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Abstract  In  order  to  meet  global  food  security  demands  in  the  next  decades,  considerable
changes are  required  for  sustainable  agriculture  in  the  context  of  plant  disease,  with  suffi-
cient food  production  depending  on  the  development  of  durable  genetically  disease  resistant
crops. For  this,  further  advances  are  required  in  our  understanding  of  the  plant  innate  immune
system and  how  plants  respond  to  invading  pathogenic  micro-organisms.  Over  the  past  20
years, considerable  research  has  been  conducted  into  the  characterization  and  cloning  of  plant
nucleotide-binding,  leucine-rich  repeat  (NLR)  immune  receptors.  These  intracellular  receptors
can recognize  directly  or  indirectly  pathogen  effector  proteins,  resulting  in  effector-triggered
immunity (ETI).  Elucidation,  however,  of  the  diversity  of  NLR  resistance  gene  families  and  the
molecular  basis  of  NLR-driven  effector  recognition  and  defense  signaling  is  incomplete.  Here,

we present  a  summary  of  the  understanding  of  NLR  structure,  function,  genomic  organization
and diversity  in  plants.  Recent  advances  in  target  enrichment  approaches  for  NLR  character-
ization and  function  validation  are  highlighted  in  the  context  of  NLR  engineering  possibilities
for accelerated  durable  genetic  resistance  to  biotic  stresses.

t
l
f
h
n
r

ntroduction

limate  change  and  rapid  expected  global  population  growth
re  important  challenges  of  the  21st  century.  Agricultural
roduction  will  require  optimization  across  numerous  fronts
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o  guarantee  food  security,  with  reduction  of  the  current  30%
osses  of  global  crop  production  due  to  biotic  stresses  at  the
orefront  of  priorities.  Disease  control  strategies  have  been
eavily  reliant  upon  agrochemical  usage,  associated  with
egative  environmental  impact  and  increasing  incidence  of
esistance  to  fungicides  developing  in  pathogen  populations

Lucas,  Hawkins,  &  Fraaije,  2015).  Genetic  resistance,  by
ontrast,  offers  a  long-term  approach  for  disease  control,
ppropriate  for  global  sustainable  agriculture.  Although
lant  breeding  has  been  widely  employed  in  the  20th  and
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Plant  NLR  receptor  proteins  in  genetic  resistance  to  biotic  s

21st  centuries  for  introgression  of  disease  resistance  genes
(R  genes)  into  commercial  cultivars,  the  numbers  of  culti-
vated  crop  species  and  cultivars  containing  appropriate  R
genes  for  disease  resistance  are  limited  (Miller,  Alves,  &
Van  Sluys,  2017).  In  this  context,  advances  in  fundamen-
tal  understanding  of  the  plant  immune  system  will  have  far
reaching  implications  for  genetic  resistance  development,
appropriate  for  effective  and  durable  disease  control  and
global  sustainable  agriculture.

Here,  we  provide  an  overview  of  current  understanding  of
plant  nucleotide-binding,  leucine-rich  repeat  (NLR)  immune
receptors,  in  terms  of  structure,  function  and  genomic
organization  and  diversity  in  plants.  Recent  advances  in
enrichment  approaches  for  accelerated  NLR  characteriza-
tion  and  function  validation  are  also  discussed,  appropriate
for  genetic  engineering  development  for  genetic  resistance
to  biotic  stresses.

Plant immunity models

Considerable  advance  has  been  made  into  our  understand-
ing  of  the  plant  innate  immune  system.  How  plants  can
withstand  pathogen  challenge  is  now  known  to  involve
a  series  of  receptor  proteins  for  pathogen  effector  pro-
tein  recognition.  In  one  specific  defense  network,  termed
pathogen-associated  molecular  pattern  (PAMP)-triggered
immunity  (PTI),  plant  host  transmembrane  pattern  recog-
nition  receptors  (PRRs)  (Dangl  &  Jones,  2001;  Monaghan  &
Zipfel,  2012)  recognize  conserved  and  essential  pathogen  (or
microbial)-associated  molecular  patterns  (PAMPs/MAMPs)
(Boutrot  &  Zipfel,  2017;  Jones  &  Dangl,  2006).  Such  micro-
bial  PAMPs  include  molecules  such  as  bacterial  flagellin,
elongation  factor  Tu  (EF-Tu),  lipopolysaccharide  (LPS),  pep-
tidoglycan,  bacterial  RNA  and  fungal  chitin  (Felix,  Duran,
Volko,  &  Boller,  1999;  Kunze  et  al.,  2004;  Meyers  et  al.,
1999;  Thomma,  Nürnberger,  &  Joosten,  2011;  Zipfel,  2014).
PRR  plant  immune  receptor  proteins  typically  contain  an
extracellular  domain  with  ligand  binding  capacity,  a  trans-
membrane  domain,  and  an  intracellular  kinase  domain
(Zipfel,  2014).  PAMP  recognition  and  activation  of  PRRs
triggers  intracellular  signaling  and  plant  defense  gene
expression  to  impede  pathogen  advance  (Chisholm,  Coaker,
Day,  &  Staskawicz,  2006).  Functioning  at  the  pathogen
species  level  or  above,  PTI  is  responsible  for  non-host
resistance,  explaining  how  plants  are  resistant  to  many
potential  plant  pathogens.  Specific  evolving  pathogen  effec-
tor  proteins,  or  avirulence  (Avr)  proteins,  when  secreted  by
adapted  pathogens  into  the  host  cell  cytoplasm,  however,
can  affect  intracellular  signaling  and  suppress  PTI,  resulting
in  effector-triggered  susceptibility  (ETS)  and  the  disease
development  (Boller  &  Felix,  2009;  Jones  &  Dangl,  2006).

In  a  second  plant  immunity  defense  network,  intracel-
lular  resistance  (R)  protein  receptors  recognize  directly
specific  pathogen  effectors  or  indirectly  their  interaction
effects  on  host  cell  components,  activating  a  response
known  as  effector-triggered  Immunity  (ETI),  qualitative  or
monogenic  resistance  (Ellis,  Dodds,  &  Pryor,  2000;  Jones

&  Dangl,  2006).  ETI  is  responsible  for  a  more  intense  host
response,  involving  calcium  ion  signaling,  reactive  oxygen
species  production,  accumulation  of  pathogenesis-related
(PR)  proteins  (Chisholm  et  al.,  2006;  Gururani  et  al.,  2012;
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ammond-Kosack  &  Jones,  1996)  and  changes  in  levels
f  plant  hormones  salicylic  acid  (SA)  and  jasmonic  acid
JA)  (Creelman  &  Mullet,  1995).  Such  responses  can  also
nvolve  the  hypersensitive  response,  which  consists  of  a  pro-
rammed  and  localized  death  at  the  infection  site  (Dangl

 Jones,  2001;  Heath,  2000),  limiting  pathogen  advance.
ubsequent  systemic  acquired  resistance  (SAR)  can  also
ccur,  whereby  a  broad  spectrum  and  generalized  plant
esponse  increases  resistance  to  subsequent  pathogen  chal-
enge  (Dong,  2001;  Spoel  &  Dong,  2012).

