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Bacterial blight caused by Xanthomonas oryzae pv. oryzae (Xoo) is an important disease constraining rice
(Oryza sativa L.) production worldwide. The XM6 line was induced by N-methyl-N-nitrosourea from [R24,
an Indica cultivar that is susceptible to Philippine and Japanese Xoo races. XM6 was confirmed to carry a
recessive gene named xa20, resistant to six Philippine and five Japanese Xoo races. The chromosomal gene
location was found using 10 plants with the shortest lesion length in an F, population consisting of 298 plants
from a susceptible Japonica variety Koshihikari x XM6. Analysis using PCR-based DNA markers covering
the whole rice genome indicated the gene as located on the distal region of the long arm of chromosome 3.
The IKC3 line carries IR24 genetic background with Koshihikari fragment on chromosome 3 where a resis-
tance gene was thought to be located. The F, population from IKC3 x XM6 clearly showed a bimodal distri-
bution separating resistant and susceptible plants. Further linkage analysis conducted using this F, population
revealed that xa20 is located within the 0.8 ¢cM region flanked by DNA markers KIC3-33.88 (33.0 Mb) and
KIC3-34.06 (33.2 Mb). This study yields important findings for resistance breeding and for the genetic mech-
anism of Xoo resistance.

Key Words: DNA marker, mapping, Oryza sativa, resistance by a recessive gene, Xanthomonas oryzae pv.

oryzae.

Introduction

Rice (Oryza sativa L.), together with maize and wheat, are
the most important cereal crops in the world. Rice is the
second most produced cereal crop globally. On average, the
world produces about 740 million tons of milled rice annu-
ally (FAOSTAT http://www.fao.org/faostat/en/#data/QC). It
is the staple food of more than half of the world’s popula-
tion. Rice is grown on every continent except Antarctica,
but Asia accounts for 90% of its global production. In spite
of its success, rice production is constrained considerably
by numerous diseases. Among the major diseases of rice,
bacterial blight (BB) is extremely destructive. This disease,
which results from a bacterium: Xanthomonas oryzae pv.
oryzae (Xoo), is a disease of economic importance particu-
larly in Asia and Africa. It has also been reported in rice-
growing regions of Australia and Latin America (Mew
1987, Mew et al. 1993, Séré et al. 2005).
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The disease, which usually develops in paddy fields with
Xoo contaminated stubble and weeds, can be found in both
tropical and temperate climates, particularly in lowland
areas that are either rain-fed or irrigated (Ou 1985). In gen-
eral, the disease favors temperatures of 25-34°C, with
greater than 70% relative humidity. Yield loss resulting
from BB can reach 50% when susceptible varieties are
grown in environments favorable to the disease (Mew et al.
1993). When BB infects plants at the booting stage, it does
not affect the quantity of yield. However, the grains and
kernel quality becomes severely degraded (Khan er al
2015, Reddy 1997, Shaheen et al. 2019).

Several genetic, biological, and chemical control
approaches are used for protection of rice from BB. Pesti-
cides containing bismerthiazol and streptomycin as active
ingredients are used as major bactericides against Xoo,
although results of recent studies have indicated that Xoo
has developed high resistance against these widely used
chemicals (Shi ef al. 2015, Xu et al. 2010, Yu et al. 2016,
Zhu et al. 2013). With the biological control approach, spe-
cific plant-growth-promoting rhizobacteria have been used
experimentally. Treatment of rice seeds with fresh suspen-
sions or powdered formulations of Bacillus subtilis or
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Bacillus pumilus has been found to induce systemic resis-
tance in rice against Xoo (Chithrashree et al. 2011). How-
ever, pathogen variation and the lack of suitable biological
agents undermine the efficacy of biological controls. The
use of genetically resistant varieties has been reported as
the most economical and effective disease control tech-
nique (Horino et al. 1982, Mew et al. 1993, Ogawa and
Khush 1989).

A review by Chukwu et al. (2019) listed 42 genes of
resistance (Xa/xa) against Xoo. Since then, four more genes
have been reported: Xa43(z) (Kim and Reinke 2019), xa44
(Kim 2018), xa45(t) (Neelam et al. 2020), and Xa46(1)
(Chen et al. 2020). A few of these genes have been used for
development of breeding lines with pyramided resistance
genes in most Asian countries since the 1970s. However,
Xoo has been shown to evolve and defeat the resistance of
the genes in widely used cultivars. In Taiwan, Deng et al.
(2016) found a strain of Xoo ‘2011 Yli X133’, that
defeated previously effective genes xa5 and Xa2l, respec-
tively, in IRBBS5 and IRBB21. The Indian subcontinent
presents higher probability of resistance breakdown. There,
some Xanthomonas strains have shown virulence on pyra-
mided lines with multiple resistance genes including
IRBB52 (Xa4 + Xa2l), IRBB50 (Xa4 +xa5), and IRBB54
(xa5+Xa2l) (Lore et al. 2011, Yugander et al. 2017).
Therefore, a constant need exists for investigating new
resistant genes, and for mapping and cloning of earlier dis-
covered genes. Taura ef al. (1991a, 1991b, 1992a) produced
‘XM5’ and ‘XM6’ Xoo resistant mutants by induction of
N-methyl-N-nitrosourea (MNU) mutagen. The mutants
were found to be resistant to six tested Philippines races.
The XM5 and XM6 lines each carry one recessive resis-
tance gene, designated respectively as xal/9 and xa20.
These genes have not yet been mapped. For this study, we
conducted a genetic and linkage analysis of resistant gene
xa20 in XM6 to map the gene location. These study find-
ings are expected to be useful for elucidating mechanisms
of the resistance of xa20.

