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Abstract: [Objective] Southern rice black-streaked dwarf virus(SRBSDV), which is transmitted by white-backed
planthopper (Sogatella furcifera Horvéh, WBPH), has caused severe yield loss in epidemic years in rice production. We
analyzed the resistance mechanism of SRBSDV and identified the related gene locus by fine gene mapping to lay a
scientific base for effective prevention and control of SRBSDV. [Method] The resistance of rice material D4 against
white-backed planthoppers were analyzed, and the genetic basis for the resistance to SRBSDV was analyzed by using F,
population of Guanghui 998>D4. The major QTL for resistance to SRBSDV was identified using QTL-seq, and further
verified by genetic linkage analysis. [Result] D4 was resistant to SRBSDV but not to WBPH. Genetic analysis showed
that the resistance of D4 was controlled by major gene and minor genes. QTL-seq and linkage analysis revealed that the
major QTL for resistance to SRBSDV in rice was located within the 1.40 M region on chromosome 9, which was termed
as gSRBSDV9. Then qSRBSDV9 was fine mapped on chromosome 9 with a 102.3 kb physical distance by substitution
mapping. This region contained 21 predicted genes, nine of which were related to gibberellin signaling. [ Conclusion]

The results reveals the characteristics and inheritance of resistance to SRBSDV in D4. The fine mapping of gSRBSDV9
lays a base for map-based cloning and utilization.
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A, Phenotype of D4 after artificial inoculation of SRBSDV; B, Phenotype

of Guanghui 998 after artificial inoculation of SRBSDV. N, Control; I,

Inoculation.
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Fig. 1. Phenotype of D4 and Guanghui 998 by artificial
inoculation of SRBSDV.
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A, Feeding preference of D4, Guanghui 998(GH998) and two control rice materials; B, Survival rates of D4, Guanghui 998(GH998) and two control rice
materials. The error bars represent the SE(n=3). Bars superscripted by the same letter are not significantly different at the 0.01 level, by the Student’s t-test.
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D4 with southern rice black-streaked dwarf disease as
determined by artificial inoculation identification.
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Table 1. Sequencing data statistics of D4, Guanghui 998(GH998), R-pool and S-pool.

B i Clean %43 HQ clean ¥i#5 PS8 IR Read .3 b Xt read % B GC & & Q30 &
Sample Clean data/bop  HQcleandata/bp ~ Average depth/> Total reads  Mapped reads  Coverage/%  GC content/% Q30 content/%
D4 22783003500 21308456571 55.88 142913376 138406 793 92.66 44.78 84.36
GH998 30069 649500 29089431 251 76.28 195193248 189390 713 93.26 43.45 94.56
R-pool 30313518000 29287 082 085 76.80 196 696 800 190 730 909 93.65 43.18 94.87
S-pool 27220437600 26 367 983 261 69.14 177553354 171577 580 93.35 4511 95.02

Clean B —JEUABUR =, WP 5 A BRI F AU K EE, BL bp 9847 HQ clean Hifi—id yE 2 Ja A BB &, i3 385 5 Fr 41 A~ ke
VAU FP 7 SR BE, DA bp DB s -85 I 0 B — L 38 258 S DR 28 F i S 50 LARE BRI LK) s Read S 8—5 200 3 B 1) reads £ 2638 EEXY read
H-HEX RIS IR A B reads 26 B(ELIE B3 LU AI00 LUX ), 78 55 - SRAS RO PR 41 15 S5 BRI AL (HERR N X)L #: GC &1tk G i C
M H R SR SR R (R 4 LG Q30 & i—Phred M KT+ 30 MBS BATREE 1 H 4 L.

Clean data, Raw data production, the number of sequencing sequences multiplied by the length of the sequencing sequence; HQ clean, Valid data after
filtering, the number of filtered sequencing sequences multiplied by the length of the sequencing sequence; Average depth, The total number of bases aligned to
the reference genome divided by the genome size; Total reads, The total number of reads of validated data; Mapped reads, The total number of reads compare
on the reference; Coverage, The proportion of the sequence obtained by sequencing to the reference genome; GC content, Percentage of the total number of
bases G and C as a percentage of the total number of bases; Q30 content, Percentage of bases with Phred value greater than 30 to total bases.
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Table 2. InDel primer used for mapping of gSRBSDV?9 in this study.