LR plant disease resistance genes

lant  disease  resistance  (R)  genes  that  encode  intracellu-
ar  resistance  protein  receptors  confer  resistance  to  diverse
athogen  effectors,  including  those  from  bacteria,  fungi,
omycetes,  nematodes  and  viruses.  To  date,  over  300  cell
urface  and  intracellular  R  genes  have  been  cloned  and  cha-
acterized,  with  resistance  function  confirmed  in  planta,  for
ot  only  model  species  such  as  Arabidopsis  thaliana,  but
lso  important  crop  species  such  as  Oryza  sativa, Zea  mays,
riticum  aestivum,  Hordeum  vulgare,  Solanum  tuberosum
nd  Solanum  lycopersicum  (see  reviews  by  Sekhwal  et  al.,
015  and  Kourelis  &  van  der  Hoorn,  2018  for  references
herein).  Despite  a  diverse  range  of  recognized  pathogen
ffectors,  cloned  R  genes  share  significant  homologies  in
mino  acid  sequences  and  structural  motifs.  Initial  specula-
ion  of  common  protein---protein  interactions  as  components
f  receptor  systems  and  conserved  roles  in  defense  signaling
esponses  (Dangl,  1994) was  later  confirmed,  with  effec-
or  protein  recognition  occurring  either  directly  (Dodds  &
athjen,  2010)  or  indirectly  (Dangl  &  Jones,  2001;  Van  Der
oorn  &  Kamoun,  2008).

The  most  abundant  R genes  characterized  to  date  com-
rise  a  single  family  that  encode  intracellular  multidomain
eceptor  proteins  carrying  a  stereotypical  nucleotide  bind-
ng  site  (NBS)  and  leucine-rich  repeat  (LRR)  domain.  These
re  known  as  NLR  immune  receptors,  as  their  function  is
nalogous  to  that  observed  in  intracellular  NOD-like  recep-
ors  in  the  animal  innate  immune  system  (Bentham,  Burdett,
nderson,  Williams,  &  Kobe,  2017).  The  NLR  protein  family
ay  have  originated  in  green  algae  (Andolfo  et  al.,  2019;
ao  et  al.,  2018)  and  was  well-defined  early  in  the  land
lant  lineage  (Yue,  Meyers,  Chen,  Tian,  &  Yang,  2012).  NLRs
re  one  of  the  largest  multi-gene  families  known  in  plants,
ith  genomes  harbouring  hundreds  or  even  thousands  of

uch  genes  (Steuernagel  et  al.,  2018).
The  central  NBS  protein  domain  in  NLRs  is  highly  con-

erved,  whilst  the  C-terminal  LRR  domain  is  variable  in
ength,  comprising  10---40  short  LRR  (Cannon  et  al.,  2002).
he  NBS  domain  is  a  component  of  the  larger  NB-ARC
nucleotide-binding  adaptor  shared  by  apoptotic  protease
ctivating  factor  1 (APAF1),  R  proteins  and  cell  death  4
CED-4)  domain  (Van  Der  Biezen  &  Jones,  1998a),  and
ontains  characteristic  motifs  widely  conserved  in  plants
Tameling  et  al.,  2002).  The  central  nucleotide  binding  NB-
RC  domains  binds  ADP  or  ATP  molecules,  which  induces  a

rotein  conformation  change  and  the  switch  from  ‘‘OFF’’
o  an  ‘‘ON’’  state  (Steele,  Hughes,  &  Banfield,  2019;
an  Ghelder  et  al.,  2019).  The  NB-ARC  domain,  which  is
ften  used  to  perform  phylogenetic  studies  contain  highly
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onserved  motifs  involved  in  intra-  and  extra  molecular
nteractions  (Moffett,  Farnham,  Peart,  &  Baulcombe,  2002;
an  Ooijen  et  al.,  2008).  These  include  the  motifs  P-loop
Walker  A  /  kinase  1),  RNBS-A,  kinase  2  (Walker  B),  kinase
a,  RNBS-B,  RNBS-C,  GLPL  and  RNBS-D.  This  R  gene  class
an  be  further  subdivided  into  sub-classes,  based  on  dif-
erent  N-terminus  architecture,  namely  TIR-NBS-LRR,  or
oll/Interleucina-1  /  TNLs,  and  non-TIR-NBS-LRR,  or  CNLs.
or  this  second  subclass,  member  proteins  can  be  further
ivided  into  those  containing  either  a  predicted  helical
oiled-coil  (CC)  motif  (Meyers,  Kozik,  Griego,  Kuang,  &
ichelmore,  2003;  Maekawa,  Kufer,  &  Schulze-Lefert,  2011;
eyers  et  al.,  1999)  or  a  zinc  finger  or  RPW8  domain  (CCr-
LRs  /  RNLs)  (Ameline-Torregrosa  et  al.,  2008;  Bent  et  al.,
994;  Meyers,  Morgante,  &  Michelmore,  2002;  Milligan  et  al.,
998;  Zhong  &  Cheng,  2016).  The  first  sub-class  contain  a
rotein  domain  with  homology  to  the  Drosophila  TOLL  and
uman  interleukin-1  receptor  (TIR),  with  five  �-helices  cov-
ring  a  five-strand  �-sheet  (Ve,  Williams,  &  Kobe,  2015).
he  TNL  proteins,  whilst  being  the  most  common  sub-class
f  NLR  proteins  (Zhang  et  al.,  2016),  appear  to  be  restricted
o  dicots,  with  suggested  evolution  after  the  divergence  of
onocots  and  dicots  (Kim  et  al.,  2012;  Meyers  et  al.,  2003).
y  contrast,  CNL  proteins  occurs  in  both  monocots  and  dicots
Meyers  et  al.,  1999).

Although  structural  analysis  of  NLR  proteins  and  their
pecific  binding  to  effector  proteins  has  still  to  be  deter-
ined,  as  members  of  the  STAND  (signal  transduction

TPases  with  numerous  domains)  superfamily,  these  intra-
ellular  receptor  proteins  are  known  to  control  signal
ransduction,  working  as  molecular  switches.  These  occur
ither  in  open  and  activated  or  closed  and  inactivated
tates,  as  a  result  of  nucleotide  binding  (Takken  &  Tameling,
009;  Takken,  Albrecht,  &  Tameling,  2006;  Van  Ghelder
t  al.,  2019).

The  NBS  domain  appears  to  control  this  protein  conforma-
ion,  with  binding  to  the  nucleotide  ATP  enabling  an  active
onformation,  and  binding  to  ADP  an  inactive  conformation
Bonardi  et  al.,  2011;  Takken  et  al.,  2006).  In  the  absence
f  pathogen  effectors,  by  contrast,  intramolecular  bind-
ng  of  domains  or  extramolecular  binding  with  additional
roteins  will  result  in  a  closed  and  inactive  conforma-
ion.  Mutation  in  the  NBS  P-loop  motif  (GxxxxGKT/S)  that
inds  to  nucleotides  has  been  shown  to  result  in  loss  of
unction  (Williams  et  al.,  2011),  supporting  its’  role  in
onformation  changes  during  direct  interaction  with  effec-
or  proteins.

The  N-terminal  NLR  domains  appear  to  be  involved  in
egulation  of  signal  transduction  pathways  for  downstream
efense  responses,  following  recognition  of  pathogen  pres-
nce  (DeYoung  &  Innes,  2006;  Ellis  &  Jones,  1998;  Van  Der
iezen  &  Jones,  1998b).  Analysis  of  deletion  in  the  CC  or
IR  domains  has  shown  that  these  domains  are  required  for
ignaling  and  subsequent  cell  death  responses  (e.g.  Adachi
t  al.,  2019;  Collier,  Hamel,  &  Moffett,  2011;  Swiderski  &
nnes,  2001).  Recently,  TIR  domains  of  plant  NLRs  have  been
hown  to  be  enzymes  that  cleave  NAD+ for  activation  of
mmune  responses  (Wan  et  al.,  2019).  Oligomerization  of

he  N-terminal  region  has  also  been  proposed  to  be  nec-
ssary  for  signal  transduction  (Monteiro  &  Nishimura,  2018),
ith  Wang  et  al.  (2019)  demonstrating  through  cryo-electron
icroscopy  the  oligomerization  of  an  A.  thaliana  CNL  (ZAR1)
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nto  an  active  wheel-like  pentameric  NLR  receptor  complex
r  ‘‘resistosome’’  during  the  plant  immune  response.

