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Abstract

tion, generation tracking, and differentiation between homozygous and hemizygous genotypes of the gene. [ Methods| A potential functional marker containing four

[ Objectives | A codominance functional marker of the broad-spectrum bacterial blight resistance gene, Xa7, of rice was identified for accurate detec-

primers was designed using Premier 5 software and based on the differences on the sequences of Xa7, xa7, and allele-free genomes. The molecular distinctness of
the marker in different materials was verified by PCR. Three crossbreed lines of Xa7 and their parents were inoculated with seven bacterial blight strains at the boo-
ting stage to examine the affected agronomic traits at maturation. | Results] The homozygous R084 of Xa7 could be amplified into a 91 bp band and the Nip free of
allele with a 153 bp band, while the heterozygote Nip/R084, 91 bp and 153 bp bands. The candidate codominance marker, Xa7fun, amplified fragments that
matched the predicted target bands. No 91 bp fragment was amplified from 18 germplasms of varied types, indicating a lack of Xa7 in them. Whereas Ryl, Ry2 and
Ry3 had a 91 bp band, suggesting the inclusion of homozygous Xa7. Under an elevated temperature, Huazhan responded to the seven bacterial blight pathogens as
highly susceptible (HS) , intermediate susceptible (MS) , or susceptible (S) ; R084 to six of the seven pathogens (HNA14, FuJ, GDA2, GD1358, PX086, and
YN24) as highly resistant (HR) , intermediate resistant (MR) or resistant (R) ; Ry-1 to five pathogens (GDA2, HNA14, FuJ, GD1358, and YN24) as HR or
MR; Ry-2 to five pathogens (GDA2, GD1358, HNA14, PX086, and YN24) as HR or R; and Ry-3 to 6 pathogens (HNA14, FuJ, GDA2, GD1358, PX086,
and YN24) as HR or MR. Therefore, the infiltration of Xa7 in the improved crossbred lines RY-1, RY-2, and RY-3 significantly accentuated the blight resistance
of Huazhan. [ Conclusions] Homozygous or hemizygous Xa7 could be accurately differentiated by the currently identified codominance functional marker Xa7fun.
The Xa7 introgression did not significantly alter the critical agronomic traits in the hybridization from generation to generation and could be safely applied in breeding
rice varieties with bacterial blight resistance.
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Rice (Oryza saiiva L. ) is the main food crop for nearly half
of the world’s population, as well as a main grain ration second on-
ly to corn in China, and it is widely distributed in the six major
rice regions'"’. Rice cultivation and production have been affected
by various diseases. Bacterial blight caused by the Gram-negative
bacterium Xanthomonas oryzae pv. oryzae (Xoo) is a worldwide
bacterial disease, particularly severe in Asia such as China,
Japan, and India. The rice area south of the Yangize River in Chi-
na is a high incidence area of rice bacterial leaf blight, with a
wide range of occurrence, fast epidemic speed, great harm, and
high mutation, and the affected rice fields generally cause 20% -
40% of yield loss, and in severe cases, the loss is even higher or

7! Long-term practice has shown that

total crop failure occurs
although chemical bactericides can effectively control the occur-
rence of bacterial blight. However, it is a bacterial vascular dis-
ease, bactericides cannot directly contact the lesion, resulting in

poor control effects, increased planting costs, environmental
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pollution, and disruption of ecological balance'
using resistance (R) genes to select rice varieties with genetic re-
sistance is the most economical, effective, and environmentally

[8-9

friendly method for controlling bacterial blight™®~*'. Up to now, at

least 47 resistance genes for bacterial blight have been studied and
reported:m’“] , and sixteen genes, including Xal, Xa2, Xal4,
Xa3l (t), Xa45 (1), Xa3/Xa26, Xa4, xa5, Xa7, Xal0, xal3,
Xa2l, Xa23, xa25, Xa27, and xa4l (t), have been cloned,
providing a wide range of genetic resources for cultivating disease-

. .. 6,11
resistant varletles[ !