Materials and Methods

Bacterial races and plant materials
The Xoo bacterial races used for this study were five

Table 1.
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Japanese races: race I (strain T7174), race IIA (strain
T7147), race III (strain T7133), race IV (strain H75373),
and race V (strain H75304).

IR24, an Indica rice cultivar released in 1972 by the
International Rice Research Institute (IRRI), is susceptible
to six Philippines Xoo races: race 1 (strain PXO 61), race 2
(strain PXO 86), race 3 (strain PXO 79), race 4 (strain PXO
71), race 5 (strain PXO 112), and race 6 (strain PXO 99)
(Taura et al. 1991a, 1992b). Moreover, it is susceptible to
the five Japanese Xoo races described earlier. (Ogawa and
Yamamoto 1987). XM6, a mutant line derived from IR24,
is actually resistant to four Japanese and six Philippine Xoo
races tested (Taura et al. 1992a). Koshihikari, a popular
Japonica rice cultivar used widely in Japan, Australia, and
the United States, is known to be susceptible to seven
Japanese Xoo races tested (Noda and Ohuchi 1989). The F,
population from the cross between Koshihikari and XM6
was subjected to preliminary linkage analysis for rough
mapping of xa20 to ascertain the chromosomal location of
the gene.

For precise mapping of xa20, we adopted the IAS16 line,
which is a reciprocal chromosome segment substitution line
(CSSL) between the Japonica cultivar ‘Asominori’ and IR24
(Kubo et al. 2002). The graphical genotypes of IAS lines
are available at https://www.shigen.nig.ac.jp/rice/oryzabase/
strain/recombinant/genotypelAS. Among 70 IAS lines, we
selected IAS16 because it carries an Asominori chromoso-
mal segment covering C1677 to G249 (https://rgp.dna.affrc.
go.jp/E/publicdata/geneticmap2000/chr03.html). Actually,
G249 is located near RM3346. We have already used this
line for mapping the X442 gene (Busungu et al. 2016,
2018). Moreover, we have checked its genotypes for the
DNA markers in our stock. IAS16 carried the Asominori
chromosomal segment covering RM3525 (located on 30.4
Mb of Os-Nipponbare-Reference-IRGSP-1.0 (Kawahara
et al. 2013) of chromosome 3) and RM3346 (33.3 Mb)
(Table 1). IAS16 seemed suitable for mapping the precise
mapping of xa20 gene. Asominori is resistant to Japanese
Xoo races I and V, but is susceptible to races II, I1I, and IV
(Kaku and Kimura 1989). Actually, IAS16 is susceptible to
the five Japanese Xoo races described earlier (Busungu
et al. 2016). As described in Results, the strategy for using
[AS16 for mapping xa20 under IR24 background with low

DNA marker banding patterns for IR24, IAS16, IKC3, Koshihikari, and Asominori

Banding pattern of DNA markers on chromosome 3¢

RM16 RM3513 RM3436 RM3525 KIC3-33.25 KIC3-33.88 KIC3-34.06 RM3346 RM1221

Rice accession Location on IRGSP1.0 (kb) 23,127 25,112 27,415
1R24 1 I 1
XM6 1 I 1
1AS16 J J 1
IKC3 1 I J
Koshihikari J J J
Asominori J J J

30,394 32,354 33,036 33,210 33,325 35,677
I I I I I I
I I I I I I
J I I J J I
J J J J J J
J J J J J J
J J J J J J

4] and J respectively denote the same banding pattern as IR24 and the other patterns expressed collectively.
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genetic noise was unsuccessful. Therefore, as an alternative
to IAS16, we developed a line named IKC3, which
includes the Koshihikari chromosomal fragment of xa20
candidate region by backcrossing IR24 twice to a recombi-
nant inbred line from the cross IR24 x Koshihikari, with
subsequent selfing. The F, plants from the cross between
IAS16 x XM6 and subsequently, the cross between
IKC3 x XM6 were subjected to precise linkage analysis. F;
plants from the cross between IKC3 and XM6 were grown
to confirm the genotypes of the informative recombinant
plants in F,. For this study, we tested XM6, [AS16, IR24,
IKC3, and Koshihikari to assess their reactions to Japanese
Xoo races under similar conditions.

