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Plant viruses are among the important pathogens that cause severe crop losses. The most efficient meth-
od to control viral diseases is currently to use virus resistant crops. In order to develop the virus resistant
crops, a detailed understanding of the molecular interactions between viral and host proteins is neces-
sary. Recessive resistance to a pathogen can be conferred when plant genes essential in the life cycle of a
pathogens are deficient, while dominant resistance is mediated by host resistance (R) genes specifically
interacting with effector proteins of pathogens. Thus, recessive resistance usually works more stably and
broadly than dominant resistance. While most of the recessive resistance genes have so far been identi-
fied by forward genetic approaches, recent advances in genome editing technologies including CRISPR/
Cas9 have increased interest in using these technologies as reverse genetic tools to engineer plant genes
to confer recessive resistance. This review summarizes currently identified recessive resistance genes
and introduces reverse genetic approaches to identify host interacting partner proteins of viral proteins
and to evaluate the identified genes as genetic resources of recessive resistance. We further discuss re-
cent advances in various precise genome editing technologies and how to apply these technologies to
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engineer plant immunity.
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Fig. 1. Schematic representation of dominant and recessive resistance in a plant-virus pathosystem. A virus-encoded protein can act as an
avirulence factor that is recognized by a host-encoded resistance (R) protein. The interaction between a viral avirulence factor and a host R
protein triggers down-stream defense responses, resulting in activation of dominant resistance. Plant viruses are obligate parasites and
require various host-encoded proteins (host factors) to complete the steps of their life cycle. Therefore, the absence of appropriate host
factors or inhibition of the interactions between viral proteins and corresponding host factors may confer recessive resistance.
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Table 1. Antiviral recessive resistance genes associated with translation initiation

Allele Host Virus Coding for Selected references
bc-3 Phaseolus vulgaris clyw elF4E Hart and Griffiths (2013)
cyvl/cyv2 Pisum sativum Clyw elF4E Choi et al. (2012)
mo1'/mo1’ Lactuca sativa LMV elF4E Nicaise et al. (2003)
elF4E Solanum tuberosum PVY elF4E Cavatorta et al. (2011)
nsv Cucumis melo MNSV elF4E Nieto et al. (2006)
pot-1 Stereum hirsutum PVY, TEV elF4E Ruffel et al. (2005)
pvrl Solanum lycopersicum TEV elF4E Kang et al. (2007)
pvrl/pvr2 Capsicum. annuum PVY, TEV elF4E Perez et al. (2012)
pvr2+pvré6 C.annuum PVY, TEV elF4E Ruffel et al. (2006)
rym4/5 Hordeum vulgare BaMMV, BaYMV elF4E Hofinger et al. (2011)
rym7 H.vulgare BaMMV elF(iso)4E Yang et al. (2013)
rymv1 Oryza sativa O.glaberrima RYMV elF(iso)4E Nieto et al. (2006)
sbm1 P. sativum PSbMV, BYMV elF4E Gao et al. (2004)
sbm2 P. sativum PSbMV elF4E Gao et al. (2004)
va Nicotiana tabacum PVY elF4E Julio et al. (2015)

BaMMV, barley mild mosaic virus; BaYMV, barley yellow mosaic virus; BYMV, bean yellow mosaic virus; CIYVV, clover yellow vein virus;
LMV, lettuce mosaic virus; MNSV, melon necrotic spot virus; PSbMV, pea seed-borne mosaic virus; PVY, potato virus Y; RYMV, rice yellow

mottle virus; TEV, tobacco etch virus.
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Table 2. The genetic resources for recessive resistance found in loss-of-susceptibility mutants and naturally occurring resistant cultivars

