks	   down.	   The	  mantra	   of	  

bioinformatics	   is	   very	   much	   in	   evidence:	   ‘garbage	   in,	   garbage	   out’.	   One	   way	   to	  

avoid	   such	   complications	   is	   to	   work	   with	   accessions	   where	   the	   host	   genetics	   is	  

established,	  particularly	  if	  a	  single	  gene	  is	  known	  to	  confer	  recognition.	  

	   In	   addition	   to	   proving	   the	   efficacy	   of	   the	   approach,	   this	   test	  may	   provide	  

some	  useful	   information	  and	  could	  perhaps	  guide	   the	  discovery	  of	  new	  Hpa	  AVR-‐

genes	  in	  previously	  untested	  At	  accessions.	  There	  are	  numerous	  candidates,	  almost	  

entirely	   RxLR	   or	   RxLR-‐like	   effectors,	   with	   high	   association	   scores	   for	   different	  

accession	   groups.	   Some	   of	   these,	   when	   assessed	   in	   conjunction	   with	   other	   data	  

such	  as	  pN/pS,	  could	  merit	  testing	  for	  recognition.	  
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2B.2	  BRASSICACEAE	  R-‐GENE	  ENRICHMENT	  SEQUENCING	  

INTRODUCTION	  
As	  alluded	  to	  in	  chapter	  2b.1,	  advances	  in	  sequencing	  technology	  have	  made	  whole	  

genome	  sequencing	  of	  multiple	   individuals	  a	  practicality.	  Consortium	  projects,	   for	  

example	   the	   1001	   Arabidopsis	   genomes	   project	   (Cao	   et	   al.,	   2011),	   have	   now	  

obtained	  and	  published	  online	  Illumina	  sequencing	  reads	  of	  up	  to	  100	  bp	  paired	  end	  

for	  hundreds	  of	  At	  accessions.	  Analyses	  of	  these	  data	  in	  At	  have	  revealed	  that	  the	  

NB-‐LRR	   class	   of	   genes,	   to	  which	  most	   known	  R-‐genes	   in	  At	  belong,	   are	   the	  most	  

variable	  class	  of	  genes	  (Gan	  et	  al.,	  2011;	  Cao	  et	  al.,	  2011).	  They	  also	  belong	  to	  large	  

multi-‐gene	  families	  (Meyers	  et	  al.,	  2003).	  Altogether	  this	  means	  that	  in	  NB-‐LRR	  rich	  

regions	   of	   the	   genome,	   alignment	   of	   short	   reads	   becomes	   either	   impossible	   or	  

unreliable	   due	   to	   the	   high	   level	   of	   polymorphism	   compared	   to	   the	   reference	  

genome.	  Because	  of	   these	   factors,	   reliable	  de	  novo	   assembly	  of	  NB-‐LRR	  encoding	  

genes	   is	  also	  difficult	  using	  short-‐read	  data.	  One	  solution	  to	  this	   issue	   is	   to	  obtain	  

longer	   read	   data.	   Current	   generation	   Illumina	   MiSeq	   can	   produce	   up	   to	   300	   bp	  

paired	  end	  reads	  in	  a	  relatively	  high-‐throughput	  manner,	  and	  PacBio	  can	  produce	  a	  

variety	   of	   read	   lengths	  up	   to	   10	   kb,	   although	   at	   less	   read	  depth.	  Although	  whole	  

genome	   shotgun	   sequencing	   of	   more	   samples	   with	   longer	   read	   technology	   is	  

feasible	  in	  At,	  when	  one	  is	  interested	  in	  specifically	  the	  ‘NB-‐LRRome’	  it	  is	  potentially	  

wasteful	   to	   sequence	   the	   rest	   of	   the	   genome,	   particularly	   when	   much	   of	   it	   is	  

already	  available	  for	  most	  accessions	  through	  the	  1001	  genomes	  project.	  Therefore	  

I	   led	   the	   development	   and	   testing	   of	   a	   system	   to	   enrich	  NB-‐LRR	   sequences	   from	  

DNA	  samples	  from	  plants	  of	  the	  Brassicaceae	  family	  

	   Capture	   array	   technology	   is	   designed	   so	   that	   only	   a	   desired	   fraction	   of	   a	  

genome	  or	  transcriptome	  is	  captured	  and	  sequenced.	  Both	  solid-‐	  and	  liquid-‐phase	  

synthetic	  RNA	  bait	  methods	  have	  been	  developed	  (Gnirke	  et	  al.,	  2009;	  Mamanova	  

et	  al.,	  2010).	  The	  principle	  of	  these	  methods	  is	  the	  hybridization	  of	  adaptor-‐ligated	  

DNA	  to	  an	  array	  of	  RNA	  bait	  oligos,	  capture	  of	  matching	  or	  similar	  sequences	  and	  

the	  washing	  away	  of	  the	  remaining	  DNA.	  Jupe	  et	  al	  (2013)	  developed	  a	  protocol	  for	  

R-‐gene	   enrichment	   sequencing	   (RenSeq).	   They	   used	   NB-‐LRR	   sequences	   from	   the	  

assembled	   genomes	   of	   potato,	   tomato	   and	   pepper	   to	   build	   an	  Agilent	  SureSelect	  
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Target	   Enrichment	   System	   in-‐solution	   library	   of	   44	   549	   unique	   biotinylated	  

120mers.	  This	  was	  used	  to	  enrich	  500	  nt	  NB-‐LRR	   fragments	   from	  various	  Solanum	  

species	   successfully,	   the	   study	   showing	   that	   around	   80%	   bait-‐target	   identity	   is	  

sufficient	  to	  anneal	  to	  a	  given	  sequence.	  

METHODOLOGY	  
With	  assistance	  from	  Johannes	  Hofberger	  (Wageningen	  University)	  a	  library	  of	  baits	  

for	  Brassicaceae	  RenSeq	  was	  constructed	  in	  silico.	  We	  extracted	  657	  NB-‐LRR	  coding	  

sequences	   from	   four	   species:	  Arabidopsis	   thaliana	   (including	   sequences	   from	   two	  

accessions,	   Col-‐0	   and	   Ler-‐0),	   Aethionema	   arabicum,	   Brassica	   rapa	   and	   Eutrema	  

parvulum	   (the	   latter	   three	   as	   provided	   by	   Johannes	  Hofberger).	   These	   sequences	  

were	   converted	   into	   120	   mers,	   with	   30	   bp	   tiling	   (overlap	   	   between	   consecutive	  

baits).	  Any	  identical	  sequences	  were	  removed,	  and	  the	  library	  was	  pruned	  down	  to	  

20000	  baits	  based	  on	  pairwise	  identity	  (the	  most	  identical	  pairs	  of	  baits	  having	  one	  

of	   the	   pair	   removed).	   The	   sequences	   were	   then	   synthesised	   by	   MYcroarray	  

(mycroarray.com)	   as	   a	   ‘MYbaits:	   Custom	   Bait	   Library	   for	   Sequence	   Capture	   in	  

Targeted	  Sequencing’.	  The	  120	  mers	  are	  provided	  as	  a	  kit	  containing	  approximately	  

6	  x	  1012	  biotinylated	  baits	  per	  microliter.	  

	   The	   enrichment	   of	   NB-‐LRR	   sequences	   from	   Brassicaceae	   for	   the	   reasons	  

outlined	  above	  proved	  to	  be	  an	  approach	  that	  several	  Jones	  lab	  collaborators	  could	  

apply	  to	  their	  projects.	  For	  the	  first	  experiment	  we	  devised	  a	  strategy	  whereby	  we	  

would	  enrich	  23	  samples	  after	  the	  application	  of	  unique	  barcodes	  to	  each	  sample.	  

The	   23	   samples	   were	   various	   accessions	   of	   At,	   Brassica	   rapa,	   Brassica	   juncea,	  

Capsella	  orientalis	  and	  several	  F2	  bulk	  susceptible	  populations	  (I	  won’t	  fully	  disclose	  

the	   details	   of	   the	   samples	   from	   collaborators).	   I	   prepared	   high-‐quality,	   high	  

molecular	  weight	  DNA	  from	  At	  Col-‐0,	  HR-‐5,	  Ksk-‐1,	  Ws-‐2	  and	  a	  bulked	  HR-‐5	  x	  Ws-‐2	  F2	  

population,	  and	  received	  the	  remaining	  samples	  in	  either	  liquid	  or	  pellet	  form	  from	  

the	   various	   collaborators.	   Dr	   Florian	   Jupe	   provided	   high-‐quality	   Solanum	  

lycopersicum	  DNA	  as	  a	  control	  to	  test	  the	  performance	  of	  the	  array	  against	  distantly	  

related	  sequences.	   I	   sheared	  each	  sample	  with	   the	   Illumina	  covaris	   to	  a	   fragment	  

size	  of	  approximately	  800	  nt.	  I	  used	  the	  New	  England	  Biosciences	  NEBNext	  Ultra	  kit	  

to	   add	   Illumina	   adaptors	   to	   each	   sample,	   and	   then	   amplified	   with	   23	   different	  
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multiplexing	   oligos	   to	   generate	   23	   separate	   libraries	   for	   the	   enrichment.	   The	  

MYBaits	  protocol	   recommends	  enriching	  each	   library	   sample	   separately.	  However	  

this	   would	   not	   be	   cost	   effective	   as	   there	   would	   be	   a	   vast	   excess	   of	   RNA	   baits	  

compared	   to	   compatible	   DNA	   fragments.	   Although	   it	   is	   theoretically	   possible	   to	  

combine	  23	  samples	  into	  one	  pool	  prior	  to	  enrichment,	  I	  opted	  to	  create	  6	  pools	  of	  

adaptor	   ligated	  DNA	   samples	   for	   the	   enrichment	   procedure.	   This	  was	   carried	  out	  

per	   the	   manufacturer’s	   instructions,	   including	   a	   24-‐hour	   hybridisation	   under	  

paraffin	  oil	  at	  65oC	  in	  a	  thermocycler.	  Post-‐hybridisation,	  the	  biotinylated	  baits	  were	  

recovered	  on	  magnetic	  Dynabeads®	  MyOneTM	  streptavidin	  C1	  and	  PCR	  was	  carried	  

out	  for	  between	  9	  and	  14	  cycles	  on-‐	  bead	  with	  the	  Illumina	  outer	  adaptor	  primers	  

P5	  and	  P7	  to	  generate	  enough	  DNA	  for	  sequencing.	  These	  libraries	  were	  quantified	  

and	  were	  used	  for	  a	  qPCR	  (in	  triplicates)	  to	  determine	  the	  level	  of	  enrichment.	  qPCR	  

was	  carried	  out	  on	  the	  same	  quantity	  of	  DNA	  from	  pre-‐	  and	  post	  enriched	   library	  

mixes	  with	  primers	  amplifying	  the	  At	  TIR-‐NB-‐LRR	  encoding	  RRS1	  gene.	  There	  was	  at	  

least	  one	  At	  sample	  in	  each	  of	  the	  six	  mixes.	  The	  qPCR	  revealed	  an	  average	  of	  ~3000	  

fold	   enrichment	   for	   RRS1	   in	   the	   enriched	   libraries	   compared	   with	   non-‐enriched	  

(figure	  2b.2).	  

	   Finally,	  the	  six	  pools	  were	  quantified	  using	  both	  agarose	  gel	  electrophoresis	  

and	  picogreen	  based	  quantification,	  and	  mixed	  into	  an	  equimolar	  pool	  (Double	  the	  

quantity	  of	   the	  Brassica	  samples	  was	  added	   to	  account	   for	   their	   larger	  genomes).	  

Invitrogen	  AMPure	  magnetic	  beads	  were	  used	  to	  remove	  primer-‐dimers	  and	  other	  

impurities	  from	  the	  final	  DNA	  pool.	  Sequencing	  was	  carried	  out	  by	  TGAC,	  Norwich,	  

on	  an	   Illumina	  MiSeq	  generating	  300	  bp	  paired-‐end	   reads.	  De-‐multiplexing	  of	   the	  

read	  data	  was	  also	  carried	  out	  by	  TGAC.	  

	  

	  

	  

	  

	  

	  

Figure	  2b.2.	  qPCR	  amplication	  curves	  of	  enriched	  and	  pre-‐enriched	  DNA	  libraries	  with	  
RRS1	  primers.	  A	  pair	  of	  primers	  amplifying	  a	  250	  bp	  RRS1	  product	  were	  used	  to	  assess	  
the	   relative	   level	   of	   RRS1	   specific	  DNA	   in	   libraries	   pre-‐	   and	   post-‐	   R-‐gene	   enrichment.	  
Most	   of	   the	   negative	   controls	   did	   not	   amplify,	   but	   one	   might	   have	   had	   a	   very	   small	  
amount	  of	  contamination	  and	  began	  to	  amplify	  after	  26	  cycles.	  



	   48	  

RESULTS	  
Following	   the	  de-‐multiplexing	  of	   the	   Illumina	   reads,	   a	  basic	   assessment	  of	  quality	  

and	  quantity	  was	  made.	  Table	  2b.4	  summarises	   these	  data.	  Although	  the	  samples	  

were	  adjusted	  as	  far	  as	  possible	  to	  take	  account	  of	  the	  estimated	  molecular	  weight	  

and	  quantity	  of	  each	   library,	   there	   is	  significant	  variation	  among	  the	  read	  number	  

achieved	   between	   different	   samples.	   The	   highest	   number	   of	   reads	   was	   achieved	  

from	  the	  HR-‐5	  x	  Ws-‐2	  F2	  bulk	  (3.3	  x	  106)	  and	  the	  lowest	  from	  the	  Capsella	  orientalis	  

sample	  (1.6	  x	  105).	  This	  may	  be	  due	  to	  factors	  such	  as	  the	  differential	  clustering	  and	  

ligation	   efficiency	   of	   different	   length	   fragments	   on	   an	   Illumina	   chip,	   and	   possible	  

problems	   for	   the	   Illumina	   laser	   to	  make	   base	   calls	   if	   clusters	   are	   too	   long	   or	   too	  

short	  compared	  to	  the	  mean.	  Nevertheless,	  according	  to	  projections	  based	  on	  an	  At	  

‘NB-‐LRRome’	  of	  ~150	  kb	  of	  DNA	  sequence,	  even	  the	  lowest	  yielding	  sample	  should	  

have	   around	   100	   deep	   coverage	   of	   its	   NB-‐LRRome.	   The	   Solanum	   lycopersicum	  

sample	  had	  a	  reasonable	  amount	  of	  reads	  (5	  x	  105)	  but	  had	  poor	  quality	  scores.	  

	   Table	   2b.3.	   Read	   statistics.	   The	   details	   of	   some	   samples	   are	   obscured	   to	   respect	   the	  
collaborators	  who	  sent	  them.	  The	  R1	  or	  R2	  Q30	  to	  base	  refers	  to	  the	  number	  of	  bases	  in	  
the	  forward	  and	  reverse	  reads	  that	  have	  at	  least	  a	  quality	  score	  of	  30	  (on	  a	  scale	  of	  0	  to	  
40).	  The	  projected	  depth	  on	  1	  At	  NB-‐LRRome	  was	  calculated	  using	  the	  projected	  number	  
of	  bases	  in	  one	  A.	  thaliana	  NB-‐LRR	  encoding	  gene	  complement	  (750	  kb).	  
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The	   reads	   from	  Col-‐0,	  Ws-‐2,	  HR-‐5,	   Ksk-‐1	   and	   the	  HR-‐5	   x	  Ws-‐2	   F2	   bulk	   susceptible	  

pool	  were	  aligned	  to	  the	  Col-‐0	  reference	  genome	  with	  BWA.	  As	  the	  positive	  control,	  

I	  will	  present	  the	  results	  from	  Col-‐0	  here.	  I	  will	  discuss	  in	  chapter	  6	  the	  results	  from	  

HR-‐5,	  Ws-‐2	   and	   the	   F2	   bulk.	   I	   used	   a	   custom	  Perl	   script	   to	   extract	   the	   depth	   and	  

breadth	  of	  each	  At	  TAIR10	  gene	  models.	  According	  to	  this	  analysis,	  each	  of	  the	  140	  

NB-‐LRRs	  used	  in	  the	  array	  was	  covered	  100%	  by	  reads,	  and	  the	  lowest	  in	  terms	  of	  

read	  coverage	  was	  AT4G16900,	   covered	  to	  522	  deep	  (on	  average	  over	   its	   length).	  

The	  average	  coverage	  for	  genes	  included	  in	  the	  array	  was	  951	  deep,	  in	  comparison	  

to	   2.1	   deep	   for	   genes	   not	   included	   in	   the	   baits.	   However,	  many	   genes	   encoding	  

partial	  NB-‐LRRs	  were	  enriched,	  and	  several	  full	  length	  NB-‐LRRs	  weren’t	  included	  in	  

the	  bait	   library	  design	  because	  their	  NB	  or	  LRR	  domain	  annotation	  predictions	  did	  

not	  meet	  the	  minimum	  confidence	  threshold.	  Table	  2b.5	  shows	  a	  summary	  of	  all	  of	  

the	   NB-‐LRRs	   from	  At	   Col-‐0	   chromosome	   1	   and	  whether	   they	   are	   covered	   by	   the	  

RenSeq	   reads	   and	   to	  what	   depth	   over	   their	   length.	   It	   also	   shows	   the	   partial	   NB-‐

LRRs,	  as	  annotated	  by	  Meyers	  et	  al,	  (2003)	  and/or	  Nandety	  et	  al	  (2013).	  
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Table	  2b.4.	  RenSeq	  coverage	  of	  chromosome	  1	  NB-‐LRRs	  and	  partial	  NB-‐LRRs.	  The	  depth	  
and	   breadth	  of	   Illumina	   read	   coverage	   over	   NB-‐LRRs	   included	   in	   the	   oligo	  bait	   library,	  
and	  those	  genes	  annotated	  as	  possible	  NB-‐LRR-‐related	  fragments.	  Mean	  read	  coverage	  is	  
the	  average	  depth	  of	  coverage	  across	  the	  length	  of	  the	  gene	  model.	  Breadth	  of	  coverage	  
is	   the	  percentage	  of	   the	   gene	  model	   that	   is	   covered	  by	   at	   least	   one	   read.	   The	  protein	  
class	   column	   is	   a	   composite	   of	   annotations	   made	   by	   Meyers	   et	   al,	   (2003)	   and/or	  
Nandety	   et	   al	   (2013).	   Certain	   possible	   NB-‐LRRs	   or	   partial	   NB-‐LRRs	   were	   not	  
included	  in	  the	  bait	  library.	  The	  last	  column	  indicates	  if	  each	  gene	  was	  included.	  
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CONCLUSIONS	  
This	   analysis	   of	   the	   Col-‐0	   reads	   revealed	   that	   the	   bait	   library	   was	   functional	   in	  

enriching	   the	   DNA	   samples	   for	   the	   NB-‐LRR	   encoding	   genes	   as	   designed.	   It	   also	  

contained	   sequences	   similar	   enough	   to	   enrich	   for	   many	   NB-‐LRRs	   that	   were	   not	  

included	   in	   the	   design,	   and	   some	   of	   the	   partial	   NB-‐LRR	   encoding	   genes	   showed	  

good	   coverage.	  However,	   a	   substantial	   number	   of	   genes	   annotated	   as	   containing	  

NB-‐LRR	  like	  domains	  had	  a	  very	  low	  depth	  and	  breadth	  of	  coverage	  suggesting	  that	  

their	  DNA	  sequences	  are	  less	  than	  80%	  similar	  to	  those	  included	  in	  the	  bait	  library.	  

One	   issue	   not	   raised	   in	   the	   results	  was	   the	   introns.	   Because	   the	   bait	   library	  was	  

constructed	  using	   CDSs,	   the	   baits	   do	   not	   contain	   introns.	   Although	   there	   is	   some	  

capture	   of	   sequences	   on	   the	   borders	   of	   NB-‐LRR	   CDSs,	   for	   some	   genes	   there	   are	  

noticeable	   gaps	   in	   the	   introns	   (figure	   2b.3).	   This	   could	   pose	   a	   challenge	  when	  de	  

novo	  assembly	  of	  these	  reads	  is	  attempted,	  as	  different	  exons	  of	  a	  single	  gene	  could	  

be	  assembled	  into	  different	  contigs	  if	  the	  reads	  do	  not	  overlap	  in	  the	  introns.	  For	  a	  

future	  bait	  library	  design	  it	  might	  be	  wise	  to	  include	  intron	  sequences.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  
	  

Figure	   2b.3.	   RenSeq	   coverage	   of	   At1g56510	   (WRR4).	   The	   exons	   of	   TIR-‐NB-‐LRR	  
encoding	  WRR4	  are	  deeply	  covered	  by	  Illumina	  reads,	  but	  they	  do	  not	  cover	  the	  long	  
first	   introns.	  Col-‐0	  RenSeq	  reads	  were	  aligned	   to	   the	  Col-‐0	  genome	  using	  BWA	  and	  
SAMTools	  and	  visualized	  in	  IGV.	  In	  the	  upper	  panel,	  an	  overview	  of	  read	  coverage	  is	  
displayed.	  In	  the	  lower	  panel,	  individual	  Illunia	  reads	  are	  shown.	  Grey	  bars	  represent	  
individual	  Illumina	  reads;	  the	  small	  colored	  dashes	  within	  show	  discrepancies	  to	  the	  
reference	   in	   individual	   reads.	   The	   blue	   bars	   below	   represent	   the	   annotated	   gene	  
models,	  the	  dotted	  line	  showing	  introns	  and	  the	  blocks	  representing	  exons.	  	  

7	  kb	  
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CHAPTER	  3:	  COLLECTION,	  IDENTIFICATION	  AND	  PHENOTYPING	  OF	  
NEW	  ALBUGO	  LAIBACHII	  ISOLATES	  

3.1	  INTRODUCTION	  
As	   described	   in	   the	   introduction,	   Hpa	   has	   become	   an	   important	   and	   well-‐

characterised	  model	   biotroph	   pathogen	   (Coates	   et	   al.,	   2010).	   The	   success	   of	  Hpa	  

research	  rested	  on	  collections	  of	  natural	  isolates	  from	  the	  field	  in	  the	  late	  1980s	  and	  

1990s	  by	  Paul	  H	  Williams	  and	  Eric	  Holub	   (Holub,	  Beynon	  and	  Crute,	  1994;	  Holub,	  

2008).	   In	   particular,	   the	   discovery	   of	   the	   differential	   recognition	   of	   different	  

isolates,	   and	   the	   subsequent	   genetics	   carried	   out	   with	   these	   isolates	   led	   to	   the	  

discovery	   of	   the	  ATR	  genes,	   contributing	   to	   the	   discovery	   of	   the	   RXLR	  motif,	   and	  

shaped	  the	  way	  we	  think	  about	  the	  evolution	  and	  population	  genetics	  of	  effectors	  

in	  filamentous	  biotrophic	  pathogens	  (Allen	  et	  al.,	  2004;	  Rehmany	  et	  al.,	  2005).	  

Also	   during	   the	   early	   1990s,	  Al	   isolates	   were	   sampled	   from	   wild	  At	   populations.	  

Holub	  et	  al	   (1995)	  screened	  a	  collection	  of	  At	  ecotypes	   for	   resistance	  against	   two	  

isolates	   of	  Al,	   Alem1	   (Al	  East	  Malling	   1)	   and	   Acks1	   (Ac	  Keswick	   1).	   It	   is	   unknown	  

whether	  Acks1	  is	  Al	  or	  Ac,	  but	  based	  on	  its	  host	  range	  it	  is	  most	  likely	  Al.	  They	  found	  

several	  apparent	  differential	  resistances	  and	  that	  reported	  ~15%	  of	  the	  panel	  of	  At	  

accessions	   was	   resistant	   to	   at	   least	   one	   isolate.	   In	   contrast	   50%-‐70%	   of	   At	  

accessions	  are	  resistant	  to	  at	   least	  one	  Hpa	  race	  (Holub,	  Beynon	  and	  Crute,	  1994;	  

Nemri	   et	   al.,	   2010).	   It	   was	   not	   until	   Thines	   et	   al,	   (2009)	   that	   another	   Al	   isolate	  

entered	   the	   literature	   (Nc14).	   In	   this	   paper	   Al	  was	   defined	   as	   a	   distinct	   species	  

based	  on	  the	  polymorphism	  within	   its	   ITS1	  and	  cox2	  sequences	  and	  differences	   in	  

oospore	   morphology	   compared	   to	   Ac.	   Kemen	   et	   al	   (2011)	   later	   sequenced	   the	  

genomes	   of	  Nc14	   and	   Em1,	   and	   established	   that	   there	  were	   only	   around	   15	   000	  

polymorphism	  between	  the	  two	  isolates,	  which	  were	  collected	  in	  different	  locations	  

and	  around	  15	  years	  apart.	  	  

Thus	  there	  are	  several	  important	  questions	  that	  can	  be	  answered	  by	  collecting	  new	  

isolates.	  How	  diverse	  is	  the	  Al	  population	  in	  terms	  of	  nucleotide	  polymorphism	  and	  

host	  range	  on	  At	  accessions?	  Both	  Al	  and	  Ac	  are	  capable	  of	  parasitizing	  At	  (Thines	  et	  

al.,	  2009)	  and	  are	  indistinguishable	  to	  the	  naked	  eye;	  which	  is	  the	  most	  prevalent	  in	  
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the	  field?	  To	  what	  extent	  does	  sexual	  recombination	  occur	  in	  the	  field?	  And	  finally,	  

can	   the	   natural	   diversity	   of	   Al-‐At	   interactions	   lead	   to	   the	   discovery	   of	   novel	  

components	  responsible	  for	  virulence	  and	  resistance	  in	  host	  and	  pathogen?	  

In	   this	   short	   first	   results	   chapter	   I	   will	   describe	   the	   collection,	   identification	   and	  

phenotyping	  of	  new	  Al	  isolates.	  	  

3.2	  RESULTS	  

3.2.1	  COLLECTION	  OF	  NEW	  ISOLATES	  
In	   the	   period	   2010-‐2011	   8	   Albugo-‐infected	   At	   field	   isolates	   were	   collected	   from	  

various	   locations	   in	   the	  UK	  and	  Germany.	  Each	   isolate	  was	  germinated	  on	  At	   line	  

Col-‐THO	   (Col-‐THO	   is	   Col-‐5	   transformed	   with	   RPW8,	   an	   R	   gene	   against	   powdery	  

mildew).	  I	  purified	  the	  isolates	  where	  possible	  by	  single	  spore	  propagation	  for	  three	  

generations.	   The	   4	   successfully	   purified	   isolates	   were	   named:	   Ash4	   (Ashbrittle,	  

Somerset,	   UK,	   collected	   with	   assistance	   of	   Dr	   Nicola	   Perera),	   Abo1	   (Ashbourne,	  

Derbyshire,	  UK,	  collected	  by	  Dr	  Eric	  Kemen	  and	  Dr	  Ariane	  Kemen),	  Sua1	  (Stratford-‐

upon-‐Avon,	   Warwickshire,	   UK,	   collected	   by	   Professor	   Ian	   Crute)	   and	   Went1	  

(Tübingen,	  Baden-‐Württemberg,	  Germany	  collected	  by	  Dr	  Eric	  Kemen)	  (figure	  3.1).	  

One	  of	  the	  apparently	  Albugo	  infected	  samples,	  collected	  in	  Peterborough,	  did	  not	  

produce	  a	  successful	  reinfection.	  	  
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3.2.2	  MOLECULAR	  IDENTIFICATION	  OF	  NEW	  ISOLATES	  
To	  ascertain	  the	  species	  that	  each	  isolate	  belonged	  to	  I	  sequenced	  part	  of	  the	  rDNA	  

internal	  transcribed	  spacer	  1	  (ITS1),	  previously	  used	  to	  distinguish	  Al	  and	  Ac	  (Thines	  

et	  al.,	  2009).	  I	  found	  that	  each	  field	  isolate	  that	  was	  able	  to	  propagated	  (8	  in	  total),	  

has	  a	  100%	  identical	  ITS1	  sequence	  to	  the	  Al	  isolates	  Nc14	  and	  Em1.	  