Germinated seeds of F, segregating populations arising
from the cross between Koshihikari and XM6 and parental
lines were sown in seedling boxes in a greenhouse in 2012.
Two weeks later, seedlings were moved from the green-
house. They were kept in an open-air area that was com-
pletely enclosed by wire mesh. About three weeks later,
seedlings were transplanted to a paddy field in the
Kagoshima University Experimental Farm. From each
parental line, 10 plants were planted along with the respec-
tive segregating populations. The same procedures of this
experiment were performed for F, segregating populations
derived from the cross between IAS16 and XM6 in 2014,
and the cross between IKC3 and XM6 in 2018. F; lines
selected from recombinant F, plants resulting from cross
between IKC3 and XM6 were sown in 2019, following the
same procedures at the same farm as that used for experi-
ments. The applied fertilizers were 6, 3, and 3 g/m?, respec-
tively, for N, K,O, and P,0Os. One week before inoculation,
3 g/m? of N additional fertilizer was applied. Rice seedlings
were planted at 15cm spacing within rows and 30cm
between rows.

Inoculation test

Xoo stocks were stored in skim milk medium (10% skim
milk, 1.5% L-monosodium glutamate) tubes at —80°C in a
deep freezer. Potato semi-synthetic agar medium
(Wakimoto 1954) was used for culture and inoculum prepa-
ration. One week before inoculation, bacteria were trans-
ferred from the stock tube to the slanted tube and were
incubated at 28°C for 2 days. The growing bacteria were
used for second stocks within a week of bacteria growth
and were kept in a refrigerator at 4°C. The bacteria from
second stocks were transferred to new slanted tubes and
were incubated at 28°C for 2 days as well. The inoculum
was subsequently diluted with distilled water. The absor-
bance was adjusted to A=0.05 (620 nm) using a spectro-
photometer. The value corresponds to concentration of
about 10® colony-forming units per milliliter (cfu/ml). The
plants were inoculated using clipping during the booting
stage to the flowering stage (Kauffman et al. 1973). Then
the reaction of each plant was ascertained from the mean
lesion length (LL) of three leaves measured using a ruler at
18 days after inoculation. Scoring of LL of some F; lines
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and F, plants from the cross between IKC3 and XM6 was
based on visual observation.

DNA markers and linkage analysis

Simple Sequence Repeat (SSR) and Insertion/Deletion
(Indel) markers used for PCR reactions during the course of
this study worked better when the DNA concentration was
about 10 ng/pl-20 ng/ul. DNA was extracted according to
Dellaporta et al. (1983) with some modifications. The
PCR-mixture (5pl) contained 10ng of genomic DNA,
200 uM dNTPs, 0.2 uM of each primer, 0.25 U of 7ag poly-
merase and 1x buffer containing MgCl,. The PCR condi-
tions were set as follows: 95°C for 5 min, 35 cycles at 94°C
for 30's, 55°C for 30s, and 72°C for 30 s, with subsequent
final extension at 72°C for 7 min. After the PCR products
were separated in 10% (29:1) polyacrylamide gels, they
were stained with ethidium bromide and were visualized
using ultraviolet light (GelDoc-It® TS Imaging system;
UVP LLC, CA, USA).

For preliminary linkage analysis using the cross between
Koshihikari and XM6, we used 108 published SSR and
Indel markers developed by Busungu ef al. (2016), Chen et
al. (1997), Ichitani et al. (2011), IRGSP (2005), McCouch
et al. (2002), Monna et al. (2006), Panaud et al. (1996),
Shen et al. (2004), Temnykh et al. (2000), Toyomoto et al.
(2019), and Rice Genome Research Program (https://
rgp.dna.affrc.go.jp/E/publicdata/caps/index.html) (Table 2,
Supplemental Table 1).

Further linkage analysis to narrow down the position of
gene xa2(0 necessitated new markers. Several PCR-based
DNA markers were developed following Busungu et al
(2016) as shown in Table 3. Finally, a linkage map was
developed using the AntMap software (Iwata and
Ninomiya 2006). Map distances were calculated using the
Kosambi function (Kosambi 1944).

Reaction of plant materials to Xoo

In accordance with earlier studies, XM6 was found to be
resistant to the five Japanese Xoo races tested, although
IR24 was susceptible (Fig. 1). Lesion length (LL) was used
to determine the reaction of a variety to Xoo: shorter LL
indicated the variety as resistant; longer LL indicated the
variety as susceptible. At 18 days after inoculation, the LL
of XM6 was less than 3 cm in the five Japanese Xoo races
tested with the highest value (2.4 cm) observed in Race 111
and the lowest value (0.1 cm) in Race V. The LL of suscep-
tible varieties were the following: IR24 was 12.7-26.8 cm,
Koshihikari was 6.8-18.3 cm, IAS16 was 13.6-22.3 cm,
whereas IKC3 was 21.6-32.0 cm. These results indicate
XM6 as resistant to the Japanese Xoo races tested, whereas
IR24, 1AS16, and IKC3 are susceptible when compared to
a 3 cm threshold value (Table 4).
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Table 2. Genotypes of 108 DNA markers covering the entire rice genome of ten plants with the shortest lesion length derived from the F,
population from the cross between Koshihikari and XM6

Genotype? Genotype
Chromo- DNA . Recombination Chromo- DNA . Recombination
Individual® ) Individual
some marker® frequency® some marker® frequency
1 23 45 6 7 8 910 1 23 45 6 7 8 910