. Among them, Xa7 is a dominant R gene
located on chromosome 6 of rice, exhibiting resistance during the
adult-plant stage, with broad spectrum and persistence. Moreo-
ver, under high temperature environments, gene Xa7 is more

prominent in inducing defense responses to prevent bacterial inva-
-1

', Since the identification of gene Xa7 from the Bangla-
desh indica rice variety DV85 in the 1970s, it has been highly
It was not until 2021 that
Chen et al. """ successfully cloned this gene from rice variety RO84
(Zhenhui 084 ). Research has shown that TALE AvrXa7, encoded

by the avirulent gene AvrXa7, triggers resistance to gene Xa7 in

sion

concerned , applied, or studied” ™",

rice. Gene AwvrXa7 has been found in various bacterial blight
strains, endowing gene Xa7 with the characteristic of broad-spec-
trum resistance. It exhibits resistance to 52 different bacterial
blight strains from China and Japan, and is induced faster and
higher at high temperatures''""*. Before the cloning of gene Xa7,

many linkage markers of gene Xa7 were developed for breeding
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rice with bacterial blight resistance, such as linkage markers
G1091 (with a genetic distance of 6.0 ¢M from Xa7), AFLP-31-
10 (3 ¢cM), STSP3 (0.9 ¢cM), M3 (0.5 cM), M4 (1.8 cM),
M5 (0.5 ¢M), GDSSR02-RM20593 (0. 21 cM), RM20582
(0.14 ¢cM), and fluorescent molecular marker PM-Xa7!" ™"’
Research has shown that there may be recombinational crossover
between linkage markers and target genes, resulting in the loss of
target genes due to false positives, while functional markers of tar-
get genes themselves are fully coupled with them, avoiding genetic
redundancy and recombination problems existing in linkage mark-
ers and improving the efficiency and accuracy of MAS selec-
tion'"™". After the cloning of gene Xa7 in 2021, Liu et al. > de-
signed a codominant marker M6 closely linked to gene Xa7 and a
functional dominant marker MX7 designed based on the sequences
of the promoter and CDS regions of gene Xa7. M6 is used for de-
tection and tracking of genes Xa7 and xa7 in lower generations,
effectively differentiating between homozygous or heterozygous gen-
otypes of genes Xa7 or xa7, while MX7 is used for differentiating
Xa7 and xa7 genotypes in higher generations. Because MX7 is a
dominant marker, it is impossible to confirm the homozygous or
heterozygous genotypes of xa7 or xa7 when detecting materials of
lower generations. Although M6 can directly identify homozygous
or heterozygous genotypes, it cannot differentiate Xa7 or xa7 geno-
types, and it is a linkage marker. Further research is needed on
using one set of functional marker to directly detect heterozygous
or homozygous genotypes of genes Xa7. In this study, a functional
marker of a pair of primers was designed in the promoter region
based on the differences between DNA sequences of genes Xa7
and xa7, to differentiate Xa7 or xa7 genotypes, and a linkage
marker of a pair of primers was designed at a distance of approxi-
mately 202 kb downstream of gene Xa7, to differentiate Xa7/xa7
genotypes from allele-free genomes. Consequently, homozygous
and heterozygous genotypes of gene Xa7 or xa7 or allele-free ge-
nomes could be effectively differentiated through a single PCR car-
ried out in one PCR tube using the four primers at the same time,
and the electrophoretic bands used to identify genes Xa7 and xa7
were functional bands. This study aimed to develop functional
markers that could provide technical support for MAS breeding of

breeding materials with bacterial blight resistance.

Materials and Methods
Experimental materials

Functional marker verification materials; Xa7 gene donor
RO84 ( Zhenhui 084 ), Nip, Nip (female parent)/R084 (male
parent) F, material ; verification materials for different rice germ-
plasm resources: 18 rice germplasm resources (six japonica rice,
four indica wild abortion maintainer lines, eight indica rice) ; two
F; lines Y629 and Y192, selected through hybridization and multi-
ple crossing and other methods using R084 as the donor; high-
generation hybrid breeding and resistance identification materials:
including three lines of Ryl, Ry2, and Ry3 genetically modified
with gene Xa7, sourced from BC, F; generation of Huazhan

(female parent) // Huazhan/R084 ( male parent) BCIF8 genera-
tion, with Huazhan as the recipient material and RO84 as the do-
nor material.

The above materials were all preserved or selected by the
Rice Research Institute of Changde Agricultural and Forestry Re-
search Institute. The experiment was carried out at the Rice
Breeding Base of Changde Agricultural and Forestry Research In-
stitute in 2021.

Design and synthesis of Xa7fun functional markers

The hybrid and backcross offspring of Huazhan/Huazhan/
RO84 were tested for the Xa7 gene generation by generation using
Xa7 gene linkage marker M5. The forward and reverse primers of
M5 were (5'-3"): CGATTACTGGGCTCTGCAACTCTGT and
GCATGTCTGTCGATTCGCCGTACGA™™ . Based on the differ-
ences in the sequences of gene Xa7 in rice variety R084 and in

21 . . . .
" two primers were designed using Premier 5 soft-

laozaogu''""
ware, namely Xa7-F and Xa7-R. Based on the comparison of the
position at a distance of approximately 202 464 bp from gene Xa7
in RO84 with the sequence of Nip, the deletion of a DNA se-
quence was found, and two primers were designed using Premier 5
software, namely Xa7null-R and Xa7null-F. The new functional
marker designed with four primers was named Xa7fun (Table 1).
The primers were synthesized by Beijing Tsingke Biotech

Co. , Lid.