The  C-terminal  LRR  domain  comprises  a  tandem  repeat
f  amino  acids.  The  consensus  sequence  of  LxxLxLxxNxL
where  L  is  a  leucine  residue,  x  any  amino  acid,  and  N
ither  an  asparagine,  threonine,  serine  or  cysteine  (Bella,
indle,  McEwan,  &  Lovell,  2008;  Kajava,  1998;  Stange,
atus,  Domínguez,  Perez-Acle,  &  Arce-Johnson,  2008)  is

equired  for  the  structural  arrangement  of  the  domain
Dubey  &  Singh,  2018).  The  tertiary  protein  structure  of
his  domain  is  in  the  form  of  repeated  horseshoe  super-
elices  for  each  tandem  amino  acid  repeat,  with  an  inner
urface  of  parallel  ß-strand  loop  units  assumed  to  be  a
ite  for  interaction  with  other  proteins,  and  an  outer  sur-
ace  of  repeating  �-helix-loops  connected  with  ß-strands
oop  units.  Under  diversifying  selection,  mutation  in  the
RR  exposed  amino  acid  residues  enables  co-evolution  for
pecific  recognition  and  physical  interaction  with  diverse
athogen  effector  molecules  (Dodds  et  al.,  2006;  Ellis  et  al.,
000;  Jia,  McAdams,  Bryan,  Hershey,  &  Valent,  2000;  Jones  &
ones,  1997;  Kobe  &  Deisenhofer,  1994;  Krasileva,  Dahlbeck,

 Staskawicz,  2010;  Ravensdale  et  al.,  2012;  Shen  et  al.,
003;  Wang  et  al.,  2007).  Removal  of  this  domain  has  not
nly  been  shown  to  result  in  a  loss  of  effector  recognition
Rairdan  &  Moffett,  2006;  Van  Ooijen  et  al.,  2008)  but  also  to
ncrease  auto  necrosis  in  NLRs,  indicating  an  additional  role
or  the  LRR  domain  in  NLR  auto-inhibition  (Ade,  DeYoung,
olstein,  &  Innes,  2007;  Bentham  et  al.,  2017;  Faustin  et  al.,
007).

Evidence  for  the  involvement  of  additional  NLR  domains
n  effector  recognition  also  indicates  that  effector  bind-
ng  may  occur  in  a  competitive  manner,  destabilizing
ntramolecular  interactions  in  the  NLR  protein  and  activat-
ng  a specific  NLR  form  that  results  in  signaling  responses
Bernoux  et  al.,  2016;  Ravensdale  et  al.,  2012).  Mutation  in
-terminal  CC  domains,  for  example,  has  also  been  shown
o  influence  effector  recognition  (Giannakopoulou  et  al.,
015),  with  identical  LRRs  but  different  TIR  domains  in  genes
t  the  L  locus  in  flax  conferring  different  pathogen  recogni-
ion  specificities  (Ellis,  Lawrence,  Luck,  &  Dodds,  1999).

irect and indirect effector recognition

n  the  gene-for-gene  model  for  R  gene-mediated  resistance,
riginally  proposed  by  Flor  (1942)  as  a  binary  model  for  a  sin-
le  plant  resistance  gene  interacting  with  a  single  pathogen
irulence  gene,  R  protein  recognition  of  pathogen  effectors
s  now  recognized  to  occur  through  both  direct  and  indirect
nteractions.  In  indirect  interactions,  R  proteins  have  been
roposed  to  effectively  monitor  or  guard  pathogen  effector-
nduced  alterations  in  the  integrity  of  other  conserved  host
olecules  that  function  as  targets  of  pathogen  effector  pro-

eins,  resulting  in  defense  responses  (Dangl  &  Jones,  2001;
ones  &  Dangl,  2006;  Lozano-Torres  et  al.,  2012;  Swiderski

 Innes,  2001;  Van  Der  Biezen  &  Jones,  1998b;  Van  Esse
t  al.,  2008).  In  such  indirect  interactions,  the  guard  model
nvolves  a  second  host  protein,  known  as  a  guardee,  which

s  a  defense  protein  operative  target  of  a  pathogen  effector.
n  this  model,  initially  proposed  to  explain  why  the  protein
inase  Pto  requires  the  NLR  protein  Prf  for  defense  activa-
ion,  an  R  protein  will  monitor,  or  guard,  changes  occurring
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in  the  guardee  following  interaction  with  an  effector  pro-
tein,  resulting  in  activation  of  defense  responses  (Dangl  &
Jones,  2001;  Van  Der  Biezen  &  Jones,  1998b).  In  a  second
format,  the  decoy  model  also  requires  an  additional  host
protein  that  performs  a  role  exclusively  as  a  decoy.  In  con-
trast  to  the  guard  model,  the  decoy  will  play  no  specific
role  in  plant  defense,  simply  serving  to  mimic  a  true  defense
component  effector  target  and  attract  the  pathogen  effec-
tor  (Jones  &  Dangl,  2006;  Shao  et  al.,  2016;  Van  Der  Hoorn  &
Kamoun,  2008).  Effector-induced  modification  of  the  decoy
will  then  be  perceived  by  an  R  protein,  with  subsequent  acti-
vation  of  the  plant  immune  response.  This  modification  of
the  guard  model  was  proposed  to  explain  the  role  of  Pto  as  a
decoy  for  the  effector  protein  AvrPto  in  tomato.  As  a mimic
of  other  PRRs,  but  without  a  direct  defense  function  in  this
model,  interaction  with  the  effector  is  monitored  by  Prf  with
detected  modification  triggerings  defense  activation  (Zong,
Xiang,  Zou,  Chai,  &  Zhou,  2008).  Such  indirect  mechanisms
involving  guardees  or  decoys  have  been  proposed  to  enable
host  recognition  of  different  pathogens,  without  the  need
for  different  genomically-encoded  receptor  R  proteins  for
every  possible  pathogen  (Dangl  &  Jones,  2001).

Within  the  context  of  decoys,  R  genes  can  also  encode
NLRs  that  contain  additional  integrated  domains  (NLR-IDs),
which  may  play  sensor  roles  in  pathogen  effector  recog-
nition  (Baggs,  Dagdas,  &  Krasileva,  2017;  Kroj,  Chanclud,
Michel-Romiti,  Grand,  &  Morel,  2016;  Sarris,  Cevik,  Dagdas,
Jones,  &  Krasileva,  2016).  Integration  has  been  described  in
numerous  locations  within  NLRs,  including  N-  and  C-terminal
regions,  as  well  as  between  NLR  domains  (Cesari,  Bernoux,
Moncuquet,  Kroj,  &  Dodds,  2014;  De  La  Concepcion  et  al.,
2019;  Kroj  et  al.,  2016;  Maqbool  et  al.,  2015;  Sarris  et  al.,
2016).  Over  100  atypical  domains  within  NLR-encoding  genes
have  now  been  identified  across  plant  genomes,  with  com-
mon  NLR-IDs  including  transcription  factors  WRKY  and  BED,
protein  kinases  and  DUF  protein  domains  (Kroj  et  al.,  2016;
Monteiro  &  Nishimura,  2018;  Sarris  et  al.,  2016).  NLR-
IDs  have  recently  been  discovered  to  function  with  other
genomically  linked  NLRs.  Working  in  pairs,  a  traditional  NLR
can  serve  as  a  signaling  molecule,  guarding  (or  helping)  a
receptor  NLR-ID  that  interacts  with  a  pathogen  effector  as  a
sensor  or  decoy  (Cesari  et  al.,  2013).  In  the  latter,  integrated
motifs  for  effector  interaction  show  evolutionary  links  to  the
pathogen’s  typical  host  targets  during  infection,  and  there-
fore  act  as  baits  (Cesari  et  al.,  2014;  Nishimura,  Monteiro,
&  Dangl,  2015).  A  number  of  such  NLR-IDs  have  recently
been  examined  in  detail,  with  each  co-expressed,  under  the
control  of  a  single  promoter,  with  an  opposite  orientation
NLR  lacking  the  ID,  enabling  heterodimerization  of  the  NLR
protein  pair  and  subsequent  signal  transduction.  Effector
recognition  by  NLR-IDs  may  occur  either  following  a direct
binding  with  the  pathogen  effector,  or  as  a  result  of  an  enzy-
matic  activity  of  the  effector  on  the  ID  (Kourelis  &  van  der
Hoorn,  2018).  Examples  of  such  NLR-IDs  have  been  described
in  rice  RGA5  and  PiK  NLRs.  Both  R  genes  harbor  an  HMA
ID,  which  is  related  to  the  copper  binding  protein  ATX1  in
Saccharomyces  cerevisiae  (Cesari  et  al.,  2013).  Integration
into  each  R  gene  was  likely  to  have  occurred  independently,