1 RM1282 X KX XHHZKHH X 0.40 RM3 HX KHZXXXX XK 0.30
RM220 X KX XHHKZXHH 0.40 RM3628 HX KHZKXX X X X 0.30
RM259 HHHXHHHZXHH 0.60 C11635 X X KHHHHZXX X 0.30
RMS8132 KHKXZKIKHX KK 0.70 RM5814 X XHX X HHX XX 0.15
RM5422 KHKXHZKXXHH 0.50 7 RM5752 X XHXKHHKXH 0.40
S13623 K HKXHKHHHH 0.60 RM1353 X XX XHHHHXH 0.25
RM8129 HHKXHZKHH K K 0.65 RM6574 HX XHHHHXXH 0.30
RM1297 HX KHHHHHIKH 0.55 JC75.308 HX XX HHHXXH 0.25
RM212 HXH - HHHHIKH 0.50 RM5672 HX XX HHHXXH 0.25
RM5448 X XXX - HKHKH 0.39 RM500 HX XX HXXXXH 0.15
RMS8099 HX XX HKKH KK 0.55 C30372 HX HXHX X X X H 0.20

2 RM211 KHHH- HHKKK 0.72 RM3826 X X HXHXXHXH 0.20
RM6853 HX HHHHHHIKH 0.50 RM234 KHXZKXXXHXH 0.35
S1864 HHHHHHUHHKX 0.50 RM1306 KHHKHXXHXH 0.45
RM29 HX HHXHHX KX 0.35 8 RM6369 X HX KHXKHH X 0.40
RM3762 K XHHHXHZXZKH 0.45 RM6863 X HX HHXHHK X 0.35
RM3515 K XX X HXHXZKH 0.35 RM5556 X KX HKXHHH X 0.40
RM1367 HX XX HXHHHX 0.30 RM6429 X KHHIKXHX XX 0.35
RM6 HX XX HXXH XX 0.15 RM3395 X KX HKHH - H X 0.44
RM240 K XX HHXXHX X 0.25 RM22928 X K X H K HHHH X 0.45
RM250 HHHHXXXH X X 0.25 RM223 K KHHKXHXHH 0.55

3 RM22 HXHH - HXHHH 0.39 RM7556 K KHKZKXHHIKH 0.70
E50818 X XX H- HHHXH 0.28 RM80 KHHZKZKXIKHHH 0.65
RM251 K XHHXHHIKHK 0.55 RM3120 HKHHZKIKHK K K 0.80
RM282 H HH X X X HHH 0.33 9 RM7212 HKHHHXHX X X 0.35
RM6959 HHHXXXXHHH 0.30 E1828 HKHHHXHHX X 0.40
KGC3167 K H HH X X X HHH 0.40 RM3912 HHHHHHIEKIKHH 0.60
RM5488 KHHHXXXHH X 0.35 RM6771 HHHHHHIKIKHH 0.60
RM3513 KHHHXXXHH X 0.35 RM257 K KHH - HKIKHH 0.72
RM3436 KHHHXXXHHX 0.35 RM201 K KHKHIKHIKHH 0.75
RM3525 X XX HXXXXXX 0.05 E21191 KHHKHIKHIKH - 0.72
RM3346 X XXX XXX XXX 0.00 10 RM7361 HKHHHHIKHKH 0.65
RM1221 X X XXX X XHXX 0.05 C51124 K KHHHHIKHIKH 0.70

4 C61009 HHHHZXHZXXHK 0.40 KGS0342 K KKHHHXHKH 0.65
RM7279 HHHHXHHHHK 0.50 RM1375 K K KHHHHHKH 0.70
RM17144 H H H H K HHH X K 0.55 RM258 K HKHHIKIXHKH 0.65
RM303 KHHHZKHHHXK 0.60 KGRIOM40 - X K HH H X H K - 0.50
RM255 K KHHXHHHHX 0.50 RM5352 KHHHHXXHX X 0.35
KGC4M20 K K H H H HHHHH 0.60 RM228 K HHHHXXHHK 0.50
RM348 K K KKHHHHKH 0.75 11 RM4B - HHHHXZKH X X 0.39

5 RM7373 HHKHHHHIKHH 0.60 RMS5599 KHXZK-XHHHH 0.50
RM1688 HHKHHHHIKHK 0.65 S21074 KHXKHXHHHH 0.50
RMS5874 HHKHXHHHHK 0.55 RM202 KHXH- XHHHH 0.44
RM3381 HHHHZKIKZXZKHK 0.65 KGS185 HHXHZKXHHHX 0.40
RM7568 HHHHZKIKXZK KK 0.70 RM229 HHXHZKX - HHH 0.44
E60663 HHHHZKIKXZKK X 0.60 RM5349 HHXHIKXHHH X 0.40
RM6054 HHHHZKZ KXKK X 0.60 RM6440 X HX HKIKHHH X 0.45
RM3476 HHHHHIKXKK X 0.55 RM224 X KX HHIKHXH X 0.40
RM31 X XHHIKHHHHX 0.40 12 RMS8214 HX X X HXH X HH 0.25

6 E30287 HHXHHXZKZKXH 0.45 RM6296 X HX XHXHHHH 0.30
RM1163 X X XHHXXHXH 0.20 RZ869 X KX X X X HHXX 0.20
RM276 X XX KHXXXXH 0.20 RM7102 X KHHXXHHXH 0.35
CH68820 X X H K X X X X X H 0.20 RM1986 X KHHXXHHXH 0.35
CH612020 H X H H X X X X X H 0.20 L714 X HKH - XHXHH 0.39

¢ X, H, and K respectively denote homozygotes for XM6, heterozygotes, and homozygotes for Koshihikari.