Next,	  to	  establish	   if	  each	  isolate	  was	  different	  from	  the	  others,	   I	  developed	  a	  new	  

polymorphic	   DNA	   sequence	   marker.	   I	   found	   that	   the	   region	   of	   the	   genome	  

harboring	  a	   gene	   called	  RXLR10	   in	  Nc14	   is	  highly	  polymorphic	  between	  Nc14	  and	  

Em1,	   according	   to	   the	   data	   generated	   by	   Kemen	   et	   al	   (2011).	   It	   is	   part	   of	   a	  

repetitive	  region	  of	  the	  genome.	   I	  designed	  primers	  to	  amplify	  part	  of	  this	  region,	  

and	  sequenced	  each	  new	  isolate	  in	  turn	  as	  I	  purified	  it.	  Every	  new	  isolate	  contained	  

novel	  polymorphism	  within	  this	  region	  Therefore	  I	  could	  conclude	  that	  each	  isolate	  

is	   unique,	   with	   one	   exception.	   The	   At	   plant	   from	   which	   the	   isolate	   Went1	   was	  

isolated	   was	   very	   heavily	   infected.	   “Isolate”	   Went2	   was	   derived	   from	   the	  

Figure	  3.1.	  Albugo	  sampling	  locations.	  	  Arabidopsis	  plants	  displaying	  white	  rust	  
symptoms	  were	  collected	  from	  the	  field.	  (a)	  Norwich,	  isolate	  Nc14.	  (b)	  East	  Malling,	  
isolate	  Em1.	  (c)	  Ashbrittle,	  isolate	  Ash4.	  (d)	  Stratford	  upon-‐Avon,	  isolate	  Sua1.	  (e)	  
Ashbourne,	  isolate	  Abo1.	  (f)	  Tuebingen	  region,	  isolates	  Iso1,	  Went1	  and	  Went2.	  
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sporulation	  on	  the	  upper	  tissues	  of	  the	  infected	  plant,	  and	  Went1	  from	  the	  rosette	  

leaves.	  In	  the	  first	  propagated	  generation	  both	  leaf	  and	  aerial	  derived	  infections	  had	  

the	  same	  RXLR10	  sequence,	  indicating	  that	  they	  are	  probably	  the	  same.	  Therefore	  

only	  Went1	  was	  carried	  forward	  for	  purification.	  This	  marker	  was	  also	  used	  later	  to	  

check	   the	   purity	   of	   each	   isolate	   when	   required.	   Figure	   3.2	   shows	   the	   nucleotide	  

sequence	  of	  part	  of	  the	  RXLR10	  region	  in	  several	  isolates.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

3.2.3	  PHENOTYPING	  OF	  NEW	  ISOLATES	  
I	  tested	  a	  panel	  of	  At	  accessions	  to	  investigate	  the	  natural	  diversity	  in	  the	  virulence	  

of	  each	  of	  the	  newly	  collected	  isolates.	  I	  selected	  accessions	  on	  the	  basis	  that	  they	  

were	   reported	   as	   resistant	   to	   Nc14	   and/or	   Em1	   in	   Kemen	   et	   al,	   (2011).	   38	  

accessions	   were	   tested	   twice	   with	   all	   4	   of	   the	   4	   new	   purified	   Al	   isolates.	   Each	  

accession	  was	  also	  re-‐tested	  with	  Nc14	  and	  Em1.	  I	  found	  a	  diverse	  set	  of	  differential	  

Figure	  3.2.	  The	  nucleotide	  sequence	  of	  the	  RXLR10	  region	  in	  7	  isolates.	  The	  RXLR10	  
region	  was	  amplified	  from	  each	  isolate	  and	  the	  product	  sequenced.	  There	  are	  unique	  
polymorphisms	  in	  each	  isolate,	  except	  Went1	  and	  Went2	  which	  were	  derived	  from	  the	  
same	  infected	  plant.	  Note	  that	  the	  Nc14	  sequence	  is	  not	  in	  this	  alignment	  because	  the	  
sequence	  contains	  a	  large	  indel	  polymorphism	  relative	  to	  the	  isolates	  shown.	  
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virulence	  specificities	  (table	  3.1).	  Only	  two	  accessions	  were	  resistant	  to	  each	  isolate	  

(Sf-‐2	   and	   Ts-‐1).	   The	   commonly	   used	   accessions	   Col-‐0,	   Ws-‐0	   and	   Ws-‐2	   are	  

susceptible	  to	  all	  6	  isolates.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

3.3	  DISCUSSION	  
Thines	   et	   al,	   (2009)	   established	   the	   distinction	   between	   Al	   and	   Ac,	   although	  

examples	  of	  both	  species	  have	  been	   isolated	   from	  wild	  At	  plants.	  Given	   that	  Al	   is	  

apparently	   a	   specialist	   on	   At,	   I	   hypothesized	   that	   a	   higher	   frequency	   of	   wild	  

infections	  would	   be	   caused	   by	  Al.	   I	   purified	   6	   field	   isolates	   of	  Albugo-‐infected	  At	  

Table	  3.1.	  Phenotypic	  characterization	  of	  38	  At	  accessions	  with	  six	  Al	  isolates.	  5	  
week	  old	  At	  plants	  were	  inoculated	  with	  each	  isolate	  and	  scored	  
resistant/susceptible	  (R/S)	  depending	  on	  pustule	  formation	  at	  14	  dpi.	  
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plants	   from	   geographically	   distant	   sites	   around	   the	  UK	   and	   one	   site	   in	   Germany.	  	  

The	   sequences	  of	   5	   isolates’	   ITS	   regions	   revealed	   that	   they	  were	  all	  Al	   infections.	  

This	  suggests	  that	  the	  specialist	  Al	  is	  common	  on	  At	  in	  the	  field.	  I	  cannot	  make	  any	  

conclusion	  about	   the	  presence	  of	  Ac	   in	   the	   field	   isolates;	  At	   line	  Col-‐TH0	  used	   for	  

propagation	  contains	  a	  broad	  spectrum	  Ac	  resistance	   (WRR4;	  Borhan	  et	  al.,	  2008)	  

so	  would	  have	  selected	  against	  most	  Ac	  isolates.	  

I	   discovered	   that	   the	   highly	   polymorphic	   RXLR10	   region	   could	   be	   used	   as	   a	  

diagnostic	  marker	   to	  differentiate	  any	  of	   the	  various	   isolates.	  This	   region	   is	  highly	  

repetitive	  and	  contains	  a	   large	   indel	   in	  Em1	   (Kemen	  et	  al.,	  2011)	  and	  every	  other	  

isolate	   relative	   to	  Nc14.	   Exactly	  why	   this	   region	   is	   so	   highly	   polymorphic	   has	   not	  

been	  established	  but	  it	  is	  useful	  as	  a	  marker.	  

Previously	   it	  was	  established	  that	  out	  of	  143	  At	  accessions,	  14%	  were	  resistant	   to	  

Em1	  and	  10%	  resistant	  to	  Nc14	  (7%	  to	  both)	  (Kemen	  et	  al.,	  2011).	  Thus	  the	  majority	  

of	   accessions	   (~80%)	   are	   susceptible	   to	   both	   Nc14	   and	   Em1.	   To	   save	   time	   and	  

resources,	  accessions	  known	  to	  be	  resistant	  to	  either	  Nc14	  or	  Em1	  were	  used	  as	  the	  

basis	  for	  the	  screening	  of	  my	  4	  new	  isolates.	  After	  this	  screen,	  it	  was	  revealed	  that	  

the	  new	  isolates	  frequently	  overcame	  resistance	  and	  14	  unique	  differential	  groups	  

of	   accessions	  were	   identified.	   This	   indicates	   that	   there	   are	  many	   different	  Avr/R-‐

gene	   relationships	   underlying	   these	   different	   phenotypes.	   The	   two	   accessions	  

resistant	  to	  all	  6	  isolates,	  Sf-‐2	  and	  Ts-‐1,	  both	  originate	  from	  the	  San-‐Feliu	  region	  in	  

eastern	  Spain	  (Horton	  et	  al.,	  2012).	  	  RAC1	  and	  RAC3	  are	  known	  to	  confer	  resistance	  

to	  Em1	  in	  the	  accession	  Ksk-‐1	  (Borhan	  et	  al.,	  2004).	  Uniquely	  the	  isolate	  Abo1	  can	  

grow	  on	  Ksk-‐1,	  so	  it	  must	  overcome	  both	  of	  these	  resistances.	  

This	  collection	  and	  phenotyping	  of	  a	  new	  set	  of	  4	  Al	   isolates	  provides	  the	  basis	  for	  

the	  exploration	  of	  the	  genetic	  components	  of	  virulence	  and	  resistance	  that	  will	  be	  

discussed	  in	  the	  next	  3	  chapters.	  
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CHAPTER	  4:	  COMPARATIVE	  GENOMIC	  ANALYSIS	  OF	  SIX	  ALBUGO	  
LAIBACHII	  ISOLATES	  AND	  PREDICTION	  OF	  RECOGNISED	  EFFECTORS	  	  

4.1	  INTRODUCTION	  
Prior	  to	  this	  study,	  no	  recognised	  effectors	  or	  AVR	  genes	  had	  been	  identified	  from	  

Al.	   The	  predicted	   secretomes	  of	   the	   two	  sequenced	  Albugo	  sp.	  do	  not	  encode	  an	  

elevated	  proportion	  of	  RxLR	  or	  Crinkler	  effectors	   (Kemen	  et	  al.,	  2011;	  Links	  et	  al.,	  

2011).	   Further	   analyses	   did	   reveal	   a	   new	   class	   of	   over-‐represented	   potential	  

effectors.	  These	  have	  a	  N-‐terminal	  Cys-‐His-‐x-‐Cys	  (CHxC)	  motif	  (Kemen	  et	  al.,	  2011)	  

and	  a	  conserved	  Glycine.	  The	  genomes	  of	  the	  Peronosporalean	  oomycetes	  encode	  

between	  150	  and	  700	  RxLR	  effectors	  but	  the	  Al	  genome	  encodes	  only	  35	  CHxC	  class	  

proteins	  (Baxter	  et	  al.,	  2010;	  Raffaele	  et	  al.,	  2010a;	  Kemen	  et	  al.,	  2011).	  Considering	  

that	  Al	  has	   ~900	   proteins	  with	   a	   predicted	   secretion	   signal,	   it	   is	   likely	   that	   it	   has	  

further	  effectors	  for	  which	  an	  N-‐terminal	  translocation	  motif	  is	  unknown.	  	  

The	   recognised	  effectors,	   that	  are	  also	  AVR	   genes,	  At	   recognised	  1	   (ATR1),	  ATR13	  

and	  ATR5	   from	  Hpa	  were	   isolated	  using	   classical	   genetic	   approaches	   (Allen	  et	   al.,	  

2004;	  Rentel	   et	   al.,	   2008;	  Bailey	  et	   al.,	   2011).	   The	  P	   infestans	   recognised	  effector	  

Avr3a	  and	  several	  recognised	  effectors	  from	  Magnaporthe	  oryzae	  (rice	  blast	  fungus)	  

were	   identified	   using	   association	   genetics	   (Armstrong	   et	   al.,	   2005;	   Yoshida	   et	   al.,	  

2009).	   	   Recently	   the	   recognised	   effector	   Ave1	   from	  Verticillium	   dahliae	   (vascular	  

wilt	   fungus)	  was	   identified	  using	  association	  genomics	  (de	  Jonge	  et	  al.,	  2012).	   It	   is	  

therefore	  possible	   that,	  using	  genome	  sequence	   information	   from	  several	   isolates	  

with	   differential	   virulence	   phenotypes,	   potential	   recognised	   effectors	   could	   be	  

identified.	  

It	   is	   generally	   accepted	   that	   antagonistic	   co-‐evolution	   accelerates	   the	   rate	   of	  

evolution	   of	   molecules	   determining	   the	   outcome	   of	   host-‐parasite	   interactions	  

(Paterson	   et	   al.,	   2010).	   There	   are	   two	   (overlapping)	   models	   proposed	   for	  

interactions	   between	   R-‐genes,	   Avr	   genes	   and	   the	   virulence	   targets	   of	   Avr	   gene	  

products:	  the	  “arms	  race”	  model	  and	  the	  “trench	  warfare”	  model	  (Stukenbrock	  and	  

McDonald,	   2009).	   In	   the	   arms	   race	  model,	   novel	   adaptive	  mutation	   in	   any	  of	   the	  

cognate	   interactors	   (i.e.	   a	   gain	   of	   recognition	  mutation	   in	   an	  R-‐gene)	   causes	   the	  
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corresponding	   interactor	  to	  be	  “swept”	  from	  the	  population	  and	  be	  replaced	  by	  a	  

new	  allele	  that	  can	  evade	  the	  new	  recognition.	  The	  trench	  warfare	  model	  is	  similar	  

except	  it	  takes	  into	  account	  that	  adaptive	  changes	  to	  gain	  or	  loss	  of	  recognition	  may	  

have	  a	  cost	   in	   terms	  of	   fitness.	  This	   leads	   to	   frequency-‐dependent	  selection	   (FDS)	  

(Brown	   and	   Tellier,	   2011).	   Sequences	   undergoing	   trench	   warfare-‐like	   selection	  

typically	   show	   signatures	   of	   adaptive	   selection	   (enrichment	   of	   non-‐synonymous	  

mutations).	  	  

DNA	   sequences	   undergoing	   trench	   warfare-‐like	   selection	   may	   display	   deviation	  

from	  the	  neutral	  theory	  of	  molecular	  evolution	  (Kimura,	  1968),	  depending	  on	  both	  

the	  state	  of	  the	  population	  at	  the	  time	  of	  sampling	  and	  on	  how	  representative	  the	  

sample	  is	  of	  diversity	  at	  a	  given	  locus.	  I	  hypothesise	  that	  genes	  undergoing	  FDS	  (eg	  

Avr	   genes)	   will	   have	   high	   genetic	   diversity	   but	   a	   lower	   number	   of	   unique	   alleles	  

than	  projected	  based	  on	  the	  neutral	  theory	  due	  to	  the	  balancing	  effect	  of	  FDS	  and	  

selection	  against	  alleles	  intermediate	  between	  recognition	  (AVR)	  and	  evasion	  (avr).	  

A	   number	   of	   tests	   to	   identify	   deviation	   from	   the	   neutral	  model	   using	   population	  

samples	  have	  been	  devised.	  	  These	  include	  Tajima’s	  D	  and	  Fu’s	  Fs	  (Tajima,	  1989;	  Fu,	  

1997).	  The	  allelic	  diversity	  of	  the	  recognised	  effectors	  from	  Hpa	  ATR13	  and	  ATR39	  is	  

consistent	  with	  my	  hypothesis;	  they	  consist	  of	  a	  relatively	  small	  number	  (compared	  

to	  the	  number	  of	  isolates)	  of	  highly	  divergent	  alleles	  within	  the	  known	  Hpa	  isolates	  

(Hall	  et	  al.,	  2009;	  Goritschnig	  et	  al.,	  2012).	  There	  are	  other	  signatures	  that	  may	  be	  

used	   to	   identify	   possible	   effectors,	   mostly	   discovered	   through	   the	   analysis	   of	  

Phytophthora	   species.	   These	   include	   enrichment	   for	   non-‐synonymous	   changes	   in	  

the	  C-‐terminus	  (Win	  et	  al.,	  2007)	  and	  the	  presence	  of	  many	  effectors	  in	  gene-‐sparse	  

regions	   (Raffaele	   et	   al.,	   2010b),	   although	  Al	   appears	   to	   lack	   gene	   sparse	   regions	  

(Kemen	  et	  al	  2011).	  

In	   this	   chapter	   I	   set	  out	   to	   identify	  potential	  AVR	   genes	   in	  Al.	   I	   took	  a	  population	  

genomics	  approach,	  comparing	  the	  genomes	  of	  six	  Al	   isolates,	   four	  of	  which	  were	  

collected	  and	  purified	   in	   chapter	  2.	  Using	  disease	  phenotype	   information	  and	  our	  

expectations	  of	  the	  allelic	  diversity	  of	  AVR	  genes	  I	  made	  predictions	  of	  possible	  AVR	  

genes	   to	  be	   tested	   in	  chapter	  5.	   I	   also	   report	  additional	   findings	  made	  during	   the	  
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analysis	   of	   these	   genomes,	   pertaining	   to	   potential	   effector	   evolution	   and	   sexual	  

recombination	  between	  isolates.	  

4.2	  RESULTS	  

4.2.1	  GENOME	  SEQUENCING	  OF	  SIX	  ALBUGO	  LAIBACHII	  ISOLATES	  
In	  chapter	  3	  I	  described	  the	  collection,	  purification,	  identification	  and	  phenotyping	  

of	  Al	   isolates	  collected	  from	  infected	  plants	   in	  the	  wild.	  The	  next	  step	  in	  my	  study	  

was	   to	   fully	   genotype	   this	   population	   of	  Al	   isolates.	   I	   prepared	   high	   quality,	   high	  

molecular	  weight	  genomic	  DNA	  specifically	  from	  the	  spores	  of	  each	  isolate.	  The	  four	  

new	   isolates	   (Abo1,	   Ash4,	   Sua1,	   and	   Went1)	   were	   sequenced	   with	   Illumina	  

technology	   to	   produce	   76	   bp	   paired	   end	   reads.	   Em1	   that	   had	   previously	   been	  

sequenced	  with	  36	  bp	  reads	  (Kemen	  et	  al.,	  2011)	  was	  re-‐sequenced	  with	  paired	  end	  

76	  bp	  reads.	  For	  Nc14	  I	  used	  the	  76	  bp	  reads	  generated	  by	  Kemen	  et	  al	  (2011)	  for	  

my	  analysis.	  The	  reads	  were	  aligned	  to	  the	  published	  Nc14	  genome.	  I	  assessed	  the	  

alignments	  and	  concluded	  that	  sequencing	  was	  successful	  for	  each	  isolate	  and	  that	  

the	  majority	   of	   reads	  were	   derived	   from	  Al	  DNA	   (table	   4.1).	   Average	   sequencing	  

depth	  of	  at	  least	  60	  was	  achieved	  for	  each	  isolate.	  Unaligned	  reads	  were	  extracted	  

and	  used	   for	  de-‐novo	  assemblies	   for	  each	   isolate.	   The	  bulk	  of	   these	   contigs	  were	  

clearly	   derived	   from	   Arabidopsis	   thaliana,	   with	   some	   contamination	   from	  

Pseudomonas	  and	  Xanthomonas	  species.	  

	  

	  

	  

	  

Table	  4.1	  Summary	  of	  alignments	  of	  Illumina-‐generated	  76	  bp	  paired-‐end	  reads	  from	  each	  
Albugo	  laibachii	  isolate	  against	  the	  Nc14	  reference	  genome.	  Total	  #	  reads	  indicates	  the	  raw	  
output	  from	  the	  Illumina	  sequencing.	  These	  reads	  were	  aligned	  to	  the	  Nc14	  genome,	  the	  %	  
of	  which	  successfully	  aligned	   is	   shown	  the	  second	  column.	  The	  average	  depth	  of	  coverage,	  
and	   the	   proportions	   of	   the	   genome	   with	   greater	   than	   1	   and	   5	   deep	   read	   coverage	   were	  
calculated	  using	  custom	  Perl	  scripts.	  The	  %	  of	  the	  genome	  >2x	  avg	  depth	  was	  calculated	  to	  
highlight	  potential	  copy	  number	  variation.	  *The	  Nc14	  reads	  were	  generated	  by	  Kemen	  et	  al	  
(2011).	  **The	  DNA	  and	  Illumina	  library	  for	  Em1	  were	  generated	  by	  Kemen	  et	  al	  (2011)	  for	  36	  
bp	  sequencing.	  In	  this	  study	  the	  same	  library	  was	  sequenced	  again	  using	  76	  bp	  technology.	  
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4.2.2	  POLYMORPHISM	  IN	  SIX	  ALBUGO	  LAIBACHII	  ISOLATES	  
Using	  the	  alignments	   to	   the	  Nc14	  reference,	   I	  predicted	  polymorphisms,	   including	  

single	   nucleotide	   polymorphisms	   (SNPs)	   and	   small	   insertion/deletions	   (Indels).	  

Overall,	   I	   detected	   a	   relatively	   low	   level	   of	   polymorphism	  between	   these	   isolates	  

(table	   4.2).	   For	   example	   Sua1	   had	   the	   most	   polymorphisms	   compared	   to	   Nc14:	  

41772	   polymorphic	   positions	   or	   1.25	   SNPs/kb.	   I	   analysed	   the	   overall	   similarity	  

between	   the	   polymorphisms	   predicted	   for	   each	   isolate,	   in	   order	   to	   assess	   the	  

overall	   similarity	   of	   each	   isolate	   to	   each	   other	   (table	   4.3).	   From	   this	   analysis	   it	  

seems	   that	  Sua1	  and	  Went1	   share	   the	  most	  polymorphisms.	  Em1	  seems	   to	   share	  

the	  least	  number	  of	  polymorphisms	  with	  the	  other	  isolates.	  Note	  that	  Nc14	  cannot	  

be	   meaningfully	   compared	   because	   it	   of	   course	   has	   very	   few	   homozygous	  

polymorphisms	  to	  itself	  (these	  are	  caused	  by	  minor	  errors	  in	  the	  original	  assembly).	  

I	   also	   examined	   the	   alignments	   for	   large	   indels	   and	   for	   copy-‐number	   variation	  

(CNV).	  To	  summarise,	   the	  vast	  majority	  of	  genes	  show	  the	  same	  coverage	   in	  each	  

isolate	  (figure	  4.1).	  This	   includes	  a	  substantial	  number	  of	  genes	  (~1000)	   located	   in	  

apparently	   hemizygous	   regions	   (containing	   only	   one	   copy	   as	   opposed	   to	   the	   two	  

expected	   in	   a	   diploid)	   of	   the	   genome.	   However	   there	   are	   several	   exceptions,	  

detailed	  in	  Table	  4.3.	  Of	  note,	  there	  is	  an	  ~6.5	  kb	  segment	  of	  contig	  264	  containing	  

three	   genes	   that	   has	   normal	   coverage	   in	   Nc14	   and	   Sua1,	   no	   coverage	   in	   Abo1,	  

Went1	   and	   Ash4	   and	   ~50%	   coverage	   in	   Em1	   (figure	   4.2).	   The	   polymorphisms	  

bordering	   this	   region	   appear	   to	   be	   heterozygous	   only	   in	   Em1	   (figure	   4.2).	   My	  

analysis	  also	  revealed	  many	  short	  (mostly	  <1	  kb)	  contigs	  apparently	  unique	  to	  Nc14.	  

Em1	  has	  a	  higher	  proportion	  of	  heterozygous	  to	  homozygous	  polymorphisms	  than	  

other	  isolates.	  	  

	  

	  

	  

	  
Table	  4.2	  Summary	  of	  polymorphism	  across	  6	  isolates	  of	  Albugo	  laibachii.	  Polymorphisms	  
were	  predicted	  based	  on	  the	  alignment	  of	  Illumina	  reads	  from	  each	  isolate	  to	  the	  Nc14	  
reference	  sequence	  as	  described	  in	  Chapter	  2.	  Homozygous,	  heterozygous,	  single	  nucleotide	  
and	  small	  indels	  were	  differentiated	  using	  custom	  Perl	  scripts.	  	  
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	  Figure	  4.1.	  Distribution	  of	  the	  average	  coverage	  of	  genes	  in	  six	  Al	  isolates.	  The	  relative	  depth	  of	  
coverage	  for	  each	  gene	  in	  each	  isolate	  was	  extracted	  and	  the	  distribution	  plotted	  with	  a	  bin	  size	  of	  
0.05.	  In	  each	  isolate,	  ~700	  genes	  occur	  with	  half	  coverage	  (0.4	  -‐	  0.6	  x	  average	  coverage).	  

Figure	  4.2.	  Visualization	  of	  the	  reads	  from	  the	  six	  Al	  isolates	  aligned	  to	  the	  Nc14	  genome.	  
Alignments	  of	  the	  Illumina	  reads	  from	  each	  isolate	  against	  the	  Nc14	  reference	  are	  visualized	  in	  the	  
IGV	  genome	  browser.	  The	  panel	  corresponding	  to	  each	  isolate	  is	  split	  into	  two	  parts,	  the	  upper	  
showing	  the	  overall	  coverage	  at	  each	  position	  and	  the	  lower	  showing	  actual	  Illumina	  reads.	  Colored	  
vertical	  lines	  represent	  discrepancies	  to	  the	  reference	  (ie	  SNPs).	  	  A	  21	  kb	  region	  of	  contig	  264	  is	  
shown,	  which	  displays	  an	  apparent	  deletion	  in	  three	  isolates	  and	  50%	  coverage	  in	  another	  (Em1).	  
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4.2.3	  ASSOCIATION	  GENOMICS	  IN	  SIX	  ALBUGO	  LAIBACHII	  ISOLATES	  
To	   identify	   AVR	   gene	   candidates	   from	   the	   population-‐genomics	   data,	   I	   designed	   a	  

computational	   pipeline	   to	   correlate	   non-‐synonymous	   polymorphisms	   across	   the	  

secretomes	  with	   the	   virulence	   differentials	   reported	   in	   chapter	   3.	   The	   principle	   of	  

the	  pipeline	  is	  summarised	  in	  figure	  4.3,	  and	  detailed	  in	  chapter	  2b.	  The	  outcome	  is	  a	  

list	  of	  candidate	  secreted	  proteins	   ranked	  by	   the	  number	  of	  differential	  associated	  

non-‐synonymous	   polymorphisms	   including	   pseudogenisations	   and	   predicted	  

changes	   to	   intron/exon	   structure,	   for	   each	   unique	   differential	   pattern.	   Appendix	  

table	   4A1	   is	   a	   re-‐organised	   table	   structured	   around	   the	   fourteen	   observed	  

differential	  virulence	  groups.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

I	  applied	  the	  association	  genomics	  pipeline	  to	  the	  polymorphisms	  predicted	  from	  the	  

six	  Al	   isolates,	   producing	   a	   list	   of	   candidate	   genes	   based	   around	   the	   premise	   that	  

there	   should	   be	   a	   pattern	   of	   mutation	   consistent	   with	   the	   recognition	   of	   certain	  

alleles	  within	  the	  population.	  Some	  of	  these	  data	  are	  presented	  in	  table	  4.4,	  and	  fully	  

in	   appendix	   table	   4A2.	   At	   least	   one	   candidate	   was	   predicted	   for	   each	   group	   of	  

accessions.	  In	  some	  cases,	  genes	  were	  found	  that	  had	  mutations	  encoding	  up	  to	  33	  

non-‐synonymous	   mutations	   fully	   correlated	   with	   a	   particular	   phenotype,	   for	  

Figure	  4.3.	  A	  simplified	  representation	  of	  the	  pipeline	  to	  associate	  non-‐synonymous	  
polymorphisms	  with	  isolate	  virulence	  differentials.	  The	  development	  of	  the	  pipeline	  is	  
discussed	  in	  detail	  in	  chapter	  2b.	  
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example	   AlNc14C169G7963	   (table	   4.4)	   that	   encodes	   a	   short	   (less	   than	   500	   amino	  

acids)	  secreted	  protein	  (abbreviated	  to	  SSP17),	  possibly	  recognised	  by	  accession	  Ksk-‐

1.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

4.2.4	  POPULATION-‐GENETIC	  ANALYSIS	  OF	  SIX	  ALBUGO	  LAIBACHII	  ISOLATES	  
As	  described	   in	   the	   introduction,	   true	   recognised	  effectors	  are	  postulated	   to	   show	  

signatures	  of	  selection	  such	  as	  adaptive	  selection	  (enrichment	  for	  non-‐synonymous	  

polymorphisms)	   and	   balancing	   selection	   (selection	   to	   maintain	   divergent	   alleles).	  

Because	  of	  a	  potential	  concern	  that	  false-‐positives	  and	  artefacts	  might	  populate	  the	  

lists	   generated	   by	   the	   association	   genomic	   pipeline,	   and	   in	   order	   to	   produce	  

candidates	  worthy	  of	  testing	  for	  recognition,	  statistical	  values	  for	  these	  two	  types	  of	  

selection	  were	  calculated	  for	  all	  of	  the	  genes	  in	  Al	  using	  the	  polymorphism	  data	  from	  

the	   six	   sequenced	   isolates.	  Using	   the	  PAML	   suite	   and	   the	   yn00	  method	   (Yang	   and	  

Nielsen,	   2000),	   pN/pS	   values	   (proportion	   non-‐synonymous	   to	   synonymous	  

polymorphisms;	   adaptive	   selection)	   were	   calculated.	   A	   distribution	   of	   the	   yn00	  

Table	  4.4	  Some	  of	  the	  predictions	  from	  the	  association	  genomics	  pipeline.	  The	  annotation	  
(automatic)	  refers	  to	  the	  annotation	  assigned	  to	  these	  genes	  by	  Kemen	  et	  al	  (2011)	  by	  methods	  
described	  in	  that	  paper.	  During	  this	  study,	  the	  sequences	  of	  many	  potential	  candidates	  were	  
examined	  manually;	  the	  outcome	  of	  these	  searches	  is	  included	  in	  the	  notes	  column.	  SSPs	  are	  
genes	  encoding	  a	  predicted	  signal	  peptide	  and	  less	  than	  500	  amino	  acids. 
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pN/pS	  scores	  is	  shown	  in	  figure	  4.4.	  The	  predicted	  secretome	  shows	  a	  shift	  towards	  

higher	  pN/pS	  values	  in	  comparison	  with	  the	  genes	  that	  do	  not	  encode	  proteins	  with	  

predicted	  signal	  peptides,	  which	  is	  statistically	  significant	  (unpaired	  Student’s	  t-‐test,	  

p	  <	  0.01).	  I	  extracted	  the	  top	  20	  secreted	  and	  non-‐secreted	  protein-‐encoding	  genes,	  

tables	   4.5	   and	   4A4	   respectively.	   To	   measure	   balancing	   selection,	   two	   similar	  

statistical	   tests	  were	  used;	  Fu’s	   Fs	   (Fu,	  1997)	  and	  Tajima’s	  D	   (Tajima,	  1989).	  These	  

methods	   test	   for	   test	   for	   balancing	   selection	   by	   assessing	   the	   polymorphism	   at	   a	  

locus,	   generating	   an	   expected	   allele	   number	   based	   on	   this	   polymorphism	   and	  

comparing	   it	  to	  the	  observed	  number	  of	  alleles.	  Genes	  with	  a	   lower	  than	  expected	  

allele	   number,	   despite	   high	   levels	   of	   polymorphism,	   will	   thus	   have	   a	   higher	   than	  

average	  Tajima’s	  D	  Fu’s	  Fs	  score.	  	  Fu’s	  Fs	  is	  predicted	  to	  be	  a	  more	  sensitive	  test.	  Fu’s	  

Fs	  and	  Tajima’s	  D	  were	  calculated	  for	  all	  Al	  genes	  using	  DNAsp	  (Librado	  et	  al.,	  2009).	  