Gene Plant species encoding Loss-of-susceptibility Resistant  Susceptible Selected Reference
homologs by to to
Nicotiana spp YoMV Kumar et al. (2012);
TOoOM1 Solanum lycopersicum ethyl methanesulfonate ToMv cMv Ishl.kawa etal. (1991);
TOM3 Capsicum annuum (EMS) mutagenesis ™V v Ishikawa et al. (1993);
po e 9 TMGMV TYMV Yamanaka et al. (2000);
4 PMMoV Yamanaka et al. (2002);
TOM2A Arabidopsis thaliana fast neutron mutagenesis YoMV S:I',éi/l\\// Ohshima etal. (1998);
TOM2B P 9 ToMV Tsujimoto et al. (2003)
TYMV
A. thaliana . . ToMV .
ARL8 N. tabacum T-DNA insertion YoMV @v\v Nishikiori et al. (2011)
O. sativa Tos17-based insertional RTYV .
RIMT A. thaliana mutagenesis RDV RSV Yoshii etal. (2009)
A. thaliana
N. tabacum
Zea mays . . Tumv Carrasco et al. (2005);
DBPT 0. sativa T-DNAinsertion PPV MV Castello et al. (2010)
Mesembryanthemum crystal-
linum
Nicotiana spp.
POS.L?I/;;)ﬁ fcr:;:g; ; Natural resistance gene, WMV PVX Lin et al. (2007);
cPGK P . p rwm1, found in Arabi- PPV Ouibrahim et al. (2014);
O. sativa . . cMv
.. . dopsis Cvi-0 ecotype BaMV Poque et al. (2015)
Triticum aestivum
Z.mays
A. thaliana PIAMV (@\Y\%
EXAT1 O. sativa EMS mutagenesis PVX TCV Hashimoto et al. (2016b)
S. lycopersicum AltMV YoMV
PVIPT A. thaliana
Pisum sativum, T-DNA insertion TuMV ND Dunoyer et al. (2004)
PVIP2 .
N. benthamiana
PDLP1 GELV
PDLP2 A.thaliana T-DNA insertion ORMV Amari et al. (2010)
CaMV
PDLP3
PCaP1 A.thaliana T-DNA insertion TuMV ORMV Vijayapalani et al. (2012)
CalLCuVv . .
SYTA A. thaliana T-DNA insertion e Camv Lewis and Lazarowitz (2010);
Uchiyama et al. (2014)
TuMV
Sec24a A.thaliana EMS mutagenesis TuMVv ND Jiang et al. (2015)
RHD3 A. thaliana T-DNA insertion TSWV ND Feng et al. (2016)
. Natural resistance gene, BaYMV
PDIL5-1 All plant species rym11, found in barley BaMMV ND Yang et al. (2014)
IRET All plant species T-DNA insertion TuMv ND Zhang et al. (2015a)
. . . TuMVv Yeetal. (2011);
bZIP60 All plant species T-DNA insertion PVX ND Zhang et al. (2015a)
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Table 2. Continued

Gene Plant species encoding Loss-of-susceptibility Resistant S.uscep- Selected Reference
homologs by to tible to
HAT1
HAT2 A. thaliana T-DNA insertion [@v\% ND Zou et al. (2016)
HAT3
O. glaberrima, Natural resistance gene, .
CPRS A. thaliana rymv2, found in African rice RYMV ND Orjuela etal. (2013)
N I resi , .
VPS41 29 plant species orthologs atura re5|sta.nce gene [@v\% ND Giner et al. (2017)
cmv1, found in melon
T™MV - )
CUM1-1 A. thaliana EMS mutagenesis cmv TCV YOSh“..e tal. (1998a);
Yoshii et al. (2004)
TYMV
. . [@v\% Yoshii et al. (1998b);
CUM2-1 A. thaliana EMS mutagenesis TV ND Yoshii et al. (2004)
TuUMV Beauchemin et al. (2007); Sato et
LSP1 A. thaliana EMS mutagenesis TEV ND al. (2005); Whitham et al. (1999);

Wittmann et al. (1997)

AltMV, alternanthera mosaic virus; BaMMV, barley mild mosaic virus; BaMV, bamboo mosaic virus; BaYMV, barley yellow mosaic virus;
CaLCuV, cabbage leaf curl virus; CaMV; cauliflower mosaic virus; CMV, cucumber mosaic virus; GFLV, grapevine fanleaf virus; ORMV, oil-
seed rape mosaic virus; PIAMV, plantago asiatica mosaic virus; PMMoV, pepper mild mottle virus; PPV, plum pox virus; PVX, potato virus
X; RDV, rice dwarf virus; RSV, rice stripe virus; RTYV, rice transitory yellowing virus; RYMV, rice yellow mottle virus; TCV, turnip crinkle virus;
TEV, tobacco etch virus; TMGMYV, tobacco mild green mosaic virus; TMV, tobacco mosaic virus; TOMV, tomato mosaic virus; TSWV, tomato
spotted wilt virus; TuUMV, turnip mosaic virus; TVCV, turnip vein-clearing virus; TYMV, turnip yellow mosaic virus; YoMV, youcai mosaic