Table 1 Sequences of Xa7fun primers

Primer name Primer sequence(5'-3") Base number //bp

Xa7-R GCTCTTCAAGTGTGCGATGC 20
Xa7-F AGCCCTGACTGCTAAAACCA 20
Xa7null-R GTACATCATTGTCCCCACGG 20
Xa7null-F AACCGAGGGAGGTGATTTGC 20

Verification of functional marker Xa7fun

During the tillering stage of rice, DNA was extracted from in-
dividual leaves of the test materials using the CTAB method. A
PCR amplification system (10 pl) was adopted to amplify target
DNA fragments of the testing materials; 2 x RapidTaq Master
Mix 5 pl, 100 wmol/L primer 0. 1 pl (4 primers of Xa7fun mixed
equally, 2 primers of M5 mixed equally), DNA template 1 pl,
and ddH,0 3.9 pl. The reaction program of Xa7fun started with
pre-denaturation at 94 °C for 5 min, followed by cycle of denatur-
ation at 94 °C for 30 s, annealing at 56 —63 °C for 15 s to explore
the optimal annealing temperature which was determined to be in
the range of 59.0 —61.0 °C, and extension at 72 °C for 15 s, and
completed with extension at 72 °C for 1 min. The PCR products
were detected by 3. 0% agarose gel electrophoresis. Meanwhile,
the designed functional marker Xa7fun was used to verify germ-
plasm resources such as six japonica rice, four indica wild abortion
maintainer lines, eight indica rice, and improved lines Y629 and
Y192 from different sources. The specificity of electrophoretic
bands was verified on the high-generation crossbred lines Ry-1,
Ry-2, and Ry-3 of gene Xa7 using linkage marker M5 and func-

tional marker Xa7fun of gene Xa7, respectively.
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Identification of resistance to bacterial blight in high-genera-
tion crossbred lines of Xa7 gene

Lines Ryl, Ry2, Ry3, Huazhan and RO84 for inoculation
were seeded on May 15, and the seedlings were manually trans-
planted in a manner of single parent planting on June 13 with a
row spacing of 16.5 em x 26.4 c¢m, 100 plants for each line. Con-
ventional cultivation methods were adopted for field management.

The Rice Blast Identification Center of Hunan Institute of
Plant Protection provided seven strains of bacterial blight for inoc-
ulation identification, namely FuJ, YN24, HNA14, GDA2,
PX086, PX099, and GD1358, of which PX086 and PX099 are
Philippine races No. 2 and No. 6, respectively, while others are
The ex-
periment used the method of leaf cutting inoculation for identifica-

B2 with three replicates. During the booting stage, the sev-

. . . . .2
representative strains in China’s southern rice region ™.

tion
en strains of bacterial blight were inoculated to Jingang 30 ( sus-
ceptible control ), R084, Huazhan, Ryl, Ry2, and Ry3. Each
strain was inoculated to three plants per material, five leaves per
plant. After 21 d of inoculation, when the conditions of the inocu-
lated materials were stabilized, the lengths of disease spots were
measured to investigate the incidence and identify the disease re-
sistance of tested plants. Meanwhile, a ZDR-20 continuous tem-
perature and humidity recorder was used to record the natural tem-
perature in the field during the onset of the disease.
Investigation on Xa7 introgression into agronomic traits of
high-generation crossbred lines

The initial heading dates of R084, Huazhan, Ryl, Ry2 and
Ry3 were recorded to calculate the duration from sowing to head-
ing. After maturation, five plants were continuously measured for
plant height in the middle row of R084, Huazhan, Ryl, Ry2, and
Ry3, and three plants were continuously mixed in the middle row
of each line for the determination of agronomic traits including
panicle length per plant, effective panicles per plant, total grains
per plant, full grains per plant, 1 000-grain weight, and yield per
plant, and calculation of seed setting rate, in three replicates.
Data processing

The lesion length data of different strains on different individ-
ual plants of the test materials were analyzed, and based on the in-
cidence and disease level of the susceptible control material Jinga-
ng 30, the pathogencity of seven bacterial blight strains to different
rice strains were analyzed. The resistance and susceptibility were
graded according to following resistance grading standards"’ ; high
resistance ( HR) with average lesion length less than 1 cm, resist-
ance (R) 1.1 -=3.0 cm, moderate resistance (MR) 3.1 -5.0
cm, moderate susceptibility (MS) 5.1 —12.0 cm, susceptibility
(S) 12.1-20.0 cm, and high susceptibility (HS) greater than
20.1 cm. Microsoft Excel 2020 was used for data statistics, and
DPS 15.10 was used to analyze the significance of differences in

agronomic traits among different materials.