The	   values	   for	   Fu’s	   Fs	   are	   plotted	   as	   a	   distribution	   in	   figure	   4.5	   and	   the	   top	   20	  

secreted	   and	   non-‐secreted	   protein	   encoding	   genes,	   are	   in	   tables	   4.6	   and	   4A5	  

respectively.	   As	   with	   the	   pN/pS,	   the	   secretome	   has	   a	   significantly	   different	  

distribution	  of	  Fu’s	  Fs;	  there	  is	  a	  noticeable	  shoulder	  present	  only	  in	  the	  secretome	  

towards	  positive	  Fu’s	  Fs	  scores	  (figure	  4.5.).	  The	  Tajima’s	  D	  statistic	  did	  not	  show	  the	  

same	  trend	  as	  pN/pS	  and	  Fu’s	  Fs.	  The	  graph	  and	  tables	  for	  Tajima’s	  D	  can	  be	  found	  in	  

appendix	  figure	  4A1	  and	  table	  4A3	  respectively.	  	  

	   Since	  those	  genes	  with	  significant	  pN/pS	  and	  Fu’s	  Fs	  are	  hypothetically	  more	  

likely	  to	  be	  recognised	  effectors,	  it	  was	  possible	  to	  use	  this	  information	  to	  prioritise	  

the	   list	   of	   candidate	   genes	   from	   the	   association	   genomics	   pipeline.	   Tables	   were	  

created	  to	  incorporate	  each	  statistic,	  and	  the	  resulting	  top	  candidates	  are	  shown	  in	  

table	  4.7.	  
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Figure	  4.4.	  Distribution	  of	  pN/pS	  for	  all	  Al	  genes,	  generated	  from	  the	  analysis	  of	  the	  6	  isolates.	  pN/pS	  
(yn00	  max	  method)	  was	  calculated	  for	  each	  gene	  based	  on	  the	  Illumina	  data	  from	  six	  isolates	  as	  
described	  in	  Chapter	  2.	  Genes	  encoding	  proteins	  with	  a	  predicted	  signal	  peptide	  are	  in	  red,	  and	  those	  
without	  in	  blue.	  	  

Secreted	  

Non-‐secreted	  

Table	  4.5.	  The	  top	  20	  genes	  encoding	  secreted	  proteins	  by	  pN/pS	  (yn00)	  statistic.	  
pN/pS	  (yn00	  max	  method)	  was	  calculated	  for	  each	  gene	  based	  on	  the	  Illumina	  data	  
from	  six	  isolates	  as	  described	  in	  Chapter	  2. 
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Figure	  4.5.	  Distribution	  of	  Fu’s	  Fs	  for	  all	  Al	  genes,	  generated	  from	  the	  analysis	  of	  the	  6	  isolates.	  Fu’s	  Fs	  
was	  calculated	  for	  each	  gene	  using	  the	  VariTale	  method	  as	  described	  in	  Chapter	  2.	  Genes	  encoding	  
proteins	  with	  a	  predicted	  signal	  peptide	  are	  in	  red,	  and	  those	  without	  in	  blue.	   
	   

Table	  4.6	  The	  top	  20	  genes	  encoding	  secreted	  proteins	  by	  Fu’s	  Fs	  statistic.	  
Fu’s	  Fs	  was	  calculated	  for	  each	  gene	  using	  the	  VariTale	  method	  as	  described	  
in	  Chapter	  2. 
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In	   addition	   to	   using	   the	   polymorphism	   data	   to	   prioritise	   recognised	   effector	  

candidates,	   I	   also	   thought	   it	   pertinent	   to	   examine	   several	   other	   aspects	   of	   the	  

polymorphism	   data,	   for	   example	   to	   check	   if	   there	   is	   any	   enrichment	   for	   non-‐

synonymous	   polymorphism	   in	   a	   particular	   region	   of	   secreted	   protein	   encoding	  

genes,	   or	   if	   the	   genomic	   context	   of	   a	   gene	   could	   effect	   its	   rate	   of	   adaptive	  

evolution.	  	  

	   By	  extracting	  the	  coordinate	  of	  each	  non-‐synonymous	  polymorphism	  within	  

its	   respective	  CDS,	  and	  normalising	   this	   to	   the	  CDS	   length,	   I	  was	  able	   to	  generate	  

figure	   4.6,	   summarising	   this	   information	   for	   three	   groups:	   secreted,	   non-‐secreted	  

and	   finally	   those	   genes	   with	   secreted	   products	   that	   have	   both	   high	   Fu’s	   Fs	   and	  

pN/pS	   (‘rapidly	  evolving’	  genes;	  present	   in	   tables	  4.5	  and	  4.6).	  The	  distribution	  of	  

mutations	   in	   the	   C-‐terminus	   of	   both	   the	   secreted	   and	   especially	   the	   ‘rapidly	  

evolving’	   group	   of	   secreted	   protein	   encoding	   genes	   suggests	   that	   this	   region	   is	  

undergoing	  adaptive	  selection	  at	  an	  enhanced	  rate.	  These	  genes	  also	  seem	  to	  have	  

less	   non-‐synonymous	   polymorphisms	   than	   average	   in	   the	   first	   15-‐20%	   of	   the	  

protein	   (figure	   4.6).	  Of	   1725	   unique	   non-‐synonymous	   polymorphisms	   detected	   in	  

the	  secretome,	  529	  of	  them	  occur	  in	  these	  31	  genes.	  

	   In	  order	  to	  assess	  the	  effect	  of	  genomic	  context,	  defined	  by	  the	  length	  of	  a	  

gene’s	  5’	  and	  3’	  intergenic	  distances	  to	  neighbouring	  ORFs,	  on	  the	  rate	  of	  evolution	  

in	   genes	   I	   employed	   a	   density	   plot	   method	   described	   by	   Saunders	   et	   al	   (2014).	  

Figure	   4.7	   shows	   that	   the	   vast	   majority	   of	   genes	   lie	   in	   gene-‐dense	   regions	   with	  

intergenic	  distances	  between	  100	  and	  1000	  bp.	  The	  white	  triangles	  represent	  the	  31	  

Table	  4.7	  The	  best	  candidates	  for	  recognized	  effectors	  after	  considering	  association	  
genomics,	  Fu’s	  Fs	  and	  pN/pS. 
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rapidly	  evolving	   secreted	  protein	  encoding	  genes,	  where	   they	  could	  be	  calculated	  

(some	   genes	   could	   not	   be	   plotted	   because	   they	   are	   at	   contig	   ends).	   Although	   a	  

number	   of	   them	   are	   found	   in	   the	   ‘normal’	   regions,	   one-‐third	   have	   longer	   than	  

average	  5’	  and	  3’	  distances.	  

	  

	  

	  

	  

	   	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  4.6.	  The	  frequency	  of	  non-‐synonymous	  polymorphisms	  across	  the	  normalized	  
CDSs	  of	  Al	  genes.	  	  Genes	  encoding	  proteins	  with	  a	  predicted	  signal	  peptide	  are	  in	  red,	  
those	  without	  in	  blue,	  and	  those	  in	  pastel	  yellow	  are	  ‘rapidly	  evolving’	  genes	  with	  a	  
predicted	  signal	  peptide. 
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4.2.5	  ANALYSIS	  OF	  RECOMBINATION	  IN	  SIX	  ALBUGO	  LAIBACHII	  ISOLATES	  
In	   order	   to	   assess	   the	   likelihood	   that	   Al	   isolates	   reproduce	   sexually	   in	   nature,	   I	  

identified	  putative	  sexual	  recombination	  events	  in	  the	  six	  sequenced	  isolates.	  To	  do	  

this,	   I	   reconstructed	   genomes	   for	   each	   of	   the	   isolates,	   using	   only	   contigs	   greater	  

than	  10	  kb	  in	  length	  and	  masking	  the	  first	  and	  last	  500	  bp	  from	  these	  contigs.	  With	  

the	  assistance	  of	  Dr	  Mark	  McMullan	  I	  then	  used	  RDP	  (Martin	  and	  Rybicki,	  2000)	  to	  

predict	   recombination	   events.	   RDP	   uses	   multiple	   algorithms	   to	   scan	   aligned	  

sequences	   from	   each	   isolate	   to	   identify	   blocks	   of	   common	   polymorphic	   sites	  

between	   2	   or	   more	   isolates	   that	   may	   represent	   DNA	   introgressed	   via	  

recombination.	  We	  found	  474	  putative	  events	  that	  met	  the	  threshold	  of	  the	  various	  

algorithms	  employed.	  Table	  4.8	  shows	  the	  number	  of	  these	  events	  that	  occurred	  in	  

each	   isolate.	   I	   also	   assessed	   the	   distribution	   of	   the	   distances	   of	   genes	   from	  

recombination	  breakpoints	  (most	  commonly	  ~5	  kb)	  shown	  in	  figure	  4.8.	  

Figure	  4.7.	  A	  density	  plot	  of	  5’	  and	  3’	  intergenic	  distances,	  with	  rapidly	  evolving	  
secreted	  protein-‐encoding	  genes	  highlighted	  with	  white	  triangles.	  The	  axes	  show	  
the	  5’	  and	  3’	  distance	  in	  bp	  from	  the	  start	  and	  stop	  codon	  of	  each	  gene	  respectively.	  
The	  density	  of	  genes	  is	  represented	  by	  the	  shade	  of	  colour,	  pale	  blue	  being	  the	  least	  
and	  red	  the	  most	  dense	  (ie	  the	  most	  genes).	  The	  31	  rapidly	  evolving	  genes	  were	  
mapped	  onto	  the	  plot,	  indicated	  by	  the	  white	  triangles. 
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To	  test	  if	  recombination	  event	  detection	  is	  an	  artefact	  of	  more	  polymorphic	  regions	  

or	   related	   to	  adaptive	  evolution,	   I	  made	  plots	  of	   these	  values	  and	  the	  distance	  of	  

each	  individual	  gene	  to	  its	  closest	  recombination	  breakpoint	  (appendix	  figures	  4A3	  

and	   4A4).	   However,	   I	   was	   unable	   to	   find	   any	   significant	   correlation,	   positive	   or	  

negative	  with	  pN/pS,	  raw	  polymorphism	  or	  indeed	  Fu’s	  Fs.	  

4.3	  DISCUSSION	  

Table	  4.8.	  The	  number	  of	  predicted	  introgressions	  detected	  in	  each	  
isolate.	  Contigs	  greater	  than	  10	  kb	  were	  reconstructed	  for	  each	  isolate,	  
aligned	  and	  submitted	  to	  RDP	  (Martin	  and	  Rybicki,	  2000).	   

Figure	  4.8.	  The	  distribution	  of	  gene	  distances	  to	  their	  nearest	  predicted	  
recombination	  breakpoint.	  The	  distance	  from	  each	  gene	  (either	  from	  5’	  or	  3’	  
end)	  to	  its	  closest	  introgressed	  region	  was	  calculated	  and	  a	  distribution	  
plotted. 
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Comparison	  of	  the	  six	  Al	  isolates	  reveals	  a	  striking	  lack	  of	  nucleotide	  diversity.	  With	  

an	   average	   of	   ~0.1%	   overall	   polymorphism	   between	   the	   genomes	   of	   any	   pair	   of	  

isolates,	   these	   isolates	   are	   very	   similar	   to	   each	   other.	   For	   comparison,	   a	   similar	  

study	  carried	  out	  on	  seven	  Hpa	   isolates	   found	   that	   they	  were	  each	  around	  0.25%	  

polymorphic	   (Ishaque,	   Furzer	  et	   al.,	   in	  preparation)	   and	  on	   several	   isolates	  of	   the	  

closely	   related	   Ac,	   1%	   polymorphism	   was	   observed,	   though	   these	   were	   isolates	  

seemingly	   specifically	   adapted	   to	   different	   host-‐ranges	   (Gardiner	   et	   al.,	   in	  

submission).	   While	   this	   level	   of	   polymorphism	   may	   be	   lower	   than	   within	   some	  

fungal	   ‘clonal	   lineages’	   (e.g.	  Cantu	  et	  al.,	  2013),	   it	  seems	  that	  each	   isolate	  studied	  

here	   has	   both	   its	   own	   specific	   pattern	   of	   differentials	   (chapter	   3)	   and	   pattern	   of	  

unique	  polymorphisms	  and	  in	  particular,	  a	  unique	  mosaic	  of	  putative	  recombination	  

events.	   Therefore	   it	   is	   likely	   that	   these	  are	  not	   clonal	   lineages	  but	   the	  product	  of	  

sexual	  recombination	  occurring	  between	  closely	  related	  isolates	  in	  nature.	  

	   On	  the	  other	  hand,	  low	  diversity	  should	  mean	  there	  will	  be	  less	  background	  

when	   attempting	   to	   identify	   AVR	   genes	   through	   association	   of	   phenotype	   with	  

genetic	   polymorphism.	   Using	   a	   simple	   pipeline,	   AVR	   gene	   candidates	   were	  

identified	  on	  the	  basis	  of	  the	  phenotypes	  observed	  in	  chapter	  3.	  I	  demonstrated	  in	  

chapter	   2b	  how	   it	  was	  possible	   to	  use	   this	   pipeline	   to	   re-‐identify	  ATR1	   from	  Hpa	  

using	   similar	   genotype/phenotype	   data.	   For	   some	   accessions	   with	   differential	  

recognition	   I	   could	   not	   predict	   any	   strong	   AVR	   candidates	   (table	   4AT3).	   I	  

hypothesise	   that	   in	   these	   cases	   there	   may	   be	   either	   confounding	   mutations	   or	  

expression	   level	   polymorphisms	   (Qutob	   et	   al.,	   2013)	   that	   allow	   isolates	   to	   gain	  

virulence.	   It	   is	   also	   likely	   that	   in	   some	   cases	   the	   presence	   of	   multiple	   resistance	  

genes	   in	   different	   accessions	   could	   confound	   my	   analysis.	   Other	   confounding	  

effects,	  for	  example	  a	  tri-‐allelic	  AVR	  with	  multiple	  different	  alleles	  that	  are	  able	  to	  

evade	  recognition,	  could	  cause	  problems	  for	  my	  association	  genomic	  system.	  Such	  

confounding	   mutations	   are	   common	   in	   other	   association	   genomic	   experiments,	  

which	  have	  become	  advanced	  in	  the	  human	  field,	  and	  underline	  the	  importance	  of	  

the	  parallel	  population	  genomic	  analyses	  (Mathieson	  and	  McVean,	  2012).	  

	   Therefore	   I	   examined	   the	   gene	   complement	   through	   the	   lens	   of	   several	  

population	  genetics	  statistics.	  Using	  these	  data	  I	  categorised	  31	  genes	  that	  had	  both	  
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a	   high	   pN/pS	   (adaptive	   selection)	   and	   Fu’s	   Fs	   (balancing	   selection)	   as	   ‘rapidly	  

evolving’	   genes	   (genes	   present	   in	   both	   table	   4.5	   and	   4.6).	   Previous	   analyses	  

revealed	   that	   many	   rapidly	   evolving	   RXLR	   effectors	   from	   Phytophthora	   spp.	   had	  

particularly	   rapidly	  evolving	  C-‐termini	   (Win	  et	   al.,	   2007)	   and	   typically	   appeared	   in	  

gene	  sparse	  regions	  (Raffaele	  et	  al.,	  2010b).	  Examining	  both	  where	  predicted	  non-‐

synonymous	  polymorphisms	  are	  located	  within	  these	  rapidly	  evolving	  genes	  (figure	  

4.6)	   and	   the	   genomic	   context	   of	   these	   genes	   (figure	   4.7)	   strengthened	   the	  

argument	   that	   some	   of	   them	  may	   be	   effectors	   and/or	  AVR	  genes,	   since	   some	   of	  

them	  occur	  in	  gene	  sparse	  regions,	  and	  as	  a	  group	  they	  show	  a	  stronger	  tendency	  

to	   have	   non-‐synonymous	   polymorphisms	   towards	   the	   C-‐terminus	   than	   the	  

secretome	  as	  a	  whole.	  	  

	   Using	  both	  the	  association	  genetics	  data	  and	  population	  analyses,	  I	  drew	  up	  

a	  short	  list	  of	  candidates	  to	  test	  for	  recognition	  in	  the	  laboratory	  (table	  4.7).	  This	  list	  

contains	  six	  SSPs	  and	  one	  CHXC-‐type	  effector	  candidate	  (though	  interestingly	  in	  this	  

case	  the	  position	  of	  the	  H	  has	  moved	  over;	  the	  motif	  still	  fits	  with	  the	  generalised	  

CHXC	  motif).	  Although	  all	  of	  these	  genes	  are	  considered	  equal	  in	  their	  probability	  of	  

being	   AVRs,	   the	   CHXC	   protein,	   the	   secreted	   aspartate	   protease	   and	  

AlNc14C28G2718	   (SSP16)	   (possibly	   recognised	   in	   multiple	   accessions)	   seem	  

intriguing	  candidates.	  There	  are	  also	  three	  strong	  candidates	  for	  recognition	  in	  Ksk-‐

1,	  an	  accession	  that	  harbours	  two	  known	  resistances:	  the	  cloned	  RAC1	  gene	  and	  the	  

RAC3	   locus	   (Borhan	   et	   al.,	   2004).	   I	   will	   explore	   if	   any	   of	   these	   candidates	   is	  

recognised	  in	  chapter	  5.	  

	   Additionally	   I	   discovered	  many	  potential	   recombination	  events	  might	  have	  

occurred	   in	   the	   lineages	   of	   these	   isolates.	   It	   is	   likely	   that	   the	   number	   of	  

recombination	   events	   is	   under-‐estimated	   due	   to	   the	   low	   level	   of	   polymorphism	  

between	   the	   isolates;	   more	   polymorphism	   would	   increase	   the	   resolution	   of	   the	  

software.	  Nevertheless,	  this	  finding	  is	  consistent	  with	  the	  findings	  of	  Adhikari	  et	  al	  

(2003)	  in	  Ac	  and	  the	  fact	  that	  infected	  plants	  produce	  many	  oospores	  (Thines	  et	  al.,	  

2009).	   The	   finding	   highlighted	   in	   figure	   4.2	   is	   a	   second	   data	   point	   that	   suggests	  

sexual	   recombination	   is	   occurring.	   One	   interpretation	   of	   the	   finding	   that	  Went1,	  

isolated	   in	   Germany,	   has	   an	   approximately	   equal	   number	   of	   predicted	  
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recombination	   events	   (and	   is	   generally	   as	   similar	   as	   any	   of	   the	   other	   isolates	   in	  

terms	  of	  polymorphism)	  is	  that	  the	  spores	  of	  Al	  are	  extremely	  mobile	  and	  probably	  

capable	   of	   crossing	   seas	   and	   continents	   fairly	   quickly.	   Alternatively,	   the	   rate	   of	  

mutation	   and	   recombination	   might	   just	   be	   very	   low	   within	   this	   species.	   A	   more	  

wide	  ranging	  collection	  of	   isolates	   is	  needed	  to	  test	  either	  of	   these	  hypotheses.	   It	  

has	   been	   noted,	   for	   example	   in	   Drosophila,	   that	   recombination	   has	   a	   positive	  

influence	  on	  diversity	  (McGaugh	  et	  al.,	  2012).	  	  The	  role	  of	  recombination	  in	  this	  case	  

was	  not	  clear	  however,	  as	  no	  statistically	  significant	  link	  between	  my	  calculations	  of	  

selection	   and	   the	   putative	   recombination	   events	   could	   be	   made.	   However,	  

conceivably	   further	   analysis	   looking	   at	   the	   data	   from	   a	   different	   angle	   (ie	  

recombination	   event	   density	   rather	   than	   proximity)	   could	   reveal	   a	   significant	  

correlation	  between	  recombination	  events	  and	  an	  increased	  rate	  of	  evolution.	  
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CHAPTER	  5:	  TESTING	  AND	  CHARACTERISATION	  OF	  POTENTIAL	  
RECOGNISED	  EFFECTORS	  

5.1	  INTRODUCTION	  
In	  order	  to	  parasitize	  their	  hosts,	  biotrophic	  filamentous	  plant	  pathogens	  secrete	  an	  

arsenal	   of	   effector	   molecules	   from	   the	   specialised	   host-‐cell	   interface	   structure	  

called	   the	   haustorium	   (Kemen	   et	   al.,	   2005;	  Whisson	   et	   al.,	   2007).	   Some	   of	   these	  

effectors	  pass	  through	  the	  host	  cell’s	  membrane	  from	  the	  extra-‐haustorial	  matrix	  to	  

alter	  host	  cellular	  processes	  to	  favour	  the	  pathogen	  (Schornack	  et	  al.,	  2009).	  Many	  

effectors	  were	  initially	  identified	  through	  their	  property	  of	  avirulence:	  the	  triggering	  

of	  strong	  host	  immunity	  via	  resistance	  (R)-‐	  gene	  products.	  Recognition	  of	  avirulence	  

(Avr)	   gene	   products,	   and	   therefore	   resistance	   to	   oomycete	   plant	   pathogens,	   is	  

typically	  conferred	  by	  either	  TIR-‐	  or	  CC–NB-‐LRR	  class	  receptor	  proteins	  and	  is	  known	  

as	  effector	  triggered	  immunity	  (ETI)	  (Jones	  and	  Dangl,	  2006).	  ETI	  is	  often	  manifested	  

as	   a	   localised	   hypersensitive	   response	   (HR)	   and	   cell	   death	   at	   the	   site	   of	   the	  

infection.	  

In	   order	   to	   further	   understanding	   of	   the	   Al-‐At	   interaction	   I	   set	   out	   to	   identify	  

recognised	   effectors,	   or	  AVR	   genes.	   In	   chapter	   4	   I	   presented	   the	   sequencing	   and	  

comparison	   of	   six	   isolates	   of	   Al.	   Using	   disease	   phenotype	   information	   and	  

expectations	   of	   the	   allelic	   diversity	   of	   AVR	   genes	   I	   produced	   a	   list	   of	   candidate	  

effectors	  to	  test	  for	  recognition	  by	  specific	  At	  accessions.	  	  

Such	  testing	  requires	  a	  robust	  phenotyping	  assay.	  Previous	  studies	  have	  used	  high-‐

throughput	   screens	   in	   surrogate	   systems	   such	   as	   Agrobacterium-‐mediated	  

Nicotiana	   benthamiana	   transient	   transformation	   (Oh	   et	   al.,	   2009).	   This	   however	  

requires	  both	  prior	   knowledge	  of	   the	  R	  gene	  and	  an	  R	  gene	   that	   functions	   in	   the	  

surrogate	  system.	  

The	  “GUS-‐eclipse”	  assay	  is	  based	  on	  the	  detection	  of	  HR	  through	  the	  lack	  of	  GUS	  (β-‐

glucuronidase)	   activity	   dependent	   staining	   subsequent	   to	   transient	   biolistic	   co-‐

expression	  of	  GUS	  with	  an	  Avr	  or	  R-‐gene	  in	  a	  plant	  containing	  the	  cognate	  protein.	  

Thus	   it	   is	   a	   system	   that	   can	   be	   employed	   in	   resistant	   accessions	  without	  a	   priori	  

knowledge	  of	  a	  specific	  R	  gene.	  The	  method	  was	  pioneered	  in	  the	  context	  of	  plant	  
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immunity	   by	  Mindrinos	   et	   al,	   (1994)	   and	   later	   used	   to	   detect	   HR	   caused	   by	   the	  

expression	  of	  Hpa	  AVR	  genes	  ATR13	  and	  ATR1	   in	   resistant	  At	   accessions	   (Allen	  et	  

al.,	  2004;	  Rehmany	  et	  al.,	  2005),	  as	  a	  means	  to	  identify	  these	  recognized	  effectors.	  	  

In	   this	   chapter	   I	   present	  my	   results	   from	   the	   testing	   of	   candidate	   effectors	   from	  

chapter	  4	  for	  recognition	  in	  certain	  At	  accessions.	  I	  report	  that	  two	  candidates	  are	  

recognised	  in	  specific	  At	  genotypes,	  and	  provide	  some	  details	  of	  the	  diversity	  within	  

A.	   laibachii	  of	   these	  candidate	  effector	  proteins,	   their	  homologs	  and	  paralogs	  and	  

characterise	  their	  sub-‐cellular	  localisation.	  

5.2	  RESULTS	  

5.2.1	  SSP16NC14	  IS	  RECOGNISED	  BY	  HR-‐5	  
To	   test	   if	   defined	   candidates	   are	   recognised	   by	   specific	  At	   accessions,	   I	   used	   the	  

“GUS	   eclipse”	   assay	   based	   on	   transient	   expression	   via	   DNA	   coated	   gold	   particle	  

bombardment	  of	  detached	  At	   leaves	   (Mindrinos	  et	  al.,	  1994).	  By	  bombarding	   two	  

At	   leaves,	   one	   susceptible	   accession	   and	   one	   resistant	   accession,	   simultaneously	  

with	  gold	  particles	  coated	  with	  GUS	  and	  Candidate	  gene	  driven	  by	  35S	  promoter,	  it	  

is	  possible	  to	  screen	  for	  recognition	  through	  reduction	  or	  eclipse	  of	  GUS	  staining	  in	  

a	  specific	  accession.	  

	   AlNc14C28G2718,	  SSP16Nc14,	  was	  one	  of	  the	  most	  highly	  ranked	  candidates	  

from	  my	  analyses	   in	   chapter	  4.	   It	   is	   predicted	   to	  be	   recognised	  by	   the	  accessions	  

HR-‐5,	  Ren-‐11	  and	  Knox-‐18.	  It	  also	  has	  the	  highest	  Fu’s	  Fs	  and	  the	  highest	  (scorable)	  

pN/pS	   of	   all	   genes	   encoding	   predicted	   secreted	   proteins	   (11.3	   and	   15.5	  

respectively).	  These	  characteristics	  meant	  that	  it	  was	  a	  high	  priority	  to	  be	  tested	  in	  

a	   transient	   assay.	   ΔSP-‐SSP16Nc14	   was	   cloned	   from	   Nc14	   cDNA,	   and	   its	   UTRs	  

confirmed	   by	   rapid	   amplifcication	   of	   cDNA	   ends	   (RACE)-‐PCR	   (Borson,	   Salo	   and	  

Drewes,	   1992).	   I	   bombarded	   the	  ΔSP-‐SSP16Nc14	   (secretion	   signal	   truncated)	   allele	  

under	   the	   35S	   promoter	   into	   HR-‐5,	   with	   an	   empty-‐vector	   (EV)	   control.	   This	  

combination	   gives	   a	   significant	   reduction	  of	  GUS	   spot	   ratio	   (figure	   5.1)	   (Wilcoxon	  

rank-‐sum	  test;	  p	  <	  0.05).	   I	   then	  cloned	  two	   further	  SSP16	  alleles,	   those	   from	  Em1	  

and	  Abo1	  (the	  allelic	  differences	  are	  reported	  in	  section	  5.2.3),	  predicted	  to	  evade	  

recognition	   by	   HR-‐5.	   The	   SSP16	   alleles	   from	   Nc14,	   Em1	   and	   Abo1	   were	   then	  
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bombarded	  within	  the	  same	  experiment,	  including	  an	  EV	  control.	  The	  two	  ‘virulent’	  

alleles	   gave	   an	   intermediate	   GUS	   spot	   ratio,	   whilst	   ΔSP-‐SSP16Nc14	   caused	   a	  

significant	   reduction	   in	   ratio,	   compared	   to	   the	   empty	   vector	   (EV)	   (figure	   5.2)	  

(Wilcoxon	  rank-‐sum	  test;	  p	  <	  0.05).	  