ElEY| NREEIRY/ 2] A2

Primer Forward primer (5'-3") Reverse primer (5-3")

Indel 4 TGAAACTGGACAAATTACCC AGGAGTACATGACAAGTGGG
Indel 5 AAAATGAAACCCAACATGAC CTTTATTTGCTTGCTCGATT
Indel 6 AACCAGATATCTTGACCCCT GAACGAAGACTCGGTCAATA
Indel 7 AATTACGTTGTGGCAATACA CGTAGCGATAAGAATGTGTG
Indel 18 AGTCCCATCCAAACATAGTG CAGAGCAGGTTGTCAACAG
Indel 22 CTGTCAGACACGATCAGAGA CATGCATGTCCTCTTGCT
Indel 23 TTCTGCACACAATCTTTTTG AGCCATGCTAGCTAGTTCAC
Indel 29 ATCCTTTGCCATATCATCAG AACGGTTGTACGAGTGAGAT
Indel 40 AAATCCACGCAGTTCAAG ACTAGGACCTGATTCCCATT
Indel 43 AACCACTTGTCTTAGTCAAAAA CACTGTTTGATCATTCGTCT
M1 CAAAATAAGTTGGTTTTGGC GTGTTTCTCCTTAATCTGCG
M2 CTTCTCCGTCCAAACTACC CCCCAGTAGAAGGTCATGT
M3 TAATTAGTGTGTTGCACCGA AAGCTAAACAGCACCATCAT
M4 TGTGGGGTATCCACTAGTTC AAGACGAGTGGTCAAACATT
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M7 TACGGTTTTGTAAACCTGCT TCGGATCTAACAGGTGGTAA
M8 AATGAATCAGCAGAAGGAAA GGTAGTTGTGTCAAGGGCT
M9 ACATGTTACTGGGCCTAAAA CCCTTGAAAATGACGATAAG
M10 ACTCTGGGAGTGGAGGAT ACCTCACCTGTTCTGTGTTC
M11 CCGTTTTTCTTATTCCTACG GAACATATGATTGGGTTGGT
M12 GAATCATCCACACACACAGA GTTCACCTGCAGACTCTCTC
M13 TAACGGCTGTTTCTTTCTTC TATCTACAGTTTCCCGCTGT
M14 TCTTTCCCTTCCTCTCTCTC AAATATGCCACTCCAGAAAA
M15 GTCGGTGCTGGAGGAACT CCGCCTTCTTCCTCGTTAT
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A, Linkage analysis; B, Substitution mapping of gSRBSDV9 in an interval defined by InDel markers. Black bar, Homozygous segments from Guanghui

998(GH998); Blank bar, Homozygous segments from D4; Grey bar, Heterozygous segments.
E5 2 IRBMALEAKBEFREMEBERIAMAS qSRBSDVI HIIEIE K #IA
Fig. 5. Identification and validation of gSRBSDV?9 in rice chromosome 9.

i E) P7-2 EAHKBHEAKAERAHED
GID2 M HAER], RBSDV X} GA {554 Fi& 2l fig
FEAE R . FERTIARE L, RATRITC IR 2 PUmiL
SRR R, YR KT BRGNS, AR
RN B R R B R B T R, (HPUvitE
FRIA N 7R 2 B LB Rk & B o), At
o, TEARERFA XN A 21 NTERE, H
W9 ANEER RS AR R AR B . IX R B SRBSDV
42 G 0] REXT K FEAE R IR B2 22 A5 5 i TG s,
WL T ARERAGNE, A TEEKREL.

AR TN T R 7 KT SRS IR 40 IR DU R AE
JIB AR, RGN AL T F 7 KA R AR e T A2 8K
itk QTL qSRBSDVY,  F:5t i o7 [X. 1] A fréy fisk e ik [
HEAT T4 BT A .

SEhk:

[1] Zhou GH,WenJJ,CaiDJ, LiP, XuDL, Zhang S G.
Southern rice black-streaked dwarf virus: A new
proposed Fijivirus species in the family Reoviridae. Chin
Sci Bull, 2008, 53(23): 3677-3685.