Results and Analysis
Design and development of codominant functional marker of
gene Xa7

Based on the cloned genomic sequences of Xa7 (R084) and

xa7 (Laozaogu) (2] , a mutation in gene Xa7 in EBEAvrXa7, con-
sisting of 11 bp base insertion and SNP base substitution (G — T),
resulted in the loss of Xa7 resistance, namely the xa7 gene, while
Nip free of allele lacked the CDS and promoter region of the Xa7 or
xa7 genes. Therefore, a forward primer Xa7-F was designed up-
stream of the Xa7 gene promoter, and a reverse primer Xa7-R was
designed downstream. According to the primer design strategy in
Fig. 1 - A, R084 containing the Xa7 gene could be amplified into a
91 bp band, Laozaogu containing the xa7 gene could be amplified
into present a 102 bp band, while Nip free of allele could not show
any band through amplification. GenBank was used for sequence a-
lignment of R0O84 and Nip, a 133 bp base deletion was found in
RO84 at a distance of approximately 202 444 bp from the promoter
region of gene Xa7. A pair of primers was designed to differentiate
RO84 from Nip, including a forward primer of Xa7nullf and a re-
verse primer of Xa7nullr. According to the primer design strategy in
Fig. 1 -B, Nip without genes Xa7 or xa7 could be amplified into a
153 bp band, while R084 with Xa7 gene could not show any band
after amplification. Hence, it could be seen that based on the de-
sign strategies of the four primers, RO84 containing gene Xa7 could
only show a 91 bp band after amplification, and Laozaogu containing
gene xa7 could only present a 102 bp band, and Nip (Xa7null) free
of alleles Xa7 or xa7 could give a 153 bp band, while the heterozy-
gote of the Xa7/Xa7null genotype could show two bands of 91 and
153 bp after amplification, and heterozygotes of the xa7/Xa7null
genotype could present two bands of 102 bp and 153 bp. Therefore,
this marker could identify homozygous and heterozygous Xa7 and
allele-free genomes through one time of PCR, thereby improving the
efficiency of Xa7 gene pyramiding breeding or variety improvement.
Verification of functional marker Xa7fun

Verification of band sizes obtained with functional marker
Xa7fun The results showed (Fig. 2) that at annealing tempera-
tures ranging from 56.0 to 63.0 °C, a 153 bp band could be am-
plified from Nip and Nip/R084 using primers Xa7null-R/Xa7null-
F, and a 91 bp band could be amplified from Nip/R084 using
primers Xa7-F/Xa7-R. However, R084 did not produce any
bands using primers Xa7null-R/Xa7null-F, while primers Xa7-F/
Xa7-R could amplify a 91 bp band at 56.0 -61.0 C. At 62.0
and 63 °C, the bands was lighter and the amplification efficiency
was lower. Therefore, the amplification efficiency of functional
marker Xa7fun is optimal at annealing temperatures in the range of
59.0-61.0 °C. Because there were no susceptible materials con-
taining gene xa7 in this study, the unique 102 bp band sequence
of gene xa7 could not be verified, but it did not affect the identifi-
cation of resistance gene Xa7. According to the results of PCR
using the four primers of Xa7fun and agarose electrophoresis, ho-
mozygous RO84 containing gene Xa7 was amplified into a 91 bp
band, Nip without gene Xa7 was amplified into a 153 bp band,
and both 91 and 153 bp bands were amplified from heterozygous
Nip/R084. It could be seen that the results were consistent with
the sizes of target fragments predicted during the design of codomi-

nant marker and primers.
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M. DNA marker (DI2000); 1 -3, R084, Nip, and Nip/R084, respectively.