® DNA markers are arranged based on the physical distance from the end of short arm of each chromosome.

¢ Recombination frequency is calculated as (2N + N,)/2N, where N = Total number of plants analyzed (in this case N=10), N, =Number of
Koshihikari homozygotes and N, = Number of heterozygotes (Zhang et al. 1994).
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Table 3. Primer sequences of DNA markers used to perform linkage analysis of xa20 gene

Location on IRGSP 1.0

Marker name Klni;ri];NA Direction Primer sequence pseudomolecule chromosome 3 Source
From (bp) To (bp)
RM16 SSR F GTGCGCCAGGAGTAGTTGTCTCC 23,127,621 23,127,768  Panaud ef al. 1996
R GACGTGTACACATAGCCAAATCATCC
RM3513 SSR F CCAAACATGGCCTTGTAGTAGACG 25,114,592 25,114,796 McCouch et al. 2002
R CTGTGGCTATGCCTTTGGTTGG
RM3436 SSR F AGAGTTGTTAGCATGGCAGCATCC 27,422,280 27,422,442  McCouch et al. 2002
R CAATTGGCCATTGCAAACATGG
RM3525 SSR F ACACTCTCAGCTCATCAAGACC 30,394,026 30,393,888  McCouch et al. 2002
R GGGCAAGTGGTCAAATCTTG
KIC3-33.25 INDEL F TCCTTCTCATCGGAGATGCT 32,353,790 32,354,026  This study
R ACTCTGGTTGCTTCCGCATA
KIC3-33.88 INDEL F ATGTTCGCTAAGGACCAGATAGTAG 33,035,696 33,035,951  This study
R TAGTTTATTGGGATTTTGCTCTGCC
KIC3-34.06 INDEL F GCATGAACTCACCAACTGATAACTC 33,210,861 33,211,027  This study
R ACTCCTACATGTTTAGCAATTGGTG
RM3346 SSR F AAGAACCAGAGCAAGATCGG 33,324,573 33,324,682 McCouch et al. 2002
R CTTCCAATTCGATCGCTAGC
RM1221 SSR F GAGTAGAGAGAGATGGCGGC 35,676,727 35,676,908  McCouch et al. 2002
R AGGATTAGCAGCGTTAAGCG
| ¥ (5 0 & I Distribution of LL across combinations tested
f i | | \5 I The F, population consisting of 298 plants from the cross
H . \ 1 between Koshihikari and XM6 showed a continuous distri-
%*5 i 4 o § 5- bution of LL after inoculation with Xoo race IIA (Fig.2).
(- i ' ‘ ‘ , However, the F, population from the cross between IAS16
N N 'J i and XM6 showed a clear bimodal distribution of LL. Using
N B 10 LL of 5 cm as the dividing point, 245 F, plants were classi-
b fied into 53 resistant plants with LL of 0.1-4.8 cm and 192
| : susceptible plants with LL of 7.6-43.1 cm (Fig.3). The
i ratio 53:192 fitted 1:3, one-gene segregation (y>=1.482,
‘ k 15 P=0.22). We used a ruler to measure the LL of 60 plants
| out of 299 in the F, population of the cross between IKC3
; and XM6. These were classified into 13 resistant plants
20 with LL of 0.2—1.6 cm and 47 susceptible plants with LL of
cm 7.0-31.5 cm (Fig. 4). The ratio 13:47 fits 1:3, one-gene seg-
I A I IV V I 0A I IV V regation (y*>=0.356, P=0.56). The remaining 239 plants,
IR24 XM6 which were evaluated based on visual observation, were

Fig. 1. Reaction of IR24 and XM6 to five Japanese races of Xoo
(I, A, 111, TV, and V) 18 days after inoculation.

classified into 50 resistant and 189 susceptible plants.
Regarding the total of all the observed 299 plants, the ratio

Table 4. Reactions in lesion length (cm) of XM6, IR24, Koshihikari, IKC3, and IAS16 after inoculation with five Japanese races of

Xanthomonas oryzae pv. oryzae

Rice Lesion length? (cm)

accession’  Race I (Strain T7174) Race IIA (Strain T7147) Race III (Strain T7133) Race IV (Strain H75373) Race V (Strain H75304)
XM6 (xa20) 0.2+0.1 0.2+0.1 24+1.9 0.8+0.7 0.1+£0.0

IR24 20.4+2.0 21.5+2.1 26.8+2.0 12.7+1.9 15.0+2.9
Koshihikari 10.7+4.4 14.6+3.0 18.3+4.4 6.8+1.5 9.7+3.1