	   As	   a	   second	   assay	   to	   test	   if	   this	   apparent	   recognition	   is	   authentic,	   I	  

employed	  the	  effector-‐detector-‐vector	  system	  (EDV)	  (Sohn	  et	  al.,	  2007)	  that	  uses	  a	  

delivery	   sequence	   from	   AvrRps4.	   The	   secretion-‐signal	   truncated	   Nc14	   and	   Abo1	  

alleles	   of	   SSP16	  were	   cloned	   into	   the	   EDV6	   vector,	   and	   these	   were	   mated	   into	  

Pseudomonas	  syringae	  DC3000	  lux	  strain	  (Fan	  et	  al.,	  2008).	  I	  spray-‐inoculated	  HR-‐5	  

and	   Col-‐0	   (susceptible)	   plants	   and	   assessed	   the	   bacterial	   growth	   4	   days	   post-‐

inoculation	   (dpi)	   through	   colony	   counts.	   Exclusively	   in	   the	   HR-‐5	   accession,	   the	  

SSP16Nc14	  allele	   showed	   significantly	   less	   growth	   (figure	   5.3)	   (Student’s	   t-‐test	   on	  

mean	   cfu/cm2,	   p	   <	   0.05)	   of	   between	   0.5	   and	   1	   log	   cfu/cm2	   (over	   3	   replicate	  

experiments).	   The	  SSP16Abo1	  allele	  was	   indistinguishable	   from	   the	  AvrRps4KRVY-‐AAAA	  

control	  (a	  non-‐functional	  effector	  mutant;	  Sohn	  et	  al.,	  2009)	  in	  both	  HR-‐5	  plants	  and	  

Col-‐0,	  while	  the	  SSP16Nc14	  allele	  was	  also	  indistinguishable	  from	  both	  in	  Col-‐0.	  There	  

was	  no	  detectable	  positive	  change	  in	  the	  growth	  of	  either	  allele	  in	  the	  susceptible	  

Col-‐0	  plants.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Ra
tio

	  G
U
S	  
sp
ot
s	  (
HR

-‐5
/C
ol
)	  	  

Figure	  5.1.	  ΔSP-‐SSP16Nc14	  is	  recognised	  by	  accession	  HR-‐5;	  GUS	  spot	  ratios	  for	  the	  
bombardment	  of	  ΔSP-‐SSP16Nc14	  and	  empty	  vector	  in	  HR-‐5.	  	  6	  pairs	  of	  leaves	  were	  
bombarded	  with	  each	  construct.	  The	  letters	  signify	  the	  significance	  of	  the	  
differentiation	  of	  the	  groups	  according	  to	  whether	  p	  <	  0.05	  in	  a	  two-‐tailed	  Wilcoxon	  
rank-‐sum	  test.	  The	  error	  bars	  represent	  standard	  error.	  
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Figure	  5.2.	  GUS	  spot	  ratios	  for	  the	  bombardment	  of	  various	  SSP16	  alleles	  in	  HR-‐5.	  
6	  pairs	  of	  leaves	  were	  bombarded	  with	  each	  construct.	  The	  letters	  signify	  the	  
significance	  of	  the	  differentiation	  of	  the	  groups	  according	  to	  whether	  p	  <	  0.05	  in	  a	  
two-‐tailed	  Wilcoxon	  rank-‐sum	  test.	  The	  error	  bars	  represent	  standard	  error.	  
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Figure	  5.3.	  SSP16Nc14	  is	  recognised	  specifically	  by	  accession	  HR-‐5	  when	  delivered	  
by	  T3SS;	  Pst	  DC3000	  lux	  growth	  curves.	  Pst	  DC3000	  lux	  was	  transformed	  with	  
various	  EDV6	  constructs	  and	  the	  strains	  were	  assessed	  for	  growth	  in	  planta	  at	  4	  dpi	  
in	  6	  leaf	  discs	  per	  strain	  from	  HR-‐5	  and	  Col-‐0.	  Significance	  indicated	  by	  pairwise	  
Student’s	  t-‐test	  p	  <	  0.05.	  
	  	  	  

Ba
ct
er
ia
l	  g
ro
w
th
	  4
	  d
pi
	  (l
og
	  c
fu
/c
m

2 )	   Col-‐0	  HR-‐5	  



	   79	  

	  

5.2.2	  SSP18NC14	  IS	  RECOGNISED	  BY	  KSK-‐1	  
There	  were	  three	  highly	  ranked	  candidates	  for	  Ksk-‐1	  recognition	  from	  my	  analysis	  in	  

chapter	  4.	  SSP17,	  SSP18	  and	  SSP21.	  Each	  has	  high	  Fu’s	  Fs	  and	  pN/pS	  scores.	  Each	  

was	   cloned	   from	   Nc14	   RACE	   cDNA.	   I	   bombarded	   the	   ΔSP-‐SSP18Nc14	   and	   ΔSP-‐

SSP18Abo1	  alleles	   under	   35S	   promoter	   into	   Ksk-‐1	   and	   Col-‐0.	   The	   SSP18Nc14	  gave	   a	  

significantly	  lower	  GUS	  spot	  ratio	  compared	  to	  the	  EV	  (Wilcoxon	  rank-‐sum	  test;	  p	  <	  

0.05),	  whereas	  the	  virulent	  SSP18Abo1	  allele	  did	  not	  affect	  the	  ratio	  (figure	  5.4).	  I	  also	  

bombarded	  ΔSP-‐SSP15Nc14	   (another	   potential	   candidate,	   though	   later	   excluded	   by	  

association	   genomics)	  and	  ΔSP-‐SSP17Nc14	   under	   35S	   promoter	   into	   Ksk-‐1,	   with	   an	  

empty-‐vector	  (EV)	  control.	  These	  combinations	  gave	  no	  significant	  reduction	  of	  GUS	  

spot	  ratio	  (figure	  5.5)	  (Wilcoxon	  rank-‐sum	  test;	  p	  >	  0.05).	  

	   I	   again	   employed	   the	   effector-‐detector-‐vector	   system	   (EDV)	   (Sohn	   et	   al.,	  

2007).	  The	  secretion-‐signal	  truncated	  Nc14	  and	  Abo1	  alleles	  of	  SSP18	  were	  cloned	  

into	   the	   EDV6	   vector,	   and	   these	  were	  mated	   into	  Pseudomonas	   syringae	  DC3000	  

lux	  strain	  (Fan	  et	  al.,	  2008).	   I	  spray-‐inoculated	  Ksk-‐1	  and	  Col-‐0	  (susceptible)	  plants	  

and	  assessed	  the	  bacterial	  growth	  4	  days	  post-‐inoculation	  through	  colony	  counts.	  I	  

used	  manual	   colony	   counting	   as	   opposed	   to	   the	   luciferase-‐based	  method	   as	   it	   is	  

considered	   to	  be	  more	   reliable	  within	  our	   lab.	   	   Exclusively	   in	   the	  Ksk-‐1	  accession,	  

the	  SSP18Nc14	  allele	  showed	  significantly	  less	  growth	  (figure	  5.6)	  (Student’s	  t-‐test	  on	  

mean	   cfu/cm2,	   p	   <	   0.05)	   of	   approximately	   1	   log	   cfu/cm2	   (over	   3	   repeat	  

experiments).	   The	  SSP18Abo1	  allele	  was	   indistinguishable	   from	   the	  AvrRps4KRVY-‐AAAA	  

control	   in	   both	   Ksk-‐1	   plants	   and	   Col-‐0,	   where	   the	   SSP18Nc14	   allele	   was	   also	  

indistinguishable	  from	  both	  in	  Col-‐0.	  There	  was	  no	  detectable	  positive	  change	  in	  the	  

growth	  of	  either	  allele	  in	  the	  susceptible	  Col-‐0	  plants.	  
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Figure	  5.5.	  SSP15Nc14	  and	  SSP17Nc14	  are	  not	  recognized	  by	  accession	  Ksk-‐1;	  GUS	  
spot	  ratios	  for	  the	  bombardment	  of	  these	  genes	  in	  Ksk-‐1.	  6	  pairs	  of	  leaves	  were	  
bombarded	  with	  each	  construct.	  The	  letters	  signify	  the	  significance	  of	  the	  
differentiation	  of	  the	  groups	  according	  to	  whether	  p	  >	  0.05	  in	  a	  two-‐tailed	  Wilcoxon	  
rank-‐sum	  test.	  The	  error	  bars	  represent	  standard	  error.	  
	  	  	  	  	  

Figure	  5.4.	  SSP18Nc14	  is	  recognized	  by	  accession	  Ksk-‐1;	  GUS	  spot	  ratios	  for	  the	  
bombardment	  of	  two	  SSP18	  alleles	  and	  empty	  vector	  in	  Ksk-‐1.	  6	  pairs	  of	  leaves	  
were	  bombarded	  with	  each	  construct.	  The	  letters	  signify	  the	  significance	  of	  the	  
differentiation	  of	  the	  groups	  according	  to	  whether	  p	  <	  0.05	  in	  a	  two-‐tailed	  Wilcoxon	  
rank-‐sum	  test.	  The	  error	  bars	  represent	  standard	  error.	  
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5.2.3	  ALLELIC	  DIVERSITY	  OF	  SSP16	  AND	  SSP18	  
SSP16	  allelic	  diversity	  

SSP16	   is	  one	  of	  the	  most	  polymorphic	  loci	  in	  Al.	  In	  the	  Illumina-‐sequenced	  isolates	  

there	  are	  in	  total	  62	  unique	  non-‐synonymous	  encoding	  polymorphisms,	  all	  of	  which	  

are	  homozygous.	  With	   the	  assistance	  of	  Ms	  Agathe	   Jouet,	   the	  sequences	  of	   three	  

impure	   field	   isolates’	   SSP16	   alleles	   were	   also	   obtained.	   Two	   of	   these	   contained	  

further	  unique	  mutations,	  however	  they	  were	  still	  around	  99%	  similar	  to	  previously	  

identified	  alleles.	  Table	  5.1	  shows	  the	  nucleotide	  identity	  of	  all	  SSP16	  alleles	  to	  each	  

other	  as	  calculated	  by	  Clustal	  Omega	  (Sievers	  et	  al.,	  2011).	  

	   To	  visualise	  the	  diversity	  of	  SSP16	  I	  constructed	  unrooted	  phylogenetic	  trees	  

with	   several	   methods.	   Figure	   5.7	   shows	   two	   representative	   trees:	   a)	   was	  

constructed	   using	   the	   Clustal	   Omega	   and	   neighbour	   joining	   method	   with	   1000	  

4	  

5	  

6	  

7	  

SSP18-‐Nc14	  SSP18-‐Abo1	  SSP18-‐Nc14	  SSP18-‐Abo1	   AvrRps4	  
KRVY-‐AAAA	  

*	  

Col-‐0	  Ksk-‐1	  

Ba
ct
er
ia
l	  g
ro
w
th
	  4
	  d
pi
	  (l
og
	  c
fu
/c
m

2 )	  

0	  

Figure	  5.6.	  SSP18Nc14	  is	  recognized	  specifically	  by	  accession	  Ksk-‐1	  when	  delivered	  
by	  T3SS;	  Pst	  DC3000	  lux	  growth	  curves.	  Pst	  DC3000	  lux	  was	  transformed	  with	  
various	  EDV6	  constructs	  and	  the	  strains	  were	  assessed	  for	  growth	  in	  planta	  at	  4	  dpi	  
in	  6	  leaf	  discs	  per	  strain	  from	  Ksk-‐1	  and	  Col-‐0.	  The	  error	  bars	  represent	  standard	  
error.	  
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bootstraps	  in	  the	  cladogram	  layout	  and	  b)	  the	  same	  in	  the	  radial	  layout.	  These	  show	  

that	  there	  are	  three	  distinct	  clades	  of	  SSP16	  alleles.	  	  

	   To	  detect	  which	  amino	  acid	  residues	  of	  SSP16	  might	  be	  under	  the	  strongest	  

selection	  I	  used	  Bayes	  Empirical	  Bayes	  (BEB)	  (model	  M8)	  analysis	  to	  assign	  ‘positive	  

selection’	  values	  to	  each	  residue	  based	  on	  all	  of	  the	  available	  polymorphism	  data.	  

This	   analysis	   revealed	   that	   statistically	   there	   are	   59	   residues	   under	   positive	  

selection	  (P	  >	  0.5),	  and	  26	  of	  these	  very	  significantly	  (P	  >	  0.99).	  Figure	  5.3	  shows	  a	  

function	  of	  the	  Ka/Ks	  ratio	  and	  probability	  across	  the	   length	  of	  the	  SSP16	  protein.	  

The	  highly	  significant	  sites	  cluster	  mainly	  at	  the	  C-‐terminus	  of	  the	  protein,	  although	  

there	  are	  several	  in	  the	  post	  signal	  peptide	  cleavage	  region	  (signal	  peptide	  cleavage	  

predicted	   to	   be	   at	   residues	   24/25).	   Table	   5.2	   shows	   the	   positions	   of	   the	   highly	  

significant	  positively	  selected	  residues	  and	  the	  various	  amino	  acids	  present	  at	  these	  

positions.	  	  

	   With	  a	  standard	  Pfam	  search	  (Finn	  et	  al.,	  2014),	  no	  functional	  annotation	  of	  

SSP16	  could	  be	  made.	  However	  a	  Prosite	  analysis	  (Sigrist	  et	  al.,	  2010)	  revealed	  a	  p-‐

loop	  domain	  in	  the	  C-‐terminus	  of	  SSP16	  clade	  A	  proteins.	  	  This	  motif	  (GEMTAGKT),	  

located	  in	  residues	  236	  –	  243,	  overlaps	  with	  two	  of	  the	  highly	  significantly	  positively	  

selected	  residues	  (237-‐K/E	  and	  241-‐	  D/G).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Table	  5.1.	  SSP16	  allelic	  diversity.	  A	  table	  of	  percent	  similarity	  was	  generated	  from	  
an	  alignment	  of	  the	  DNA	  sequences	  of	  all	  of	  the	  SSP16	  alleles	  using	  Clustal	  Omega	  
(Sievers	  et	  al.,	  2011).	  
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Figure	  5.7.	  SSP16	  allelic	  diversity.	  	  (a)	  A	  neighbor-‐joining	  tree	  constructed	  with	  a	  
Clustal	  Omega	  alignment	  of	  the	  DNA	  sequences	  of	  all	  SSP16	  alleles.	  The	  numbers	  at	  
nodes	  indicate	  their	  bootstrap	  support	  (#/1000	  bootstraps).	  	  (b)	  The	  same	  tree	  in	  
radial	  layout.	  Based	  on	  their	  position	  within	  the	  trees,	  I	  assigned	  alleles	  to	  clades	  A,	  
B	  and	  C.	  	  
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Residue'number Amino'acid'variants
40 T/P/I
51 H/D/Q
59 A/T/V
70 K/T
71 R/V
72 N/Q
74 D/S
76 K/N
77 K/E/N

143 R/S/H
179 K/E/N
185 N/D
187 H/R
201 K/E
203 T/A
206 E/Q
218 E/K
219 R/P
220 I/F
237 K/E
241 D/G
253 L/S
262 E/A
266 D/G
267 K/Q
271 E/K

Table	  5.2.	  Residues	  of	  SSP16	  under	  strong	  positive	  selection.	  As	  defined	  by	  the	  
PAML	  M8	  model	  and	  Bayes-‐Empirical-‐Bayes	  algorithm.	  
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Figure	  5.8.	  SSP16	  positive	  selection	  analysis	  with	  PAML	  M8	  model	  and	  Bayes-‐
empirical-‐Bayes	  algorithm.	  Codons	  are	  assessed	  both	  for	  their	  Ka/Ks	  value	  and	  the	  
probability	  that	  they	  are	  undergoing	  positive	  selection.	  The	  y	  axis	  ‘positive	  selection	  
index’	  was	  calculated	  as	  a	  function	  of	  both	  values.	  The	  blue	  bars	  above	  show	  the	  
portions	  of	  the	  protein	  used	  during	  the	  truncation	  experiments	  in	  section	  5.2.5. 	  	  
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SSP18	  allelic	  diversity	  

SSP18	   is	   the	  same	  in	  each	  of	  the	  sequenced	   isolates	  except	   in	  Abo1,	   in	  which	   it	   is	  

highly	   polymorphic.	   Compared	   to	   SSP18Nc14,	   SSP18Abo1	   has	   22	   non-‐synonymous	  

encoding	  polymorphisms	  and	  an	   in-‐frame	  18	  bp	   insertion	  that	   introduces	  6	  amino	  

acids	   to	   the	   middle	   of	   the	   protein	   (see	   figure	   5.9).	   Remarkably,	   all	   of	   the	  

polymorphisms	   in	   SSP18Abo	   encode	   non-‐synonymous	   changes,	   resulting	   in	   in	   the	  

failure	  of	  PAML	  to	  assign	  a	  pN/pS	  value.	  Since	  there	  are	  only	  two	  known	  alleles	  of	  

SSP18,	   there	  was	  no	  need	  to	   run	   the	  BEB	  analysis.	  There	  are	  no	  Pfam	  domains	   in	  

SSP18	   and	   a	   Prosite	   scan	   revealed	   only	   several	   possible	   secondary	   modification	  

sites.	  A	  putative	  mono-‐partite	  nuclear	  localisation	  signal	  (NLS)	  was	  detected	  at	  the	  

C-‐terminus;	  it	  is	  highlighted	  in	  figure	  5.9.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  5.9.	  Protein	  alignment	  of	  SSP18Nc14	  and	  SSP18Abo1.	  Produced	  using	  Clustal	  
Omega.	  The	  putative	  mono-‐partite	  NLS	  is	  highlighted	  in	  red.	  
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5.2.4	  PARALOGS	  AND	  HOMOLOGS	  OF	  SSP16	  AND	  SSP18	  
I	   made	   a	   comprehensive	   search	   within	   the	   Al	   genome	   to	   identify	   paralogs	   or	  

pseudogenised	  relatives	  of	  SSP16	  and	  SSP18.	  I	  used	  the	  programs	  megablast,	  blastn,	  

blastp	   and	   tblastn	   to	  make	   this	   search.	   There	   is	   no	   similarity	   between	  SSP16	  and	  

SSP18.	  

SSP16	  Paralogs	  and	  Homologs	  

At	   the	   nucleotide	   level,	   SSP16	   itself	   was	   the	   only	   significant	   hit.	   However	   at	   the	  

protein	   level,	   one	   significant	   hit	   was	   identified.	   AlNc14C28G2719	   is	   adjacent	   to	  

SSP16,	   2530	  bp	   from	   its	   3’	   end	  and	   convergently	   transcribed.	  AlNc14C28G2719	   is	  

29%	  identical	  to	  SSP16,	  and	  doesn’t	  have	  a	  secretion	  signal	  (SignalP	  4.1	  D=0.111).	  I	  

examined	   the	   natural	   diversity	   of	   AlNc14C28G2719	   in	   the	   various	   Illumina	  

sequenced	   isolates	   and	   found	   that	   in	   Em1	   and	   Sua1	   there	   is	   a	   homozygous	   A>G	  

mutation	  14	  before	  its	  start	  codon.	  The	  effect	  of	  the	  mutation	  would	  be	  to	  change	  

an	   in-‐frame	   TAG	   (stop	   codon)	   to	   TGG	   (Tryptophan).	   There	   is	   an	   in-‐frame	   ATG	  

(methionine;	  start	  codon)	  a	  further	  18	  bp	  upstream	  from	  the	  TAG>TGG	  that	  could	  

potentially	   be	   a	   start	   codon	   for	   AlNc14C28G2719Em1/Sua1.	   I	   constructed	   this	  

hypothetical	   ORF	   in	   silico	   and	   found	   that	   the	   protein	   product	   has	   a	   predicted	  

secretion	   signal	   (SignalP	   4.1	   D	   =	   0.852).	   An	   alignment	   of	   SSP16Nc14	   and	  

AlNc14C28G2719Em1/Sua1	   is	   shown	   in	   figure	   5.10,	   they	   are	   35.2%	   identical	   (Clustal	  

Omega	  alignment).	  

In	   terms	  of	   further	  SSP16-‐like	  genes	  or	  pseudogenes	   in	  Al,	   there	  are	   two	  possible	  

pseudogenes	   revealed	   by	   a	   tblastn	   search	   of	   the	   genome,	   with	   26%	   and	   23%	  

identity	   to	   SSP16.	   However	   they	   cannot	   be	   resolved	   into	   ORFs	   (there	   no	   start	  

codons	  and	  multiple	  stop	  codons	  within	  the	  aligned	  regions).	  

	   Outside	  of	  Al,	  there	  appears	  to	  be	  a	  family	  of	  SSP16	  related	  genes	  in	  Albugo	  

candida.	   A	   blastp	   search	  of	   the	  Ac	   race	  Nc2	  predicted	  proteome	   (Gardiner	   et	   al.,	  

submitted)	   revealed	   5	   hits	   with	   an	   E-‐value	   of	   1x10-‐4	  or	   lower,	   the	   best	   of	   which	  

(annotated	  in	  AcNc2	  as	  Gg3270)	  is	  shown	  in	  alignment	  against	  SSP16	  in	  figure	  5.11.	  

Gg3270	   is	   predicted	   to	   be	   secreted	   (SignalP	   D=	   0.783)	   and	   may	   have	   a	   nuclear	  

localisation	  signal	  (NLS).	  Gg3270	  shows	  a	  high	  level	  of	  polymorphism	  in	  Ac	  race	  2v	  
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(Links	  et	  al.,	  2011)	  compared	  with	  race	  Nc2	  (Gardiner	  et	  al.,	  submitted);	   there	  are	  

24	  non-‐synonymous	  change-‐encoding	  polymorphisms	  between	   these	   two	  races	   in	  

this	  gene.	  

	   Beyond	  Ac,	   no	   further	   sequences	   of	   similarity	   to	   SSP16	   in	  NCBI	   databases	  

could	  be	  identified.	  	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  5.11.	  Protein	  alignment	  of	  SSP16Nc14	  and	  Gg3270.	  Gg3270	  is	  a	  predicted	  
protein	  from	  Ac	  race	  Nc2	  and	  is	  the	  most	  similar	  protein	  to	  SSP16	  outside	  of	  Al.	  
Alignment	  produced	  using	  Clustal	  Omega.	  
	  	  	  	  	  	  	  	  	  	  	  	  

Figure	  5.10.	  Protein	  alignment	  of	  SSP16Nc14	  and	  the	  hypothetical	  
AlNc14C28G2719Em1.	  AlNc14C28G2719	  is	  the	  neighbor	  of	  SSP16	  and	  is	  the	  closest	  
paralog.	  The	  arrows	  indicate	  where	  a	  mutation	  occurs	  in	  Em1	  that	  encodes	  a	  
change	  to	  W	  from	  a	  stop	  codon,	  and	  where	  the	  predicted	  start	  codon	  in	  Nc14	  is.	  
Alignment	  constructed	  with	  Clustal	  Omega.	  
	  	  	  	  	  	  	  	  	  	  	  

TAG	  in	  Nc14	   	  AlNc14C28G2719	  translation	  start	  in	  Nc14	  
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SSP18	  Paralogs	  and	  Homologs	  

Blastp	  and	  blastn	  searches	  revealed	  that	  SSP18	  is	  part	  of	  a	  small	  gene	  family	  whose	  

members	   share	   some	   protein	   level	   identity,	   particularly	   towards	   the	   N-‐termini.	  

However	  these	  proteins	  share	  only	  a	  low	  level	  of	  identity	  with	  SSP18,	  the	  best	  being	  

AlNc14C273G9989	  with	  31%	  identity	  (figure	  5.12).	  

There	   are	   also	   three	   potentially	   SSP18	   related	   pseudogenes	   in	   the	   Al	   genome,	  

sharing	  at	  least	  30%	  identity.	  

In	   other	   sequences	   in	   the	   NCBI	   databases,	   including	  Ac,	   I	   could	   not	   identify	   any	  

nucleotide,	   protein,	   or	   translated	   nucleotide	   sequences	   of	   significant	   similarity	   to	  

SSP18.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  5.12.	  Protein	  alignment	  of	  SSP18Nc14	  (AlNc14C56G4264)	  and	  
AlNc14C273G9989.	  AlNc14C273G9989	  is	  the	  closest	  paralog	  to	  SSP18Nc14.	  	  The	  red	  
box	  highlights	  the	  shared	  predicted	  secretion	  signal	  cleavage	  region.	  Alignment	  
produced	  using	  Clustal	  Omega.	  
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Figure	  5.13.	  GUS	  spot	  ratios	  for	  the	  bombardment	  of	  SSP16	  truncations	  in	  HR-‐5.	  
Truncations	  1	  (187aa)	  and	  2	  (153aa)	  appear	  to	  be	  recognized,	  but	  not	  truncation	  3	  
(46aa).	  6	  pairs	  of	  leaves	  were	  bombarded	  with	  each	  construct.	  The	  letters	  signify	  
the	  significance	  of	  the	  differentiation	  of	  the	  groups	  according	  to	  whether	  p	  <	  0.05	  in	  
a	  two-‐tailed	  Wilcoxon	  rank-‐sum	  test.	  The	  error	  bars	  represent	  standard	  error.	  
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5.2.5	  THE	  C-‐TERMINUS	  OF	  SSP16	  NC14	  IS	  SUFFICIENT	  FOR	  RECOGNITION	  
In	  order	  to	  ascertain	  which	  part	  of	  SSP16Nc14	  is	  sufficient	  for	  recognition	  by	  HR-‐5,	  a	  

series	   of	   truncated	   versions	  were	   cloned	   and	   tested	   using	   the	  GUS-‐eclipse	   assay.	  

Using	   the	   protein’s	   predicted	   secondary	   structure	   as	   a	   guide	   I	   designed	   three	  

truncations	   from	  the	  N-‐terminus.	  The	  secretion-‐signal	   truncated	  product	   that	  was	  

bombarded	  in	  5.2.1	  was	  249	  amino	  acids,	  and	  I	  designed	  truncated	  versions	  of	  187,	  

153	  and	  43	  amino	  acids	  (see	  figure	  5.6).	  

	   As	  before,	  I	  bombarded	  35S-‐promoter	  constructs	  of	  each	  of	  these	  into	  HR-‐5	  

and	  Col-‐0	  with	  p35S:GUS.	  I	  found	  that	  the	  187	  and	  153	  amino	  acid	  peptides	  caused	  

a	  significant	  reduction	   in	  the	  GUS	  expression	   level	   in	  HR-‐5	  compared	  to	  Col-‐0,	  but	  

the	  C-‐terminal	  46	  amino	  acid	  peptide	  did	  not	   (figure	  5.13).	  This	   suggests	   that	   the	  

peptide	  consisting	  of	  amino	  acids	  96-‐249	  is	  sufficient	  for	  recognition,	  but	  the	  short	  

204-‐249	  peptide	  is	  not.	  
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5.2.6	  THE	  SUB-‐CELLULAR	  LOCALISATIONS	  OF	  SSP16	  AND	  SSP18	  IN	  N.	  BENTHAMIANA	  
The	  sub-‐cellular	  localisation	  of	  the	  signal	  peptide-‐	  truncated	  forms	  of	  SSP16Nc14	  and	  

SSP18Nc14	  were	  predicted	  using	  WoLF	  PSORT	   (Horton	  et	   al.,	   2007).	   The	  prediction	  

for	  ΔSP-‐SSP16Nc14	  is	  unclear;	  the	  software	  found	  similarity	  in	  terms	  of	  sorting	  motifs	  

and	   other	   features	   with	   5	   chloroplastic	   proteins,	   3	   nuclear	   proteins,	   1	   secreted	  

protein	  and	  1	  vacuolar	  protein.	  ΔSP-‐SSP18Nc14	  however	  had	  a	  clear	  prediction:	   the	  

most	  similar	  proteins	  were	  13	  nuclear-‐localised	  proteins.	  The	  amino	  acid	  sequence	  

of	  SSP18	  contains	  a	   lysine	  rich	  region	  at	  the	  C-‐terminus	  (highlighted	   in	  figure	  5.4),	  

characteristic	  of	  nuclear-‐localisation	  motifs	  (Kosugi	  et	  al.,	  2009).	  