[2] JEERE, VEARM, 2T TR AKRE R AR R AR

(3]

(4]

(5]

(6]

JE 53 - %55 1 70 [ R 97 B 2 23 20044F F AR AE 2218 3
. Akt ERNREROR B, 2004: 201-212.
Zhou G H, Xu D L, Li H P. Identification of Rice
black-streaked dwarf virus in Guangdong. Chinese
Academy of Plant Pathology 2004 Annual Conference,
Beijing: China Agricultural Science and Technology
Press, 2004: 201-212.

Mar T T, Liu W W, Wang X F. Proteomic analysis of
interaction between P7-1 of Southern rice black-streaked
dwarf virus and the insect vector reveals diverse insect
proteins involved in successful transmission. J Proteom,
2014, 102: 83-97.

Cuong H V, Hai N V, Man V T, Matsumoto M. Rice
dwarf disease in north Vietnam in 2009 is caused by
southern rice black-streaked dwarf virus (SRBSDV). Bull
Inst Trop Agric, Kyushu Univ, 2009, 32: 85-92.

FERE, TkiES, A&k, VIR, AR KAEHR
R T K TG BRI R AR R R fa E BB,
PR, 2010, 36(1): 144-146.

Zhou G H, Zhang S G, Zou S F, Xu Z W, Zhou Z J.
Occurrence and damage analysis of a new rice dwarf
disease caused by Southern rice black-streaked dwarf
virus. Plant Prot, 2010, 36(1): 144-146. (in Chinese with
English abstract)

Hoang A T, Zhang H M, Yang J, Chen J P, Hébrard E,
Zhou G H, Vinh V N, Cheng J A. Identification,
characterization, and distribution of Southern rice



142

(7]

(8]

(9]

(10]

[11]

(12]

[13]

[14]

[15]

[16]

black-streaked dwarf virus in Vietnam. Plant Dis, 2011,
95(9): 1063-1069.

BT, FERE, PR, BRbg, LB, B CERER
55 7 7K HG AR BB A R IRAT 1) 75 SRR AN GO ]
L B4R, 2011, 48(3): 480-487.

Zhai B P, Zhou G H, Tao X R, Chen X, Shen H M.
Macroscopic patterns and microscopic mechanisms of the
outbreak of rice planthoppers and epidemic SRBSDV.
Chin J Appl Entomol, 2011, 48(3): 480-487. (in Chinese
with English abstract)

BrRERE, TRIGHE. FRE KRS B A% R 4 A R KM 4
AR, HAYIERY 4R, 2005(1): 97-103

Chen S X, Zhang Q Y. Advance in researches on rice
black-streaked dwarf disease and maize rough dwarf
disease in China. Acta Phytophyl Sin, 2005(1): 97-103.
(in Chinese with English abstract)

Zhang H M, Yang J, Chen J P, Adams M J. A
black-streaked-dwarf disease on rice in China is caused
by a novel Fjivirus. Arch Virol, 2008, 153: 1893-1898.
Xue J, Li J, TaH A, Zhang H M, Yang J, Lv M F, Meng
Y, Li P P, Chen J P. Complete genomic sequence of
Southern rice blacked-dwarf virus, a novel Fijivirus, from
Vietnam. Genome Announc, 2013, 1(3): e00212-13.
BrSCHE, BRARE, MERSE, #OCR, el KRERE K
SRAETFE I 5T, Wi AR AL, 1984(4): 185-187.
Ruan Y L, Chen S X, Lin R F, Jiang W L, Jin D D.
Studies on Rice black-streaked dwarf virus. Zhejiang
Agric Sci, 1984(4): 185-187. (in Chinese)

FFEH, ¥, BRW], B, ER, BOuR, #gk
5, TRIBAE, BIRE, RKH, AR, KBEAES
TRPLIEBHIR AR AFTIEQTLRE AL /¥4, 2010,
36(8): 1258-1264.