with  the  HMA  domain  at  the  C-terminal  region  in  RGA5
and  at  the  N-terminal  region  between  the  CC  and  NB-ARC
domains  in  PiK.  In  RGA5,  the  ID  has  been  shown  to  interact
with  Magnaporthe  oryzae  effectors  Avr-Pia  and  Avr-CO39,
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hich,  together  with  RGA4,  enables  signaling  and  defense
esponses  (Cesari  et  al.,  2013).  Similarly,  in  PiK,  HMA  ID
lleles  can  interact  with  M.  oryzae  Avr-Pik  effector  alle-
es  (Maqbool  et  al.,  2015),  with  immune  signaling  triggered
hrough  the  involvement  of  Pik-2  (Ashikawa  et  al.,  2008).

In  the  context  of  the  connections  that  can  occur  between
LRs  during  the  immune  response  to  pathogen  presence,
hich  is  now  recognized  to  involve  NLRs  working  not  only  in
airs  but  also  as  networks  (Adachi,  Derevnina,  &  Kamoun,
019;  Wu,  Derevnina,  &  Kamoun,  2018),  certain  NLRs  act
s  functional  requisites  or  ‘helpers’  for  other  ‘sensor’  NLRs,
elping  to  initiate  signal  transduction  and  defense  responses
o  pathogen  invasion.  Examples  of  such  functionally  linked
elpers  include  NGR1, which  is  a  CCr  RNL  required  in  disease
esistance  mediated  by  the  N  gene  (a  TNL)  in  tobacco,  con-
erring  resistance  to  Tobacco  mosaic  virus  (Whitham  et  al.,
994).  Similarly,  for  CNLs,  NRC  family  helpers  have  also  been
eported  (Wu  et  al.,  2017).  Whilst  the  evolutionary  relation-
hips  between  NLR  pairs  or  networks  are  largely  unknown,
he  NRC  network  appears  to  have  expanded  from  a  sin-
le  NLR  pair  to  up  to  half  of  all  NLRs  in  certain  asterid
pecies  (Wu  et  al.,  2018).  Many  of  these,  together  with
umerous  NRC-dependent  NLRs,  control  immune  responses
o  various  pathogens  and  pests.  The  ADR1  family  of  NLRs  in
rabidopsis  have  also  been  shown  to  work  as  helpers  to  sen-
or  NLRs  (Bonardi  et  al.,  2011),  enabling  signal  transduction
fter  specific  NLR  sensor  activation.  Recent  analysis  has  fur-
her  investigated  such  a  role  for  sensor  NLRs,  which,  upon
athogen  effector  perception,  act  in  releasing  inhibition  of
utoactivity  in  helper  NLRs,  whose  activity  is  normally  inhib-
ted  in  the  absence  of  pathogen  presence  (Wu  et  al.,  2018).

LR structure and genomic organization

he  structure  of  NLR-encoding  genes  is  often  complex,  with
ot  only  the  stereotypical  domain  encoding  regions,  but  also
ith  integrated  domains.  NLR  numbers  in  plant  genomes
ary  in  orders  of  magnitude  across  plant  species  (e.g.  Porter
t  al.,  2009;  D’hont  et  al.,  2012;  Gu,  Si,  Zhao,  Yang,  &
hang,  2015),  with  higher  numbers  in  woody  plant  species
otentially  reflecting  evolution  through  duplication  events
ue  to  greater  pathogen  exposure  levels  over  time  and  the
nfrequency  of  meiosis  (Baggs  et  al.,  2017).  NLRs  occur
ot  only  as  isolated  genes  but  also  commonly  as  homoge-
eous  and  heterogeneous  NLR  clusters  of  different  sizes  at
pecific  genomic  loci,  within  a  distance  of  200  kb  of  each
ther  (Hulbert,  Webb,  Smith,  &  Sun,  2001)).  Contiguous
LR-encoding  genes  in  homogeneous  clusters  (i.e.  sharing  a
ommon  ancestor)  can  be  nearly  identical  as  a  result  of  tan-
em  duplications  of  paralogs  (Meyers  et  al.,  2003),  whereas
on-paralogous  NLR-encoding  genes  in  heterogeneous  clus-
ers  of  more  distantly  related  genes,  by  contrast,  will  differ
s  a  result  of  segmental  and  ectopic  duplications  of  gene
locks  and  smaller  groups  of  genes,  as  well  as  through  ran-
om  rearrangements  (Borrelli  et  al.,  2018;  Meyers  et  al.,
003).  This  genomic  organization  likely  favours  gene  evo-
ution,  with  different  R  genes  within  a  cluster  potentially

onferring  resistance  to  different  pathogen  strains  or  to  dif-
erent  pathogen  species  (Michelmore  &  Meyers,  1998;  Van
er  Vossen  et  al.,  2000).  NLR-encoding  genes  that  work  in
airs  are  also  often  organized  in  a  head  to  head  configura-
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ion,  likely  under  the  control  of  the  same  promoter  elements
egulating  expression  (Saucet  et  al.,  2015;  Stein  et  al.,  2018;
u  et  al.,  2018).
In  addition  to  functional  NLR-encoding  genes,  many  NLR

equences  in  plant  genomes  are  non-functional,  with  such
seudogenes  harbouring  indels,  frameshift  mutations  or  pre-
ature  stop  codons.  The  high  rate  of  pseudogenization  is

onsidered  to  reflect  the  rapid  coevolution  of  NLR  loci  with
athogen  effectors.  Evolutionary  mechanisms  occuring  in
LR-encoding  gene  families  include  the  abovementioned
uplication  events,  unequal  crossing-over,  ectopic  recom-
ination  and  gene  conversion  and  mutation  events  (Chen,
an,  Jiang,  Tian,  &  Yang,  2010;  Guo  et  al.,  2011;  Michelmore

 Meyers,  1998).  Transposable  element  insertions  are  also
verrepresented  at  NLR  loci  (Richter  &  Ronald,  2000),  with
vidence  for  Long  Terminal  Repeat  retrotransposon  (LTR-
s)---mediated  retroduplication  also  driving  novel  variation
nd  evolution  in  these  genes  (Kim  et  al.,  2017).

runcated NLRs

n  addition  to  complete  TNL  and  CNL  NLRs,  as  well  as
xtended  NLRs  with  IDs,  truncated  versions  lacking  spe-
ific  domains  are  also  abundant  in  plant  genomes,  including
IR-X  (TX),  TIR-NBS-X  (TNX),  CC-NBS-X,  RPW8-X  and  RPW8-
BS-X  (Baggs  et  al.,  2017).  Function  determination  in  plant

mmunity  has  been  limited  to  date,  although  a  hypothesis
f  roles  in  heteroduplex  formation  with  full  length  NLRs
as  been  proposed  and  validated  (Monteiro  &  Nishimura,
018).  Chilling  sensitive  1  (CHS1),  for  example,  a  TNX-
ncoding  gene  in  Arabidopsis, has  been  shown  to  require
he  neighbouring  complete  TNL  SOC3  for  modulation  of
emperature-dependent  autoimmunity  (Zhang,  Dodds,  &
ernoux,  2017,  Zhang  et  al.,  2017).