	   To	  ascertain	  the	  sub-‐cellular	  localisation	  of	  ΔSP-‐SSP16Nc14	  and	  ΔSP-‐SSP18Nc14	  

in	  planta	   I	  constructed	  35S	  promoter	  N-‐terminal	  Green	  Fluorescent	  Protein	   (GFP)-‐	  

fusion	  constructs	  for	  plant	  transformation.	  p35S::GFP-‐ΔSP-‐SSP16Nc14	  and	  p35S::GFP-‐

ΔSP-‐SSP18Nc14	  were	  transformed	  into	  Agrobacterium	  tumefaciens,	  which	  were	  then	  

used	  to	  transiently	  express	  these	  genes	  in	  N.	  benthamiana	  leaves.	  I	  examined	  cells	  

of	   the	   infiltrated	   leaves	   using	   a	   confocal	   microscope	   and	   found	   that	   GFP-‐ΔSP-‐

SSP16Nc14	   seems	   to	   localise	   to	   the	   cell	   membrane	   (figure	   5.14a)	   and	   GFP-‐ΔSP-‐

SSP18Nc14	   localises	   to	   the	   nucleus/nucleolus	   and	   seems	   to	   cause	   some	   form	   of	  

aggregation	   in	   the	   nucleoplasm	   (figure	   5.14b).	   Note	   that	   although	   GFP-‐ΔSP-‐

SSP18Nc14	   gave	   a	   strong	   signal,	   the	   GFP-‐ΔSP-‐SSP16Nc14	   signal	   was	   quite	   weak	  

necessitating	   a	  high	   gain	   setting.	   	   I	   also	   transformed	   the	  p35S::GFP-‐ΔSP-‐SSP16Nc14	  

and	  p35S::GFP-‐ΔSP-‐SSP18Nc14	  constructs	  into	  At	  accession	  Col-‐0.	  In	  future	  work	  I	  will	  

check	  if	  the	  sub-‐cellular	  location	  of	  these	  proteins	  is	  the	  same	  in	  Arabidopsis	  as	  in	  N.	  

benthamiana.	  
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(a)	  

(b)	  

Figure	  5.14.	  The	  sub-‐cellular	  localisations	  of	  SSP16	  and	  SSP18	  in	  N.	  benthamiana.	  
Agrobacterium	  carrying	  (a)	  35S::GFP-‐ΔSP-‐SSP16Nc14	  and	  (b)	  35S::GFP-‐ΔSP-‐SSP18Nc14	  
Ti	  plasmids	  were	  infiltrated	  into	  N.	  benthamiana	  leaves	  and	  checked	  with	  a	  confocal	  
microscope	  3	  dpi.	  Images	  on	  the	  left	  show	  the	  GFP	  channel	  and	  on	  the	  right	  the	  
bright-‐field	  merged	  with	  the	  GFP	  channel.	  
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5.3	  DISCUSSION	  
I	  found	  that	  one	  candidate,	  SSP16Nc14,	  is	  recognised	  by	  the	  At	  accession	  HR-‐

5,	  and	  another,	  SSP18Nc14,	  is	  recognised	  by	  the	  accession	  Ksk-‐1.	  My	  data	  show	  that	  

while	  SSP16Nc14	  triggers	  a	  GUS	  eclipse,	  the	  two	  tested	  ‘virulent’	  alleles	  from	  virulent	  

isolates	   Em1	   and	   Abo1	   consistently	   do	   not	   have	   as	   high	   GUS	   expression	   as	   the	  

empty-‐vector	   control,	   and	   are	   therefore	   statistically	   indistinguishable	   from	   either	  

the	   control	   or	   the	  Nc14	   allele.	   This	   suggests	   that	   these	   alleles	   do	   not	   fully	   evade	  

recognition	  and	  perhaps	  this	  weaker	  recognition	   is	  slow	  enough	  or	  of	   low	  enough	  

magnitude	  for	  Al	  to	  suppress	  it	  with	  other	  effectors.	  On	  the	  other	  hand,	  there	  is	  a	  

clear	   difference	   between	   SSP18Nc14	   recognition	   and	   the	   virulent	   SSP18Abo1	   variant	  

that	  seems	  not	  to	  reduce	  GUS	  activity.	  

Unlike	   the	   RxLR	   and	   Crinkler	   genes	   that	   are	   part	   of	   expanded	   multigene	  

families	  with	  N-‐terminal	  similarity	  but	  divergent	  C-‐termini	   (Schornack	  et	  al.,	  2009)	  

neither	  SSP16	  nor	  SSP18	   is	  a	  member	  of	  a	   large	  multigene	  family.	   Indeed,	  neither	  

SSP16	  nor	  SSP18	  has	  a	  known	  N-‐terminal	  host	  membrane	  translocation	  motif.	  Given	  

that	  the	  recognition	  by	  specific	  At	  accessions	  that	  I	  observe	  occurs	  within	  the	  plant	  

cell	  (expression	  of	  signal-‐peptide	  truncated	  versions	  with	  bombardment	  or	  bacterial	  

type	   3	   secretion),	   in	   the	   native	   system	   the	   protein	   must	   enter	   the	   host	   via	   an	  

unknown	  mechanism.	  Previous	  studies	  on	  RXLR	  effectors	  have	  suggested	  that	  when	  

bombarded	  full	   length	  (with	  secretion	  signal),	   they	  could	  be	  secreted	  by	  the	  plant	  

cell	  and	  then	  re-‐enter	  from	  the	  apoplast	  following	  secretion	  signal	  cleavage	  (Dou	  et	  

al.,	  2008).	  However,	  since	  this	  conclusion	  is	  based	  around	  recognition	  and	  HR,	  it	   is	  

unclear	  whether	  the	  recognition	  of	  that	  effector	  could	  occur	  prior	  to	  secretion.	  One	  

further	   experiment	   that	   could	   be	   performed	   to	   check	   if	   the	   N-‐terminal,	   post	  

secretion	   signal,	   region	   of	   SSP16	   or	   SSP18	   can	   enhance	   cell	   uptake	   would	   be	   to	  

construct	   Avr3a	   fusions	   and	   transform	   them	   into	  Phytophthora	   capsici	  and	   check	  

for	  Avr3a	  recognition	  (Schornack	  et	  al.,	  2010).	  	  

The	  BEB	  analysis	  of	  SSP16	  variation	  indicated	  that	  its	  C-‐terminal	  part	  might	  

be	  important	  for	  recognition.	  	  Assays	  of	  truncated	  forms	  suggest	  that	  a	  153	  amino	  

acid	  portion	  of	  the	  C-‐terminus	  of	  SSP16	  is	  sufficient	  for	  recognition.	  However	  there	  

are	   also	   several	   positively	   selected	   residues	   in	   the	   post	   signal-‐peptide	   cleavage	  
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region.	  The	  biological	  relevance	  of	  the	  non-‐synonymous	  mutations	  in	  these	  residues	  

is	   unclear.	   It	   is	   possible	   that	   they	   have	   some	   relevance	   for	   either	   the	   virulence	  

function	   of	   the	   protein,	   or	   for	   translocation	   into	   the	   plant	   cell.	   The	   discovery	   of	  

three	   further	   alleles	   from	   wild	   samples,	   which	   each	   fell	   into	   one	   of	   the	   three	  

different	  SSP16	  clades	  lends	  further	  support	  the	  hypothesis	  proposed	  in	  chapters	  1	  

and	   4,	   that	   recognised	   effectors	   should	   be	   under	   balancing	   selection.	   Indeed	   the	  

discovery	  of	  the	  Wild_19A	  allele	  of	  SSP16	  that	  is	  almost	  identical	  to	  the	  Nc14	  allele	  

suggests	   that	   there	   may	   be	   some	   fitness	   benefit	   for	   retaining	   this	   recognised	  

effector.	   Similar	   to	   SSP16,	   there	   are	   at	   least	   15	   alleles	   of	   ATR13.	   Different	  

accessions	   have	   differential	   capabilities	   to	   recognise	   these	   different	   alleles	   and	   I	  

predict	  that	  various	  different	  accessions	  could	  recognise	  different	  SSP16	  alleles	  (Hall	  

et	   al.,	   2009).	   Indeed	   the	   partial	   increase	   of	  GUS	   spots	   observed	   in	  HR-‐5	  with	   the	  

SSP16Em1	   and	   SSP16Abo1	   alleles	   is	   reminiscent	   of	   the	   ‘intermediate’	   recognition	  

phenotype	   observed	   with	   some	  ATR13	   alleles	   in	   some	  At	   accessions	   (Hall	   et	   al.,	  

2009).	  Nevertheless,	  this	  intermediate	  recognition	  is	  completely	  overcome	  by	  the	  Al	  

isolates	  virulent	  on	  HR-‐5,	  where	  there	  is	  no	  evidence	  of	  recognition.	  

It	   is	   remarkable	  given	  the	  overall	   level	  of	  polymorphism	  within	  both	  SSP16	  

and	   SSP18	   that	   in	   both	   cases	   there	   are	   no	   polymorphisms	   within	   the	   secretion	  

signal-‐encoding	   region.	   This	   suggests	   that	   the	   region	   could	   be	   under	   purifying	  

selection	   to	   preserve	   its	   function.	   Since	   it	   is	   hypothetically	   cleaved	   within	   the	  

pathogen	  prior	  to	  secretion,	  it	  should	  play	  no	  role	  in	  recognition	  or	  effector	  activity,	  

and	  it	  makes	  sense	  that	  it	  would	  be	  disconnected	  in	  terms	  of	  selective	  forces	  from	  

the	   rest	   of	   the	   gene.	   This	   strengthens	   the	   case	   that	   these	   are	   secreted	   and	  

recognised	  effectors.	  

In	  order	   to	   confirm	   the	  apparent	   recognitions	  of	   SSP16Nc14	   and	  SSP18Nc14	   I	  

employed	  the	  EDV	  system	  (Sohn	  et	  al	  2007).	  I	  could	  confirm	  that	  specifically	  when	  

SSP16Nc14	   is	   delivered	   by	   Pseudomonas	   syringae	   to	   HR-‐5,	   and	   SSP18Nc14	   to	   Ksk-‐1,	  

growth	   is	   restricted	   10-‐fold	   4	   days	   post-‐inoculation.	   However	   I	   did	   not	   find	   that	  

either	   Abo1	   or	   Em1	   allele	   of	   SSP16,	   or	   the	   SSP18	   Abo1	   allele	   enhance	   bacterial	  

growth	   significantly	   in	   the	   susceptible	   accession	   Col-‐0.	   This	   suggests	   that	   the	  

virulence	  function	  of	  these	  effectors	  are	  either	  redundant	  with	  the	  functions	  of	  the	  
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effectors	  already	  secreted	  by	  Pto	  DC3000,	  or	  that	  their	  function	  is	  somehow	  specific	  

to	  the	  virulence	  strategy	  of	  Al.	  

	   I	  was	  able	  to	  identify	  a	  possible	  homolog	  of	  SSP16	   in	  the	  related	  species	  A.	  

candida.	   Interestingly	   this	   gene	   shows	   a	   high	  degree	  of	   polymorphisms	  within	  Ac	  

races	  and	  is	  probably	  substantially	  diverged	  from	  the	  presumed	  common	  ancestor	  

of	   it	   and	   SSP16.	   This	   is	   concurrent	   with	   the	   model	   that	   effectors	   undergo	   co-‐

evolution	  with	  their	  host	  targets	  (Dong	  et	  al.,	  2014),	  and	  this	  would	  appear	  to	  be	  an	  

ongoing	  process	  in	  both	  Al	  and	  Ac	  SSP16	  genes.	  

	   At	   least	   in	   N.	   benthamiana,	   GFP-‐ΔSP-‐SSP16Nc14	   localises	   to	   the	   cell	  

membrane,	   and	   GFP-‐ΔSP-‐SSP18Nc14	   to	   the	   nucleus.	   Cailluad	   et	   al,	   (2012)	   showed	  

RXLR	  effectors	  from	  Hpa	  that	   localised	  to	  both	  of	  these	  compartments,	  and	  found	  

that	  the	  Hpa	  effector	  repertoire	   is	  enriched	  for	  nuclear-‐localised	  effectors.	   Indeed	  

the	   nuclear	   ‘speckles’	   caused	   by	   GFP-‐ΔSP-‐SSP18Nc14	   are	   similar	   to	   some	   of	   those	  

caused	   by	  Hpa	  RXLR	   effectors	   (Caillaud	   et	   al.,	   2012).	   It	   is	   premature	   however	   to	  

speculate	  possible	  functions	  for	  these	  effectors	  based	  on	  these	  localisations.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



	   95	  

CHAPTER	  6:	  IDENTIFICATION	  AND	  CHARACTERISATION	  OF	  THE	  
RAL4	  LOCUS	  

6.1	  INTRODUCTION	  
In	  chapter	  5,	  I	  showed	  that	  two	  secreted	  proteins	  from	  Al	  are	  recognised	  by	  certain	  

At	   accessions,	   using	   two	   different	   assays.	   Recognition	   of	   Avr	   gene	   products	   is	  

typically	   conferred	   in	   host	   plants	   by	   either	   TIR-‐	   or	   CC–NB-‐LRR	   class	   receptor	  

proteins	  known	  as	  R	  proteins.	  

Two	  R	  genes	  effective	  against	  Albugo	  species	  have	  previously	  been	  cloned:	  RAC1,	  

encoding	  a	  TIR-‐NB-‐LRR,	  confers	  resistance	  against	  AlEm1	  (Borhan	  et	  al.,	  2004)	  and	  

WRR4,	  also	  encoding	  a	  TIR-‐NB-‐LRR,	  confers	  resistance	  to	  several	  Ac	  races	   (Borhan	  

et	  al.,	  2008).	  Against	  Hpa,	  a	  pathogen	  with	  a	  similar	  life-‐style	  to	  Al	  on	  At,	  numerous	  

R	   genes	   have	   been	   identified.	   These	   include	   several	   CC-‐NB-‐LRR	   encoding	   genes:	  

RPP7,	   RPP8	   and	  RPP13,	   and	   several	   TIR-‐NB-‐LRR	   encoding	   genes:	  RPP1,	   RPP2A/B,	  

RPP4	   and	   RPP5	   (Eulgem	   et	   al.,	   2007;	   McDowell	   et	   al.,	   1998;	   Bittner-‐Eddy	   et	   al.,	  

2000;	  Botella	  et	  al.,	  1998;	  Sinapidou	  et	  al.,	  2004;	  Parker	  et	  al.,	  1997).	  Additionally	  a	  

CC-‐NB-‐LRR	  encoding	  gene	  called	  RPP39	  was	  identified	  that	  confers	  recognition	  of	  an	  

effector	  but	  not	  pathogen	  resistance	  (Goritschnig	  et	  al.,	  2012).	  	  

I	  set	  out	  to	  test	  the	  hypothesis	  that	  SSP16	  Nc14	  and	  SSP18	  Nc14	  are	  recognised	  by	  R-‐

proteins,	  probably	  belonging	  to	  one	  of	  the	  NB-‐LRR	  classes.	   In	  this	  chapter	   I	  report	  

on	  i)	  classical	  genetic	  mapping,	  ii)	  comparative	  genomics	  and	  iii)	  R	  gene	  enrichment	  

and	   next-‐generation	   mapping	   to	   identify	   the	   gene	   conferring	   recognition	   of	  

SSP16Nc14,	  and	  subsequent	  experiments	  to	  test	  candidate	  R	  genes.	  

6.2	  RESULTS	  

6.2.1	  CO-‐SEGREGATION	  OF	  SSP16NC14	  RECOGNITION	  AND	  NC14	  RESISTANCE	  IN	  HR-‐5	  
A	   cross	   between	   accessions	  HR-‐5	   (resistant)	   and	  Ws-‐2	   (susceptible)	  was	  made	  by	  

Dr.	   Alexandre	   Robert-‐Seilaniantz.	   Two	   F1	   plants	   were	   selfed	   to	   produce	   two	  

populations	   of	   F2	   seeds.	   I	   tested	   48	   plants	   of	   each	   population	   and	   found	  

segregations	   indistinguishable	   from	   3:1	   (R:S)	   in	   both	   (Chi2	   test,	   p=0.50).	   This	  

suggests	   that	   a	   single	   dominant	   gene	   confers	   resistance	   in	   HR-‐5.	   To	   determine	  

whether	   the	   same	   gene	   that	   confers	   resistance	   also	   confers	   the	   recognition	   of	  
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SSP16Nc14,	   I	  devised	  a	  strategy	  whereby	  the	  same	  plants	  could	  be	  bombarded	  and	  

tested	  with	  Nc14.	  Instead	  of	  bombarding	  two	  leaves,	  I	  arranged	  the	  leaves	  so	  that	  

two	   control	   leaves	   and	   four	   F2	   leaves	   (from	   two	   F2	   plants)	   could	   be	   bombarded	  

simultaneously,	  and	   that	  each	  F2	  plant	   could	  be	  designated	  as	   recognising,	  or	  not	  

recognising,	  SSP16	  Nc14.	  I	  screened	  46	  F2	  plants	  using	  this	  method,	  and	  revealed	  that	  

18/19	   plants	   showing	   a	   strong	   GUS	   eclipse	   in	   this	   assay	   were	   resistant	   to	   the	  

pathogen.	  Of	  an	  additional	  16	  plants	  that	  showed	  less	  than	  50	  GUS	  spots,	  13	  were	  

resistant.	  Finally,	  of	  11	  plants	  that	  showed	  no	  GUS	  eclipse	  (ie	  more	  than	  50	  spots),	  

only	   1	  was	   resistant.	   These	   data	   are	   shown	   in	   figure	   6.1.	  Overall	   the	   segregation	  

with	   the	   pathogen	   was	   32:14	   (indistinguishable	   from	   3:1,	   Chi2	   test,	   p=0.46).	   The	  

leaves	   from	   the	   two	   HR-‐5	   control	   plants	   showed	   0-‐20	   spots.	   	   Assuming	   that	   the	  

SSP16	   Nc14	   recognition	   is	   unrelated	   to	   pathogen	   resistance,	   but	   is	   conferred	   by	   a	  

single	  locus,	  then	  one	  quarter	  of	  each	  GUS	  spot	  bin	  should	  be	  susceptible	  (a	  ratio	  of	  

4.75:4:2.75-‐	   these	  numbers	  a	  are	  25%	  of	   the	   total	  number	   in	  each	  bin).	  However	  

the	  observed	  ratio	   is	  1:3:10,	  significantly	  different	  by	  Chi2	  test	  (p=5.4x10-‐5).	  Similar	  

results	  were	  found	   in	  a	  second	  experiment.	  Considering	  the	   inherent	  variability	  of	  

the	  GUS-‐eclipse	  method,	  these	  data	  suggest	  that	  the	  resistance	  to	  Nc14	  is	  conferred	  

by	   the	   same	   or	   a	   closely	   linked	   locus	   as	   that	   which	   confers	   the	   recognition	   of	  

SSP16Nc14.	  	  
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Figure	  6.1.	  Evidence	  for	  the	  co-‐segregation	  of	  SSP16Nc14	  recognition	  and	  Nc14	  
resistance.	  Two	  leaves	  from	  each	  of	  46	  F2	  plants	  were	  bombarded	  with	  35S:SSP16Nc14	  	  
and	  35S:GUS	  and	  assessed	  for	  their	  level	  of	  GUS	  spots,	  either	  strong	  GUS	  eclipse	  (0-‐
20	  spots),	  intermediate	  (20-‐50	  spots)	  or	  no	  GUS	  eclipse	  (>50	  spots).	  Each	  plant	  was	  
tracked	  and	  scored	  with	  Nc14	  pathogen	  14	  DPI.	  	  
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6.2.2	  MAPPING	  OF	  THE	  RESISTANCE	  TO	  ALBUGO	  LAIBACHII	  4	  (RAL4)	  LOCUS	  
To	   identify	   the	   Resistance	   to	   Albugo	   laibachii	   4	   (RAL4)	   locus,	   I	   used	   positional	  

cloning.	  I	  designed	  and	  verified	  molecular	  markers	  based	  on	  the	  alignments	  of	  100	  

bp	  and	  76	  bp	  HR-‐5	  and	  Ws-‐2	   Illumina	  reads	  to	  the	  Col-‐0	  genome.	  The	  HR-‐5	  reads	  

were	   provided	   by	   the	   Salk	   institute	   as	   part	   of	   the	   1001	   genomes	   project	   (Weigel	  

and	  Mott,	  2009)	  and	  the	  Ws-‐2	  reads	  were	  generated	  in-‐house	  for	  a	  previous	  project	  

by	   Dr	   Alexandre	   Robert-‐Seilaniantz.	   Using	   these	   read	   alignments,	   I	   scanned	   the	  

genome	   and	   identified	   potential	   Simple	   Sequence	   Length	   Polymorphism	   (SSLP)	  

markers,	  where	  one	  accession	  appeared	  to	  have	  a	  deletion	  of	  between	  50	  and	  200	  

bp.	   I	   then	   designed	   primers	   to	   amplify	   across	   these	   deletions	   such	   that	   gel	  

electrophoresis	  could	  detect	  the	  difference	  in	  the	  size	  of	  the	  product.	  Such	  markers	  

are	  easier	   to	  use	   than	  dCAPs	  markers,	  which	  often	   require	  optimisation.	   Initially	   I	  

identified	  14	  markers	  that	  covered	  the	  whole	  At	  genome	  (at	   least	  one	  marker	  per	  

chromosome	  arm).	  I	  screened	  at	  least	  30	  susceptible	  individuals	  with	  each	  of	  these	  

markers	  and	  found	  around	  50%	  recombination	  (ie	  a	  mix	  of	  both	  parental	  genotypes	  

and	   heterozygous	   polymorphism)	   at	   all	   but	   two	   positions.	   At	   marker	   17	   (M17),	  

around	   11.7	   Mb	   on	   chromosome	   1,	   I	   found	   a	   ratio	   of	   3:9:70	   (HR-‐5:Het:Ws-‐2),	  

indicating	  a	  skew	  towards	  the	  susceptible	  genotype.	  Further	  up	  on	  chromosome	  1	  

with	  M11	   (17.1	  Mb),	   I	   observed	   a	   ratio	   of	   0:7:50,	   indicating	   that	   this	   is	   probably	  

closer	   to	   the	   causal	   locus.	   Finally,	   with	   an	   additional	   marker	   and	   additional	   F2	  

susceptible	   samples	   at	   M18	   (21.2	   Mb),	   I	   found	   a	   ratio	   of	   0:1:181.	   In	   the	   region	  

around	  this	  marker,	  there	  are	  multiple	  R	  genes.	  At	  21.17	  Mb	  lies	  WRR4	  and	  several	  

related	  TIR-‐NB-‐LRR	  encoding	  genes	  (Borhan	  et	  al.,	  2008),	  and	  at	  21.74	  Mb	  lies	  RPP7	  

and	   several	   related	  CC-‐NB-‐LRR	  encoding	  genes	   (Eulgem	  et	  al.,	   2007).	   To	   fine	  map	  

the	  region,	  I	  designed	  further	  markers	  and	  increased	  the	  size	  of	  the	  genotyping	  pool	  

of	  F2	  susceptible	  plants	  to	  500.	  The	  results	  of	  the	  fine-‐mapping	  are	  shown	  in	  figure	  

6.2.	   When	   no	   further	   SSLP	   markers	   could	   be	   found,	   several	   sequencing	   markers	  

(SM)	  were	  generated.	  Select	  recombinants	  were	  amplified	  at	  these	  sequences	  that	  

contained	  SNPs	  between	  HR-‐5	  and	  Ws-‐2,	  and	  the	  products	  were	  Sanger	  sequenced.	  

A	   region	   in	   HR-‐5	   corresponding	   to	   459	   kb	   containing	   9	   CC-‐NB-‐LRRs	   in	   Col-‐0	   was	  

defined	  as	  carrying	  the	  Resistance	  to	  Albugo	  laibachii	  4	  (RAL4)	  locus.	  
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	   As	   an	   alternative	  method	   to	   identify	   the	   region	  harbouring	  RAL4,	   I	   used	   a	  

direct	   comparison	   of	   the	   genomes	   of	   HR-‐5	   and	   Ren-‐11.	   Ren-‐11	   has	   the	   same	  

phenotype	  as	  HR-‐5;	  it	  also	  can	  only	  resist	  Nc14	  (chapter	  3).	  I	  have	  evidence	  from	  a	  

bombardment	   experiment,	   that	   is	   not	   presented	   in	   this	   thesis	   because	   the	  

experiment	   was	   only	   performed	   once,	   that	   Ren-‐11	   can	   also	   recognise	   SSP16Nc14.	  

Therefore	  I	  hypothesised	  that	  it	  might	  contain	  the	  same	  R	  gene.	  By	  extracting	  all	  of	  

the	   polymorphisms	   predicted	   for	   each	   accession	   from	   the	   Salk	   Illumina	   data,	   I	  

carried	  out	  a	  5	  kb	   sliding	  window	  analysis	  of	  genome-‐genome	  similarity	   for	   these	  

two	   accessions,	   subtracting	   the	   number	   of	   uncommon	   polymorphisms	   from	   the	  

number	  of	  common	  ones	  within	  each	  window.	  This	  analysis	  revealed	  only	  a	  1.3	  Mb	  

region	   of	   substantial	   similarity;	   the	   region	   between	   21.4	   and	   22.7	   Mb	   on	  

chromosome	   1,	   overlapping	   with	   the	   RAL4	   locus	   identified	   through	   classical	  

mapping.	  Most	  regions	  of	  the	  HR-‐5	  and	  Ren-‐11	  genomes	  were	  more	  different	  than	  

they	  are	  similar	  (figure	  6.3).	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  6.2.	  Fine	  mapping	  at	  the	  RAL4	  locus.	  The	  region	  containing	  RAL4	  was	  fine	  mapped	  
using	  a	  population	  of	  500	  susceptible	  F2	  plants	  from	  a	  cross	  between	  HR-‐5	  and	  Ws-‐2.	  M	  =	  
Marker	  and	  SM	  =	  Sequencing	  Marker.	  Size	  bars	  indicated	  as	  a	  guide	  only;	  not	  precisely	  to	  
scale.	  
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6.2.3	  RAL4	  CANDIDATE	  GENES	  
An	  examination	  of	  the	  R	  gene	  candidates	  within	  the	  RAL4	  interval	  in	  Col-‐0	  revealed	  

9	   putative	   CC-‐NB-‐LRR	   encoding	   genes:	   AT1G58390,	   AT1G58400,	   AT1G58410,	  

AT1G58602,	   AT1G58807,	   AT1G58848,	   AT1G59124,	   AT1G59218	   and	   AT1G59620.	  

These	   genes	   are	   closely	   related	   and,	   on	   a	   phylogenetic	   tree	  of	  At	   CC-‐NB-‐LRRs,	   as	  

constructed	   by	   Meyers	   et	   al	   (2003),	   cluster	   together	   in	   a	   monophyletic	   group.	  

Figure	  6.4	  shows	  a	  radial	  phylogeny	  of	  the	  cluster,	  with	  RPP13	  as	  an	  out-‐group.	  The	  

alignment	  of	  HR-‐5	   reads	   to	   the	  Col-‐0	   genome	   revealed	   that	   6	   of	   these	   genes	   are	  

probably	  not	  present	  in	  this	  accession.	  Table	  6.1	  shows	  the	  read	  depth	  and	  breadth	  

of	   these	   genes	   in	   the	   alignment.	   The	   genes	   that	   are	   present	   appear	   to	   be	  

AT1G58390,	   AT1G58400	   and	   AT1G59620,	   however	   they	   are	   very	   polymorphic	   in	  

HR-‐5	   compared	   to	   Col-‐0.	   In	   order	   to	   a)	   resolve	   the	   sequence	   of	   these	   genes	   and	  

their	   promoters	   and	   b)	   check	   for	   divergent	   relatives	   of	   the	   RPP7	   cluster,	   I	  

assembled	  the	  100	  bp	  paired-‐end	  Salk	  Illumina	  data	  for	  HR-‐5	  using	  Velvet	  (Zerbino	  

et	  al.,	  2008).	   	  After	  several	   iterations,	  a	  useful	  assembly	  of	  121	  Mb	  and	  an	  N50	  of	  

22.7	  kb	  was	  generated.	  The	  Col-‐0	  sequences	  of	  each	  of	  the	  RPP7/RAL4	  cluster	  genes	  

were	   blasted	   (blastn)	   against	   the	   assembly	   and	   the	  HR-‐5	   allele	   of	   each	   gene	  was	  

identified.	   I	   identified	  a	  single	  contig	  of	  27.5	  kb	  that	  contained	  the	  HR-‐5	  alleles	  of	  

AT1G58390	  and	  AT1G58400.	  This	  contig	  also	  revealed	  that	  AT1G58410	  is	  absent	  in	  

the	  HR-‐5	  genome:	  I	  identified	  where	  flanking	  sequences	  from	  both	  sides	  of	  the	  gene	  

in	  Col-‐0	  are	  fused	  in	  HR-‐5.	  I	  also	  identified	  the	  full-‐length	  HR-‐5	  alleles	  of	  AT1G59620	  

and	  AT1G59780	   from	  HR-‐5	   on	   contigs	   of	   46	   and	   15	   kb	   respectively.	   The	   top	   hits	  

Figure	  6.3.	  A	  polymorphism	  identity	  plot	  between	  HR-‐5	  and	  Ren-‐11	  also	  reveals	  the	  
RAL4	  region.	  The	  number	  of	  common	  and	  uncommon	  polymorphisms	  against	  the	  Col-‐0	  
genome	  in	  sliding	  5	  kb	  intervals	  were	  subtracted	  from	  one	  another.	  These	  data	  were	  
plotted	  along	  chromosome	  1.	  
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from	  the	  blastn	  of	  all	  the	  other	  RPP7/RAL4	  cluster	  genes	  hit	  the	  same	  three	  contigs,	  

suggesting	  that	  these	  genes	  are	  not	  present	   in	  HR-‐5.	  Analysis	  of	  the	  alignments	  of	  

the	  Col-‐0	  and	  HR-‐5	  alleles	  of	   the	   three	  candidate	  genes	   suggest	   that	   there	  are	  58	  

non-‐synonymous	   polymorphisms	   in	   AT1G58390,	   76	   in	   AT1G58400	   and	   3	   in	  

AT1G9620.	  AT1G59780,	  excluded	  by	  a	  single	  recombinant,	  has	  29	  non-‐synonymous	  

polymorphisms	   between	   HR-‐5	   and	   Col-‐0	   alleles.	   In	   addition	   to	   the	   3	   CC-‐NB-‐LRR	  

encoding	   genes	  within	   the	  RAL4	   interval	   there	   are	  82	   predicted	   protein-‐encoding	  

genes	   in	   Col-‐0,	   according	   to	   The	   Arabidopsis	   Information	   Resource	   version	   10	  

annotation.	  See	  appendix	  table	  6A1	  for	  the	  list	  of	  non	  NB-‐LRR	  encoding	  genes	  in	  the	  

RAL4	   interval.	  Of	   note,	   there	   is	   on	   receptor-‐like	   protein	   (RLP),	   annotated	   in	  At	  as	  

RLP9.	   	  RPL9	   is	  predicted	   to	  have	  a	   secretion	   signal,	   7	   leucine-‐rich	   repeat	  domains	  

and	  a	  transmembrane	  domain.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  6.4.	  Radial	  phylogeny	  of	  the	  genes	  in	  the	  RPP7/RAL4	  cluster	  in	  Col-‐0.	  A	  
clustal	  omega	  	  nucleotide	  alignment	  was	  generated,	  and	  used	  as	  the	  basis	  for	  a	  
neighbor-‐joining	  tree.	  The	  radial	  alignment	  helps	  to	  visually	  distinguish	  the	  various	  
groups	  of	  more	  closely	  related	  genes.	  Those	  with	  red	  branches	  are	  present	  in	  HR-‐5	  
and	  within	  the	  RAL4	  mapping	  interval.	  Those	  with	  grey	  are	  apparently	  not	  present	  in	  
the	  HR-‐5	  genome.	  The	  scale	  bar	  indicates	  substitutions/site.	  
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6.2.4	  CLONING	  AND	  TESTING	  OF	  RAL4	  CANDIDATE	  GENES	  
Each	  of	  the	  three	  RAL4	  candidates	  and	  AT1G59780	  were	  cloned	  full-‐length	  from	  HR-‐

5	  gDNA	  into	  a	  p35S	  promoter	  binary	  vector.	  I	  transformed	  these	  into	  Agrobacterium	  

tumefaciens.	   In	   addition,	   p35S::ΔSP-‐SSP16Nc14	   and	   ΔSP-‐SSP16Abo1	   were	   also	  

transformed	   into	   this	   strain.	   In	   order	   to	   assess	   if	   these	   genes	   could	   trigger	   a	  

hypersensitive	  response	  when	  expressed	  in	  any	  combination,	  the	  agrobacterium	  co-‐

infiltration	  assay	  (Van	  der	  Hoorn	  et	  al.,	  2000)	   in	  Nicotiana	  benthamiana	  was	  used.	  