virus; WMV, watermelon mosaic virus.
ND, not determined.
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A7 4 Sl Aol Qlek A & AT oA volel o) 7
94 DNA 222 o] g3to] ulold 2 448 B3t A2
AZA EAE LS Istel Co-PE B3 715 942
8}3]7]| &= 8% tHSeo 5, 2016). Soybean mosaic virus (SMV) 2]
7434 DNA 228 0]-85}9] Flag® & HC-Pro 9422 H4]
gt & AlEA1E AR o, Co-IPL LEMS/MSE 53l HG
Pro} AT A 831 715 S AT e 4 IRIck HCPro
L wholeiz Zgabgel A chopet Sae she Tz ol
Aow, gl 7] $4o] glol Al Brale] Cargg
ZHE 2= 9ltHMaia 5, 1996). T3+ SMV] HC-Pro®} CP= 214
202 JEAE-2 sho] holal s Qo) ABE Hute] Thof
3= Ao 2 A A HBlanc 5 1997; Roudet-Tavert <, 2002).
AA| = HCGPro2te] Co-IPE 53l dojxl T = CP gt of
Uzt 71521 T4 GAPDH®} RetD7} A|EA BH & FtkSeo 5,
2016). o]t HiolH A ZHEAY 2L 083t HiolE A 1A
Ao] A5 F3F Co-IP 7|WH-2 AA| viol2] 2 e 2700|419
Hpo] | A-7] 5 Tl 2T 5282 BHe o loh= ARle] 3l
o, &4 22YLE AEA Mo 22" FHAE 2
E Al = itk 7HRAdo] ik

M z2E vhol2| & WA ke AleAY Hiol2| 25 AEw
Aoz [F-85H o] &37] Al Bl Aot FE A}
£ 715 AAE ole A7 ASH L2 S8 AR L
ULk olFA a7l 715wl Fofl= o7 dojubd
Hhol2|2of Tt G4 A fFreste A= o] =i
CHLellis -5, 2002). 124 tfF-29] 7|5 AAES A& A
A, AR Rg o s a5k 2H8-517] o, o]
S0 AR EAHOIE Yo e AYA AE S

Aalle 4= Jck(Clement 5, 2011; Jungkunz 5, 2011; Nicaise

5, 2007; Patrick 5, 2014; Ransom-Hodgkins, 2009; Zhang 5,
2015b). whaka], thek ek 2830l 4 9] 715 QIS WSkl o]
Sofl thet g8t 248712k oldfiste] @44 A 5= A
& A 24 A Bast ek

T 7= S H EY Al S
8. HiolH Lo} AT AR5 7| RS Fed e B2 =
o= B8l FA7HA] BrE 715 Ak = BA
AL £ RS 2E Foll= ZhEofA] o] & e =
sho 7|9 FA9A SdHol i AT el sFo s E
4 AE Fr=sh7 171 ARt Alzte] 2k T2y, 22
CRISPR/Cas9 & 77t 2 7] &3 EH oz Q3 &
A 54 FAA| tigt EdHo] o] 7Rl whet, o]
23t 71&S o83 ¥ AR A= A A7l i =R
A7} @8] Itk (Chandrasekaran 5, 2016; Pyott 5, 2016).

G} 2A 7]4-E site specific nuclease (SSN)Z 0]-&3}

AF S AR B Ao A 0]F 7o) Atk (Double strand
break; DSB)2 7|¥to 2 St} (Piatek?} Mahfouz, 2017). SSN
2 zinc finger nucleases (ZFNs), meganucleases, transcription
activator-like effector nuclease (TALENS), clustered regularly
interspaced palindromic repeats/CRISPR-associated 9 nucle-
ase (CRISPR/Cas9)2] =LA 471X 2 EFH}(Stella} Mon-
toya, 2016).

SSNof| &J3t o]F 7he A2 & 714 DNA B AAE F
3] 3]E5+=1, 3}1f+= non-homologous end-joining (NHEJ)
o]l t+E 3}f= homologous recombinationo|thHAli 5,
2015; Aouida 5, 2014, 20153, 2015b; Piatek2} Mahfouz, 2017).
NHE)= 718 2hskA| f-84+2] knockout Y0 7]= 71&HS
2 (Barakate?} Stephens, 2016), % 22 insertion/deletion
(INDEL)- ¥HIA)7]7]= Hch(Wright 5, 2016). ©]2]3F INDEL
SdHoles W A 29 B 28 AQ FF= 1A
7% A (loss-of-function) 2] Z3}+E VelA gtk Homolo-
gous recombinationof| 2J3t 0|5 7he Athe] = Hst=
H&2 7H DNA B F3o] FAlof| E835}7] w0l NHEJE
o} o Exsk 7b © 2 "hAgtTH(Stella®) Montoya, 2016).
FARF 22F 716 ZFNS o|-&5to] AlEolA A
© 2 AFERIA, ©]oJA meganucleases, TALEN-S o]-&3F o
F-Eo] £3E3rHCheng 5, 2015). ZENZ} TALEN-S | 17 24}
ofg|zo thgt A 2h= Jidhol o] &-F b QA i A
Holl A%tz DNA 23 il a A &kof] g2 u|-§at Al7to]
48 5= o] qlrt o] Bhaf, CRISPR/Cas9 7|&-2 54 A
i} 2ot iES dYo] A& sfoFst= ZENT}; TALEN