IKC3 32.0+5.4 28.1+£6.2 29.8+6.9 21.6+£6.7 27.5+3.7
1AS16 13.6+3.6 22.3+1.1 20.6+5.3 21.6+29 20.5+5.1

4 Genes for resistance are in parentheses.
b Lesion length + Standard deviation (SD) at 18 days after inoculation.
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Fig.2. Distribution of lesion lengths in F, population from the cross
between Koshihikari and XM6 18 days after inoculation with Xoo
Japanese race IIA (T7147). Horizontal lines at the top of the figure
show the ranges of each parental lines. Vertical lines crossing the hori-
zontal lines represent the means of each parental lines.
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Fig.3. Distribution of lesion lengths in F, population from the cross
between the IAS16 and XM6 at 18 days after inoculation with Xoo
Japanese race IIA (T7147). Three classified genotypes were evaluated
for RM3346 as indicated: black, homozygous for XM6; white, homo-
zygous for IAS16 and grey for heterozygous. Horizontal lines at the
top of the figure show the ranges of each parental lines. Vertical lines
crossing the horizontal lines represent the means of each parental
lines.
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Fig.4. Distribution of lesion lengths in F, population from the cross
between the IKC3 line and XM6 line at 18 days after inoculation with
Xoo Japanese race I1A (T7147). Three classified genotypes were eval-
uated for KIC 3.33-88 as shown: black, homozygous for XM6; white,
homozygous for IKC3 and grey for heterozygous. Horizontal lines at
the top of the figure show the ranges of each parental lines. Vertical
lines crossing the horizontal lines represent the means of each parental
lines.
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of 63 resistant to 236 susceptible fits one-gene segregation
(*=2.46, P=0.12).

Rough mapping of xa20

In the rough mapping of xa20, we used the extreme
recessive phenotype linkage analysis method reported by
Zhang et al. (1994). Ten F, plants with the shortest LL
(0.1-2.5 cm) were selected from 298 F, population from a
susceptible Japonica variety Koshihikari x XM6. Also,
DNA was extracted from each plant. Then genotyping was
performed using 108 published DNA markers, which cover
the whole rice genome (Table 2). As a principle, when a
DNA marker is linked closely to xa20, most of the ten
resistant plants should be homozygotes of XM6 allele at
that particular DNA marker locus. On chromosome 3, nine
plants were homozygous of XM6 allele at the DNA marker
loci, RM3525, and RM1221. Moreover, all 10 plants were
homozygotes of the XM6 allele at the neighboring DNA
marker loci RM3346 on the same chromosome. Fewer than
seven plants were homozygotes of XM6 allele at the other
loci. These results of whole rice genome scanning for XM6
gene suggest strongly that xa20 is located on the long arm
of chromosome 3. Recombination of frequency calculations
(Table 2) based on the extreme recessive phenotype pro-
posed by Zhang et al. (1994) also support this inference.

Precise mapping of xa20

We used the strategy described by Busungu et al. (2016)
to minimize the genetic ‘noise’ caused by Indica—Japonica
crossing without compromising the usefulness of Indica—
Japonica DNA polymorphism. Genetic analysis of the chro-
mosomal fragment of xa20 candidate region was performed
in all 245 plants of the F, population from the cross
between IAS16 and XM6. However, upon further narrow-
ing by inside markers KIC3-33.25, KIC3-33.88, and
KIC3-34.06, we found that IAS16 does not contain the
Asominori fragment on the narrowed down region spanned
by KIC3-33.25 and KIC3-33.88, where xa20 was thought
to be located (Table 1). We were able to narrow down the
position of the gene using the F, population from the cross
between IKC3 and XM6. Almost all resistant plants in this
population were found to be homozygotes of XM6 at DNA
marker KIC3-33.88 and KIC3-34.06 loci. Table5 shows
genotypes of DNA markers surrounding xa20 locus in the
selected informative F, recombinant plants and the results
of their progeny after inoculation with Xoo. At the DNA
marker KIC3-33.88 locus, plants 4 and 25 contained the
Koshihikari fragment in homozygous form. Their progenies
were all susceptible to Xoo. Plants numbered as 5, 6, 7, §,
and 27 were found to have a XM6 fragment in homozygous
form at this particular locus. All their progenies were resis-
tant to Xoo. These results suggest that xa20 is located very
close to KIC3-33.88. Plant number 28 corresponds to a
homozygote of XM6 allele with the LL of 20 cm in Fig. 4.
A recombination event occurred between KIC3-33.88 and
KIC3-34.06 loci. The heterozygous form at KIC3-34.06
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Table 5. Reaction to Xoo Japanese Race IIA (T7147) and Genotypes of informative recombinants for the DNA marker loci linked with X420
on chromosome 3 in the F, population (IKC3 x XM6), and gene segregation in the F; generation