These	  experiments	  revealed	  that	  the	  co-‐expression	  of	  ΔSP-‐SSP16Nc14	  and	  any	  of	  the	  

RAL4	  candidates	  in	  N.	  benthamiana	  (figure	  6.5)	  did	  not	  result	  in	  a	  HR.	  To	  test	  if	  any	  

of	  the	  RAL4	  candidates	  confer	  resistance	  to	  Al	  in	  At,	  full	  length	  genomic	  sequences	  

including	  ~2	  kb	  of	  upstream	  native	  promoter	  sequence	  from	  HR-‐5	  were	  cloned	  into	  

a	  binary	  vector	  and	  transformed	  into	  A.	  tumefaciens	  and	  the	  susceptible	  accession	  

Col-‐0	  was	  transformed	  with	  this	  construct.	  These	  At	  experiments	  are	  on-‐going	  and	  

the	  results	  will	  be	  reported	  in	  future	  work.	  

NDR1	  and	  EDS1	  are	  proteins	  each	   required	   for	   some	  R	  proteins	   to	   function	   in	  At.	  

HR-‐5	  was	  crossed	  to	  the	  Col-‐0	  ndr1-‐1	  mutant	  (Century	  et	  al.,	  1997)	  and	  Ws-‐2	  eds1-‐1	  

mutant	  (Parker	  et	  al.,	  1996)	  to	  test	  if	  either	  of	  these	  proteins	  are	  required	  for	  RAL4	  

function.	   In	   two	   separate	   HR-‐5	   x	   Col-‐0	  ndr1-‐1	   F2	   populations,	   resistance	   to	   Nc14	  

Table	  6.1.	  Statistics	  for	  the	  breadth	  and	  depth	  of	  genes	  in	  the	  RPP7/RAL4	  cluster	  in	  
an	  alignment	  of	  HR-‐5	  reads	  against	  the	  Col-‐0	  genome.	  These	  statistics	  were	  
collected	  using	  a	  custom	  Perl	  script.	  Note,	  AT1G59780	  was	  excluded	  as	  RAL4	  through	  
a	  single	  recombinant	  F2	  susceptible	  but	  is	  nominally	  included	  in	  the	  cluster.	  
	  	  	  	  	  

Gene Length Mean*Coverage Percentage*Covered
AT1G58390 2724 39.68 100
AT1G58400 2703 36.89 100
AT1G58410 2700 0 0
AT1G58602 3417 6.86 68
AT1G58807 2568 4.16 57
AT1G58848 3150 3.08 47
AT1G59124 2568 2.76 51
AT1G59218 3150 2.67 40
AT1G59620 2529 38.28 100
AT1G59780 2721 42.25 100
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segregated	  3:1	  (R:S)	  (540:188	  and	  652:201,	  both	  indistinguishable	  from	  3:1	  by	  Chi2	  

test,	   p=0.61	   and	   p=0.33)	   suggesting	   that	  NDR1	   is	   not	   required	   for	   RAL4	   function.	  

The	  HR-‐5	  x	  Ws-‐2	  eds1-‐1	  F2	  populations	  will	  be	  tested	  in	  a	  future	  work.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

6.2.5	  R	  GENE	  ENRICHMENT	  SEQUENCING	  AND	  ILLUMINA	  BASED	  MAPPING	  
As	   a	   further	   measure	   to	   identify	   the	   genetic	   basis	   of	   resistance	   to	   Nc14,	   I	  

implemented	   a	   strategy	   based	   around	   the	   enrichment	   of	  NB-‐LRR	   encoding	   genes	  

(informally,	  R	  genes)	   from	  DNA	  samples	  using	  synthetic	  biotinylated	  RNA	  baits,	  as	  

used	  by	  Jupe	  et	  al	  (2012).	  The	  development	  of	  the	  system	  for	  Brassicaceae	  RenSeq	  

is	  discussed	  in	  detail	  in	  chapter	  2b.	  Using	  the	  method	  I	  obtained	  300	  bp	  paired-‐end	  

Illumina	   MiSeq	   data	   for	   the	   NB-‐LRRome	   of	   Col-‐0,	   HR-‐5,	   Ws-‐2	   and	   a	   bulked	  

susceptible	   F2	   population	   from	   the	   HR-‐5	   x	   Ws-‐2	   cross,	   as	   well	   as	   several	   other	  

accessions,	   species	   and	   crosses	   that	   will	   not	   be	   discussed	   here.	   The	   objective	   of	  

Figure	  6.5.	  Agroinfiltration	  of	  N.	  benthamiana	  with	  various	  p35S	  RAL4	  candidate	  constructs	  
and	  p35S:SSP16	  alleles.	  The	  positive	  control	  used	  on	  every	  leaf	  is	  the	  combination	  of	  a	  gene	  from	  
Ac	  that	  triggers	  WRR4	  mediated	  HR	  in	  N.	  benth.	  These	  positive	  control	  constructs	  were	  provided	  
by	  Dr	  Volkan	  Cevik.	  Photos	  taken	  5	  dpi.	  
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obtaining	  this	  data	  is	  twofold:	  to	  confirm	  the	  RAL4	  locus	  in	  HR-‐5	  and	  to	  identify	  any	  

additional	  NB-‐LRRs	  that	  may	  be	  within	  the	  RAL4	  interval.	  First,	  the	  reads	  from	  Ws-‐2,	  

HR-‐5,	   and	   the	   susceptible	   F2	   bulk	   were	   aligned	   to	   the	   Col-‐0	   genome.	   Manual	  

inspection	  of	   the	  RAL4	  genes	  revealed	  that	  99%	  of	   the	  reads	   in	   the	  F2	  bulk	  at	   the	  

AT1G58390	   and	   AT1G58400	   loci	   were	   derived	   from	   the	   Ws-‐2	   alleles	   (in	   fact	  

AT1G58400	   is	  deleted	   in	  Ws-‐2,	   so	   read	  coverage	  was	  very	   low).	   In	  order	   to	  check	  

the	   location	   of	   the	   RAL4	   locus	   in	   a	   systematic	   way,	   the	   alignment	   data	   was	  

uploaded	   to	   the	   “Next-‐gen	   mapping”	   server	   produced	   by	   Austin	   et	   al,	   (2011)	  

(http://bar.utoronto.ca/NGM).	   This	   algorithm	   analyses	   Illumina	   alignment	   data	   to	  

find	   linked	   loci	   in	   bulked	   sequencing	   experiments	   of	   either	   EMS	  mutants	   or	  wild	  

accessions.	   Analysing	   the	   Ws-‐2	   x	   HR-‐5	   bulk	   F2	   susceptible,	   and	   considering	  

polymorphic	  sites	  of	  “chastity”	  (a	  term	  referring	  to	  the	  degree	  of	  homozygosity	  at	  a	  

polymorphic	   site)	   of	   between	  85	   and	  100%	  homozygous	   susceptible	   resulted	   in	   a	  

single	  strong	  peak	  at	  the	  RAL4	  locus	  (figure	  6.6).	  

	  
	  

	  

	  

	  

	  

	  

In	   order	   to	   establish	   if	   there	   are	   any	   NB-‐LRR	   encoding	   genes	   in	   HR-‐5	   but	  

absent	   from	   Ws-‐0	   or	   Col-‐0	   that	   co-‐segregate	   with	   RAL4	   in	   HR-‐5,	   I	   developed	   a	  

simple	   informatics	  pipeline.	  Briefly,	   the	  HR-‐5	  RenSeq	   reads	  were	  assembled	  using	  

SPAdes	  (Bankevich	  et	  al.,	  2012).	  I	  then	  compiled	  a	  nucleotide	  blast	  database	  of	  199	  

known	  NB-‐LRR	  or	  NB-‐LRR	   like-‐	  encoding	  genes	   from	  Col-‐0.	   I	   identified	   the	  highest	  

identity	  and	  longest	  alignment	  length	  hits	  for	  each	  contig,	  thus	  identifying	  the	  most	  

Figure	  6.6.	  “Next	  generation	  mapping”	  analysis	  of	  the	  Illumina	  data	  from	  the	  Ws-‐2	  x	  
HR-‐5	  bulk	  susceptible	  RenSeq.	  Alignment	  data	  was	  uploaded	  to	  
http://bar.utoronto.ca/NGM,	  and	  analyzed.	  This	  plot	  shows	  the	  peak	  produced	  on	  
chromosome	  1	  when	  a	  homozygous	  SNP	  “chastity”	  of	  between	  85	  and	  100%	  is	  specified.	  
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likely	   allelic	   pairs	   of	   genes	   from	  HR-‐5	   and	   Col-‐0.	   Contigs	   of	   length	   >1500	   bp	   and	  

covered	  at	  least	  15x	  and	  that	  did	  not	  have	  a	  good	  hit	  (at	  least	  80%	  identity)	  to	  a	  Col-‐

0	   NB-‐LRR	   encoding	   gene	   were	   investigated	   further.	   These	   contigs	   were	   blasted	  

(megablast	   and	   discontiguous	   megablast)	   against	   the	   NCBI	   nucleotide	   collection,	  

and	  were	   subjected	   to	   a	  GENESCAN	   (Burge	   and	   Karlin,	   1997)	  ORF	   prediction	   and	  

subsequently	   searched	   against	   the	   PFAM	   database	   (Finn	   et	   al.,	   2014).	   From	   this	  

analysis	   I	   identified	   several	   novel	   NB-‐LRR	   encoding	   genes.	   These	   include	   2	   HR-‐5	  

specific	  TIR-‐NB-‐LRRs,	  1	  TIR-‐NB-‐LRR	  shared	  in	  Ws-‐2	  and	  HR-‐5	  and	  not	  Col-‐0,	  several	  

putative	   partial	   genes	   (encoding	   1	   TIR,	   NB	   or	   LRR	   domain).	   The	   reads	   from	   the	  

bulked-‐susceptible	   sample	  were	   aligned	   against	   the	   HR-‐5	   ‘NB-‐LRRome’	   assembly,	  

and	   each	   novel	   NB-‐LRR	   was	   checked	   for	   co-‐segregation	   with	   RAL4.	   Each	   was	  

covered	  with	  many	  HR-‐5	  derived	   reads,	   and	   the	  HR-‐5	  NB-‐LRRs	   absent	   from	  Ws-‐2	  

were	  all	  heterozygous,	  indicating	  that	  they	  are	  not	  linked	  to	  RAL4.	  	  

6.2.6	  RAL4	  IMMUNITY	  CANNOT	  BE	  SUPPRESSED	  BY	  VIRULENT	  ALBUGO	  LAIBACHII	  
In	   previous	   chapters	   I	   have	   described	   the	   remarkable	   ability	   of	   Al	   to	   suppress	  

resistance	   to	  various	  other	  pathogens	   in	   the	  context	  of	  Al	  pre-‐infection,	   including	  

multiple	  Hpa	  resistances	  (Cooper	  et	  al.,	  2008).	  In	  order	  to	  test	  if	  virulent	  Al	  isolates	  

can	  suppress	  RAL4	  mediated	  immunity,	   I	  developed	  a	  simple	  assay.	  I	  screened	  the	  

genomes	  of	  the	  5	  Al	  isolates	  virulent	  on	  HR-‐5	  for	  micro-‐deletions	  relative	  to	  Nc14.	  I	  

discovered	  one	  such	  micro-‐deletion	  in	  Ash4,	  around	  which	  I	  designed	  PCR	  markers.	  

The	  marker	   reveals	  a	   size	  difference	   in	   the	  PCR	  product	  between	  Nc14	  and	  Ash4,	  

and	  was	   therefore	   named	  AlSSLP1.	   I	   then	   infected	  HR-‐5,	   along	  with	   the	   requisite	  

controls,	  with	  Ash4	  and	  after	  10	  days	   sprayed	  with	  Nc14.	  After	   a	   further	  14	  days	  

DNA	  was	  carefully	  extracted	  (to	  avoid	  contamination)	  and	  AlSSLP1	  applied.	  I	  found	  

that	  whilst	  PCR	  products	   for	  both	  Nc14	  and	  Ash4	  are	   found	  on	  pre-‐infected	  Col-‐0	  

plants	   (susceptible	   to	   both	   isolates),	   only	   Ash4	   DNA	   could	   be	   amplified	   from	   the	  

pre-‐infected	  HR-‐5	  plants	   (figure	  6.7).	  HR-‐5	  plants	   sprayed	  with	  a	  mix	  of	  Nc14	  and	  

Ash4	   spores	   at	   day	   0	   also	   showed	   only	   the	   Ash4	   band.	   The	   experiment	   was	  

repeated	  twice	  with	  the	  same	  result.	  I	  also	  tried	  a	  4	  day	  pre-‐infection	  which	  had	  the	  

same	   outcome,	   suggesting	   that	   RAL4	   immunity	   cannot	   be	   suppressed	   by	   pre-‐

infection	  with	  a	  virulent	  Al	  isolate.	  
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6.3	  DISCUSSION	  
In	   this	  chapter	   I	  described	   the	  mapping	  of	  a	   locus	   that	  confers	   resistance	   to	  HR-‐5	  

and	   probably	   recognition	   of	   SSP16Nc14.	   I	   found	   a	   3:1	   segregation	   of	   resistance	   to	  

susceptibility	  in	  a	  cross	  between	  Ws-‐2	  and	  HR-‐5.	  This	  suggested	  a	  single	  dominant	  

locus	  confers	  resistance.	  I	  then	  used	  the	  innovative	  technique	  of	  bombarding	  an	  F2	  

population	   and	   testing	   the	   same	   plants	   for	   pathogen	   resistance.	   I	   observed	   a	  

correlation	  between	  plants	  with	  abundant	  GUS	  sectors	  and	  susceptibility	   (and	  the	  

reciprocal),	  although	   there	  were	  a	   small	  number	  of	  exceptions.	  This	   suggests	   that	  

the	   same	   genetic	   locus	   confers	   both	   resistance	   to	   AlNc14	   and	   recognition	   of	  

SSP16Nc14.	  

Initially	   I	   used	   classical	   genetic	   mapping	   to	   define	   the	   RAL4	   locus	   in	   HR-‐5.	   The	  

resistance	  mapped	  to	  a	  cluster	  of	  CC-‐NB-‐LRRs	  on	  chromosome	  1,	  containing	  RPP7	  in	  

Col-‐0	   (Eulgem	  et	   al.,	   2007).	   This	   cluster	   of	   CC-‐NB-‐LRRs,	   known	   colloquially	   as	   the	  

Figure	  6.7.	  RAL4	  resistance	  cannot	  be	  suppressed	  by	  a	  virulent	  isolate,	  SSLP	  marker	  
data.	  HR-‐5	  and	  Col-‐0	  were	  inoculated	  with	  the	  virulent	  isolate	  Ash4	  and	  after	  10	  days	  
inoculated	  with	  Nc14	  (avirulent	  on	  HR-‐5).	  To	  test	  if	  pre-‐infection	  with	  Ash4	  could	  
suppress	  HR-‐5/RAL4	  immunity	  and	  allow	  Nc14	  growth,	  a	  PCR	  SSLP	  marker	  was	  applied	  
after	  a	  further	  14	  days.	  The	  larger	  band	  is	  specific	  to	  Nc14,	  the	  smaller	  specific	  to	  Ash4.	  
The	  lanes	  in	  the	  above	  agarose	  gel	  picture	  were	  loaded	  with	  the	  following:	  (a)	  Col-‐0:	  d0	  
H2O	  (b)	  Col-‐0:	  d0	  H20,	  d10	  Nc14	  (c)	  Col-‐0:	  d0	  Nc14	  (d)	  Col-‐0:	  d0	  Ash4,	  d10	  Nc14	  (note	  
double	  band	  indicating	  co-‐infection)	  (e)	  Col-‐0:	  d0	  Nc14+Ash4	  (f)	  HR-‐5:	  d0	  H2O	  (g)	  HR-‐5:	  
d0	  Nc14	  (h)	  HR-‐5:	  d0	  Ash4	  (i)	  HR-‐5:	  d0	  Ash4,	  d10	  Nc14	  (j)	  HR-‐5:	  d0	  Nc14+Ash4	  (k)	  Ash4	  
DNA	  control	  (l)	  Nc14	  DNA	  control.	  Ladder:	  100	  bp	  NEB	  DNA	  ladder.	  
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RPP7	   cluster,	   is	   a	   complex	   locus	   that	   has	   apparently	   arisen	   through	   tandem	  

duplication	  (Guo	  et	  al.,	  2011).	  RPP7	  itself	  is	  exceptional	  in	  terms	  of	  its	  regulation:	  a	  

COPIA-‐R7	  transposable	  element	  was	  recruited	  to	  RPP7’s	  first	  intron	  and	  the	  level	  of	  

expression	   of	   the	   active	   splice	   variant	   of	   gene	   is	   regulated	   by	   the	   level	   of	  

methylation	  at	  specific	  sites	  in	  the	  intron	  (Tsuchiya	  and	  Eulgem,	  2013).	  This	  appears	  

to	  be	  a	  unique	  feature	  of	  RPP7.	  RPP7	  and	  5	  other	  CC-‐NB-‐LRR	  encoding	  genes	  appear	  

to	  be	  missing	  in	  HR-‐5,	  leaving	  3	  RAL4	  candidate	  genes.	  RAC1,	  the	  only	  cloned	  R	  gene	  

against	  Al,	  encodes	  a	  TIR-‐NB-‐LRR.	  However	  various	  CC-‐NB-‐LRRs	  have	  been	  identified	  

as	   sources	  of	   resistance	   to	  Hpa	   in	  At	   (Eulgem	  et	  al.,	  2007;	  McDowell	  et	  al.,	  1998;	  

Bittner-‐Eddy	   et	   al.,	   2000)	   and	   other	   pathogens	   as	   reviewed	   in	   chapter	   1.	  

Interestingly,	  RAL4	  resistance	  functions	  independently	  of	  NDR1.	  The	  closest	  CC-‐NB-‐

LRR	   relatives	  of	   the	  RAL4	  candidates	   (RPP7,	  RPP8	  and	  RPP13)	   also	  do	  not	   require	  

NDR1	  (McDowell	  et	  al.,	  2000;	  Bittner-‐Eddy	  et	  al.,	  2001).	  RPP8	  however,	  was	  shown	  

to	   be	   ineffective	   in	   an	   eds1/sid2	   double	   mutant	   (Venugopal	   et	   al.,	   2009).	   RAL4	  

function	  may	  therefore	  also	  be	  dependent	  on	  the	  products	  of	  these	  genes.	  

In	  Agrobacterium-‐mediated	   transient	  expression	  assays	   in	  N.	  benthamiana	  and	  N.	  

tabacum,	   none	   of	   the	   RAL4	   candidates	   triggered	   a	   SSP16-‐dependent	   HR.	   The	  

mechanism	   of	   recognition	   of	   pathogen	   effectors	   by	   CC-‐NB-‐LRRs	   is	   often	   via	  

“indirect”	  recognition.	  For	  example,	  two	  CC-‐NB-‐LRR	  encoding	  genes	  RPM1	  and	  RPS2	  

guard	   the	  RIN4	  protein	  against	  modification	  by	   several	  bacterial	   effectors	   (Day	  et	  

al.,	   2006).	   Another	   CC-‐NB-‐LRR,	   RPS5,	   is	   activated	   by	   the	   cleavage	   of	   its	   guardee,	  

PBS1,	   by	   the	   effector	   AvrPphB	   at	   the	   plasma	   membrane	   (Qi	   et	   al.,	   2014).	   The	  

effector	   putatively	   recognised	   by	   RAL4,	   ΔSP-‐SSP16Nc14	   localised	   to	   the	   plasma	  

membrane	   with	   an	   N-‐terminal	   tag	   (chapter	   5).	   It	   is	   therefore	   possible	   that	   the	  

reason	   that	   none	   of	   the	   RAL4	   candidates	   function	   in	   Nicotiana	   spp	   is	   that	   the	  

guardee	   protein	   is	   either	   not	   present	   or	   substantially	   divergent	   in	   these	   species	  

which	  are	  distantly	   related	   to	  At.	   It	   is	  also	  possible	   that	  due	   to	  selection	  pressure	  

from	   Al,	   the	   signalling	   pathway	   for	   RAL4	   has	   become	   divergent	   compared	   to	  

Nicotiana	  spp.	  RPS5	  requires	  its	  guardee	  PBS1	  to	  trigger	  AvrPphB	  dependent	  HR	  in	  

Nicotiana	   transient	   assays	   (Qi	   et	   al.,	   2014).	   As	   of	   yet,	   no	   signalling	   components	  

required	   for	   RPP7,	   RPP8	   or	   RPP13	   have	   been	   identified,	   although	   there	   are	  
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quantitative	  reductions	   in	   function	   in	  eds1/ndr1	  double	  mutants	   (McDowell	  et	  al.,	  

2000).	  	  

It	  is	  also	  possible	  that	  there	  is	  a	  problem	  of	  protein	  accumulation,	  and	  in	  a	  further	  

study	  epitope-‐tagged	  versions	  of	  both	  SSP16	  and	  the	  RAL4	  candidates	  will	  be	  tested	  

in	  Nicotiana	  spp.	  and	  protein	  level	  checked	  by	  Western	  blotting.	  

In	   order	   to	   check	   if	   there	   are	   undiscovered	   novel	   candidates	   within	   the	   RAL4	  

interval	  in	  HR-‐5,	  I	  developed	  and	  employed	  a	  Brassicaceae	  RenSeq	  method	  (Jupe	  et	  

al.,	   2012;	   chapter	   2b).	   Using	   this	   method	   in	   combination	   with	   next-‐generation	  

mapping	   confirmed	   the	   RAL4	  mapping	   location.	   	   It	   also	   proved	   that	   the	  method	  

could	  be	  used	  to	  quickly	  map	  multiple	  further	  R	  genes	  in	  future	  studies,	  since	  with	  

the	  enrichment	   it	  was	  possible	   to	  multiplex	  23	  different	   samples	  and	   still	   achieve	  

the	  high	  sequencing	  depth	  required	  to	  map	  to	  a	  high	  resolution.	  It	  also	  proved	  to	  be	  

an	  effective	  method	  to	  identify	  accession	  specific	  novel	  NB-‐LRR	  encoding	  genes	  not	  

in	   the	  Col-‐0	  genome,	  but	  no	   further	  RAL4	  candidates	  were	   identified.	  Using	   these	  

data	  also	  allowed	  me	  to	  prove	  that	  the	  putatively	  missing	  RPP7/RAL4	  cluster	  genes	  

are	  truly	  absent	  in	  HR-‐5.	  

We	  must	  also	  consider	  that	  RAL4	  may	  not	  be	  a	  gene	  encoding	  a	  NB-‐LRR.	  Within	  the	  

83	   genes	   also	  within	   the	   interval,	   there	   is	   one	   RLP	   (RLP9).	   The	   predicted	   protein	  

product	  of	   this	  gene	   is	   structurally	   similar	   to	   several	  R	  genes	  cloned	   from	  tomato	  

against	   Cladosporium	   fulvum	   and	   Verticillium	   dahliae	   consisting	   of	   a	   secretion	  

signal,	   multiple	   leucine-‐rich	   repeats	   and	   a	   C-‐terminal	   transmembrane	   domain	  

(Jones	  et	  al.,	  1994;	  Kawchuk	  et	  al.,	  2001).	  However	  since	  no	  genes	  of	  this	  class	  have	  

been	  identified	  as	  encoding	  R	  genes	  in	  At,	  it	  is	  considered	  unlikely	  to	  be	  RAL4.	  

It	   has	   been	   previously	   established	   that	   Al	   is	   capable	   of	   suppressing	   resistance	  

conferred	  by	  various	  R-‐proteins,	  and	  allow	  co-‐infection	  with	  avirulent	  races	  of	  Hpa	  

(Cooper	   et	   al.,	   2008).	   Although	   Cooper	   et	   al	   (2008)	   showed	   that	  Al	   can	   suppress	  

RPP7	   immunity	   against	  Hpa,	   the	   recognition	   and	   resistance	   of	  Al	  by	   a	   CC-‐NB-‐LRR	  

suggests	  that	  Al	  is	  not	  as	  proficient	  at	  suppressing	  this	  resistance	  pathway.	  To	  test	  if	  

this	  is	  indeed	  the	  case	  I	  set	  up	  a	  co-‐infection	  experiment.	  Nc14	  (incompatible)	  was	  

inoculated	   on	   HR-‐5	   4	   days	   after	   inoculation	   of	   Ash4	   (compatible).	   Ten	   days	  
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following	   the	  second	   infection,	   it	  was	  not	  possible	   to	  detect	  an	  Nc14	  specific	  PCR	  

product	  on	  HR-‐5.	  This	  suggests	  that	  Ash4	  does	  not	  have	  the	  capability	  to	  suppress	  

RAL4	   immunity	   to	   allow	   the	   growth	   of	   avirulent	   Nc14.	   In	   future	   work	   it	   may	   be	  

enlightening	  to	  discover	  how	  RAL4	  signalling	  leads	  to	  resistance	  and	  how	  this	  differs	  

from	  the	  currently	  described	  mechanisms	  of	  R	  protein	  mediated	  defence	  activation.	  
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CHAPTER	  7:	  GENERAL	  DISCUSSION	  AND	  OUTLOOK	  
	  

In	  the	  last	  twenty-‐five	  years,	  major	  progress	  has	  been	  made	  in	  the	  understanding	  of	  

the	   genetic	   and	   molecular	   components	   that	   define	   the	   outcome	   of	   interactions	  

between	   plants	   and	   pathogens.	   Numerous	  R	   genes	   and	   recognized	   effector	   (Avr)	  

genes	  were	  genetically	  defined,	  allowing	  investigations	  of	  the	  physical	  mechanisms	  

of	  recognition,	  activation	  of	  defense	  and	  co-‐evolutionary	  relationships	  between	  key	  

host	  and	  pathogen	  components	  (Jones	  and	  Dangl,	  2006;	  Dodds	  and	  Rathjen,	  2010).	  	  

Albugo	  species	  infect	  an	  extensive	  range	  of	  hosts	  including	  many	  Brassicaceae	  crop	  

species	   (Kamoun	   et	   al.,	   2014).	   Despite	   this,	   beyond	   detailed	   descriptions	   of	   the	  

infection	   structures	   and	   life-‐cycle,	   until	   recently	   very	   little	   was	   known	   about	   the	  

mechanisms	  by	  which	  Albugo	  sp.	  parasitize	  their	  hosts	  and	  how	  this	  is	  prevented	  by	  

resistant	   plants.	   The	   species	   Albugo	   candida	   was	   re-‐organized	   into	   two	   distinct	  

species,	  Ac	  an	  apparent	  generalist,	  and	  Al	  the	  Arabidopsis	  specialist	   (Thines	  et	  al.,	  

2009).	  	  

The	   genome	   sequence	   of	   Al	   (Kemen	   et	   al.,	   2011)	   raised	   numerous	   questions.	   It	  

encodes	  a	  new	  class	  of	  secreted	  effector	  candidates,	  the	  CHXCs.	  However,	  the	  low	  

number	   (35)	  of	   these	   in	   the	  genome	   led	   to	   the	  questions,	  are	   these	   real,	  and	  are	  

they	  the	  only	  Al	  effectors?	  Will	  the	  Al	  or	  Ac	  Avr	  genes	  encode	  CHXC	  effectors,	  or	  will	  

they	  belong	   to	   another	   class	   of	   secreted	  proteins?	   The	   two	   reported	  Al	  genomes	  

also	  showed	  a	  relatively	  low	  level	  of	  nucleotide	  diversity,	  but	  was	  this	  an	  artefact	  of	  

the	  sequencing	  of	  only	  two	  isolates?	  