Fig. 2 Detection of Xa7fun by gradient PCR

Verification of different rice germplasm resources using mark-
er Xa7fun In order to verify the distribution of gene Xa7 in dif-
ferent rice germplasm resources using functional marker Xa7fun,
PCR amplification and electrophoresis detection were performed on
six japonica rice, four indica wild abortion maintainer lines and
eight indica rice germplasm resources from different sources using
this marker. From Fig. 3 — A, it can be seen that none of the 18
different types of germplasm resources could be amplified into the
91 bp functional band, indicating that these materials do not con-
tain gene Xa7. Previous studies analyzed the genetic diversity of
3 010 rice varieties using the Xa7 sequence. Although 493 varie-
ties from the indica rice and aus subgroup were found to contain
the same CDS as Xa7/xa7, only 27 of them were the same in the
Xa7 gene promoter region with R084, belonging to the Xa7 geno-
type. Moreover, they were all resistant to bacterial blight pathogen

PXO086, indicating that there are not many materials containing re-
11,23]

sistance gene Xa7' . The non-functional bands amplified from

the 18 germplasm resources using primers Xa7null-R/Xa7null-F

showed different polymorphisms, indicating differences in the DNA
sequences at a distance of approximately 202 kb from the Xa7 gene
promoter region among different rice materials, but this linkage
marker does not affect the identification of functional bands of gene
Xa7. Meanwhile, in order to further verify the genotyping of func-
tional marker Xa7fun in low-generation improved crossbred lines,
20 individual plants were randomly selected from two F3 lines se-
lected through hybridization and multiple cross with R084 as the
donor for PCR amplification and electrophoresis detection. The re-
sults showed that two individual plants numbered 22 and 37 of
Y629 were homozygous for gene Xa7, while the remaining 18 indi-
vidual plants were all heterozygous for gene Xa7 (Fig. 3 - B);
and the two individual plants numbered 39 and 44 in Y192 were
heterozygous for gene Xa7, while the remaining 18 individual
plants were of the allele-free genotype (Fig. 3 —C). In summary,
functional marker Xa7fun could effectively differentiate between
homozygous and heterozygous genotyping of gene Xa7 in different
rice germplasm resources and improved crossbred lines.
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respectively (A);

19 =38 20 individual plants of Y629 (B); 39 —58. 20 individual plants of Y192 (C).

Fig. 3 Molecular detection of Xa7fun in different rice varieties

Detection of high-generation crossbred lines of gene Xa7 using
functional marker Xa7fun The hybrid and backeross offspring
of Huazhan/Huazhan/R084 were tested generation by generation
using linkage marker M5 of gene Xa7. Starting from the BC1F3
generation, individual plants homozygous for gene Xa7 with good
agronomic traits were selected for seed collection and generation
addition, until three plant lines were retained in the BC1F¥4 gener-

ation, named Ry-1, Ry-2, and Ry-3, respectively (Fig. 4 - A).
A 2 (Huazhan) x 4 R084
‘
(Huazhan) x F,
; )

BC,F

vQ®
BC/F,

ve® > The Xa7 gene was detected by M5
BC F;

v®
BC,F,: Ry-1, Ry-2, Ry-3

'®
: J
}

BC,Fg: Ry-1, Ry-2, Ry-3

In 2021, Ry-2, and Ry-3
were detected using M5, and all of them contained gene Xa7 and

six random individual plants of Ry-1,
were homozygous ( Fig. 4 — B). Meanwhile, the six individual
plants corresponding to Ry-1, Ry-2 and Ry-3 were detected using
the designed codominant functional marker Xa7fun, and all of
them only showed the 91 bp functional band (Fig. 4 -C),

ting that they were homozygous for gene Xa7, which was consistent

indica-

with the results detected using MS.

C +M

B +M Ry-1 Ry-2 Ry-3

Ry-1

The Xa7 gene was detected by Xa7fun

— 91 bp

M: DNA marker (DL2000), + : R0O84; A: Breeding diagrams on Ry-1, Ry-2, and Ry-3; B: detection of linkage marker M5; C: detection of codominance

functional marker Xa7fun.
Fig. 4 Breeding of filial generations and molecule detection of Xa7

Identification of resistance to bacterial blight in high-genera-
tion crossbred lines of gene Xa7

Seven bacterial strains of bacterial blight were inoculated to
Ry-1, Ry-2, Ry-3, R084, and Huazhan, all of which had entered
the booting stage (July 23). After 21 d of inoculation, the lengths
of diseased spots on the test materials were measured. ZDR-20
continuous temperature and humidity recorders showed that the
daily maximum temperatures during the period were in the range of
31 -39 °C, with an average of 34.5 °C,

daily maximum temperatures exceeding 35 “C. The daily mean

and twelve days showed

temperatures were in the range of 29.5 —35.7 °C, and there were

19 d with daily mean temperatures exceeding 30 °C (Fig. 5).