iscovery approaches for NLR-encoding genes

hrough  PCR  cloning

rior  to  the  development  of  next  generation  sequenc-
ng  technologies,  the  isolation  of  subsets  of  plant  NLRs
cross  different  plant  species  was  achieved  using  degener-
te  primers  for  targeting  known  conserved  domain  motifs
reviously  identified  in  model  species,  such  as  the  NBS  P-
oop,  GLPL  and  RNBS  motifs  (Kanazin,  Marek,  &  Shoemaker,
996;  Leister  et  al.,  1998).  Considerable  work  on  PCR  cloning
f  target  Resistance  Gene  Analogs  (RGAs)  has  been  reported
uring  the  last  25  years  across  a  wide  range  of  dicot  species,
ncluding  Arabidopsis  thaliana  (Aarts  et  al.,  1998;  Meyers
t  al.,  1999;  Speulman,  Bouchez,  Holub,  &  Beynon,  1998),
otton  (He  et  al.,  2004),  soybean  (Peñuela,  Danesh,  &
oung,  2002),  peanut  (Bertioli  et  al.,  2003),  potato  (Leister,
allvora,  Salamini,  &  Gebhardt,  1996),  and  perennials  such
s  apple  (Baldi  et  al.,  2004).  For  a  review  of  the  extension
f  this  approach  see  Sharma,  Das,  Kumar,  &  Lodha,  2009.
n  the  case  of  monocotyledons,  the  method  has  also  been

idely  applied,  for  example  in  rice  (Leister  &  Katagiri,  2000;
ago,  Nair,  &  Mohan,  1999),  maize  (Collins  et  al.,  1998),
heat  (Bozkurt,  Hakki,  &  Akkaya,  2007) and  banana  (Azhar

 Heslop-Harrison,  2008;  Miller  et  al.,  2008).
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GS  and  homology-based  approaches  for  NLR
nnotation

ith  the  rapid  development  of  second  and  third  gener-
tion  sequencing  technologies,  whole  genome  sequencing
nd  annotation  has  enabled  more  exhaustive  analysis  of
LR  repertoires,  with  data  available  today  for  over  100
lant  species  (Monteiro  &  Nishimura,  2018).  Although  ever
ncreasing  numbers  of  NLRs  are  now  therefore  being  pre-
icted,  automated  gene  callers  are  generally  insufficient
or  accurate  annotation  of  the  entire  NLR  complement  in

 plant  genome.  Up  to  50%  of  NLRs  can  be  missed  during
uch  annotation,  with  many  genes  often  split  and  anno-
ated  incorrectly  (Steuernagel,  Jupe,  Witek,  Jones,  &  Wulff,
015).  Manual  identification  of  NLR-encoding  genes  in  plant
enome  sequences  has  been  achieved  through  a  laborious
pplication  of  a  number  of  computational  homology-based
ethods.  These  generally  have  taken  into  consideration  the

onserved  motifs,  domains  and  recognized  structural  fea-
ures  of  these  genes.  Amongst  others,  these  have  been
roadly  based  on  BLAST  similarity  searches  (Altschul  et  al.,
997),  pfam  (http://pfam.xfam.org/),  and  InterProScan,
http://www.ebi.ac.uk/Tools/pfa/iprscan5/),  as  well  as
hrough  sequence  alignment  with  reference  sequences
rom  curated  databases,  such  as  the  plant  resistance
ene  database  PRGdb  (Sanseverino  et  al.,  2009).  Domain
equence  homolog  searches  using  programs  based  on  appli-
ation  of  Hidden  Markov  Models  (HMM),  such  as  HMMER  (Eddy

 Wheeler,  2007),  motif  discovery  using  MEME  (Bailey  et  al.,
009),  transmembrane  and  signal  peptide  prediction  using
hobius  and  TMHMM  (Käll,  Krogh,  &  Sonnhammer,  2004;
rogh,  Larsson,  Von  Heijne,  &  Sonnhammer,  2001))  have
lso  been  frequently  adopted  in  bioinformatic  pipelines  for
LR  analysis.  Secondary  structure  prediction  for  folds  for  CC
omain  prediction  have  also  included  tools  such  as  nCOILS
Lupas,  Van  Dyke,  &  Stock,  1991),  MultiCoil  (Wolf,  Kim,  &
erger,  1997),  MARCOIL  (Delorenzi  &  Speed,  2002)  and  Pair-
oil2  (McDonnell,  Jiang,  Keating,  &  Berger,  2005).

Given  the  large  numbers  of  repeat  sequences  present  in
lant  genomes  in  general,  annotation  projects  have  often
voided  the  counting  of  transposon-related  genes,  applying
lters  to  mask  repetitive  regions  through  cross  reference
ith  databases  of  repeat  sequences  such  as  those  in  Repbase

Bao,  Kojima,  &  Kohany,  2015).  Recently,  Bayer,  Edwards,  &
atley  (2018)  identified  repeat  sequences  in  this  database
hat  may  in  fact  be  transposons  fused  to  R  genes.  A  conse-
uence  of  such  repeat  masking  using  reference  sequences
ay  be  an  incorrect  annotation  and  loss  of  R  genes  in

enome  annotations.  The  employment  of  different  repeat
asker  approaches  over  the  years  has  been  hypothesised  by

his  group  to  explain  in  part  the  large  variance  observed  in
-gene  content  in  closely  related  species,  for  example  as
bserved  in  Brassica  sp.

Until  recently,  no  single  and  standardized  platform
as  available  for  accurate  and  exhaustive  NLR  iden-

ification  from  DNA  sequence  data.  As  such,  differ-
nt  annotation  criteria  have  limited  accurate  compar-
son  of  NLR  data  from  different  studies.  NLR-parser

github.com/steuernb/NLR-Parser)  was  developed  as  a  Java
pplication  to  automate  accurate  annotation  of  sequence
ata  according  to  20  known  possible  conserved  amino  acid

http://pfam.xfam.org/
http://www.ebi.ac.uk/Tools/pfa/iprscan5/
http://github.com/steuernb/NLR-Parser
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Plant  NLR  receptor  proteins  in  genetic  resistance  to  biotic  s

motifs  described  in  the  plant  NLR-encoding  gene  family
(Jupe  et  al.,  2012).  With  WGS,  scaffolds  or  sequence  con-
tig  data  employed  as  input  data,  the  Motif  alignment  and
search  tool  (MAST)  output  within  the  MEME  suite  is  then
refined  to  identify  sequences  harbouring  characteristic  NLR
motifs  (Steuernagel  et  al.,  2015).  This  pipeline  for  classi-
fying  NLR-encoding  genes  is  based  on  the  identification  not
only  these  short  target  motifs  of  up  to  50  amino  acids,  but
their  presence  in  tuples  or  triplets,  as  a  means  of  avoid-
ing  false  positive  NLRs  due  to  individual  motifs  occurring
randomly  across  the  genome.  In  the  case  of  multiple  NLRs
within  a  single  sequence,  however,  NLR-parser  cannot  iden-
tify  the  border  between  NLRs,  with  classification  of  a  single
NLR  in  such  sequences  resulting  in  errors  in  gene  identifica-
tion  and  an  underestimation  of  the  true  number  of  NLRs  in
a  genome.  In  a  modified  pipeline,  NLR  annotator,  such  prob-
lems  are  avoided  through  the  analysis  of  genomic  DNA  in  an
overlapping  fragment  format.  Fragments  are  analysed  with
MAST  for  target  motifs  across  all  six  reading  frames.  Motif
combinations  are  then  determined  and  likely  NLR-positive
fragments  converted  back  to  nucleotide  sequences.  Data
from  all  fragments  are  then  reintegrated,  with  definitive
motif  positions  and  combinations  in  the  core  NB-ARC  domain
used  as  a  seed  for  elongation  into  the  N-terminal  and  C-
terminal  encoding  regions  for  accurate  identification  of  the
NLR  loci  (Steuernagel  et  al.,  2018).