gt



56 Research in Plant Disease Vol.25 No. 2

T0

Agrobacterium-mediated
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Cas9 |SgRNA N wild type T-DNA +I- T-DNA +- T-DNA +I-
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Fig. 2. Simplified overview for generation of transgene-free, genome-edited plants using CRISPR/Cas9. Arabidopsis plants can be trans-
formed by Agrobacterium carrying a CRISPR/Cas9 construct. Targeted mutagenesis events can occur in transgenic T1 plants. In T2 plants,
the T-DNA segregates in a Mendelian fashion for single-locus lines, and thereby transgene-free, homozygously mutated plants can occurin

T2.

7147 th2 7 guide RNAZ B3] B 4442 548 4 9]
7] gz X A & 4= k= A3do] AthDoudnagt
Charpentier, 2014; Quetier, 2016).

CRISPR/Cas9+= 95 34ko] AYE 7] flsf H3 A&
o] At WA Al2"S o] &3] WRo|th(Barrangou st
Marraffini, 2014). dte|2joht A2 53 22 2719
of&) Bikolnt spacerS A4l Aol AFAStaL et A
371 A o e 2ZAES TASe Y FAA4E 57
3}a Cas9 endonuclease7} A3F3] ZH=d 4= 922 Z =t}
CRISPR/Cas9-2 PAM (protospacer-associated motif) £*| 2]
& AgS e A Az, @A gt nE R
2R Bt B 0|2/ B FolH HBHoE
AFE-E] 31 Q)Th(Zetsche 5, 2015).

A o8 A== AL Yok E35) ZE & =W
AxF w7 719 71 Hold A2 A 4 & o Al
o] 9428 2e(segregation) S £ SR AL 93
AFolel transgene A|AT 2= Itk Holth(Fig. 2). HLo]
o]2|3t CRISPR/Cas9 A| AE]L o]83}0] 7|2 9/ =}9] elFi-
so4Eo] T3t EARo]E 83} turnip mosaic virus (TuMV)
of gt B4 A SdHo] AES AR Th= Zavt Q)

thPyott 5, 2016). T35k, 20](Cucumis sativus)o| 4] = CRISPR/
Cas9 A|AES 0]-§-510] elFAE AR} o] OIS EA
7 cucumber vein yellowing virus (CVYV) &} = £9] sZEJH}
olgixo] gt G4 Aol f=H 4lEo] AZtH B ok
(Chandrasekaran <, 2016). thafjA|Q] Foj| A= ZFNS A}-8-5}
of YAFAE SHHOIAE = 7150] 9low, ol SHlA|
o] Yol A& TALENS o]-8-3}o] 37}X]2] MILDEW RESISTANCE
LOCUS 5737t FAlo] EHelE ' EAA a7t E o
S 7= Folof tiet €4 AdE F=RTHCurtin 5, 2017;
Wang 5, 2014). 711 2] o] gt CRISPR/Cas9 7]Hke] 7]&
2 At SAR EE TSR] I 2 BE o] INDELE |33t
o] knockoutA|7]:= Ao & G4 AFE F=stoTt ol
Knockout B2 ZH7go] A& o 2 7hhste, stz W
°1F W7 41, AE £33 westehe el AT of
AR e A 9 dge] B4Folehd A8o] E7}
& 4= Qltk vl F 2ol TS F/dE CRISPR/Cas9 7|& 2
A B2 ofn|icAbe] R0l E st s T A7) W (base
editing)o] 7+58ll x| 22 QitHCermak 5, 2017; Zong 5, 2017).
oj2fgt @ d7| W 7S o8-t vio| A Thl 1o
FS &G0l Fa3t 7|5 Tl o] ofnjicile] EAROIE FY
o A, viol]A Tl lo] A5 A-E-2 AA|sto] A A
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