Wang B X, Jiang L, Chen L M, Lu B G, Wang Q, Li G Q,
Fan J W, Cheng X N, Zhai H Q, Xu D Y, Wan J M.
Screening of rice resources against Rice black-streaked
dwarf virus and mapping of resistant QTL. Acta Agron
Sin, 2010, 36(8): 1258-1264. (in Chinese with English
abstract)

0o, JEEDRE, SKEESG. AKFER 77 AR RAR R AE RE
MBI IR, A R T T, 2010, 30(8): 17-20.
Guo R, Zhou G H, Zhang S G. Mechanisms and
integrated control of the outbreak of southern rice black-
streaked dwarf disease. Chin Plant Prot, 2010, 30(8):
17-20. (in Chinese)

KUBRIR. 244~ 7K F& it B xof B 5 7K e B S R4 o (R B
WESE. RN AR KA, 2012.

Liu L L. The resistance research of 24 rice varieties to
southern black-streaked dwarf disease of rice. Fuzhou:
Fujian Agriculture and Forestry University, 2012. (in
Chinese with English abstract)

EH S, PEIREE, BORWI, SRR, FIE, EFE, R
WA, JAZE, YK, YLIRE KA i 5 2 5E
febk 244k, 2012(5): 174- 178.

Gao R Z, Cheng Z B, Yang R M, Zhu F, Ji Y H, Ren C M,
Wu L L, Zhou Y J, Fan Y J. Identification of rice dwarf
disease in Jiangsu. Acta Agric Bor Sin, 2012(5): 174-178.
(in Chinese with English abstract)

R, KR, BEOY, FTE, EWR, HRAR
REER, mE, ZEGE, WEE. KRR

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Fh [ K A5 R} (Chin J Rice Sci) %5 33 %45 2 #1(2019 42 3 H)

TR 77 FR SRR AN % e . T ARL AR AR, 2014, 45(1):
38-42.

Qin B X, Cai JH, Li ZB, Huang S S, Cui L X, Huang F
K, Wu B Q, Gao H L, Mai J C, Xie H T. Resistance
identification of rice cultivars to southern rice
black-streaked dwarf disease in Guangxi. J South Agric,
2014, 45(1): 38-42. (in Chinese with English abstract)
Zhang P, Mar T T, Liu W W, Li L, Wang X F.
Simultaneous detection and differentiation of Rice black
streaked dwarf virus (RBSDV) and Southern rice blacks
streaked dwarf virus(SRBSDV) by duplex real time
RT-PCR. Viro J, 2013, 10: 24.

Zhou T, Du L L, Lan VY, Sun F, Fan Y J, Zhou Y J.
Development of SYBR green I-based one-step real time
RT-PCR assay for quantifying Southern rice
black-streaked dwarf virus in rice. J Phytopathol, 2014,
162: 26-32.

LiJ, Xue J, Zhang H M, Yang J, Lv M F, Xie L, Meng Y,
Li P P, Chen J P. Interactions between the P6 and P5-1
proteins of southern rice black-streaked dwarf Fijivirus in
yeast and plant cells. Arch Virol, 2013, 158: 1649-1659.
[Li Y Q, Xia Z H, Peng J, Zhou T, Fan Z F. Evidence of
recombination and genetic diversity in Southern rice
black-streaked dwarf virus. Arch Virol, 2013, 158:
2147-2151.

Li J, Xue J, Zhang H M, Yang J, Xie L, Chen J P.
Characterization of homologous and heterologous
interactions between viroplasm proteins P6 and P9-1 of
the Fijivirus southern rice black-streaked dwarf virus.
Arch Virol, 2015, 160: 453-457.

Cheng Z B, Li S, Gao R Z, Sun F, Liu W C, Zhou G H,
Wu J X, Zhou X P, Zhou Y J. Distribution and genetic
diversity of Southern rice black-streaked dwarf virus in
China. Viro J, 2013, 10(1): 307.

VEIR, VFZRAR, JEEDE. 7 KRS B SR R A S LB
BRI . T EERST, 2014, 34(3): 17-20.
Wang H, Xu D L, Zhou G H. Research progress on
southern rice black-streaked dwarf disease and its
controlling techniques. China Plant Prot, 2014, 34(3):
17-20. (in Chinese with English abstract)

BT, REER, REG, BHY, TR, IMEHE, 6
B, mRAGE, SRR B8 R R 77 K AR
o AL BE AR IR P R RO 22 R, 2016, 29(12):
2840-2844.