RenSeq

Although  whole  genome  sequencing  of  plant  genomes  since
2000  has  advanced  analysis  of  genome  diversity,  gene  discov-
ery  and  determination  of  function,  high  quality  annotation
of  genome  data  has  been  a  major  challenge  (Yandell  &  Ence,
2012).  Considering  the  complexity  in  NLR-encoding  gene
structure  and  genomic  organization,  the  assembly  of  NLR
loci,  including  their  intra-  and  intergenic  regions,  based  on
Sanger  or  short  read  sequencing  approaches,  with  a  resolu-
tion  for  accurately  distinguishing  recently  duplicated  genes,
has  often  been  prone  to  inaccuracy  (Giolai  et  al.,  2016;
Marone,  Russo,  Laidò,  De  Leonardis,  &  Mastrangelo,  2013).

Target  enrichment  enables  a  selected  subset  of  a  genome
to  be  captured  and  then  sequenced,  with  reduced  genome
size  and  complexity  enabling  increased  sequencing  depth
and  accurate  annotation.  With  considerable  advances  in  the
last  15  years  since  the  first  target-enrichment  technologies
for  the  selective  capture  and  sequencing  of  genomic  regions
of  interest  (Bashiardes  et  al.,  2005),  strategies  for  NLR  char-
acterization  in  genomes  have  recently  also  been  developed.
Such  approaches  are  necessary  for  both  exhaustive  sequenc-
ing  and  accurate  annotation  of  the  large  NLR-encoding  gene
family  complement  in  crop  plant  genomes.  R-gene  enrich-
ment  sequencing  (RenSeq)  was  developed  as  a  method  for
reduced  complexity  selective  sequencing  of  NLR  sequences
in  genomic  DNA  (Jupe  et  al.,  2013).  This  approach  relies
upon  the  use  of  short  (60  to  120-mer)  oligo  biotinylated  over-
lapping  RNA  probes,  or  baits,  designed  as  complementary
for  target  NLR  loci  that  enable  bait  capture  and  enrich-

ment  of  homologous  target  DNA  sequences  for  subsequent
high-throughput  sequencing  (Fig.  1).  Partial  reference  gene
models  from  a  single  genotype  of  a  plant  species  have  been
shown  to  be  sufficient  for  bait  design,  with  resequencing
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f  target  captured  DNA  fragments  enabling  considerable
mprovement  in  reannotation  of  NLR-encoding  gene  comple-
ents  from  previously  assembled  genomes,  as  well  as  novel
LR-encoding  gene  discovery  in  previously  uncharacterized
elated  resistant  wild  species  or  resistant  genotypes  within  a
pecies  (Table  1).  Initially  developed  and  tested  using  avail-
ble  short  read  sequencing  technologies  (Jupe  et  al.,  2012,
013),  accurate  identification  of  NLR-encoding  gene  models
n  Solanum  tuberosum  increased  numbers  from  438  to  755,
ighlighting  the  efficiency  in  RenSeq  as  a  target  enrich-
ent  approach  for  this  gene  family.  Although  improvement

n  characterization  of  the  NLR  complement  can  be  achieved
y  this  approach,  short  read  sequencing  technologies  such
s  Illumina  continue  to  limit  accurate  assembly.  To  resolve
hese  limitations,  RenSeq  has  also  been  adapted  successfully
or  long  read  single  molecule  sequencing  of  DNA  fragments,
p  to  7  kb  in  size  (Giolai  et  al.,  2016).  Using  single-molecule
eal-time  (SMRT)  sequencing  by  PacBio,  accurate  long  read
equencing  is  achieved  as  a  result  of  the  multiple  sequenc-
ng  of  template  captured  DNA  that  the  technology  provides.
itek  et  al.  (2016)  applied  SMRT  Renseq  using  PacBio  to  iso-

ate  Rpo-amr3i  in  a  wild  relative  of  potato,  an  NLR-encoding
ene  conferring  resistance  to  the  important  potato  late
light  pathogen  Phytophthora  infestans.  Longer  insert  sizes
mployed  in  RenSeq  have  also  been  successfully  employed
n  the  sequencing  of  intergenic  sequences  for  NLR  promoter
nd  terminator  sequences,  with  7  kb  libraries  efficient  in  the
ase  of  PacBio  SMRT  sequencing  of  NLR  R  gene  libraries  in
olanum  verrucosum  (Giolai  et  al.,  2016).

anNLRome

n  addition  to  enabling  accurate  assembly  of  sequence  data
or  NLR  loci,  RenSeq  can  be  applied  to  exhaustively  char-
cterize  the  intraspecific  NLR  diversity  in  ecotypes  of  a
articular  plant  species  (panNLRome).  Gene  polymorphism,
ven  at  this  taxonomic  level,  is  known  to  be  considerable  as

 result  of  the  co-evolution  with  pathogen  effectors,  man-
fest  as  variation  in  NLR  presence/absence,  copy  number
Leister  et  al.,  1998;  Michelmore  &  Meyers,  1998),  and  NLR
equence  and  integrated  domain  polymorphisms,  including
aplotype  differences  at  NLR  loci  (Baurens  et  al.,  2010).  In
rder  to  exhaustively  characterize  the  NLR  diversity  in  a  par-
icular  plant  species,  Van  De  Weyer  et  al.  (2019)  reported,
n  a  first  proof  of  concept  study,  a  near  complete  pan-
LRome  for  A.  thaliana,  employing  SMRT  RenSeq  across  a
urated  diversity  panel  of  64  accessions.  Employing  RNA
aits  designed  for  over  700  potential  NLR-encoding  gene
argets  across  the  Brassicaceae,  each  accession  harboured
etween  167  and  251  NLR-encoding  genes,  with  the  panNL-
ome  comprising  in  excess  of  13,000  NLR-encoding  genes
n  total,  grouped  into  the  classes  TNL,  CNL,  RNL  and  NL.
ith  a  total  of  36  integrated  domains  observed,  NLR  domain

rchitecture  also  varied  considerably,  with  a  total  of  97
istinct  architectures  identified  across  all  accessions,  com-
ared  with  only  22  annotated  in  the  Col-0  reference  genome.
nalysis  of  genome  organization  also  revealed  common  NLR

airing,  with  up  to  17  NLR  pairs  per  accession.  Tajima’s  D
alues  of  paired  NLRs  provided  evidence  for  co-evolution,
ith  mutation  in  one  gene  leading  to  compensatory  changes

n  the  other  pair  member  (Van  De  Weyer  et  al.,  2019).
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Table  1  Characterization  of  NLR-encoding  genes  across  different  plant  species  following  whole  genome  sequencing  or  RenSeq  approaches.