Previous	  studies	  of	  AVR	  genes	  in	  similar	  pathogens	  such	  as	  Hpa	  suggested	  that	  high	  

allelic	  diversity	   should	  be	  expected	  at	  Avr	  gene	   loci,	  with	   these	  genes	  undergoing	  

strong	   adaptive	   and	   balancing	   selection	   (Hall	   et	   al.,	   2009;	   Stukenbrock	   and	  

McDonald,	   2009).	   Advances	   in	   genome	   sequencing	   technology	   have	   rendered	  

feasible	  the	  concept	  of	  identifying	  causal	  loci	  from	  population	  genome	  sequencing	  

through	   association	   with	   polymorphisms.	   Would	   this	   be	   an	   effective	   method	   to	  

identify	  pathogen	  Avr	  genes?	  
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Although	  one	  TIR-‐NB-‐LRR	  encoding	  gene	  has	  been	  defined	  as	  an	  Al	  R	  gene	  (Borhan	  

et	  al.,	  2004),	  important	  questions	  remain	  about	  Al	  resistance.	  For	  example	  would	  all	  

Al	   R	   genes	   encode	   TIR-‐NB-‐LRRs?	   Can	   the	   remarkable	   defense	   suppression	  

capabilities	  of	  Al	  (Cooper	  et	  al.,	  2008)	  extend	  to	  R	  genes	  against	  Al?	  

During	  my	  PhD,	  I	  focused	  on	  addressing	  these	  questions,	  and	  further	  questions	  that	  

arose	  as	  the	  work	  progressed.	  In	  this	  discussion	  I	  will	  address	  the	  progress	  made	  in	  

answering	  these	  questions	  and	  the	  new	  questions	  that	  my	  results	  have	  raised	  in	  the	  

context	  of	  recent	  literature.	  

7.1	  POPULATION	  VARIATION	  IN	  ALBUGO	  LAIBACHII	  
	  

With	  the	  splitting	  of	  Ac	  into	  Ac	  and	  Al,	  both	  of	  which	  can	  parasitize	  At	  (Thines	  et	  al.,	  

2009),	   the	   ecological	   question	   of	   which	   species	   is	   predominantly	   found	   in	  

association	  with	  At	   in	   the	   field	  emerges.	   In	   chapter	  3,	   I	   describe	   the	   collection	  of	  

field	   isolates	   from	  various	   locations	  around	   the	  UK	  and	  one	  area	   in	  Germany.	  My	  

results	   suggest	   that	  Al	   is	   the	  predominant	  Albugo	   species	   growing	  on	  At	   in	   these	  

areas.	   It	   is	  difficult	  to	  be	  certain,	  as	   in	  order	  not	  to	  waste	  material,	   infection	  from	  

collected	  samples	  was	  made	   in	  some	  cases	  directly	  onto	  At	  Col-‐0	  which	  may	  have	  

selected	   against	  Ac	   isolates	   growing	   on	   the	   plants	   in	   the	   field	   as	   the	   Arabidopsis	  

accession	   Col-‐0	   has	   a	   broad-‐spectrum	   Ac	   resistance	   gene	   WRR4	   (Borhan	   et	   al.,	  

2008).	  Only	  the	  collection	  of	  additional	  field	  isolates	  from	  At	  can	  reveal	  the	  balance	  

of	   Al	   and	   Ac	   infections	   in	   nature.	   I	   didn’t	   further	   address	   the	   phenomenon	   of	  

symptomless	  Albugo	  infection,	  as	  observed	  by	  Ploch	  and	  Thines	  (2011).	  	  

I	   developed	   a	   procedure	   to	   genetically	   identify	   the	   species	   of	   Albugo	   in	   a	   field	  

isolate	   and	   to	   distinguish	   different	   Al	   isolates.	   Colleagues	   in	   the	   lab	   are	   already	  

using	   these	   methods.	   For	   example	   Agathe	   Jouet	   identified	   the	   further	   field	   At	  

isolates	  Wild	   1,	  Wild	   19A	   and	  Wild	   43	   which	   were	   mentioned	   in	   chapter	   5.	   Her	  

results	  support	  my	  hypothesis	   that	  Al	   is	   the	  dominant	  species	  on	  At,	  and	  that	   the	  

isolates	  she	  collected	  are	  unique	  Al	  isolates.	  

Kemen	   et	   al,	   (2011)	   reported	   the	   genome	   sequences	   of	   two	   Al	   isolates.	   These	  

isolates	  showed	  a	   low	  level	  of	  nucleotide	  diversity.	  This	  raised	  the	  question	  of	  the	  
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degree	  of	  nucleotide	  diversity	  in	  the	  wider	  Al	  population.	  In	  chapter	  4,	  I	  present	  the	  

genome	  sequencing	  data	  for	  4	  further	  purified	  isolates.	  My	  results	  suggest	  that	  the	  

level	   of	   diversity	   between	  Nc14	   and	   Em1	   is	   at	   the	   typical	   level	   between	   any	   two	  

given	   isolates.	  How	   is	   such	   a	   low	   level	   of	   diversity	  maintained?	   These	   data	   could	  

suggest	   that	   the	  Al	   population	   has	   recently	   experienced	   a	   population	   bottleneck	  

effect,	   but	   the	   general	   heterogeneity	   of	   the	  At	  accessions	   for	   resistance,	   and	   the	  

fact	   that	  most	   are	   susceptible	   suggests	   that	   this	   is	   probably	  not	   the	   case.	  On	   the	  

other	   hand,	   very	   high	   spore	   mobility	   (one	   interpretation	   of	   the	   similarity	   of	   the	  

German	   isolate	   to	   the	  UK	   ones)	  may	  mean	   that	  more	   competitive	   race-‐types	   are	  

able	  to	  quickly	  dominate	  the	  population.	  Sequencing	  further	  samples	  could	  reveal	  

deeper	  underlying	  diversity	  in	  the	  population.	  	  

My	  analysis	  of	  the	  genetic	  diversity	  between	  the	  6	  isolates	  did	  reveal	  signatures	  of	  

recombination	   throughout	   the	   genomes	   of	   each	   isolate.	   This	   suggests	   that	   in	  

nature,	  sexual	  recombination	  occurs	  between	  isolates,	  and	  that	  a	  future	  avenue	  for	  

Al	  research	  might	  be	  to	  attempt	  to	  generate	  crosses	  between	  isolates,	  for	  example	  

to	  help	  identify	  Avr	  genes.	  

7.2	  ASSOCIATION	  GENOMICS	  TO	  IDENTIFY	  AVR	  GENE	  CANDIDATES	  
	  

A	  major	  theme	  of	  my	  work	  has	  been	  developing	  and	  testing	  the	  utility	  of	  association	  

genomics	   to	   identify	   candidate	   Avr	   genes.	   Although	   numerous	   papers	   have	  

reported	   the	   identification	  of	  AVR	  genes	  using	   similar	  methods	   (Armstrong	  et	   al.,	  

2005;	  Yoshida	  et	  al.,	  2009;	  de	  Jonge	  et	  al.,	  2012),	  none	  of	  these	  have	  attempted	  it	  

with	  a	  high-‐throughput	  genome-‐wide	  method.	  I	  developed	  a	  bioinformatics	  pipeline	  

to	   correlate	   non-‐synonymous	   polymorphisms	   predicted	   using	   Illumina	   data,	  

described	  in	  chapter	  2b.	  I	  showed	  that	  using	  this	  method	  on	  Illumina	  data	  for	  5	  Hpa	  

races	   and	   race	   virulence	   data,	   it	   was	   possible	   to	   predict	   that	   ATR1,	   a	   well	  

characterized	   Hpa	   Avr	   gene	   (Rehmany	   et	   al.,	   2005),	   would	   encode	   an	   effector	  

recognized	   in	   the	  At	  accession	  Nd-‐1.	  ATR5	   	   (Bailey	  et	  al.,	  2011)	  was	  also	  one	  of	  3	  

strong	  candidates	   for	   the	  Avr	  gene	  conditioning	  avirulence	  on	   the	  accession	  Ler-‐1	  

(where	  it	  is	  recognized	  by	  RPP5).	  More	  complicated	  genetic	  scenarios,	  involving	  the	  
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recognition	   of	   multiple	   effectors	   by	   single	   accessions,	   however	   exposed	   the	  

weakness	   of	   using	   relatively	   few	   isolates.	   For	   example	  ATR13	   (Allen	   et	   al.,	   2004)	  

could	  not	  be	  predicted.	  It	  has	  been	  reported	  that	  oomycete	  pathogens	  are	  able	  to	  

avoid	  recognition	  through	  the	  silencing	  of	  Avr	  genes	  (Qutob,	  Chapman	  and	  Gijzen,	  

2013).	   Such	   an	   event	   would	   be	   beyond	   the	   scope	   of	   my	   association	   genomics	  

pipeline	  to	  detect.	  Nevertheless,	  I	  persevered	  with	  the	  method,	  and	  applied	  it	  to	  my	  

own	  sequencing	  and	  virulence	  data	  for	  the	  6	  Al	  isolates.	  	  

Using	   the	   disease	   phenotype	   information	   and	   polymorphisms	   from	   6	   isolates,	   I	  

predicted	   Avr	   gene	   candidates.	   However,	   in	   order	   to	   reduce	   the	   number	   of	  

candidates,	   I	   used	   additional	   statistical	   tests.	   It	   has	   been	   widely	   reported	   that	  

effector,	  and	  in	  particular	  Avr,	  encoding	  genes	  are	  generally	  under	  strong	  adaptive	  

and	   balancing	   selection	   due	   to	   the	   co-‐evolutionary	   pressures	   of	   plant-‐pathogen	  

interactions	   (Dawkins	   and	   Krebs,	   1979;	   Stahl	   et	   al.,	   1999;	   Anderson	   et	   al.,	   2010).	  

Using	   the	   pN/pS	   ratio	   (Yang,	   2007)	   as	   a	   measure	   of	   adaptive	   selection	   and	   the	  

linkage	  disequilibrium-‐based	  test	  called	  Fu’s	  Fs	  (Fu,	  1997)	  as	  a	  measure	  of	  balancing	  

selection,	  I	  refined	  my	  list	  of	  candidate	  Avr	  genes.	  My	  results	  suggest	  that	  a	  subset	  

of	  the	  secretome	  is	  far	  more	  diverse	  and	  evolving	  at	  a	  much	  more	  rapid	  rate	  than	  

the	   majority	   of	   Al	   genes.	   As	   noted	   in	   chapter	   4,	   30%	   of	   the	   non-‐synonymous	  

changes	   observed	   in	   the	   secretome	   were	   found	   in	   31	   out	   of	   929	   genes.	   Several	  

CHXC	  class	  effectors	  were	  found	   in	  this	  group	  of	  rapidly	  evolving	  secreted	  protein	  

encoding	   genes,	   strengthening	   the	   case	   that	   at	   least	   some	  of	   them	  are	  effectors.	  

Genome	  density	  plotting	  was	  consistent	  with	  some	  of	  these	  rapidly	  evolving	  genes	  

occupying	  more	  gene-‐sparse	  regions	  as	  reported	   in	  Phytophthora	  spp.	  by	  Raffaele	  

et	   al,	   (2010b).	   Plotting	   the	   coordinates	   of	   non-‐synonymous	   changes	   along	   the	  

length	  of	  the	  rapidly	  evolving	  effectors	  suggested	  that	  they	  are	  undergoing	  stronger	  

adaptive	  selection	  towards	  the	  3’	  end,	  similar	  to	  results	  found	  in	  Pi	  effectors	  by	  Win	  

et	  al,	  (2007).	  Considered	  together,	  these	  data	  are	  consistent	  with	  a	  limited	  number	  

of	  effectors	  being	  under	  strong	  evolutionary	  pressure	  to	  either	  evade	  recognition	  or	  

to	  co-‐evolve	  with	  their	  host	  targets.	  

7.3	  DISCOVERY	  OF	  RECOGNIZED	  EFFECTORS	  FROM	  ALBUGO	  LAIBACHII	  
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Testing	   of	   several	   candidate	   Avr	   genes	   in	   chapter	   5	   revealed	   that	   two	   of	   them,	  

SSP16	   and	   SSP18	   seem	   to	   be	   recognized	   in	   the	   accessions	   HR-‐5	   and	   Ksk-‐1	  

respectively.	  Both	  of	  the	  predicted	  secreted	  proteins	  do	  not	  belong	  to	  the	  CHXC	  or	  

RXLR	  classes	  of	  effectors,	  but	  do	  show	  extreme	  levels	  of	  amino-‐acid	  level	  diversity	  

relative	  to	  most	  Al	  genes.	  I	  showed	  that	  the	  predicted	  virulent	  alleles	  of	  SSP16	  are	  

able	  to	  quantitatively	  evade	  recognition	  in	  HR-‐5	  in	  GUS	  eclipse	  experiments	  and	  do	  

not	   compromise	   PstDC3000	   growth	   in	   strains	   that	   carry	   SSP16-‐delivering	   EDV	  

constructs.	  The	  virulent	  allele	  of	  SSP18	  showed	  full	  evasion	  of	  recognition	  by	  Ksk-‐1	  

in	  both	  GUS	  eclipse	  and	  PstDC3000	  growth	  experiments.	  Additionally,	  I	  showed	  that	  

the	   highly	   polymorphic	   SSP16	   C-‐terminus	   alone	   was	   sufficient	   to	   cause	   a	   GUS	  

eclipse	  in	  HR-‐5.	  Following	  the	  discoveries	  of	  ATR13,	  ATR1	  and	  Avr3a,	  Rehmany	  et	  al,	  

(2005)	  quickly	  noticed	   that	   they	   shared	  a	  common	  RXLR	  motif	   in	   their	  N-‐terminal	  

post-‐signal	   peptide	   cleavage	   region,	   and	   were	   part	   of	   a	   large	   family	   of	   related	  

genes.	  However,	  I	  was	  able	  to	  find	  no	  evidence	  of	  such	  a	  large	  gene	  family	  related	  

to	  SSP16	  or	  SSP18	  in	  Al,	  or	  any	  other	  species	  whose	  genome	  sequence	  was	  available	  

to	  me.	  A	  major	  question	  directly	  arising	  from	  the	  apparent	  cytoplasmic	  recognition	  

of	  these	  effectors	  is:	  how	  do	  they	  enter	  plant	  cells	  in	  a	  natural	  infection?	  There	  has	  

been	  much	   speculation	   about	   the	  mechanism	   of	   uptake	   of	   RXLR,	   CRN	   and	   CHXC	  

type	  effectors,	  and	  whether	  these	  N-‐terminal	  motifs	  are	  indeed	  required	  for	  uptake	  

or	  may	   be	   involved	   in	   host	   cell	   targeting	   rather	   than	   uptake	   (Petre	   and	   Kamoun,	  

2014).	   The	   fact	   remains	   however	   that	   there	   are	   numerous	   fungal	   effectors	   for	  

which	  there	  is	  evidence	  of	  host	  cell	  uptake,	  such	  as	  Melampsora	  lini	  AvrM	  (Rafiqi	  et	  

al.,	   2010),	   Uromyces	   fabae	   RTP1	   (Kemen	   et	   al.,	   2005),	   Ustilago	   maydis	   Cmu1	  

(Djamei	  et	  al.,	  2011)	  and	  various	  Magnaporthe	  oryzae	  effectors	  (Giraldo	  et	  al,	  2013)	  

where	   the	   nature	   of	   a	   host-‐cell	   translocation	   motif	   is	   unclear.	   Therefore	   it	   is	  

plausible	   that	   SSP16	   and	   SSP18	   naturally	   enter	   infected	   host	   cells,	   like	   various	  

fungal	  effectors,	  via	  an	  unknown	  mechanism.	  

At	   this	   stage	   I	   have	   no	   data	   about	   the	   possible	   virulence	   effects	   of	   these	   two	  

proteins,	   beyond	   their	   sub-‐cellular	   localizations.	   To	   determine	   if	   they	   have	   a	  

virulence	  effect,	  p35S:	  At	  transgenic	   lines	  have	  been	  generated	  and	  will	  be	  tested	  

for	  enhanced	  susceptibility	  or	  resistance	  to	  various	  pathogens.	  
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7.3	  RAL4;	  A	  GENETIC	  LINK	  BETWEEN	  RECOGNITION	  AND	  RESISTANCE	  	  
	  

After	   the	   discovery	   of	   two	   apparently	   recognized	   effectors,	   I	   needed	   a	   way	   to	  

confirm	  if	  they	  were	  Avr	  genes.	  Since	  the	  resistance	  to	  Al	  in	  HR-‐5	  segregated	  3:1,	  I	  

hypothesized	  that	  a	  single	  dominant	  R	  gene	  conditioned	  resistance.	  I	  reasoned	  that	  

if	  SSP16	  was	  indeed	  the	  Nc14	  Avr	  gene	  then	  F2	  individuals	  that	  recognized	  it	  should	  

also	   be	   resistant	   to	  Nc14.	   In	   chapter	   6,	   to	   test	   this	   hypothesis,	   I	   conducted	  GUS-‐

eclipse	  experiments	  on	  F2	  plants	  followed	  by	  pathogen	  infection.	  I	  found	  that	  almost	  

all	  the	  plants	  that	  didn’t	  recognize	  SSP16	  were	  also	  susceptible	  to	  Nc14.	  Considering	  

the	  overall	  variability	  of	  the	  GUS	  eclipse	  method,	  my	  results	  suggest	  that	  SSP16	  can	  

be	  tentatively	  considered	  as	  the	  Avr	  gene	  of	  Nc14	  on	  HR-‐5.	  Unfortunately,	  there	  is	  

no	  established	  protocol	  to	  transform	  or	  cross	  Al	   isolates.	  Therefore	  it	  is	  difficult	  to	  

imagine	  a	  direct	  method	  to	  test	  this	  hypothesis.	  

I	  then	  mapped	  the	  RAL4	  locus	  to	  the	  previously	  identified	  RPP7	  (Eulgem	  et	  al.,	  2007)	  

cluster	  on	  At	  chromosome	  1.	  In	  the	  RAL4-‐containing	  accession,	  HR-‐5,	  6	  of	  the	  9	  nine	  

putative	  NB-‐LRRs	  in	  the	  mapping	  interval	  are	  absent.	  This	   leaves	  3	  clear	  candidate	  

genes	  for	  RAL4.	  All	  of	  these	  genes	  encode	  CC-‐NB-‐LRR	  type	  genes.	  In	  A.	  tumefaciens	  

transient	  assays	   in	  N.	  benthamiana,	  none	  of	   these	  candidates	   triggered	  cell	  death	  

upon	  co-‐expression	  with	  SSP16.	  There	  are	  various	  hypotheses	  discussed	  in	  chapter	  

6	  as	  to	  why	  this	  might	  be	  the	  case,	  but	  the	  ultimate	  test	  will	  come	  when	  stable	  At	  

transgenic	  complementation	   lines	  for	  each	  candidate	  can	  be	  tested	  with	  Nc14	  and	  

SSP16.	  	  

In	   order	   to	   verify	   the	   lack	   of	   other	   NB-‐LRR	   candidates	   in	   the	  mapping	   interval,	   I	  

undertook	   an	   R	   gene	   enrichment	   sequencing	   (RenSeq)	   experiment	   (Jupe	   et	   al.,	  

2012).	  I	  sequenced	  the	  Col-‐0,	  Ws-‐2,	  HR-‐5	  and	  HR-‐5	  x	  Ws-‐2	  bulked	  Nc14	  susceptible	  

NB-‐LRRomes	  with	  Illumina	  MiSeq	  technology.	  These	  results	  confirmed	  the	  location	  

of	   the	   RAL4	   locus	   through	   next-‐generation	   mapping	   (Austin	   et	   al.,	   2011).	   The	  

assembly	  of	  HR-‐5	   reads,	   and	   checks	  of	   linkage	  using	   the	  bulked	   susceptible	   reads	  

revealed	  that	  HR-‐5	  harbors	  several	  non-‐	  Col-‐0	  NB-‐LRR	  encoding	  genes,	  but	  none	  of	  

these	  were	  linked	  to	  RAL4.	  My	  results	  suggest	  that	  the	  RenSeq	  technique	  could	  be	  
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useful	   for	   mapping	   and	   identifying	   novel	   NB-‐LRRs	   from	   other	   At	   accessions.	  

Nevertheless,	   I	   cannot	   exclude	   that	   RAL4	   is	   one	   of	   the	   numerous	   non-‐NB-‐LRR	  

encoding	  genes	  within	  the	  mapping	  interval.	  	  

Although	   the	   identity	   of	  RAL4	   is	   still	   uncertain,	   it	   is	   notable	   that	   the	   CC-‐NB-‐LRRs	  

RPM1,	  RPS2	  (Day,	  Dahlbeck	  and	  Staskawicz,	  2006)	  and	  RPS5	  (Qi	  et	  al.,	  2014)	  guard	  

proteins	   that	   are	   localized	   at	   the	   plasma	   membrane.	   According	   to	   biochemical	  

fractionation	  RPP13,	  closely	  related	  to	  the	  RAL4	  candidates,	  also	  associates	  with	  the	  

plasma	  membrane	   (Leonelli,	  2011).	  As	  shown	   in	  chapter	  5,	  GFP-‐SSP16	   localizes	   to	  

the	  plasma	  membrane.	  Therefore	  it	  is	  tempting	  to	  speculate	  that	  SSP16	  could	  target	  

an	  unknown	  host	  target	  at	  the	  plasma	  membrane,	  which	  is	  guarded	  by	  RAL4	  (figure	  

7.1).	  	  

Al	  is	  capable	  of	  suppressing	  resistance	  conferred	  by	  TIR-‐NB-‐LRRs	  and	  CC-‐NB-‐LRRs	  to	  

allow	  co-‐infection	  with	  avirulent	  races	  of	  Hpa	  (Cooper	  et	  al.,	  2008).	   I	   tested	   if	  this	  

applied	  to	  RAL4.	  My	  results	  suggest	  that	  RAL4	  immunity	  could	  not	  be	  suppressed	  by	  

the	  pre-‐infection	  of	  a	  virulent	  Al	  isolate.	  This	  indicates	  that	  RAL4	  may	  have	  evolved	  

to	  be	  specifically	  resilient	  against	  perturbation	  by	  Al	  effectors,	  which	  in	  the	  light	  of	  

the	   co-‐evolutionary	   battle	   between	   these	   organisms	   is	   logical.	   Although	   RAL4	  

putatively	  encodes	  a	  CC-‐NB-‐LRR	  paralog	  of	  RPP7,	  Cooper	  et	  al,	   (2008)	   report	   that	  

RPP7	   can	   be	   suppressed	   by	   Al	   infection,	   and	   resolution	   of	   this	   inconsistency	  

requires	   the	   final	  cloning	  of	  RAL4.	  Similar	   to	  RPP7,	  RPP8	  and	  RPP13	   (McDowell	  et	  

al.,	  2000;	  Bittner-‐Eddy	  et	  al.,	  2001),	  RAL4	  is	  NDR-‐1	  independent.	  Elucidation	  of	  the	  

components	   involved	   in	   RAL4	   immunity	   might	   lead	   to	   understanding	   novel	  

pathways	  in	  plant	  immunity	  that	  could	  be	  usefully	  applied	  in	  the	  future.	  

The	   basis	   of	   the	   recognition	   of	   SSP18	   in	   Ksk-‐1	   was	   not	   addressed	   in	   this	   thesis.	  

Given	  that	  it	  is	  recognized	  in	  Ksk-‐1,	  I	  speculate	  that	  it	  is	  recognized	  by	  the	  R	  protein	  

encoded	  by	  either	  RAC1	  or	  RAC3	  (Borhan	  et	  al.,	  2001;	  Borhan	  et	  al.,	  2004).	  

7.4	  CONCLUSIONS	  AND	  OUTLOOK	  
I	  present	  data	  on	  the	  sequencing	  of	  4	  and	  comparison	  of	  6	  Al	  isolates,	  and	  the	  use	  

of	  these	  data	  to	  identify	  two	  novel	  recognised	  effectors	  from	  Al.	  These	  effectors	  are	  

the	  first	  of	  their	  kind	  discovered	  in	  oomycete	  plant	  pathogens.	  I	  have	  mapped	  the	  
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recognition	   of	   one	   of	   these	   effectors	   to	   an	   Al	   “suppression-‐proof”	   locus	   that	  

contains	  3	  CC-‐NB-‐LRRs.	  If	  a	  CC-‐NB-‐LRR	  is	  encoded	  by	  RAL4,	  this	  will	  be	  the	  first	  of	  its	  

type	  identified	  for	  Albugo	  resistance.	   	  Figure	  7.1	   incorporates	  my	  findings	   into	  the	  

existing	  literature.	  

My	   work	   demonstrates	   the	   utility	   of	   combined	   population	   genomic	   analyses	   to	  

predict	  candidates	  genes	   for	  encoding	  recognised	  effectors	  under	  strong	  selection	  

pressures,	   and	   enhances	   our	   knowledge	   of	   the	   population	   biology	   of	   Al	   and	   its	  

effectors	   and	   the	   mechanism	   of	   resistance	   to	   Al	   in	   At.	   The	   technological	  

developments	   of	   the	   last	   few	   years,	   and	   some	   good	   fortune,	   have	   enabled	   rapid	  

progress	  within	   the	   scope	   of	   a	   single	   PhD	   that	  would	   have	   been	   unimaginable	   5	  

years	  previously.	  	  

Future	  work	  will	  need	  to	  confirm	  the	  basis	  of	  the	  recognition	  of	  these	  effectors,	  and	  

elucidate	  whether	   they	  have	  virulence	  effects	  and	   targets.	  While	   it	   remains	   to	  be	  

seen	   exactly	   how	   my	   findings	   could	   be	   translated	   directly	   into	   benefits	   in	  

economically	   and	   agronomically	   important	   systems,	   it	   has	   provided	   a	   substantial	  

methodological	   contribution,	   showing	   that	   association	   genomics	   combined	   with	  

sophisticated	   tools	   to	   measure	   adaptive	   and	   balancing	   selection,	   enable	   strong	  

effector	   candidates	   to	   be	   discerned.	   	   In	   view	   of	   the	   potential	   importance	   of	  

effector-‐guided	  breeding	  (Vleeshouwers	  and	  Oliver,	  2014),	  these	  methods	  are	  likely	  

to	  be	  of	  widespread	  utility	   in	  analysis	  of	  the	  genomes	  of	  crop	  pathogens,	  and	  this	  

information	  could	  be	  used	  to	  underpin	  crop	  breeding.	  

This	  work	  could	  be	  argued	   to	   sit	   squarely	  within	   the	  current	  conceptual	  model	  of	  

the	  field,	  as	  developed	  by	  Jones	  and	  Dangl,	  (2006).	  This	  essay	  established	  the	  ‘zig-‐

zag-‐zig’	   model	   of	   plant	   immunity	   where:	   1.	   Pathogens	   are	   detected	   and	   plants	  

activate	   PTI.	   2.	   Secreted	   pathogen	   effectors	   suppress	   this	   immunity.	   3.	   Plant	   R	  

proteins	   recognise	   these	   effectors	   or	   their	   activities	   and	   activate	   ETI.	   4.	   Effectors	  

either	   evade	   detection	   through	   polymorphism	   (leading	   to	   elevated	   diversity	   of	   R	  

proteins	   and	   effectors)	   or	   other	   effectors	   suppress	   the	   activation	   of	   defence	  

triggered	  by	  this	  recognition	  (ETS).	  5.	  A	  perpetual	  co-‐evolutionary	  struggle	  between	  

R	   proteins,	   effectors	   and	   effector	   targets	   ensues.	   This	   leads	   to	   all	   kinds	   of	  
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extraordinary	   evolutionary	   inventions,	   including	   decoys	   (van	   der	   Hoorn	   and	  

Kamoun,	  2008)	  and	  guard/guardee	  relationships.	  

Although	   my	   findings	   are	   undoubtedly	   important	   in	   the	   development	   of	   our	  

understanding	  of	  Albugo	  spp.	  and	  do	  have	  implications	  for	  the	  future	  discovery	  of	  

recognised	  effectors	  from	  population	  genomic	  data,	  these	  data	  do	  not	  enable	  one	  

to	  derive	  a	   significant	   conceptual	   advance.	  A	  pessimistic	  way	   to	   sum	  up	  my	  work	  

could	  be,	   “more	   recognised	  effectors	  and	  more	  R	  proteins”.	  The	  optimistic	   future	  

developments	  in	  the	  project	  that	  I	  propose	  will	  probably	  only	  lead	  to	  more	  effector	  

targets/guardees/decoys	   that	  will	   confirm	   the	   current	   conceptual	  model.	   Is	   this	   a	  

problem	  rooted	  in	  the	  approach	  that	  I	  have	  taken	  from	  the	  beginning?	  My	  strategy	  

was	  based	  around	  the	  very	  conceptual	  model	  I	  have	  described;	  I	  hoped	  to	  find	  what	  

I	  have	  found.	  