Huang S S, Wu B Q, Qin B X, Li Z B, Li C, Sun Z X,
Xie H T, Huang F K, Cai J H. Effects of white-backed
planthopper, Sogatella furcifera, Horvath on transmission
rates of Southern rice black streaked dwarf virus.
Southwest Chin J Agric Sci, 2016, 29(12): 2840-2844. (in
Chinese with English abstract)

BRe, ZEmIBH, frie, REL. W AKEREBAWD
LI A H) 5 R . IR 24k, 2017, 44(6):
905-918.

Chen Z, Li X Y, Yu L, Song B A. The development and
application of pesticides against the disease caused by
Southern rice black-streaked dwarf virus. J Plant Prot,
2017, 44(6): 905-918. (in Chinese with English abstract)
ToiE, £, BhEE, SOk, Eam, M5, 8
R, M KBREBRE RGPV ERT . TiE



AROREEE: T /KT B SRR AR U H RS 70 e E AL QTL HURE4H 5 iz

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

gk 24k, 2017, 30(12): 2705-2710.

Yu W J, Wang J, Zhong X L, LiH S, Ji H L, Zhou X P,
Peng Y L. Studies on integrated control of southern rice
black-streaked dwarf disease on hybrid rice. Southwest
Chin J Agric Sci, 2017, 30(12): 2705-2710. (in Chinese
with English abstract)

R, Bukty, dEil, FEH. 19 KBHENE R
X B 77 7K A SRR SR B AR BT VR PRAN . R T ARk AR
2011, 42(4): 399-402.

Pan F Y, Liao Y M, Hai B, Zhou R Y. Evaluation of
nineteen rice male sterile lines for resistance to southern
rice black-streaked dwarf disease. J South Agric, 2011,
42(4): 399-402. (in Chinese with English abstract)
R, Rz, HRE, mailk, BT, b, Bk
NT7, BEBE, BUoGiE. $URE 75 KR R Ak B A i K AE Ot
IRBUZAE RIOTHILA S E . PG BTk, 2015,
16(1): 163-167.

YuSW,FanTY,DulL G, Huang Y F, Chen S Y, Ge S,
Ma R F, Hong X F, Ruan G H. Screening and
identification of Photo-thermo-sensitive genic male
sterile lines against Southern rice black-streaked dwarf
virus. J Plant Genet Resour, 2015, 16(1): 163-167. (in
Chinese with English abstract)

Wang Q, Liu Y Q, He J, Zheng X M, Hu J L, Liu Y L,
Dai H M, Zhang Y X, Wang B X, Wu W X, Gao H,
Zhang Y H, Tao X R, Deng H F, Yuan D Y, Jiang L,
Zhang X, Guo X P, Cheng X N, Wu C Y, Wang H Y,
Yuan L P, Wan J M. STV11 encodes a sulphotransferase
and confers durable resistance to Rice stripe virus. Nat
Commun, 2014, 5: 4768.

Murray M G, Thompson W F. Rapid isolation of high
molecular weight plant DNA. Nucleic Acids Res, 1980,
8(19): 4321-4325.

Yang X H, Xia X Z, Zhang Z Q, Nong B X, Zeng Y,
Xiong F Q, Wu Y Y, Gao J, Deng G F, Li D T. QTL
mapping by whole genome Re-sequencing and analysis
of candidate genes for nitrogen use efficiency in rice.
Front Plant Sci, 2017, 8: 1634.

Takagi H, Abe A, Yoshida K, Kosugi S, Natsume S,
Mitsuoka C, Uemura A, Utsushi H, Tamiru M, Takuno S,
Innan H, Cano L M, Kamoun S, Terauchi R. QTL-seq:
rapid mapping of quantitative trait loci in rice by whole
genome resequencing of DNA from two bulked
populations. Plant J, 2013, 74: 174-183

van Ooijen J W. Joinmap 4: Software for the calculation
of genetic linkage maps in experimental populations.
Wageningen, Netherlands: Kyazma B V, 2006.

van Ooijen J W. MapQTL6: Software for the mapping of
quantitative trait loci in experimental populations of
diplord species. Wageningen, Netherlands: Kyazma B V,
2009.