Genotypes of the DNA marker loci®

Segregation in F; Plants®

F, Plant No. Phenotype®
RM3525 KIC3-33.25 KIC3-33.88 KIC3-34.06 RM3346 RMI221 R S Total
1 S H H H K K K 6 19 25
2 S H H H K K K 5 20 25
3 S H H H K K X 6 19 25
4 S H H K K K K 0 25 25
5 R H H X X X H 25 0 25
6 R H H X X X X 25 0 25
7 R H H X X X X 25 0 25
8 R H H X X X X 25 0 25
9 S K K H H H H 3 22 25
10 S K K H H H H 5 20 25
11 S K K H H H H 5 20 25
12 S K K H H H H 11 14 25
13 S K K H H H X 6 19 25
14 S K K H H H H 4 21 25
15 S K K H H H X 4 21 25
16 S K K H H H H 5 20 25
17 S K K H H H H 7 18 25
18 S X X H H H H 11 14 25
19 S X X H H H H 4 21 25
20 S X X H H H H 5 20 25
21 S X X H H H H 2 23 25
22 S X X H H H H 7 18 25
23 S X X H H H H 7 18 25
24 S X X H H H K 8 17 25
25 S X X K K K K 0 25 25
26 S X X H H H H 7 18 25
27 R X X X H H H 25 0 25
28 S X X X H H K 12 13 25

4 Scoring of LL of F, lines from the cross between XM6 and IKC3 was based on visual observation: LL shorter than 2 cm are regarded as

resistant ‘R’; those longer are regarded as susceptible ‘S’.

b X, H, and K respectively denote homozygotes for XM6, heterozygotes, and homozygotes for IKC3.
¢ LL were recorded 18 days after inoculation with Xoo race IIA 8T7147): LL shorter than 2 cm are regarded as resistant ‘R’; those longer than

that are regarded as susceptible ‘S’.

locus corresponded to the segregation observed in its
progeny. Collectively, xa20 is thought to be located close to
KIC3-33.88, flanked by this locus and KIC3-34.06. In fact,
results from other plants in Table 5 support this inference.
F, plants from the cross between IKC3 and XM6 were
clearly classified into resistant homozygous plants of xa20
allele and susceptible plants of other different genotypes by
taking 2 cm as the dividing point. Based on this classifica-
tion, a linkage map around xa20 was constructed as pre-
sented in Fig.S. The linkage map was compared side-to-
side with a restriction fragment length polymorphism
(RFLP)  marker-based  high-density  linkage map
(Harushima et al. 1998), in which some markers have been
sequenced. Based on the Nipponbare genome sequence
(Os-Nipponbare-Reference-IRGSP-1.0) (Kawahara et al.
2013), DNA markers located near each other on Nippon-
bare pseudomolecules are connected with dotted lines. xa20
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is located on the distal end of the long arm of chromosome
3 flanked by DNA markers KIC3-33.88 and KIC3-34.06.

Discussion

This study mapped the earlier identified gene xa20 from
XM6 within 0.8 ¢cM region on the long arm of chromosome
3 (Fig.5). xa20 marks a third gene to be located on chro-
mosome 3. Others include Xall, which is also located on
the long arm, and xa42, which is located around the cen-
tromeric region (Busungu et al. 2016, 2018, Goto et al.
2009). Although both Xal/ and xa20 are located on the
long arm of chromosome 3, they are distinct genes. Actu-
ally, Xall is a dominant gene flanked by markers RM347
(26.7 Mb region) and RM1350 (28.7 Mb). In contrast, xa20
is a recessive gene flanked by DNA markers KIC3-33.88
(33.0 Mb) and marker KIC3-34.06 (33.2 Mb). Furthermore,



Rice bacterial blight resistance gene xa20 in XM6

A B
Loci Position oM C Loci
R689 1364 —J—— e 0.0 RM3525
38
R2443 145, e
= 8 86 KIC3-33.25
R2224 150.4
. 138 KIC3-33.88
139 xa20
3L 146 KIC3-34.06
S1509 159.0 . RM3346
S1571 165.2 )
"""""""""""""""""""""""""""" 25.0 RM1221

Fig.5. Linkage map showing the location of xa20 on chromosome
3. A and B show RFLP framework map of chromosome 3 modified
from Harushima et al. (1998); C represents linkage map of xa20 gene
constructed from F, population from IKC3 and XM6 (n=299). DNA
markers located near each other on Nipponbare pseudomolecules are
connected by dotted lines.

although xa20 is resistant to five races of Japanese Xoo
tested (Fig. 1, Table4), Xall is resistant to races: IB, II,
IITA, and V only (Goto et al. 2009, Taura et al. 1992a).
Therefore, one can safely infer that xa20 is differs from
Xall and xa42.

Among 46 identified genes of resistance (Xa/xa), 18 are
recessive (Neelam et al. 2020). The molecular mechanisms
of four recessive resistance genes; xaJ, xal3, xa25, and
xa41 have been properly elucidated. Xoo uses Transcription
Activator-Like Effectors (TALEs) to bind onto specific
DNA sequences named effector binding elements (EBEs),
in the promoter regions of susceptibility genes. When
TALE binds to EBE located in the promoter region of each
DNA strand, it bidirectionally drives expression of host tar-
get genes, which enhances the virulence of Xoo. However,
when spontaneous or artificial mutation occurs to thwart
the TALE-EBE compatibility, a plant becomes resistant to
the Xoo strain that relies on such compatibility for its viru-
lence (Hutin et al. 2015a, 2015b, Xu et al. 2019). These
mutations effectively confer resistance against Xoo by
eliminating cognate TALE binding sites. This resistance
mechanism is typically exhibited by xal3, xa25, and xa41
(Jiang et al. 2020). By contrast, xa5 exhibits an entirely dif-
ferent mechanism by encoding a mutated small subunit of
the basal transcription factor ITA (TFIIAyS) (Iyer and
McCouch 2004). The mutated protein has high binding
activity to a particular avirulence gene named avrxa5 and
consequently initiates the transcription of some specific
defense response genes, which results in rapid cell death
and resistance (Jiang ef al. 2006).