Therefore, the inoculation and induction period of bacterial blight
disease was prolonged under high temperature stress. The identifi-
cation results of resistance to bacterial blight disease showed that
Ry-1 was highly resistant (HR) to strains GDA2 and HNA14,
moderately resistant (MR) to strains FuJ, GD1358, and YN24,
and moderately susceptible (MS) and susceptible (S) to strains
PX086 and PX099, respectively.
strains GDA2, GD1358, and HNA1-4, moderately resistant to
strains PX086 and YN24, and moderately susceptible and suscep-
tible to strains FuJ and PX099, respectively. Ry-3 was highly re-
sistant to strain HNA1-4, moderately resistant to strains Fu],

GDA2, GD1358, PX086, and YN24,

Ry-2 was highly resistant to

and only susceptible to
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PX099. However, the recipient parent Huazhan showed high sus-
ceptibility, medium susceptibility or susceptibility to the seven
strains, while the donor parent R0O84 of gene Xa7 showed high re-
sistance, medium resistance, or resistance to six of the seven
strains except for strain PX099, to which R084 was susceptible

Xa7 significantly improved the resistance to bacterial blight of im-
proved lines Ry-1, Ry-2, and Ry-3, with Ry-3 having the best re-
sistance to bacterial blight. However, Ry-1, Ry-2, Ry-3 and
RO84 containing gene Xa7 were all susceptible to strain PX099,
indicating that gene Xa7 was not resistant to strain PX099, which

(Table 2). The above results indicated that the infiltration of gene s consistent with previous studies'"*'**'.
Table 2 Resistance of filial generations carrying gene Xa7 to seven bacterial blight strains

FuJ GDA2 GD1358 HNA14 PX086 PX099 YN24
Line Lesion Lesion Lesion Lesion Lesion Lesion Lesion

length Resistance  length Resistance length Resistance length Resistance length Resistance length Resistance length Resistance
cm cm cm cm cm cm cm

Ry-1 3.7 MR 0.5 HR 5 MR 0.9 HR 10.2 MS 13.7 S 3.6 MR
Ry-2 5.9 MS 0.4 HR 0.5 HR 0.5 HR 4.7 MR 16.3 S 4.1 MR
Ry-3 3.5 MR 4.8 MR 4.5 MR 0.7 HR 4.9 MR 15.2 S 4.9 MR
RO84 2.1 R 0.2 HR 0.2 HR 0.3 HR 4.1 MR 15.3 S 1.7 R
Huazhan 24.6 HS 26.6 HS 12 MS 10.8 MS 8.9 MS 9.7 MS 19.0 S

Effects of Xa7 introgression on agronomic traits of high-gener-
ation crossbred lines

In order to further investigate the impact of Xa7 introgression
on the agronomic traits of rice, we analyzed the agronomic traits of
the three improved lines, Huazhan, and RO84. The results (Table 3)
indicated that Ry-1, Ry-2 and Huazhan had the same growth peri-
od, while Ry-3 had a growth period longer than Huazhan but shor-
ter than RO84. The plant heights of the three improved lines were
extremely significantly higher than that of Huazhan (P <0.01, the
same below) , while Ry-1 and Ry-2 were significantly lower than
RO84 (P <0.05, the same below), and no significant difference
was found between Ry-3 and R084. Ry-1 and Ry-3 had signifi-
cantly more effective panicles per plant than Huazhan and R084,
while Ry-2 had no significant differences from Huazhan and R084.
The panicle lengths of the three improved lines were significantly
smaller than that of Huazhan, but significantly ( Ry-1) or extreme-
ly significantly (Ry-2, Ry-3) larger than RO84. The values of to-
tal grains per plant were between R084 and Huazhan. Specifically,
Ry-3 was significantly lower than Huazhan and had no significant
difference from R084, and Ry-1 and Ry-2 had no significant differ-
ences from Huazhan, but were significantly or extremely signifi-
cantly higher than R084, respectively. Previous studies have
shown that 25 =30 “C is the optimal temperature for the heading
and flowering stage of rice. When the daily mean temperature rea-
ches 32 °C or above or the daily maximum temperature reaches
35 °C or above, it will have extremely adverse effects on flowering
and fertilization, leading to abnormal flowering and pollination, re-
sulting in a large number of empty grains. However, there are sig-
nificant differences among varieties, and if rice can still maintain a
high seed setting rate under high temperature conditions, it indi-
»2 The tested