Species  Genome
Size  (Mbp)

Gene  total NLR  number
(WGS)

NLR  number
(RenSeq)

NLR  sub-class NLR  annotation
Method

NGS
Platform

Reference

CNL  TNL  Partial

Solanum  tuberosum  844  39,031  438  755  584  157  ---  NP,  MS,  B  Illumina  (Jupe  et  al.,  2013;
Xu et  al.,  2011)

S. lycopersicum  900  34,727  260  326  195  26  102  NP,  MS,  B,  BW,  BE,
P,  ME,  CW

Illumina  (Andolfo  et  al.,
2014;  Jupe  et  al.,
2013)

S. pimpinellifolium  811  25,970  229  355  110  14  231  NP,  MS,  B,  BW,  BE,
P,  ME,  CW

Illumina  (Andolfo  et  al.,
2014;  Jupe  et  al.,
2013)

S. pennelli  942  20,076  486a 220  164  39  17  NP,  MS,  MU,  B,  BW,
H

Illumina  (Bolger  et  al.,
2014;  Stam,
Scheikl,  &  Tellier,
2016)

S. americanum  ND  ND  ND  646  330  71  245  NP,  MS,  B,  BW  Illumina  (  Jupe  et  al.,
2013;  Steuernagel
et  al.,  2016)

PacBio
Fragaria ×  ananassa  813.4  108,087  325  975  192  432  351  H,  P,  CL,  BG,  MU,  B  Illumina  (Barbey  et  al.,

2019;  Edger  et  al.,
2019;  Zhong,
Zhang,  &  Cheng,
2018)

F. vesca  240  34,809  144  367  54  170  143  H,  P,  CL,  BG,  MU,  B  Illumina  (Barbey  et  al.,
2019;  Edger  et  al.,
2019;  Zhong
et  al.,  2018)

F. iinumae  221  27  560  155  387  134  152  101  H,  P,  CL,  BG,  MU,  B  Illumina  (Zhong  et  al.,
2018;  Barbey
et  al.,  2019;
Hirakawa  et  al.,
2014)

Arabidopsis thaliana  125  25,498  201  464  269  102  93  H,  P,  CL,  BG,  MU,
B, P,  IPS,  ME,  CO,
PC

PacBio  (Cao  et  al.,  2011;
Van  De  Weyer
et al.,  2019)

B, BLAST; CW, ClustalW; H, HMM; IPS, InterProScan; ME, MEGA; MU, MUSCLE; P, Pfam; CL, CLC Bio; BG, BLAST2GO; MS, MAST; NP, NLR PARSER; BW, BWA; BE, Bowtie; CO, Coils; PC, Paircoil2;
WGS, whole genome sequence.

a Analyses considered all proteins with any domain associated with canonical NLRs (NB-ARC, LRR, CC, TIR or other domain).
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Figure  1  Overview  of  the  RenSeq  method  combined  with  sin
and full-length  sequencing  of  NLR-encoding  genes.

Such  exhaustive  investigation  enables  core  NLR-encoding
gene  complement  identification,  analysis  of  how  the  genes
expand  or  contract  according  to  pathogen  selective  pres-
sures  (Monteiro  &  Nishimura,  2018),  as  well  as  the
characterization  of  novel  NLRs  and  their  architecture,  asso-
ciated  with  intraspecific  diversity  in  plant  populations  from
specific  geographic  regions  such  as  diversity  centres  of  ori-
gin.

Applications of RenSeq for R gene function
validation

MutRenSeq

Mutagenesis  Resistance  gene  enrichment  and  Sequencing
(MutRenSeq)  was  recently  developed  to  combine  RenSeq
with  mutagenesis  as  an  approach  for  identification  of  NLR
resistance  genes.  Here,  resistant  wild-type  plants  are  firstly
subjected  to  mutagenesis  in  order  to  generate  loss-of-
resistance  mutants.  Target  capture  and  sequencing  of  both
resistant  wild  types  and  these  loss-of-function  mutants  then
enables  identification  of  mutations  in  NLR-encoding  genes
that  are  responsible  for  the  loss  of  resistance.  This  approach
has  recently  been  developed  and  applied  in  the  identifica-
tion  of  the  R  genes  Sr22  and  Sr45  that  confer  resistance  the
stem  rust  wheat  pathogen  Puccinia  graminis  f.  sp.  tritici
(Steuernagel  et  al.,  2016),  two  genes  which  previous  posi-
tional  cloning  approaches  were  unable  to  isolate.

AgRenSeq

AgRenSeq  is  a  further  recent  development  of  RenSeq  for

NLR  resistance  gene  identification.  Genome-wide  associ-
ation  mapping  (GWAS)  has  been  widely  employed  as  a
genetic  approach  for  linking  genotype  to  phenotype,  with
trait  correlation  identification  exploiting  the  accumulated

d
t
r
s

olecule  real-time  (SMRT)  sequencing  for  capture,  enrichment

ecombination  events  present  in  natural  populations.  As  this
pproach  requires  a  reference  genome,  however,  accurate
dentification  of  sequence  variants  which  have  significantly
iverged  from  the  reference,  or  absent  in  the  reference,
uch  as  R  genes,  can  limit  this  approach.  One  way  to
vercome  such  limitations  can  be  through  analysis  of  trait
ssociations  using  variable  length  K-mer  sub-sequences,
s  observed,  for  example,  with  bacterial  genomes  (Lees
t  al.,  2016).  Successfully  combining  association  genet-
cs  with  RenSeq,  R  genes  have  now  been  isolated  from  a
iversity  panel  of  plant  accessions.  In  a  proof  of  concept
tudy,  Arora  et  al.  (2019)  evaluated  AgRenSeq  against  a
iversity  panel  of  Aegilops  tauschii  ssp.  strangulata  acces-
ions.  As  a wild  species  and  progenitor  of  the  D  genome
n  Triticum  aestivum,  this  species  harbours  resistance  to
heat  stem  rust  and  has  served  as  a  source  of  resis-

ance  alleles  that  have  been  introgressed  into  commercial
heat.  In  this  approach,  bait  capture  and  high-throughput

equencing  of  target  NLR  sequences  was  conducted  on  a  dis-
ase  resistance-phenotyped  diversity  panel,  with  positive
LR  k-mer  sequences  filtered  according  to  the  correla-
ion  between  their  presence  and  level  of  resistance  in  the
anel.  The  study  successfully  identified  a  total  of  four  Sr

 genes,  namely  Sr33, Sr45  (which  was  previously  identified
y  MutRenSeq  (Steuernagel  et  al.,  2016),  Sr46  and  SrTA1662.
his  speed  cloning  approach  can  efficiently  exploit  the  nat-
ral  sequence  variation  present  in  wild  relative  species  for

 gene  isolation  and  subsequent  introgression  into  elite
aterials,  without  dependence  upon  the  development  of
apping  populations  or  mutagenized  materials.

RenSeq
RenSeq  is  a  further  application  of  RenSeq  as  a  diagnostic
ool  that  enables  the  presence  or  absence  of  known  refe-
ence  NLR-encoding  R  genes  to  be  screened  for  based  on
tringent  mapping  conditions  in  resistant,  susceptible  and
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8  

ulk  materials  for  plant  accessions  contrasting  in  disease
esistance  (Van  Weymers  et  al.,  2016).  Through  a  standard
enSeq  target  enrichment  and  Illumina  MiSeq  sequenc-
ng  approach,  followed  by  stringent  Bowtie2  (Langmead  &
alzberg,  2012)  mapping  to  known  R  genes,  this  group  con-
rmed  the  presence  of  the  potato  late  blight  resistance
ene  Rpi-vnt1.1  in  Solanum  okadae  accessions,  highlight-
ng  the  applicability  of  the  approach  for  characterization  of
ermplasm  collections  harbouring  wild  accessions.

ngineering plant immunity with NLRs

raditionally,  plant  genetic  improvement  has  focused  on  the
ntrogression  of  resistance  alleles  into  elite  varieties.  Such
n  approach,  however,  can  allow  mutations  that  occur  in
ffectors  in  rapidly  evolving  pathogens  to  overcome  such
onogenic  resistance  in  typical  monoculture  cropping  sys-

ems.
Research  on  the  plant  immune  system  in  plants  during

he  last  30  years  has  resulted  in  the  identification  of  a
elatively  limited  number  of  specific  NLRs  responsible  for
ffector  recognition  and  ETI-based  disease  resistance,  with
91  functional  NLRs  or  NLR-IDs  now  cloned  from  all  analysed
lant  taxa  to  date  (Goodstein  et  al.,  2011;  Kourelis  &  van  der
oorn,  2018).