Zheng T Q, Yang J, Zhong W G, Zhai H Q, Zhu L H, Fan
FJ, Ali AJ, Yang JH, Wang J, Zhu J Y, Uzokwe V N E,
Xu J L, Li Z K. Novel loci for field resistance to
black-streaked dwarf and stripe viruses identified in a set
of reciprocal introgression lines of rice (Oryza sativa L.).
Mol Breeding, 2012, 29: 925-938.

Zhou T,DuLL,WangLJ,Gao CY, Lan Y, Sun F, Fan
Y J, Wang G L, Zhou Y J. Genetic analysis and
molecular mapping of QTLs for resistance to rice
black-streaked dwarf disease in rice. Sci Rep, 2015, 5:

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

143

10509.

Moose S P, Mumm R H. Molecular plant breeding as the
foundation for 21st century crop improvement. Plant
Physiol, 2008, 147: 969-977.

AP, R, BRFAE, RAKE, BWIETT, skitER,
WA, MR E, SRIETF, B, W%, KIEE%
B 45 L QTL & M. 1E W 5 4k, 2009, 35(12):
2213-2217.

Pan C H, Li AH, ChenZ X, Wu L B, Dai Z Y, Zhang H
X, Huang N'S, Chen X J, Zhang Y F, Zuo S M, Pan X B.
Detection of QTL for resistance to rice black-streaked
dwarf viral disease. Acta Agron Sin, 2009, 35(12):
2213-2217. (in Chinese with English abstract)

Chen J, Huang D R, Wang L, Liu G J, Zhuang J Y.
Identification of quantitative trait loci for resistance to
whitebacked planthopper, Sogatella furcifera, from an
interspecific cross Oryza sativa < O. rufipogon. Breed Sci,
2010, 60: 153-159.

Russell S L, Kimmins W C. Growth regulators and the
effect of barley yellow dwarf virus on barley. Ann Bot,
1971, 35: 1037-1043.

Sridhar R, Mohanty S K, Mohanty S K. Physiology of
rice tungro virus disease: Gibberellins in the disease
syndrome. Inter J Trop Plant Dis, 1987, 4: 85-92.
ZhuSF,Gao F, Cao X S, Chen M, Ye G Y, Wei CH, Yi
L. The rice dwarf virus P2 protein interacts with
ent-Kaurene oxidases in vivo, leading to reduced
biosynthesis of gibberellins and rice dwarf symptoms.
Plant Physiol, 2005, 139: 1935-1945.

REE, ERE, WA, REDE, RAEE, BIEOE. K
4 R 200 9 B X 3 A IR IR 5 R S AR A S Tk PR
AP, R 54K, 2010, 40(2): 151-158.
Wu J G, Wang P, Xie L Y, LinJY, Wu Z J, Xie L H.
Affection of rice dwarf virus on three phytohormones and
transcriptional level of related genes in infected rice. Acta
Phytopathol Sin, 2010, 40(2): 151-158. (in Chinese with
English abstract)

WBA. ¥ 77 /KT R 2k R4 0 S5 K TR IR I R RF AT
Kb WiE AR, 2015.

Yang Y. The relationship between Southern rice
black-streaked dwarf virus and rice hormone. Changsha:
Hunan Agricultural University, 2015. (in Chinese with
English abstract)

Tao T, Zhou C J, Wang Q, Chen X R, Sun Q, Zhao T Y,
YeJC,Wang Y, Zhang Z Y, Zhang Y L, Guo Z J, Wang
X B, LiDW, Yul L, Han C G. Rice black streaked
dwarf virus P7-2 forms a SCF complex through binding
to Oryza sativa SKP1-like proteins, and interacts with
GID2 involved in the gibberellin pathway. PloS One,
2017, 12(5): e0177518.

AT, B8, REOGE, KEW, 85, FFHE K
18 v 1R YL SRBSDV Ji5 /i 55 3 M R AL AR X B K3
RO RN, R AR, 2017, 44(6): 1033-1039
Yang H H, Xia X Z, Nong B X, Zhang Z Q, Zeng Y, Li
D T. Analysis of the expression levels of the genes
involved in gibberellin biosynthesis and gibberellin
contents in rice during seedling stage after being infected
by Southern rice black-streaked dwarf virus. J Plant Prot,
2017, 44(6): 1033-1039. (in Chinese with English
abstract)