lines in this study completed heading and flowering from July 27 to

cates its strong adaptability to high temperature

August 8, during which the temperature records showed that the

daily maximum temperatures were in the range of 35.0 -39.0 C,

and the daily mean temperatures were in the range of 32.0 —35.7 C
(Fig. 5), indicating that the tested lines were all subjected to nat-
ural high-temperature stress during the heading and flowering
stage. The seed setting rates of the three improved lines containing
gene Xa7 were significantly higher than that of Huazhan, but had
no significant differences from that of R084. In addition to being
more resistant to bacterial blight under high temperature, gene Xa7
might also enhance the heat resistance of rice materials during
heading and improve seed setting rate, but further verification is
needed. The three improved lines were inconsistent in the changes
of 1 000-grain weight, with Ry-3 being significantly higher than
Ry-1, Ry-2 and Huazhan, but Ry-1 and Ry-2 being significantly
lower than RO84, respectively. There was no significant difference
between Ry-3 and R084. The three improved lines had no signifi-
cant differences in yield per plant from Huazhan and R084. In
summary , the growth periods, plant heights, panicle lengths, total
grains per plant, seed setting rates and 1 000-grain weights of the
three improved lines were between R084 and Huazhan, and the
yields per plant were not significant different from Huazhan or
RO84, indicating that the infiltration of gene Xa7 did not cause
significant changes in important agronomic traits of rice materials,

suggesting good application prospects.
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Fig. 5 Temperature at time of bacterial blight pathogen induction
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Table 3 Effects of Xa7 on agronomic traits of high-generation crossbred lines

Lines Days to Plant height //cm Panicles Panicle Grains per Seed setting 1 000-grain Yield per
flower //d per plant length //cm plant rate // % weight // g plant /g
Ry-1 73 117.3 +2.08 Be 15.5 +1.00 Aa 22.2+0.05 BCb 1820.3 +108.55 ABCbc 90.7 £0.28 Aa  22.6 +0.34 Bb 37.3 £2.70 Aa
Ry-2 73 119.3 £2.52 ABbe 11.3 +0.58 Bb  22.8 +0.72 Bb  2336.0 +321.38 Aa 80.1+0.79Aa  21.5+0.28 Bb 39.6 +0.68 Aa
Ry-3 71 123.0 £2.65 Aab  15.3 +0.50 Aa  23.00.15Bb  1675.3£264.06 BCed  90.2 +0.40Aa  27.5+1.32 Aa 41.8+6.95 Aa
RO84 79 124.7 £1.53 Aa 11.0 £1.41 Bb  21.2+0.54 Cc  1312.3 +128.39 Cd 90.0+1.63Aa  27.8£1.76 Aa 38.4+1.58 Aa
Huazhan 73 98.2+1.30 Cd 13.0 +2.45 ABb 26.0+0.50 Aa  2208.0+146.08 ABab 84.2+1.05Bb 20.1+0.28 Bb 39.7 +1.37 Aa

Discussion and Conclusions

Previous studies have used codominant marker M6, which is
closely linked to gene Xa7, to differentiate homozygous and hetero-
zygous materials of genes Xa7 and xa7 and allele-free genomes in
low-generation improved lines, or to select homozygotes of Xa7 and
xa7 genotypes. However, marker M6 cannot differentiate Xa7 and
xa7 genotypes, which are differentiated by dominant functional
marker MX7. However, MX7 cannot differentiate homozygous or
heterozygous materials of Xa7 and allele-free genomes. Therefore,
homozygous improved lines of gene Xa7 can be accurately selected
by performing PCR using two sets of markers, M6 and MX7, re-
spectively ”'. In this study, a functional marker Xa7fun, which
was designed based on the comprehensive development strategy of
linkage marker M6 and functional marker MX7 of gene Xa7, can
be used to identify functional primers for Xa7 genotypes or linkage
primers for allele-free genomes. The band obtained by electropho-
resis using functional primers was a 91 bp functional band of gene
Xa7, which could be detected accurately with a high detection effi-
ciency, avoiding false positives due to the loss of the target gene
caused by recombinational crossover between linkage markers and
the target gene. The band type of the linkage primers was a linkage
marker located approximately 202 kb away from gene Xa7. Nip,
free of allele, could be amplified into a 153 bp band, while hetero-
zygous F1 of Nip/R084 was amplified into 91 and 153 bp bands.
Therefore, it is mainly used to identify allele-free genomes and
heterozygotes of gene Xa7. Xa7fun combines both functional and
linkage markers in one set of marker, effectively differentiating ho-
mozygous or heterozygous genotypes of gene Xa7 in each hybrid
generation through a single PCR, making breeding work more effi-
cient and practical.