In	  the	  defence	  of	  my	  work,	  it	  could	  be	  argued	  that	  every	  effector	  or	  R	  protein	  study	  

conducted	  since	  Jones	  and	  Dangl	  (2006)	  has	  confirmed	  concepts	  therein	  proposed	  

(or	  within	  the	  decoy	  hypothesis).	  Though	  we	  continue	  to	  accumulate	  knowledge	  of	  

specific	   interactions,	   amassing	   myriad	   effectors,	   R	   proteins,	   targets,	   guardees,	  

decoys	   and	   regulators,	   we	   do	   not	   advance	   our	   conceptual	   understanding	   to	   a	  

higher	  plane.	  In	  spite	  of	  our	  best	  intentions,	  for	  example	  examining	  an	  understudied	  

genus	  like	  Albugo	   in	  a	  search	  for	  novelty,	  we	  return	  to	  the	  same	  kinds	  of	  answers.	  

From	  where	  will	  the	  next	  conceptual	  advance	  emerge?	  Perhaps	  the	  answer	  is	  to	  ask	  

different	  questions.	  

Nevertheless,	   we	   shouldn’t	   lose	   sight	   of	   our	   other	   goal	   (after	  making	   conceptual	  

advances),	  which	   is	   rooted	   in	   the	   fact	   that	  plants	  are	   the	  source	  of	  our	   food.	  The	  

better	   understanding	   of	   the	   relationship	   between	   effectors,	   their	   targets	   and	   R	  

proteins	   in	  both	  the	  mechanistic	  and	  co-‐evolutionary	  sense	  are	  key	  to	  sustainable	  

mitigation	  of	  the	  damage	  done	  to	  crop	  plants	  by	  pathogens.	  
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Figure	  7.1.	  Tentative	  general	  model	  of	  Albugo	  laibachii	  interaction	  with	  infected	  
Arabidopsis	  cells.	  Al	  invaginates	  a	  haustorium	  into	  the	  host	  cell	  and	  secretes	  effectors.	  
Some	  of	  these	  effectors	  translocate	  into	  the	  host	  cell	  and	  suppress	  immunity.	  SSP18,	  
localizes	  to	  the	  nucleus,	  presumably	  to	  carry	  out	  its	  virulence	  activity,	  but	  in	  Ksk-‐1	  it	  is	  
recognized	  by	  an	  R	  protein	  that	  triggers	  ETI.	  SSP16	  localizes	  to	  the	  cell	  membrane	  
presumably	  to	  carry	  out	  its	  virulence	  activity,	  but	  in	  HR-‐5	  it	  is	  recognized	  by	  a	  RAL4	  
encoded	  CC-‐NB-‐LRR,	  triggering	  an	  ETI	  that	  Al	  cannot	  suppress.	  
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Appendix	  table	  4A1.	  Re-‐organised	  table	  structured	  around	  the	  fourteen	  
observed	  differential	  Al	  virulence	  groups.	  Accessions	  phenotyped	  with	  the	  
various	  Al	  isolates	  were	  grouped	  together	  according	  to	  the	  differential	  
resistance/susceptibility	  pattern	  that	  they	  displayed.	  
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Appendix	  table	  4A2.	  Full	  table	  of	  Al	  association	  genomic	  predictions.	  
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Appendix	  figure	  4A1.	  A	  distribution	  of	  Tajima’s	  D	  for	  all	  Al	  genes,	  generated	  from	  the	  
analysis	  of	  the	  6	  isolates.	  Tajima’s	  D	  was	  calculated	  for	  each	  gene	  using	  the	  VariTale	  method	  
as	  described	  in	  Chapter	  2.	  Genes	  encoding	  proteins	  with	  a	  predicted	  signal	  peptide	  are	  in	  
red,	  and	  those	  without	  in	  blue.	   
	   

Appendix	  table	  4A3.	  Top	  ranked	  predicted	  secreted	  protein	  encoding	  genes	  by	  
Tajima’s	  D.	  Tajima’s	  D	  was	  calculated	  for	  each	  gene	  using	  the	  VariTale	  method	  as	  
described	  in	  Chapter	  2. 
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Appendix	  figure	  4A3.	  Correlation	  of	  polymorphism	  and	  distance	  to	  closest	  
recombination	  breakpoint.	  
The	  number	  of	  nucleotide	  polymorphisms	  in	  each	  gene	  was	  extracted	  and	  plotted	  with	  
the	  distance	  of	  each	  gene	  to	  it’s	  closest	  predicted	  recombination	  breakpoint.	  ~8000	  
genes	  were	  analyzed,	  and	  a	  non-‐significant	  negative	  correlation	  was	  observed	  (Pearson	  
test:	  -‐0.054).	  

Appendix	  figure	  4A4.	  Correlation	  of	  pN/pS	  and	  distance	  to	  closest	  recombination	  
breakpoint.	  
The	  pN/pS	  of	  each	  gene	  was	  determined	  using	  VariTale	  and	  plotted	  with	  the	  distance	  of	  
each	  gene	  to	  it’s	  closest	  predicted	  recombination	  breakpoint	  and	  ~8000	  genes	  analyzed.	  
A	  non-‐significant	  negative	  correlation	  was	  observed,	  (Pearson	  test:	  -‐0.04)	  
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	  Appendix	  table	  6A1.	  List	  of	  non	  NB-‐LRR	  encoding	  genes	  in	  the	  RAL4	  locus	  corresponding	  
region	  in	  Col-‐0.	  Gene	  model	  predictions	  and	  annotations	  between	  Arabidopsis	  Chr1	  
positions	  21504314	  and	  21953456	  were	  extracted	  from	  TAIR	  (Arabidopsis.org).	  	  
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List	  of	  primers	  used	  in	  this	  study	  

Use,	  Name,	  Sequence,	  Design	  credits	  (if	  not	  OJF)	  

	  Albugo	  laibachii	  genotyping	  primers	  	  	  	  
RXLR10	  Fw	  OF13	  CGTCAACGTAGACCTGTGC	  	  
RXLR10	  Rv	  OF14	  GCCTAACTTGTCACACCTGC	  	  
rDNA	  ITS	  Fw	  DC6	  GAGGGACTTTTGGGTAATCA	  	  
rDNA	  ITS	  Rv	  LR0	  GCTTAAGTTCAGCGGGT	  Moncalvo	  et	  al,	  1995	  
SSP16	  sequencing	  and	  cloning	  	  	  	  
Genomic	  Sequencing	  	  	  	  
Fw	  OF55	  CCAGAACGAATTCTACACTGCG	  	  
Rv	  OF56	  CATGATGAAACCATCTTAACAATGC	  	  
RACE-‐PCR	  	  	  	  
fw	  OF76_3'_nested_close	  GCGTCAGCCAACATTCTTGAAAGAAATTCC	  	  
Rv	  OF_77_5'_nested_close	  GTTCTGGGTACTTGCATTGCCATCTTCAC	  	  
fw	  OF84_3'	  CAGTGAAGTGATCAATCAACACACGATTGTTTCTAC	  	  
rv	  OF85_5'	  GCCATTTGGACTGAGCCGACCATATTGC	  	  
fw	  OF86_3'_nested	  CTGACTCTGAGGATTGGGTATTGGAGATTGGC	  	  
rv	  OF87_5'_nested	  TCTCTGCTGTGTTGCAGCCCTAACATGTACAC	  	  
Gateway	  cloning	  	  	  	  
SSP16_TOPO_start	  Fw	  OF88_SSP16	  CACCATGGGTTTCAAAAAAAGTCAATC	  	  
SSP16_TOPO_stop	  Rv	  OF89_SSP16	  TTAGTCGAGTTCAAGGTGAATCTTGTCTTTG	  	  
SSP16_TOPO_start_no_sp	  Fw	  OF95_SSP16	  CACCATGTGCTTCATCAAGAAGGAAGCGACGTGC	  	  
SSP16_abo1_var_allele_spec	  Rv	  OF110_SSP16	  TTAGTCGAGTTTAAGGTGAATCTGGCCTTTG	  	  
GoldenGate	  cloning	  	  	  	  
SSP16_GG_16	  Fw	  OF_115_SSP16	  tatggtctcaaATGTGCTTCATCAAGAAGGAAGCGACG	  	  
SSP16_GG_16	  Rv	  OF_121_SSP16	  tataGGTCTCtaagcTTAGTCGAGTTCAAGGTGAATCTTGTCTTTGG	  	  
Truncations	  (GoldenGate)	  	  	  	  
SSP16-‐truncation1	  Fw	  OF127-‐16T2-‐GG	  tataGGTCTCtaATGGGTGCATCTTGTAACAATTTCCACTACGAC	  	  
SSP16-‐truncation2	  Fw	  OF136-‐16T6-‐GG	  tatggtctcaaATGGAAAGCAAACCGACATGGGAGGTGGTGTTTTTTAAG	  	  
SSP16-‐truncation3	  Fw	  OF130-‐16T5-‐GG	  tataGGTCTCtaATGAGTAAGTATCGTGTCGTGTTTGGAAAAATGAC	  	  
GFP-‐tagging	  (GoldenGate)	  	  	  	  
GFP	  Fw	  OF292-‐GFP-‐N-‐ter88-‐F	  tataGGTCTCaaATGATGGTGAGCAAGGGCGAGG	  	  
GFP	  Rv	  (SSP16	  fusion)	  OF293-‐GFP-‐N-‐ter88-‐R-‐fusion_16_spec	  tataGGTCTCaAGCAGATCTAATAGCCGCGTTTTTGTACAGCTC	  	  
SSP16	  Fw	  (GFP	  fusion)	  OF294-‐SSP16-‐F-‐GFP-‐N-‐ter-‐fusion	  tataGGTCTCaTGCTTCATCAAGAAGGAAGCGACG	  	  
SSP18	  sequencing	  and	  cloning	  	  	  	  
Genomic	  Sequencing	  	  	  	  
Fw	  OF65	  CATTTCCAATTAGAACGCCAATGC	  	  
Rv	  OF66	  GCTCACTGCCTTCCTTACGATCA	  	  
Gateway	  cloning	  	  	  	  
SSP18_TOPO_start	  Fw	  OF_98_SSP18	  CACCATGCTTTCGCCTCCAGTGC	  	  
SSP18_TOPO_stop	  Rv	  OF99_SSP18	  CACCATGCGAAATGCTCTGCG	  	  
SSP18_TOPO_start_no_sp	  Fw	  OF100_SSP18	  TTATTTTTTGGACCGCTTTTTTACCGGAG	  	  
GoldenGate	  cloning	  	  	  	  
SSP18_GG	  Fw	  OF_120_GG_18-‐F	  tatggtctcaaATGCGAAATGCTCTGCGAATCGAGTCAGAAACGG	  	  
SSP18_GG	  domestication1	  Rv	  OF117-‐SSP18-‐dom1-‐GG	  CTGgatgacAATGTAGTCATGAAACCGtattatGTCTTCtata	  	  
SSP18_GG	  domestication2	  Fw	  OF118-‐SSP18-‐dom2-‐GG	  tataGAAGACttaataAAAATCAAATGCACACCACACTGAACATTCC	  	  
SSP18_GG	  Rv	  OF119-‐SSP18-‐dom3-‐GG	  tataGGTCTCtaagcTTATTTTTTGGACCGCTTTTTTACCGGAggtcGcG	  	  
	  GFP-‐tagging	  GoldenGate	  	  	  	  
GFP	  Rv	  (SSP18	  fusion)	  OF295-‐GFP-‐N-‐ter88-‐R-‐fusion_18_spec	  tataGGTCTCaGTGAGATCTAATAGCCGCGTTTTTGTACAGCTC	  	  
SSP18	  Fw	  (GFP	  fusion)	  OF296-‐SSP18-‐F-‐GFP-‐N-‐ter-‐fusion	  tataGGTCTCaTCACGAAATGCTCTGCGAATCGAG	  	  
SSP15	  sequencing	  and	  cloning	  	  	  	  
Genomic	  Sequencing	  	  	  	  
Fw	  OF32	  GCTTTCATCAATTCACGTTTTG	  	  
Rv	  OF33	  TCAGGAGAGCTGGAGGATCC	  	  
Gateway	  cloning	  	  	  	  
SSP15_TOPO_start	  Fw	  OF34	  CACCATGGTACAACACAAGCG	  	  
SSP15_TOPO_stop	  Rv	  OF36_stop	  TTAGTCTCTATTAAAAAAATTCATAAAACCACG	  	  
SSP15_TOPO_start_no_sp	  Fw	  OF96_TOPO_start_no_sp	  CACCATGCTTACTACCTCGCATGA	  	  	  
SSP17	  sequencing	  and	  cloning	  	  	  	  
Genomic	  Sequencing	  	  	  	  
Fw	  OF63	  CTAGTCCGGATGAAAAACTCATGG	  	  
Rv	  OF64	  CCAATTATTCAGTATGAATCACAAATCC	  	  
Gateway	  cloning	  	  	  	  
SSP17_TOPO_start	  Fw	  OF82_RxL5_TOPO_start	  CACCATGAATCACAAATCCTTCC	  	  
SSP17_TOPO_stop	  Rv	  OF83_RxL5_TOPO_stop	  CTATAATTTATTAGATCGGCTCCCTAGTCC	  	  
SSP17_TOPO_start_no_sp	  Fw	  OF97_TOPO_start_no_sp	  CACCATGGAGTCAAATCGTGCGTTA	  	  
	  Gateway	  clone	  verification	  	  	  	  
M13	  Fw	  M13F	  TGTAAAACGACGGCCAGTG	  Unknown	  
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M13	  Rv	  M13R	  CAGGAAACAGCTATGACCATG	  	  
	  GoldenGate	  clone	  verification	  	  	  	  
pICH86988	  clones	  vc_197	  GTAAACATCGCTGCAATCCACCATg	  Volkan	  Cevik	  
vc_198	  cgaaaccggcggtaaggatctg	  Volkan	  Cevik	  
pICH86966	  clones	  VC_199	  gccggtcttgcgatgattatc	  Volkan	  Cevik	  
VC_200	  ggttcctgtggttggcacatac	  Volkan	  Cevik	  	  	  
Ws-‐2xHR-‐5	  SSLP	  markers	  	  	  	  
chr1_M15_3.2mb	  Fw	  OF173	  GAACAGATGTAAGAAACATTGGGTTCTCCTTTTAC	  	  
chr1_M15_3.2mb	  Rv	  OF174	  CTGAGACCGTCAATCGTGTTGCAAG	  	  
chr1_M17_11.7mb	  Fw	  OF177	  GAAAGAAAGAATGAATTGCTACTGTGTTAAAAAATGATAAG	  	  
chr1_M17_11.7mb	  Rv	  OF178	  CTTATCATTTTTTAACACAGTAGCAATTCATTCTTTCTTTC	  	  
chr1_M11_17.14mb	  Fw	  OF165	  CATCCTAGATGCGAAAGATAACATAGAAAGCCC	  	  
chr1_M11_17.14mb	  Rv	  OF166	  GTTCTCATCATGCAAATTAATTTTATTGCAATTATGATTAGTCC	  	  
chr1_M21_19.8mb	  Fw	  OF185	  CGTTGAGAGTAGATTATAGTGGAAGCAAACC	  	  
chr1_M21_19.8mb	  Rv	  OF186	  CGTTACTACTTGAATCGGCGCATTTAGTTC	  	  
chr1_M19_21.4mb	  Fw	  OF181	  GGACTGTCATTTTATTTTGCTTAGCAAATGATGC	  	  
chr1_M19_21.4mb	  Rv	  OF182	  GAAGTAAAAGGACCAACGAGAATCAACCG	  	  
chr1_M26_21.63Mb	  Fw	  OF217	  GACAAGCTCGGTGAAGTTAGAGGTG	  	  
chr1_M26_21.63Mb	  Rv	  OF218	  TAAGCTGCTGGCAAAGATAAACGGAC	  	  
chr1_M27_21.9Mb	  Fw	  OF219	  CCTCATTGGCTCAACCTGGAAAAATTCAATATTC	  	  
chr1_M27_21.9Mb	  Rv	  OF220	  GCTCTTATCACGACCGGACTGTACC	  	  
chr1_M28_21.9Mb	  Fw	  OF221	  GCAATAGAATTTAGAATATCACTTCATGTTACGTCGTAC	  	  
chr1_M28_21.9Mb	  Rv	  OF222	  GATGTTTGAATCATATCGTATAGCTCTTCCTAAATTGG	  	  
chr1_M29_21.9Mb	  Fw	  OF223	  GGTACCATCTTTATCTTTGCCCTTCTCG	  	  
chr1_M29_21.9Mb	  Rv	  OF224	  GTGCTTGTACTGATAGTAGTATGAAACCCTGAG	  	  
chr1_M30_22.2Mb	  Fw	  OF229	  CTTGGGAAAGAAGGTACTCTATATATAGAGAGGC	  	  
chr1_M30_22.2Mb	  Rv	  OF230	  GTTAGAAGAAAATAAAATGTCAAAACTAACTCCAATTTGTTC	  	  
chr1_M31_22.6Mb	  Fw	  OF231	  CGGTGATTCATCAACTACCGTGTTCAC	  	  
chr1_M31_22.6Mb	  Rv	  OF232	  CGATGATAGTGTTCTCTTTGGTAGCAGTATGA	  	  
Chr2:7531219	  Fw	  WA110	  TTCCGTGGGAGTTGGAGGAAGAC	  Wiebke	  Apel	  
Chr2:7531219	  Rv	  WA111	  ctttcgcgtattctcaggctatgg	  	  
Chr2:10176739	  Fw	  WA90	  gattgaattcttatgcgagagatg	  Wiebke	  Apel	  
Chr2:10176739	  Rv	  WA91	  catcaattacagtataacactaacc	  	  
Chr2:16184272	  Fw	  Map8	  ATGTCCAAATTGACCAACCG	  Torsten	  Schultz-‐Larsen	  
Chr2:16184272	  Rv	  Map8	  CAAAATAACACCCCAACT	  	  
Chr3:786320	  Fw	  Map10	  CATCCGAATGCCATTGTTC	  Torsten	  Schultz-‐Larsen	  
Chr3:786320	  Rv	  Map10	  AGCTGCTTCCTTATAGCGTCC	  	  
chr3_M4_10mb	  Fw	  OF151	  GGAAGATAACGTCCATTGATCGCACTAGA	  	  
chr3_M4_10mb	  Rv	  OF152	  GGTGAGAGTGTATGTTACAAGACTAGATTTATCTGAA	  	  
Chr3_19.133Mb-‐F	  VC190	  ggctcgtgtcgtgttggtcgcgtc	  Volkan	  Cevik	  
Chr3_19.133Mb-‐R	  VC191	  gtggttctttggagagaaatccactc	  	  
chr4_M9_0.13mb	  Fw	  OF161	  GACCCCGATCGTTCCTGATTT	  	  
chr4_M9_0.13mb	  Rv	  OF162	  GTGTTATTTAATCAGTGAAACTGCCAC	  	  
chr4_M10_3.3mb	  Fw	  OF163	  CTTTCCACTTTGATACCTCTTGGAGAGTTG	  	  
chr4_M10_3.3mb	  Rv	  OF164	  GCAAGAGCTTGAGTGAAGCTCACAG	  	  
chr5_M12_3.5mb	  Fw	  OF167	  CAAGCTGATGAGGAGAGTGGTCGG	  	  
chr5_M12_3.5mb	  Rv	  OF168	  CTTGGTCATCAACATTGCCAAATAGTTAGTGG	  	  
chr5_M7_18mb	  Fw	  OF157	  TGCGGAAGAAGCGCAAGG	  	  
chr5_M7_18mb	  Rv	  OF158	  GTTCCTTATTCTACAGAACTAAAGCCTG	  	  	  
Ws-‐2xHR-‐5	  Sequencing	  markers	  	  	  	  
SM1	  Fw	  OF243	  CAAAACACACAACCTAGAGCAGCACC	  	  
SM1	  Rv	  OF244	  CCACATTGATGACACTTGTGAGGAAGG	  	  
SM2	  Fw	  OF245	  CACTGGGCTTATTGTCGGTCCCT	  	  
SM2	  Rv	  OF246	  CTGTTTAGAATCTGTTGGCGGCCATC	  	  
SM3	  Fw	  OF247	  GAAGTAATGCAAGATGAGAATCCAATAAGTGTGTC	  	  
SM3	  Rv	  OF248	  CAAGAGTTTCCAGATTTGGAGAATTCTTGAGAAG	  	  
RAL4	  candidate	  cloning	  	  	  	  
GoldenGate	  	  	  	  
For	  pICH86988	  	  	  	  
58390-‐GG	  Fw	  OF253	  tataGGTCTCaaATGGCTGGAGAACTTGTGTCGTTTG	  	  
58390-‐dGG	  Rv	  OF254	  tataGGTCTCttgtgATAATCTTCGGCGGTGGATATTCC	  	  
58390-‐dGG	  Fw	  2	  OF335	  tataGGTCTCtcacaATGcAgagacTATTCAAGATGTTGG	  	  
58390-‐dGG	  Rv	  2	  OF256	  tataGGTCTCttactAGATTTCTCAAACTCAACCTTGTCTTCTTGTG	  	  
58390-‐dGG	  Fw	  3	  OF336	  tataGGTCTCtagtaAAGTTGgagacTTTGGTTTATTTCTCgAC	  	  
58390-‐GG	  Rv	  3	  OF290	  tataGGTCTCtaagcTCATTTGAAGTAGCCTCCTATGAATTCAACG	  	  	  	  	  
58400-‐GG	  Fw	  OF225	  tataggtctcaaATGGTCGAGGCAATTGTTTCATTTGG	  	  
58400-‐dGG	  Rv	  OF337	  tataGGTCTCtACGAGATTACACAacCCCAACTTTATCTC	  	  
58400-‐dGG	  Fw	  OF227	  tataGGTCTCtTCGTAAACTTGgaAaccTTAGAGAATTTCTCAAC	  	  
58400-‐GG	  Rv	  OF226	  tataGGTCTCtaagcTTATTTGTAGTCCTTTTCGAATTTAACAGAAGG	  	  	  
59620-‐GG	  Fw	  OF285	  tataGGTCTCaaATGGCTGAGACACTTTTGTCATTTGGAG	  	  
59620-‐GG	  Rv	  OF286	  tataGGTCTCtaagcTTAAAGAAATCGAACAAGAGGAATGTGTTGGAC	  	  	  	  
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59780-‐GG	  Fw	  OF251	  tataGGTCTCaaATGCAGGACTTATATATGGTTGATTCAATTGTATCG	  	  
59780-‐GG	  Rv	  OF252	  tataGGTCTCtaagcTCAGATGATTGGACTAGGGAAAGAATATATCACC	  	  
USER	  	  	  	  
58390HR-‐5_pro	  Fw	  OF343	  GGCTTAAUAGGTAATGCTATTGTATATCATCCCTATACAAATTGA	  	  
58390HR-‐5	  Rv	  OF349	  GGTTTAAUTCATTTGAAGTAGCCTCCTATGAATTCAACG	  	  
58400HR-‐5_pro	  Fw	  OF350	  GGCTTAAUAGCTTGCATGTGCCTTCATTTGTT	  	  
58400HR-‐5	  Rv	  OF351	  GGCTTAAUTCATTATTTGTAGTCCTTTTCGAATTTAACAGAAGG	  	  
59620HR-‐5_pro	  Fw	  OF347	  GGCTTAAUAAGAGATATGGATCTGGCGGCC	  	  
59620HR-‐5	  Rv	  OF348	  GGTTTAAUTTAAAGAAATCGAACAAGAGGAATGTGTTGGAC	  	  
RAL4	  candidate	  cloning	  sequencing	  	  	  	  
OF272-‐58390-‐seqF1	  GTTGGAAGCATCGAAATCATTAATTGTCTTTG	  	  
OF273-‐58390-‐seqF2	  GATGTTGGACAGAGCTACCTAGAGG	  	  
OF274-‐58390-‐seqF3	  CCTTGAATATCTTTATATTGTGGGTACTCACTCT	  	  
	  OF234-‐At1G58400	  tcgtaaacttggagaccttagagaatttc	  	  
OF235-‐At1G58400	  ccttctgttaaattcgaaaaggactacaaataa	  	  
OF236-‐At1G584005pr600rev	  ACACCCATGCGAGTCTATCAAACT	  	  
OF237-‐At1G58400mid-‐rev	  CGTTTCCAATCATGAAAAGTGTATTTTGCAG	  	  
OF238-‐At1G5840053pr800rev	  CTTCCTTCAAACTTGGCTTTATAGAGATCTAATAC	  	  
OF239-‐At1G5840053pr800fwd	  GAGTTGGAAGCTATTAGGTTCAAGCT	  	  
OF240-‐At1G5840053pr400fwd	  CTGATCAACAACACTTCCCTTCTCAC	  	  
OF241-‐At1G58400-‐promfwd	  GTATCTTAACGCGGAAATGAAACATTCAACACT	  	  
OF242-‐At1G58400-‐promrv	  CATAATGGCTCCTGCCTAAGTAGTTTGAAAAATAATAATCAA	  	  
BC_C3f_59620	  AGTGTTCTTGTGGGGTTGGA	  	  Baptiste	  Castel	  
BC_C3r_59620	  ATATATTCTGGCCCAACTTTCC	  	  	  
OF275-‐59780-‐seqF1	  CAGAAGAAACTCTTTCAGTTGTTGGAAAC	  	  
OF276-‐59780-‐seqF2	  GAGCCAACTACGCTCATTTAATGAGA	  	  
OF277-‐59780-‐seqF3	  CGGTGATTGATTTTTGACTGCATAATGTTG	  	  
OF278-‐59780-‐seqF4	  GTATTTGAGTTTATATCAGGCATCTGTAACTTA	  	  
OF279-‐59780-‐seqF5	  CCTATGTTGGGAGGAGAATGGTTTGC	  	  
Albugo	  laibachii	  SSLP1	  	  	  	  
AlSSLP1	  Fw	  OF283	  CTTCACTTTGTCATCACCACACAG	  	  
AlSSLP1	  Rv	  OF284	  CAGTGACCACAGAGTACTTTTATGC	  	  
NDR-‐1	  genotyping	  	  	  	  
NDR-‐1_spec	  Fw	  OF352	  GTGTGTCCTACTGAGTC	  	  
NDR-‐1_spec	  Rv	  OF353	  TCACAGCTGGTCTCACCT	  	  
Illumina	  library	  amplification	  	  	  	  
P5	  AATGATACGGCGACCACCGA	  	  
P7	  CAAGCAGAAGACGGCATACGA	  	  
Barcoding	  of	  RenSeq	  libraries	  	  	  	  
index_8nt_1	  AJI_1	  CAAGCAGAAGACGGCATACGAGATcgttggttGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  Agathe	  Jouet	  (all)	  
index_8nt_2	  AJI_2	  CAAGCAGAAGACGGCATACGAGATttctggttGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_5	  AJI_3	  CAAGCAGAAGACGGCATACGAGATtggcggttGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_11	  AJI_4	  CAAGCAGAAGACGGCATACGAGATtagtcgttGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_26	  AJI_5	  CAAGCAGAAGACGGCATACGAGATtggttcttGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_130	  AJI_6	  CAAGCAGAAGACGGCATACGAGATagagttctGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_294	  AJI_7	  CAAGCAGAAGACGGCATACGAGATtccattggGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_298	  AJI_8	  CAAGCAGAAGACGGCATACGAGATccagctggGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_320	  AJI_9	  CAAGCAGAAGACGGCATACGAGATgcagacggGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_325	  AJI_10	  CAAGCAGAAGACGGCATACGAGATaccggaggGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_331	  AJI_11	  CAAGCAGAAGACGGCATACGAGATccgtcaggGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_398	  AJI_12	  CAAGCAGAAGACGGCATACGAGATatgaatagGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_468	  AJI_13	  CAAGCAGAAGACGGCATACGAGATtataactcGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_520	  AJI_14	  CAAGCAGAAGACGGCATACGAGATtacgtagcGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_534	  AJI_15	  CAAGCAGAAGACGGCATACGAGATcatactccGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_546	  AJI_16	  CAAGCAGAAGACGGCATACGAGATataccgccGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_554	  AJI_17	  CAAGCAGAAGACGGCATACGAGATcaactaccGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_561	  AJI_18	  CAAGCAGAAGACGGCATACGAGATgctgaaccGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_655	  AJI_19	  CAAGCAGAAGACGGCATACGAGATatataagaGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_682	  AJI_20	  CAAGCAGAAGACGGCATACGAGATcgtcgccaGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_687	  AJI_21	  CAAGCAGAAGACGGCATACGAGATgtcaaccaGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_699	  AJI_22	  CAAGCAGAAGACGGCATACGAGATgaccggaaGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
index_8nt_703	  AJI_23	  CAAGCAGAAGACGGCATACGAGATgttcagaaGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT	  	  
AJ_universal_primer	  AJI_U	  AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T	  	  
RRS1	  qPCR	  	  	  	  
Fw	  OF_SS_29	  GGTAAAGAAATCCTCCATGGACAA	  	  
Rv	  OF_SS_36	  AGATGAGGCAGAGGTAGTTATGG	  