RenSeq,  as  a  recently  developed  technology,  is  now
apidly  expanding  the  repertoire  of  potential  NLR-encoding

 genes  to  different  biotic  stresses.  With  this  more  exhaus-
ive  identification  of  the  NLR  complement  across  plant  taxa,
he  identification  of  cognate  pathogen  effector  proteins  is
ow  a  major  bottleneck,  requiring  high-throughput  protein-
rotein  interaction  analysis  through  in  planta  co-expression
Zhang,  Dodds  et  al.,  2017)  or  yeast  two-hybrid  approaches.
ith  such  data,  crop  improvement  programs  look  set  to

e  able  to  develop  breeding  lines  harbouring  not  only  sin-
le  NLR-encoding  R  gene  receptors,  potentially  including
hose  transferred  even  between  distantly  related  taxa,  but
lso  stacked  NLRs  from  the  resistance  gene  pool,  respect-
ng  potentially  necessary  sensor  and  helper  pair  formats,  to
onfer  resistance  to  single  and  multiple  pathogens.  Appro-
riate  deployment  in  the  field  in  different  combinations  will
ikely  increase  durability  of  resistance  in  comparison  to  sin-
le  loci  (Bentham  et  al.,  2017;  Dangl,  Horvath,  &  Staskawicz,
013;  Steuernagel  et  al.,  2016).  Restricted  taxonomic  func-
ionality  may,  however,  be  a  factor  limiting  utilization  of  R
enes  between  distant  plant  taxa  (Tai  et  al.,  1999) especially
n  the  context  of  compatibility  limitations  between  sensor
nd  helper  NLRs  from  different  genetic  backgrounds.  Appro-
riate  regulation  of  inserted  NLRs  is  also  essential  to  avoid
utoactivity  and  fitness  reduction.  Nonetheless,  examples
f  successful  NLR  transfer  between  distantly  related  species
ave  been  observed,  with,  for  example,  the  CNL  RXO1  from
aize  conferring  resistance  to  Xanthomonas  oryzae  pv.  oryz-

cola  in  rice  (Zhao  et  al.,  2005),  and  the  CNL  MLA1  from
arley  into  Arabidopsis  (Lu  et  al.,  2016).  Examples  of  stacked
LR-encoding  genes  have  included  Pi2  and  Pi54  in  rice,  con-

erring  resistance  to  Magnaporthe  oryzae  (Ellur  et  al.,  2016),
s  well  as  Rpi-sto1,  Rpi-vnt1.1  and  Rpi-blb3  in  potato,  for
ontrol  of  Late  blight  (Zhu,  Li,  Vossen,  Visser,  &  Jacobsen,
012).

r
d
g
b
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Genetic  modification  has  so  far  been  employed  on  only
 limited  number  of  individual  NLR-encoding  genes,  with
ocus  on  understanding  molecular  mechanisms  underlying
LR  protein  response  to  pathogen  effectors,  as  well  as  a
eans  of  engineering  altered  specificity  towards  pathogen

ffectors.  Random  mutagenesis  on  the  LRR  domain  of  the
otato  Rx  CNL  gene,  for  example,  has  been  successfully
mployed  to  increase  recognition  of  multiple  Potato  Virus  X
trains  (Farnham  &  Baulcombe,  2006).  Although  mutations  in
he  NBS  domain  can  result  in  autoactivity  (Takken  &  Goverse,
012),  gain-of-function  mutations  in  the  NBS  domain  have
een  reported  for  the  tomato  NRC1  gene,  a  gene  required
n  intracellular  signaling  in  resistance  response  to  Cladospo-
ium  fulvum  and  Verticillium  dahliae  (Sueldo  et  al.,  2015).
egretin  et  al.  (2014)  expanded  effector  recognition  in  the
otato  NLR-encoding  gene  R3a  to  AVR3a  variants  in  Phy-
ophthora  infestans  through  the  same  overall  approach,
odifying  only  a  few  amino  acids  in  the  LRR  domain.  Fur-

her  application  has  been  conducted  on  I2,  an  ortholog  of
3a  in  tomato  that  confers  resistance  to  Fusarium  oxys-
orum  f.  sp.  lycopersici  (Giannakopoulou  et  al.,  2015).
emarkably,  a  mutant  in  the  N-terminal  CC  domain,  I2I141N,
isplayed  an  increased  response  to  AVR3a,  with  partial  resis-
ance  to  P.  infestans  and  an  expanded  response  to  different
.  oxysporum  f.  sp.  lycopersici  effectors.  This  work  high-
ights  the  potential  in  engineering  synthetic  NLRs,  based
n  known  NLR  R  genes,  for  enhanced  effector  recognition
nd  towards  broadening  recognition  of  diverse  pathogens.
iven  the  importance  now  recognized  of  NLR-IDs  in  effector

nteraction,  these  also  represent  attractive  targets  for  engi-
eering.  De  La  Concepcion  et  al.  (2019)  recently  employed

 structure-guided  protein  engineering  approach  for  NLRs,
ith  mutation  within  the  Pikp---HMA  ID  expanding  the  recog-
ition  profile  of  the  rice  NLR  Pikp  to  variants  of  the  rice  blast
athogen  effector  AVR-Pik.

Given  the  recently  developed  site  specific  mutagene-
is  genome  editing  methods,  such  as  Clustered  Regulatory
nterspaced  Short  Palindromic  Repeats  (CRISPR)  /  Cas9
CRISPR-associated  protein  9),  which  has  now  been  widely
mployed  in  targeted  gene  modification  in  plants  (Gaj,
ersbach,  &  Barbas,  2013;  Horvath  &  Barrangou,  2010;
uchta,  2017),  both  validation  of  function  of  candidate  R
ene  alleles  as  well  as  rational  genome  engineering  for  resis-
ance  are  now  feasible  with  this  approach.  Work  focusing  on
recise  modification  of  specific  nucleotide  sequences  con-
erring  resistance  and  specificity  in  NLR-encoding  genes,
ogether  with  the  deletion  of  larger  genomic  regions  (Wu
t  al.,  2018),  such  as  promoters  or  tandemly  repeated  genes,
s  well  as  truncation  of  ORFs  for  gain  of  function  in  NLRs
e.g.  Weaver,  Swiderski,  Li,  &  Jones,  2006),  will  undoubtedly
dvance  crop  improvement  for  disease  resistance.

onclusions

iven  the  current  constraints  to  sustainable  agricultural
roduction,  with  increasing  crop  losses  due  to  pre-harvest
iseases  and  climate  change,  considerable  advances  are

equired  in  crop  improvement  approaches  for  enabling
urable  disease  resistance.  In  this  context,  NLRs  provide
enetic  solutions.  Having  been  widely  applied  in  crop
reeding  programs,  with  introgression  generally  enabling
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monogenic  resistance,  a  more  complete  understanding  of
their  structure  and  function  in  plant  immunity  is  open-
ing  up  possibilities  for  broader,  polygenic  stable  disease
resistance  development.  Whilst  significant  advances  have
recently  been  achieved  into  targeted  enrichment  for  their
exhaustive  characterization  in  plant  genomes,  together  with
the  recognition  of  distinct  roles  in  pathogen  sensing  or
intracellular  signaling,  how  different  NLR  protein  pairs  or
networks  actually  recognize  pathogen  effector  proteins  and
cooperate  at  the  molecular  level  still  remains  largely  unre-
solved.  Once  such  mechanisms  are  recognized,  synthetic
biology  approaches  focusing  on  gene  design,  domain  motif
editing  and  subsequent  introgression  into  elite  materials  will
contribute  significantly  towards  the  development  of  broad
and  stable  resistance  to  pathogens.
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