In this study, due to the lack of donor materials for gene xa7,
the Xa7fun marker was not verified for xa7 genotypes during PCR.
However, materials containing xa7 are generally used for cloning
or functional research of the Xa7 and xa7 genes, as well as the de-
sign and verification of Xa7 and xa7 functional markers'""?" .
When using MAS to aggregate target genes, the background selec-
tion of donors and receptors is more important, and improved hy-
brid offspring with complementary traits is often further selected
through the hybridization and aggregation of two materials with ex-
cellent traits. Therefore, the susceptible recessive gene Xa7 has no
aggregation significance for variety improvement. R084 harbors the
broad-spectrum resistance gene, Xa7, to bacterial blight disease,
and has good agronomic traits. In this study, we used high-quality
and widely-promoted restorer line Huazhan as the receptor and re-
sistant material R084 as the donor and selected Ry-1, Ry-2 and

Ry-3 through hybridization, backcross, and MAS breeding. Their
resistance to bacterial blight disease was significantly improved
compared with the recipient parent Huazhan, and important agro-
nomic traits were between or higher than Huazhan and R084, so
they combined the advantages of Huazhan and R084.

Research has shown that R084 and Zhe-kang 1, which con-
tain gene Xa7, have no resistance to the physiological race PX099
of Philippine bacterial blight'"'*'**'. The results of this study indi-
cated that the three hybrid improved lines Ry-1, Ry-2, Ry-3 and
RO84 containing gene Xa7 had no resistance to strain PX099,
which is consistent with previous studies. In addition, the expres-
sion or regulation of certain genes from the recipient parent
Huazhan might have an impact on the resistance of gene Xa7, re-
sulting in Ry-1 having no resistance to strain PXO86 and Ry-2
having no resistance to strain FuJ. Therefore, the resistance of all
offspring of an improved hybrid line is not the same as that of its
donor material, and it is closely related to the material back-
ground. Further screening is needed in multiple lines of hybrid off-
spring. For instance, gene Xa23 has characteristics such as wide
resistance spectrum, strong resistance, complete dominance, and
resistance throughout the entire growth period, its improved cross-
bred lines are not all resistant, and further resistance screening
to be

. [27-30]
stralns[ .

needs carried out by inoculating bacterial blight

Although the widely-used Xa2! gene has strong re-
sistance, it has no resistance to 96% of bacterial blight strains in

Zhejiang, Yunnan, and South Korea, and has little resistance to
5,14,31,32]

bacterial blight induced by strain FuJ"
context of global warming, the aggregation of three dominant

. Therefore, in the

genes, gene Xa7, which is resistant during the adult stage and
have resistance which can be enhanced by high temperature, and
genes Xa23 and Xa21 with resistance throughout the entire growth
period, is of great significance for resistance breeding against bac-
terial blight in southern rice regions of China. We believes that the
breeding of conventional rice can aggregate two ( Xa7 + Xa23 or
Xa7 + Xa2l) or three (Xa7 + Xa23 + Xa2l) genes, but the aggre-
gation of too many genes increases the difficulty of breeding or the
time for material stabilization. However, in the breeding of hybrid
rice, different resistance genes can infiltrate into the parents based
on the characteristics of hybrid F,, and then new combinations
with complementary resistance genes to bacterial blight disease in
the parents of hybrid rice can be bred. A large amount of research
has been conducted on the aggregation breeding of gene Xa7 and
other bacterial blight resistance genes, and the resistance effects
after aggregation are good. Huang et al. ™' aggregated four genes,

including Xa7, Xa2l, Xa22 and Xa23, into the hybrid rice
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restorer line Huahui 1035 by the MAS method, and the offspring
materials showed varying degrees of resistance to 11 representative
strains of bacterial blight in China. Liu e al. """ showed that Baix-
iangzhan, which carries genes Xa7 and Xa23, had high resistance
to type IV bacteria, while IRBB7, which only carries Xa7, was re-
sistant to type IV bacteria, and Xinhuangzhan, Juhezhan and
H120-2-9, which carry Xa23, were resistant to type IV bacteria,
and other 28 resources such as Pengdao 2, which carries Xa23,
were all moderately resistant to type IV bacteria. Therefore, the
aggregation of genes Xa7 and Xa23 into the same rice material in-
creased the resistance level of the material to type IV bacteria. Lan
et al. ®* developed two lines containing gene Xa2l, resistant to
four strains including PX061, PX099, ZHE173 and GD1358, but
not to strains FuJ and YN24, two lines containing gene Xa7, re-
sistant to five strains including PX061, ZHE173, GDI1358, FuJ
and YN24, but not to strain PX099, and three lines containing
genes Xa2l and Xa7, resistant to all six strains. Therefore, the in-
teraction and resistance complementation between different resist-
ance genes can broaden the resistance spectrum, enhance resist-
ance levels, and further increase resistance persistence by broade-

ning the resistance spectrum.
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