The Rice Annotation Project Database (https://rapdb.dna.
affrc.go.jp/) (Sakai et al. 2013) predicts 34 genes in the
candidate region for xa20. Nevertheless, no homolog of the
cloned Xoo resistance gene has been identified there or in the
Rice Genome Annotation Project (http://rice.plantbiology.
msu.edu/) (Ouyang et al. 2007). Therefore, the resistance
mechanism conferred by xa20 might be a new one. This sit-
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uation holds true for xa42, another recessive Xoo resistance
gene of our interest (Busungu et al. 2018). These facts sug-
gest that mutations induced by N-methyl-N-nitrosourea are
a credible source of novel resistance mechanism(s) against
Xoo. Once the recessive resistance genes xa20) and xa42 are
identified at the molecular level, application of a gene edit-
ing technology such as CRISPR-Cas9 might induce a reces-
sive resistant allele at the respective loci without disturbing
the genetic background (Eom et al. 2019, Oliva et al. 2019,
Xu et al 2019).

In fact, results show LL of XM6 to be less than 3 cm in
five races of Japanese Xoo tested, which signifies its resis-
tance (Fig. 1, Table 4). Taura ef al. (1991a, 1992a) reported
the XM6 line as resistant against the six Philippine Xoo
races tested. Taken together, these results suggest that xa20
is a broad-spectrum resistance gene. Such an effective gene
is important for producing pyramided lines with multiple
resistance genes. It is possible that xa20 can significantly
slow resistance breakdown when used concomitantly in
pyramided lines with other broad-spectrum resistance genes.

Generally, the distribution of the LL graph for plant
materials containing single recessive resistance gene should
demonstrate a clear dividing point between plants showing
resistance and susceptible phenotypes. Nevertheless, no
clear point of division was observed for the F, population
resulting from the cross between Koshihikari and XM6
(Fig.2), unlike what was observed in the F, population
derived from IAS16 x XM6 (Fig.3) and IKC3 x XM6 in
Fig. 4. Actually, Koshihikari and XM6 respectively repre-
sent Japonica and Indica genetic backgrounds. The differ-
ence in their individual genetic composition engenders the
marked variation in their agronomic traits such as the tiller
number and plant height. It is possible that the observed
distribution of LL is the result of the Japonica—Indica
genetic difference. In fact, it was similarly observed in the
cross between Koshihikari and XM14 (Busungu et al.
2016). Nonetheless, homozygotes of XM6 at DNA marker
loci closer to xa20 were skewed towards shorter LL,
including the ten plants selected for rough mapping of
xa20. In the F, population of the cross between IAS16 and
XM6 (Fig. 3) homozygotes of XM6 on the DNA marker
RM3346 were strongly skewed toward short LL. Hetero-
zygotes and homozygotes of IAS16 were skewed strongly
toward long LL. These results confirmed the initial map-
ping of xa20 using the cross between Koshihikari and
XM6. The frequency distribution of LL of the F, popula-
tion of IKC3 x XM6 separated by the genotype of DNA
marker KIC3-33.88 is presented in Fig. 4. Homozygotes of
XM6 were skewed strongly towards short LL whereas
heterozygotes and homozygotes of IKC3 were skewed
towards long LL. These results indicate that xa20 is closely
linked with DNA marker KIC3-33.88.

Our mapping strategy required the combination of rough
linkage analysis using extreme recessive phenotype using
Indica—Japonica cross and precise linkage analysis using
backcross recombinant-inbred lines (BRILs). This process
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effectively mapped recessive mutant resistance gene in
XMB6, but it took a long time and involved the creation of
several lines (Results). In fact, this limitation can be
addressed using a recently developed method called
MutMap (Al Amin et al. 2019, Tribhuvan et al. 2018,
Wang et al. 2018). In this method, causal SNPs are identi-
fied by pooling and resequencing whole-genome DNA
from a segregating population of plants that show a useful
phenotype. Then they are compared to parental DNA. In
this regard, the number of genetic crosses (=1 or 0) and
the required mutant F, progeny are minimized (Abe et al.
2012). MutMap can be regarded as an effective and eco-
nomic method in terms of cutting back on the time and
labor needed for identification of mutant loci and gene
mapping. We were unable to use the method because it was
still very new at the initiation of our study in 2014. How-
ever, it could be applied to map other previously identified
Xoo resistance genes in mutant lines with IR24 background
such as XM5 (Taura et al. 1991b). Information about chro-
mosome location and molecular markers linked to xa20 is
useful in breeding for BB resistance including gene pyra-
miding. Our results support the fine mapping and cloning
of xa20.
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